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Izrael, Dr. Maria Pukáncsik, Réka Babai and the head of the research group,
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Eötvös Loránd University

EPR

Electron paramagnetic resonance

DSS

Depolarised side scatter

GFP

Green fluorescent protein

GMEP

Global Malaria Eradication Programme

HZ

Hemozoin

IC-50

50% inhibitory concentration

IMM

Instituto de Medicina Molecular

ITN

Insecticide treated bednet

LB

Linear birefringence

LD

Linear dichroism

LM

Light microscopy

MLD

Magnetically induced linear dichroism

MO

Magneto-optical

MTA
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Chapter 1

Introduction
Malaria, although successfully rolled back from the temperate zones of the
globe during the 20th century, is still a major infectious disease in several
tropical and subtropical countries claiming more than four hundred thousand lives each year. Efforts to contain, eliminate and eventually eradicate
malaria worldwide have gained renewed momentum in the beginning of the
21st century after a failed global eradication campaign in the middle of the
20th century, and a huge resurgence in countries with weak healthcare infrastructure in the late 1970s and 1980s. The failures of the centralised and
rigid former campaigns have highlighted the importance of combining the
strategies of vector control, case management and surveillance, as well as the
necessity to shape them for the particular geographic, endemic and economic
circumstances. The high levels of awareness, support and commitment both
from the international community and the countries involved have resulted
in a substantial reduction of malaria endemic areas recently, however, due to
the increase 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. The increased re-application of previously neglected
practices, such as bednets for the prevention of mosquito-human contact,
and the mass availability of effective antimalarials are invaluable tools to
address this challenge, but the development of novel chemotherapeutics (including vaccines) and improved diagnostic and surveillance methods is similarly important, especially in the context of elimination in resource-limited
settings.
10

The pathogens of malaria are single-cell parasites of the genus Plasmodium, which are transmitted between humans by Anopheles mosquitoes.
Their life cycle is remarkably complex involving several stage-transformations
that allow them to infect various types of cells within both, humans and
mosquitoes. In humans first they multiply in the liver cells, but after this
relatively short asymptomatic incubation period, they migrate to the blood
stream. Here, they invade the red blood cells and multiply periodically
attacking new, uninfected cells at the end of each cycle. This asexual reproduction is the main origin of pathogenic symptoms due to the repeated
release of foreign material into the blood stream. These symptoms, however, are mostly non-specific and largely overlap with those of other febrile
illnesses.
Traditionally malaria has been diagnosed presumptively, especially in
highly-endemic areas, leading not only to the excess use of antimalarials
and the spread of drug-resistance, but also to the failure to manage other,
potentially life-threatening conditions appropriately. Nowadays, the two
most widespread methods of malaria diagnostics are light microscopy and
rapid diagnostic test. Although they serve the current clinical needs more
or less sufficiently, there is room for improvement especially to target the
asymptomatic human reservoir with high throughput and cost-efficiently.
The development of such a technique may not only advance clinical case
management in particularly resource-limited settings, but it could also assist
epidemiological surveillance.
The metabolic byproducts of the blood-stage parasites, the malaria pigment (or hemozoin - HZ) crystals offer an intriguing opportunity to be the
target of such a technique. Since they are produced during the intraerythrocytic developmental phase in increasing quantities and in a highly conserved
biochemical process, their presence and structure is less prone to the genetic
variation of the parasite than its proteins and other organic molecules. Furthermore, they exhibit unique magnetic and optical properties, which may
facilitate their specific and sensitive detection in the blood stream.
The aim of my Ph.D. research was to investigate whether it is possible
to construct a malaria diagnostic platform which identifies and quantifies
the crystals via their magnetically induced linear dichroism in liquid suspensions. The major points I intended to address were if the methodology
can be realised in a cost-efficient, portable and high-throughput format;
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and if it can be sensitive enough to detect hemozoin in clinically relevant
concentrations. In order to answer these questions I constructed and validated a prototype device based on a magneto-optical detedtion scheme, and
validated it on model systems of increasing complexities, such as synthetic
hemozoin suspensions, samples derived from malaria parasite cultures, rodent experiments and infected human samples. Furthermore, I examined
whether the technology can be the basis of novel, fast and sensitive drug
screening assays.

12

Chapter 2

Introduction to malaria
2.1

A global perspective

2.1.1

A brief history of malaria research

Malaria is one of the most ancient infectious diseases that has been a primordial companion not only of humankind, but also of our protohuman ancestors, several mammalian and avian species and reptiles. The ancestors of
malaria parasites have probably acted as pathogens almost since there were
potential hosts to parasitise, approximately half a billion years ago [1, 2].
Fossil evidence unambiguously testifies to their parasitic existence one hundred million years ago as a pathogen of a now extinct biting midge species
[3]. Later on, certain lines of the malaria parasites’ ancestors have acquired
an asexual and intracellular reproduction form and adapted to the bloodsucking feeding mechanism of their invertebrate hosts achieving a two-host
life cycle that has greatly increased their proliferative potential. In the past
150 million years they have come to parasitise members of the major groups
of land vertebrates, including primates. Over 25 distinct species of malaria
parasites of primates have been named, four of which are regarded today as
malaria parasites of humans: Plasmodium falciparum, P. vivax, P. malariae
and P. ovale [4, 5]. Additionally a fifth species, P. knowlesi, has been recognised to cause human infections in Southeast Asia, although its principal
hosts are macaques, and the most probable scenario for its transmission is
direct macaque-human contact according to our present knowledge [6, 7].
During the Upper Paleolithic age (50—10 000 BCE) as early humanity
expanded from its African cradle throughout Eurasia and Oceania, malaria
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parasites likely took advantage of the human disposition to migrate and congregate, and they moved with their human and vector hosts to water-basin
communities and nascent permanent settlements. As a result of the high adaptability both of their mosquito hosts and the parasites themselves, they
became one of the major health burdens of Africa, and eventually Eurasia.
The first written records describing their prevalence date back to about
2700–1500 BCE in documents from China, on clay tablets from Mesopotamia and in Egyptian papyri—where their occurrence in approximately 4000
years old mummy tissues has also been confirmed by molecular methods [8,
9]. The specific characteristics of the disease became widely recognised only
by the ancient Greek civilisation, when Hippocrates (460—370 BCE), the
”father of medicine”, related the onset of intermittent fevers with climatic
and environmental conditions and classified the fevers according to their
periodicity (tertian and quartan) distinguishing them from the continuous
fevers of other illnesses [10]. Besides his numerous invaluable observations,
Hippocrates also introduced the misled ‘miasma’ theory attributing malaria
to the ingestion or inhalation of dangerous fumes from the marshy ground—a
hypothesis that remained the dominant theory of cause throughout centuries in western medicine [11, 12]. It is widely believed that even the name of
the disease comes from the medieval Italian term ‘mal’aria’ meaning spoiled
air [13, 14].
The arrival of the parasites in ancient Rome approximately in the first
century BCE was a major turning point in European history, as it did not
only affect the prosperity of the Roman Empire, but carried by Roman
soldiers and merchants as far north as England and Denmark, it rendered
people living in crowded settlements and close to marshy croplands seasonally ill, chronically weak and apathetic. It is not entirely clear how aware
the Romans and later European and Eastern Empires were of the association between mosquitoes and malaria—an idea which emerged sporadically besides the thriving miasmatic theory—nonetheless the association of
the disease with stagnant waters already led the Romans to begin drainage programmes, the first interventions to control malaria [13, 14]. Well
before the major scientific breakthroughs of medicine in the 18th and 19th
century, kings and feudal lords recognised marshes as breeding grounds of
several maladies and banned agricultural activities requiring extensive watering (e.g., planting rice) in the vicinity of villages and towns, and they
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promoted the drainage of swamps and the removal of mill ponds. As these
practices also exposed good agricultural land and better living conditions,
the extent of malaria infections has considerably decreased by the end of the
19th century in areas where they were implemented—mainly in Europe and
the United States [1, 15, 16]. Systematic malaria control programmes, however, could only be introduced after the methodical search for the cause of
the disease yielded successful results in the last decade of the 19th century.
The journey of discoveries that led to the understanding of the complete
life cycle of the malaria parasites was rather intricate reflecting the complexity of the problem itself, and was more like a jigsaw puzzle with occasionally
misplaced pieces rather than a logical step-by-step process. As several comprehensive scientific books and articles 1 can be found about this intriguing
scientific process, let me only highlight here the most important milestones
of the discovery and characterisation of the malaria parasites [17–19].
In 1717 Giovanni Lancisi (1654–1720), an Italian physician was the first
known western scientist to observe and document the characteristic black
pigmentation of the spleen and brain of victims of malaria. He also linked the
occurrence of the disease to ”bugs” and ”worms” that either deposit invisible
substances to uncovered food and water or ”inject deleterious liquids into
the small wounds which they open on the surface of the body” [20, 21]. But,
unfortunately, lacking evidence, Lancisi’s concept was not able to revoke the
tenacious bad-air theory in his era. In the end of the 18th century his idea
was revisited by the Irish-American physician John Crawford (1746–1813),
who wrote a series of assays asserting that malaria was caused by the eggs
laid during mosquito bites hatching in the wounds and migrating through
the body of the host ultimately leading to the clinical manifestations of the
infection [22, 23]. Regrettably though, his ideas were still ridiculed by his
contemporaries, and the local medical journals refused to publish Crawford’s
work. But, as the number of direct observations about the onset of the
infection and its clinical manifestation increased, especially the repeated
observations of the microscopic black pigments in the blood and internal
organs of malaria patients, the miasma theory had to eventually crumble.
The development of the germ theory and the implication of microorganisms as causative agents of infectious diseases by L. Pasteur (1822–1895) and
1

Furthermore, let me draw the attention of the reader to the following very comprehensive website about malaria: https://www.malariasite.com/
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R. Koch (1843–1910) in 1878–79 has paved the way for the ground-breaking
observations of Alphonse Laveran (1845-–1922) in an Algerian hospital in
1880. After his military duties he was transferred to a military hospital
flooded with malaria patients. By 1880 he has been studying the tissues of
malaria victims for two years, but his efforts have not revealed more than the
characteristic pigmentation of the internal organs well described previously
by others. The breakthrough came when instead of performing autopsies, he
decided to study freshly drawn blood samples from patients and managed to
observe a moving object in the unstained fresh red blood cells. Laveran, a
student of Pastuer, knew that he had found the living organism that caused
malaria, and identified its various forms in several other patients before informing the scientific community of his discoveries a month later [24]. It
took several years for the relevant scientific community to became unanimously convinced, nevertheless, during the upcoming two decades malaria
research has developed explosively.
Italian scientists led by C. Golgi (1843–1926) identified parasites with
different morphologies as distinct pathogens of the specific malarial fever
patterns, i.e. malignant tertian, ‘simple’ tertian and quartan fevers, and
by 1922 all four human plasmodial species were identified and characterised
[25, 26]. The exploration process was greatly accelerated by Romanowsky’s
(1861–1921) invention of a staining method based on methylene blue and
eosin in 1891 [27]. The novel dye stained the nucleus of the parasites dark
red and their cytoplasm blue, while giving the erythrocytes only a light
purple/pinkish hue, permitting the easy identification of the parasites. The
technique became very popular in the beginning of the 20th century, and
after its improvement and standardisation by G.Giemsa (1867–1948) and
others, the light microscopic (LM) observation of stained blood films became
the gold standard method not only in research, but as a diagnostic practice
as well [22].
The second key element in the malaria-puzzle was put into place by
two British and two Italian scientists between 1897 and 1900. Ronald Ross
(1857–1932), a British physician born in India, guided by Sir Patrick Manson
(1844–1922), the later founder of the prestigious London School of Hygiene
& Tropical Medicine, exposed the presence of malaria parasites in the gut
of mosquitoes providing the first solid evidence for their role as vectors [28,
29]. Ross also managed to transmit avian malaria to birds via infected mos-

16

quitoes demonstrating that the source of the infection was the bite of the
mosquitoes rather than the inhalation or ingestion of their residues or eggs
[30, 31]. Unfortunately, he was not able to finish his research establishing
the same route of infection in humans because of his military duties, but
G.B. Grassi (1854–1925) and A. Bignami (1862–1929), who were already
on the same trail in Italy, closed the circle [32, 33]. They performed a
controlled infection experiment with human participants, first feeding mosquitoes on malaria patients, then transmitting the infection via the bites
of these mosquitoes to healthy volunteers [34]. Over the next two years
the Italian scientists methodically elaborated their findings, demonstrated
that all known plasmodial species have similar blood-mosquito cycles, and
that the human parasites can only be transmitted by the female Anopheles
mosquito species [25]. Unfortunately, a bitter feud has developed between
Ross and Grassi as the latter failed to give credit in his publication to the
former’s revelatory results on bird malaria, but the Nobel Prize Committee
recognised the essential merit of Ross and awarded him the Nobel Prize in
1902 [32, 35]. They also recognised the pivotal role of Laveran in the course
of malaria discoveries, and he was presented with the prize five years later,
in 1907 for “. . . his work on the role played by protozoa in causing diseases”
[36].

2.1.2

Malaria control programmes in the 20th century

The discovery of the role of mosquitoes in malaria transmission did not
only have huge scientific impact, but it also confirmed the practice of controlling the disease by reducing human contact with infected mosquitoes in
the affected areas. In the first half of the 20th century several targeted sanitation campaigns have been implemented with great, yet local success as
they focused on reducing the mosquito breeding sites at confined geographic
areas, usually motivated by agricultural, industrial or military expansions,
e.g., construction of Suez and Panama Canals, Cuba, southern states of the
US, World War I. battle fronts, Greece, Spain, Indonesia, Zambian copper
belt, etc. Until the development of Dichlorodiphenyltrichloroethane, commonly known as DDT, in 1944, no commercial insecticides were available,
so the anti-malaria programmes mainly relied on Pyrethrum, the natural
insecticide derived from the chrysanthemum flower; on drainage and general
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sanitation measures; and on prophylaxis via quinine, if it was available in
large enough quantities.
In 1953 a Brazilian malariologist, Marcolino Candau (1911–1983) was
elected to the post of director general of the World Health Organization
(WHO) campaigning on the promise of eradicating malaria, and two years
later he launched the Global Malaria Eradication Programme (GMEP). The
programme, that excluded tropical Africa due to its massive reservoir of
malaria and insufficient infrastructure, mainly relied on decreasing the infected vector density for the interruption of parasite transmission between
human populations by indoor residual spraying of DDT, a highly efficient,
new insecticide at the time. The targeted interventions achieved remarkable success in countries of temperate climate and mainly seasonal malaria
transmissions such as Northern and Central Europe, the Balkans, the USA,
later on the Mediterranean countries, and certain parts of South Africa,
South America and India [1]. By 1970 the world’s population living at risk
of malaria was reduced to approximately 50% from the 77% level in 1900
and, due to the better distribution of effective antimalarials, the mortality
rate has dropped massively from 19.4 to 1.61 per 10 000 capita during the
same period [1, 37].
Despite the initial success of the campaign, unfortunately, in the next
few decades several problems have halted the further decline of malaria
incidence. The uniform global strategy and inflexible military-like operation was not sustainable, and the program was abandoned in 1969 resulting in the emergence of new pockets of malaria transmissions in the
developing countries. The main reasons for its failure—besides the socioeconomic factors such as wars and massive population movements, difficulties in obtaining sustained funding from donor countries and lack of community participation—were the underestimation of the parasite burden and
the disregard for the adaptation of the vectors and parasites against certain
control measures, i.e., emergence of insecticide and drug resistance [38]. The
use of DDT, a pillar of the 1955–1969 program, was also gradually banned
worldwide between 1972 and 2000 because of its toxic effects on higher organisms, despite its well-documented benefits in malaria-control [39]. A
comprehensive summary of the achievements, causes of failure and lessons
to be learned from the GMEP can be found in reference [40].
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Many parameters, as well as mathematical models and experimental approaches, exist for the quantification of the malaria burden, and many of
them lead to highly variable results [41]. Nonetheless, both the estimated
number of global cases, and the malaria related death toll have increased in
the decades following the cease of the GMEP, and have reached their peak in
the early 2000s with the estimated values of 262 million and 1–2 million, respectively [41, 42]. This stagnation of the rollback efforts is also reflected in
the fact that in 2010, just like in 1975, still approximately half of the world’s
population was living in areas exposed to the seasonal or permanent risk of
the infection [37, 43]. Even in these dark decades, however, the gradual improvement of the public health systems and general infrastructure, together
with putting more emphasis on community involvement, yielded positive
results in more developed countries, such as Singapore, Brunei, Australia
and islands with tourism-oriented economies [40]. On the other hand, poor
countries that have been the most affected, kept suffering from the indirect
adverse effects of the epidemic as well. The malaria associated economic
burden of 31 African countries between 1980 and 1995 was estimated to
amount up to US$ 73 billion, corresponding to 10% of their gross domestic
product [44].
The failure of the global eradication plan has drawn attention to other,
previously undervalued or neglected strategies: the 22nd World Health Assembly has stated in 1969 that “where eradication is not feasible in the
short term, control measures have to be strengthened with the means available”, which at the time mainly involved case detection and management
[45]. In order to obtain more reliable apparatus for epidemic surveillance
and in-field case management, new tools needed to be developed, for which
end the WHO launched the Special Programme for Research and Training
in Tropical Diseases in 1974, and a new, global program, the Global Malaria Control Strategy in 1992. As phrased by Trigg et al.: “This strategy
differs considerably from the approach used in the eradication era. It is
rooted in the primary health care approach and calls for flexible, decentralised programmes, based on disease rather than parasite control, using the
rational and selective use of tools to combat malaria.” [46]. In parallel with
a paradigm shift in policies and active measures promoted by the WHO,
The Global Fund to Fight AIDS, Tuberculosis and Malaria and the Bill
& Melinda Gates Foundation have to be highlighted as organisations hav-
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ing substantial merit in the remarkable progress achieved in malaria control
since the early 2000s. They have provided significant financial and strategic
support, and raised greater public awareness, respectively.

2.1.3

The current situation and major challenges

The change of policies, renewal and better distribution of financial support
and public awareness campaigns have finally put the fight against malaria
back on the right track, and the global response to the epidemic was considered one of the world’s great public health achievements in the past fifteen
years. The number of cases has fallen globally from 262 million (range 205–
316 M) in 2000 to 214 million (range 149–303 M) in 2015, a decline of 18%,
which, after corrected by the population growth implies a 37% decrease
in overall malaria incidence. The global number of malaria deaths shows
an even more remarkable decline: the malaria mortality rate, which already
takes into account the population growth, is estimated to have fallen by 60%
over the same period resulting in approximately 438 000 malaria deaths in
2015, 90% of which occur in the WHO African region. As malaria is concentrated in the poorest countries of the world, these achievements highly
relied on international funding that increased from approximately US$ 960
million to US$ 2.5 billion between 2005 and 2015 (global funding is estimated to cover 78% of total anti-malaria expenditures, excluding the costs of
local health systems spent directly on patient treatment). It is estimated
that cumulatively 1.2 billion incidences and 6.2 million malaria deaths have
been prevented globally during this period. In sub-Saharan Africa the number of averted cases due to control interventions is estimated to reach up
to 70% of the total decrease, saving approximately 663 million people from
contracting malaria.
Of course, the more interesting question, beyond the pure statistical data
is, how this remarkable progress has been achieved and if it is sustainable.
While the worldwide ban on DDT removed an essential instrument of malaria prevention in the late 1990s, a traditional tool has been rediscovered
and fundamentally improved at the same time: the insecticide treated bednets (ITN). Approximately one billion ITNs has been distributed globally
between 2004 and 2015, which increased the proportion of population at
risk sleeping under protection from a few percent to 55% over this period in
sub-Saharan Africa. The ITN distribution is calculated to have accounted
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for roughly 69% of the prevented cases, with additional 10% attributed to
indoor residual spraying of living areas.
Evidently, the interception of transmission plays a substantial role in
malaria elimination, but case management is clearly just as important. One
of the major breakthroughs in the field also took place in the early 2000s,
when artemisinin combination therapies (ACTs) have been launched by the
Roll Back Malaria Partnership and started to be spread worldwide as the
first line treatment against P. falciparum infections. The fast acting and
highly efficient new compounds played a major role in the significant decrease of the mortality rates, and, due to the reduction of the human carrier pool, approximately 21% of the averted cases is also attributed to the
global introduction of ACTs. Targeted chemoprevention in specific population groups, e.g., pregnant women, children in sub-Saharan Africa, could
also contribute greatly to the reduction of malaria-associated fatalities in the
most vulnerable communities, but its implementation at the moment has to
be improved. Lastly, another important contributor to case management is
the increased availability of rapid diagnostic tests (RDTs), which simplify
the process of confirming the infection and help to prevent the excess usage
of efficient antimalarials, but they might not be the ideal tool to solve the
problem of in-field diagnostics in the long run, for reasons described in the
next sections.
Malaria management and control activities have gained impressive momentum since the millennium, and in 2015 the WHO set the very ambitious
targets of reducing both the number of cases and mortalities by 90% until
2030 (compared to the 2015 levels) in three steps, achieving the milestones
of 40%, 75% and 90% by the years 2020, 2025 and 2030, respectively. Unfortunately, the 2017 WHO Malaria Report revealed some troubling shifts
in the trajectory of the infections: The rate of decline has stalled since 2014,
and for the first time in many years, in 2016 the number of reported cases
has increased by 5 million. The WHO recognises that “the pace of progress
must be greatly accelerated if we are to reach our global malaria targets for
2020 and beyond” [47], and they present an extensive list of the main challenges that the malaria community has to overcome. Let me now set aside
the many financial and socio-economic factors described in details elsewhere
[47], and focus only on the problems that can be addressed through research
and are more closely related to the presented work.
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Parasite resistance against drug compounds
The development of drug resistance is a constant threat in Plasmodium
infections. We have witnessed its emergence against most of the first line
treatment compounds throughout the 20th century, starting with quinine
in 1910, followed by chloroquine in the late 1950s which culminated in a
severe public health crisis in sub-Saharan Africa in the 1980s [48, 49]. The
clinical case management has improved greatly since the global introduction
of artemisinin and its derivatives in the early 2000s. However, the fear
of global-scale ART resistance has led to extended surveillance, both in
the field and in the form of in vitro experiments, and all results point to
the fact that ART resistance is appearing in Southeast Asia [47, 50, 51].
Although there are voices in the scientific community questioning if the
observed prolonged parasite clearance times are truly a sign of emerging
drug resistance, everyone agrees that therapeutic efficacy studies both in
vitro and in vivo, in the field and in high-grade laboratories are of crucial
importance [47]. Currently these involve the in-field microscopic observation
of blood smears, followed by the later analysis of the collected samples via
more advanced biochemical methods in better-equipped laboratories. Since
quantitative microscopy is a burdensome and time-consuming task prone to
subjectivity, the development of easy-to-use, yet quantitative and sensitive
techniques for the real-time monitoring of disease progression in the field,
and high-throughput and field-adaptable drug-susceptibility assays is a focal
area of malaria research [52].
As a side note, let me mention here the matter of insecticide resistance
(compounds used both in ITNs and indoor residual spraying) which also
might hinder malaria prevention and control [47], but the assessment of its
impact presents a complicated task for researchers and other professionals
because of the lack of well-established monitoring protocols and limited human and financial resources [53, 54].
The control of vivax infections and transmissive stages
Plasmodium vivax has traditionally been considered a benign infection overshadowed by the devastating human toll taken by P. falciparum. However,
cases of non-mixed (no other species involved) P. vivax infections of severe
clinical outcomes have already been reported [55, 56]. Moreover, it has been
argued that P. vivax might be more difficult to eradicate due to the dormant
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parasites residing in the liver that can cause relapses, and also because its
blood stage might be infectious before symptoms occur [57, 58]. Since P.
falciparum blood stages are the most virulent ones, and the ones that can
be cultured in vitro, drug development so far has been focused on targeting these forms, despite the widespread chloroquine resistance of P. vivax
and the inefficiency of most compounds against sexual forms present in the
circulation [59, 60]. It is therefore vitally important to (i) develop efficient
compounds against the dormant forms of P. vivax ; (ii) circulating sexual
forms of any Plasmodium species and (iii) the monitoring the prevalence of
the latter in low endemic areas where control efforts are moving towards
malaria elimination.
False negative RDTs due to parasite mutation
Diagnostics of malaria has been a major dilemma over centuries because
of its unspecific symptoms in the early stages of the infection. Since the
discovery of the malaria pathogens light microscopy has been the advised
protocol in settings where proper equipment and expertise was available, but
in most of the affected, resource-poor regions the infection has been treated
presumptively. The availability of antigen-detection based rapid diagnostic
tests has improved this situation greatly in the past 15 years, though ensuring their safety and quality has required substantial contributions from the
WHO and other global health organisations.
Most of the tests that identify P. falciparum with the required sensitivity
detect the histidine-rich protein 2 (PfHRP2) or the related PfHRP3 surface
proteins of the asexual blood stages. A few years ago a study in the Amazon
region of Peru has identified P. falciparum infections that yielded false positive results even with the most sensitive RDTs available [61]. These strains
have been found to be missing the genes encoding the PfHRP2 and PfHRP3
proteins, and therefore completely avoiding their antigen-based detection.
According to the 2017 World malaria report “the frequency and global distribution of this phenomenon is not yet fully understood; however, in a few
countries, the relative incidence of these deletions has been found to be high
enough to threaten the usefulness of HRP2-only RDTs” [47]. Thus, the
in-field monitoring of RDT failure rate and the subsequent development of
novel antigenic targets, or alternative cost-effective and sensitive diagnostic
platforms is a research priority in malaria management.
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2.2

The life cycle of the Plasmodium parasites

The life cycle of the Plasmodium parasites is exceptionally complex: Besides
alternating between the female Anopheles mosquitoes and the vertebrate
hosts, they undergo several transformations within both in order to invade
different cell types during the specific stages of the infection. The whole
life cycle includes both a sexual reproductive sub-cycle within the mosquito,
and an asexual reproductive sub-cycle in the vertebrate intermediary host.
The different Plasmodium species have various specific attributes, but the
main characteristics described below are common.
The parasitic forms injected to the dermis during blood feed are called
sporozoites. According to our current knowledge their number varies between
a few and a few hundred injected per bite, out of which probably a lesser
portion succeeds into the circulation [62, 63]. From there the sporozoites
migrate to the liver within a few hours, where they infect the hepatocytes
and mature in a process called exoerythrocytic schizogony for 6 − 14 days.
Here their development culminates in the production and release of several
thousands of merozoites [64, 65]. Once the merozoites leave the liver in a
synchronized process, they migrate back to the circulation where they infect
red blood cells (RBCs). Within the RBCs the Plasmodium parasites develop continuously in a periodic manner: in the beginning of the cycle they
are called rings, which mature first into trophozoites, then into schizonts
that finally undergo multiple fission, a process generally called schizogony.
In the end of the cycle a new generation of intraerythrocytic merozoites is
formed and released into the blood stream to invade healthy RBCs. After
a synchronised, successful invasion event, the number of parasitised RBCs
is increased in average by a factor of eight to ten depending on the specific species and the host [4]. The length and synchronicity of the cycles is
species-dependent with typical lengths of 24 h, 48 h, 48 h, 50 h and 72 h for
P. knowlesi, falciparum, vivax, ovale and malariae, respectively.
The asexual replication is the main source of the clinical manifestation
of the disease: The synchronous rupture of a large number of infected RBCs
in the end of each cycle releases substantial amounts of foreign material
into the blood stream, which triggers the immune system, and leads to the
majority of the pathogenic symptoms. The high, periodic fevers primarily
associated with malaria—the ones that enabled its identification well before
the discovery of its microbiological origin—also occur subsequently with the
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release of the new generation of merozoites into the blood stream. The other
accompanying symptoms are rather non-specific, including rigors, headache,
nausea and muscle pains. People living in regions of high endemicity usually
develop acquired immunity in childhood, and unless their immune system is
weakened at the time of the contraction of the infection, the illness subsides
after a long symptomatic period of waving severity and eventually it gets
resolved. In a portion of untreated or partially treated individuals who
lack naturally acquired immunity, e.g., children under five years, residents
of low transmission areas, tourists, the infection can progress to severe (or
complicated) malaria which often leads to acute syndromes, such as severe
anemia, cerebral malaria, respiratory distress, renal and hepatic disfunction,
pulmonary edema, and death.
In the vertebrate host the erythrocyte invasion is the ‘final’, repetitive
phase of the infection, however, during blood schizogony a portion of parasites develops into sexual stages, the male and female gametocytes, that are
eventually taken up by a feeding mosquito to ensure the sustainability of the
transmission. The molecular background and the interplay between genetic
and environmental factors, such as drug-pressure, which determine why and
how certain schizonts commit to gametocytogenesis is intensely investigated,
since it might provide novel tools to arrest the transmission cycle (reviewd
in [66]).
The most important aspect of the erythrocytic cycle concerning the current work is its main metabolic process: The hemoglobin degradation and
subsequent hemozoin formation. The hemoglobin, being the dominant protein component of the RBCs, is the principal amino acid source for the parasites that are otherwise separated from the nutrients in the blood plasma by
the RBC membrane. As suggested by several studies, as much as approximately 60-80% of the host red blood cell’s hemoglobin is digested by the
parasites during one erythrocytic cycle [68–70]. Besides being an essential
source of nutrients, hemoglobin degradation also permits freeing up space
for parasite growth within the RBCs.
While the detailed description of the hemoglobin degradation and hemozoin formation processes are still under intense investigation, the available
literature suggests the following. Hemoglobin internalisation is mediated by
cytostomes, which are double-membrane invaginations of the parasite outer
membranes, and either form vesicles that transport the encapsulated hemo-
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Figure 2.1. The life cycle of the malaria parasites. The cyclic blood stage
is illustrated with Gimesa stained light microscopic images of different maturation
stages of the parasites within the red blood cells. The image was adapted with
modifications from [67] (licensed under CC BY-NC 2.0 ).

globin through the cytosol [71, 72], or directly contact and subsequently
fuse with the food vacuole of the parasite [73, 74]. Here the hemoglobin
macromolecules are proposed to be degraded by a multiprotein complex
involving multiple, species-specific, and highly variable proteases [75–78].
The released oligo- and dipeptides are further degraded by aminopeptidases
into amino acids that are later utilised by the parasite. During hemoglobin
degradation its central prosthetic heme group is released in the acidic environment of the food vacuole. Due to its highly oxidative nature it can induce
oxygen-derived free radical formation, lipid peroxidation and protein and
DNA oxidation within the parasite [79–81]. To avoid these toxic effects, the
Plasmodium species have developed the strategy of crystallizing heme into
the significantly less harmful, practically inert hemozoin crystals. Although
their structure and other physical properties are well-described, the exact
pathway of the in vivo formation of hemozoin is still debated. Different

26

groups have shown various factors to be essential in the process: earlier results suggested that it is a lipid-driven process [82, 83], and Egan in a 2008
review argued that it is nonenzymatic and autocatalytic [75]. Kapishnikov
et al. impressively demonstrated by soft X-ray tomography and 3D electron
microscopy that the crystals are nucleated at the digestive vacuole membrane in a more-or-less oriented alignment, leaving it later and clustering
in the centre of the vacuole before being released into the plasma during
merozoite egress [73]. Later experimental studies showed the presence of
extremely potent proteins and enzymes in the food vacuole that convert
heme into HZ in vitro and are likely to be involved in the crystallization
process in vivo [84–87]. Although the evidence of the role proteins play in
crystal formation is rather indirect, they might act as chaperones and catalysts by temporarily bonding free heme to detoxify it and initiate nucleation,
respectively.
Considering that some of the antimalarials (chloroquine, quinoline derivatives) act as inhibitors of the heme detoxification pathway via various
modes of action, the detailed description of this process may help guiding
the scientific community towards the development of previously unidentified
antimalarial compounds [70, 88, 89]. A tool that quantifies the crystallised
portion of the released heme with high accuracy might also aid this area of
research.
The HZ crystallites accumulated during parasite maturation are released
into the circulation during schizont rupture together with other contents of
the cytoplasm and the food vacuole. They are reported to interact with
many cells of the innate immune system, but their phagocytosis by monocytes and macrophages is the most studied process [90]. Monocytes rapidly
ingest HZ which can fill up to 30% of their cell volume and it can persist
within them for long periods of time. The inability of the phagocytic lysosomes to depolymerize HZ is not yet understood, and the role HZ might
play in the immune modulatory processes is also an intensely studied area
[91]. From a more phenomenological perspective the accumulation of HZ in
the circulation has been shown to correlate well with disease severity and
also its short- and long-term dynamics within leukocytes have been studied
to some detail, yet not exhaustively [92–95]. Day et al. found the median
clearance time of pigmented monocytes to be nine days post treatment, a
process significantly slower than the average parasite clearance time from
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erythrocytes, i.e., approximately four days. Ultimately the crystals, encapsulated in tissue macrophages, are deposited in the spleen, liver and bone
marrow, but in complicated malaria cases and in their in vivo rodent models
they have been found to sequester in the tissues of the brain and lungs as
well [95, 96].
While the basic aspects of the life cycle and the essential biochemical
processes are shared among the different human Plasmodium species, they
show considerable variations even on the phenomenological level. The longer
evolutionary history of P. vivax is likely to explain its better adaptation to
cause non-lethal, relatively benign infections that promote the longer survival of the pathogen. In P. vivax infections, contrary to falciparum, the
proportion of infected RBCs rarely exceeds 2%, which is achieved by their
preference to infect young RBCs (reticulocytes). While the older erythrocytic forms of falciparum cytoadhere to the microvascular endothelium
which leads to their sequestration and eventually to severe syndromes, such
sequestration is less characteristic to P. vivax parasites, whose more mature
stages do appear in the peripheral circulation [97, 98]. Another characteristic aspect of the P. vivax and P. ovale infections is the existence of latent
hepatic forms, i.e. hypnozoites, that can reside in the liver even after the
blood stage infection has been cleared, and cause relapses months, or even
years later, hampering thus the eradication efforts of these species [99].

2.3

The diagnosis of malaria and overview of methods under development

The first clinical manifestations of a malaria infection (i.e., the end of the
incubation period) in non-immune humans commonly occur 11 days (range
6–14 days) after the inoculation of sporozoites; in average one day after
the end of the pre-patent period (i.e., time from sporozoite inoculation to
detectable parasitemia; median 10 days, range 5–10 days) [100]. High level of
immunity can be acquired by adequate antimalarial prophylaxis, and partial
immunity through previous exposures or by partial treatment, which may
significantly prolong the incubation period, but cannot fully prevent the
development of the disease [101]. The incubation period is usually shorter
for falciparum malaria (mean 12 days, range 6–17) than for other species
(median 15–16 days) [100, 102, 103].
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The first symptoms of malaria are non-specific, may be mild, and often resemble some of the signs of common viral and bacterial infections,
such as influenza, pneumonia, upper respiratory tract infections, etc. Most
patients experience fever (> 92% of cases), chills (79%), headaches (70%),
and diaphoresis (64%), which may be accompanied by muscle ache, nausea,
vomiting, diarrhoea and abdominal cramps [104]. The most characteristic
malaria-associated syndrome is the periodic recurrence of shaking and chills
followed by the sharp rise of body temperature (paroxysm), however, being
poorly delineated and sometimes irregular in most P. falciparum infections
(in contrast to the higher regularity of P. vivax ), they are not sufficient
indicators for presumptive diagnosis [105, 106]. Prominent paroxysms in
non-immune individuals typically develop after the first two or three erythrocytic cycles, when parasite densities are still less than one parasitised red
blood cell per 10 000 uninfected red cells [106]. In summary, malaria can
have a gradual or a fulminant course—the former being more typical for
partially immune individuals, while the latter for children, patients with
impaired immune system and visitors from non-endemic areas—with nonspecific symptoms.
Historically, mainly due to the high prevalence of malaria in resourcelimited settings, the diagnoses have been established solely on the basis of
the clinical presentation, which did not only lead to the excess use of antimalarials, but also to the failure to manage other, potentially life-threatening
conditions appropriately. As parasitological testing is the only reliable way
of diagnosing malaria accurately in febrile patients even in highly endemic
areas, all relevant WHO guidelines since the early 2010s recommend malariaspecific testing to be performed on all suspected cases before the administration of antimalarial medication [107, 108]. In lack of clear clinical indications for plasmodial infections, however, the decision to what constitutes a
malaria-suspected case highly depends on local circumstances, on the phase
of malaria elimination in the given area, and ultimately on the reliability of
the assessment of prevalence thresholds.
Although pooled data reported by National Malaria Control Programmes
(NMCP) indicate that a vast proportion of malaria-suspected cases have
received a parasitological test in 2016—in average more than 80% of the
suspected cases both worldwide and in Africa—there are indications that
this number may be a strong overestimate, especially in sub-Saharan Africa
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[47]. For example the results of seventeen nationally representative surveys
completed by the WHO in the region implied, that the proportion of febrile
children who received a finger or a heel stick—suggesting that a malaria
diagnostic test may have been performed—either in the public or private
health sector was not higher than 52% [47]. Combining these numbers with
the proportion of febrile children for whom professional care was sought at
all (median of 47%), the median testing rate of a child with fever is approximately 30% in sub-Saharan Africa, according to the WHO surveys [47]. A
further indication of inadequate testing (and potentially of the unreliability of reporting both by the surveys and by the NMCPs) can be derived
from the mismatch between the reported number of tests performed and the
doses of antimalarials distributed in the countries of concern, as discussed
in references [47] and [109].
Currently, two methods are approved for the routine in-field diagnostics
of malaria by the WHO: light microscopy and rapid diagnostic tests. While
the former method remains the gold-standard and desired if it can be carried
out in compliance with the quality assurance guidelines of the WHO [110],
the relative ease of use and huge market supply of the latter have advanced
the spread of RDTs greatly, and they already predominate microscopy in
the number of tests performed (approximately in a 60% to 40% ratio)[109].
During an LM procedure blood droplets are spread on a microscope slide,
stained and examined for the presence of parasitised erythrocytes under a
standard transmission light microscope. Ideally, both thick and thin blood
smears are prepared, the former providing higher sensitivity for screening,
while the latter facilitate the characterisation of parasite morphology necessary for species-specific identification. The thick film consists of a few
droplets of blood spread into a ∼ 1 cm wide circle resulting in a layer of 20
to 30 cells in thickness, which is left to dry completely, and stained by a
hypotonic stain solution (usually buffered Giemsa stain) to release the intraerythrocytic parasites. This approach allows for a large volume of blood
to be examined in a single film, however—due to the relatively long time
it takes for the droplet to dry, to be stained and sufficiently screened—the
overall testing time per patient can take up 15 to 30 minutes [111, 112]. In
comparison, a thin film is produced by smearing a small droplet of blood
with the edge of another slide into a sheet that contains a single layer of cells
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towards its feathered edge, it is dried, and subsequently fixed in methanol
before the staining process to prevent cell lysis [111, 112].
For primary case detection, i.e., classification of malaria positive or negative incidences, 100 good viewing fields (using paired x10 ocular and x100
immersion objective lens) are recommended to be examined in each thick
film, where a ‘good field’ is defined as one exhibiting 15 to 20 well-identifiable
white blood cells (WBCs). The quantification of parasite density is also
routinely carried out using thick films by the parallel counting of parasites
and the number of WBCs, the latter serving as a proxy for the estimation of
the blood volume analysed [111]. In clinical settings thin films are primarily
used for the identification of species and as a backup if the quality of the
thick smear is impaired. If the procedure is performed by a well-trained
microscopist adhering to the above protocol, the sensitivity of microscopy
for malaria detection can be as good as 4 − 20 parasites per a microliter of
blood (p/µl) [111, 113]. However, the reported in-field detection threshold
of 50–500 p/µl is considerably poorer and highly variable due to several
technical and subjective factors as detailed in [114–116]. Nevertheless, the
former detection limit still approaches the lower end of the pyrogenic density range, thus microscopy is considered to be a highly specific technique
for identifying malaria as the cause of a presenting febrile illness [117], and
remains the standard for the evaluation of novel diagnostic platforms. On
the other hand, besides its several advantages—such as relatively low direct
costs (US$ 0.3 − 1.3 per test), differentiation between species, estimation of
parasite densities, detection of gametocytaemia and the possibility to monitor responses to therapy—the good performance of microscopy strongly
relies on personal expertise, good quality consumables and the provision
and maintenance of adequate microscopes. Several attempts are under investigation for its automation and acceleration, but none of them have been
proven superior to the classical method under field conditions so far [118–
124].
Rapid diagnostic tests are immuno-chromatographic tests detecting parasitic antigens from a finger-prick blood sample. They are available in dipstick, cassette or card format, all of which contain dye-labelled antibodies
specific to antigens produced by either a single or multiple species of plasmodia. The antigens and the corresponding species they identify are the
histidine-rich protein 2 (PfHRP2, specific to P. falciparum),Plasmodium
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lactate dehydrogenase (specific to P. falciparum, or to P. vivax, or panspecific) and adolase (pan-specific) [125–128]. They are manufactured in
multiple combinations of the targeted antigens and by several manufacturers, sometimes in varying quality, which have led the WHO to launch
an extended RDT Product Testing Programme and a guide to assist their
choice for different prevalence settings [129, 130]. Since RDTs only offer
a positive or negative diagnostic result and do not quantify parasite densities, their sensitivity (and specificity) is assessed either in comparison to
LM in clinical settings, or by their positivity rate in detecting samples with
parasites densities adjusted to 200 p/µl and 2000 p/µl in laboratory analyses
[131, 132]. In average they demonstrate acceptable performance in endemic
settings for the detection of febrile cases when compared to LM (approximately 90% sensitivity and specificity both for P. falciparum and P. vivax ),
but they are less suited to identify infections with parasite densities below
the 200 p/µl threshold, especially with adequate specificity for P. vivax and
the three less prevalent species [133–137]. Their further limitations include
their inability to assess disease severity; their need for in-field quality control because of the potential variability between lots due to heat sensitivity
and limited shelf-life; and most importantly because of the variation and
occasional absence of the PfHRP2 antigens [109, 133, 138]. Although the
complete deletion of the gene responsible for producing PfHRP2 in P. falciparum populations is rare, it is a well-documented phenomenon in the
Amazon region, and observations of potential deletions have already been
reported outside of Latin America as well [139–142]. In summary the RDTs
serve the current clinical needs sufficiently, however, their long-term applicability, especially in the context of malaria elimination, will largely depend
on the success, and in particular, on the cost-effectiveness of the efforts to
improve the existing platforms, as discussed in [109, 133].
Besides the research and development activities aiming at the improvement of LM and RDTs, several novel malaria diagnostic concepts have been
investigated recently, which can be broadly categorised as (i) nucleic acid detection techniques (NATs), (ii) spectroscopic techniques, (iii) serology, (iv)
hemozoin-detection and (v) other biomedical engineering systems such as
dielectrophoretic and magnetophoretic methods and integrated lab-on-chip
approaches. The state of the art of each technique is detailed in numerous
review articles [109, 133, 143–145].
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NATs are currently the most sensitive diagnostic modalities available not
only for the detection of plasmodia, but for different pathogens in general.
They include several techniques, out of which PCRs are the most widespread
in research laboratories and in well-equipped field-based reference laboratories. PCR is based on the extraction and multiplication of targeted nucleic
acid sequences, and their subsequent detection by various technical solutions,
e.g., via fluorescence. Fundamentally the procedure involves a few advanced
technological steps, expensive reagents and infrastructure. Although several
simplified mehtods are trying to overcome certain limitation that prevent
their field-applicability, the need for the thermocyclic amplification process
has not yet been overcome [146–150]. As summarised by Britton et al.,
some assays can already be performed either on whole blood directly with
high sensitivity and throughput, but using relatively high-grade laboratory
equipment [151], or still requiring laborious DNA extraction and/or thermocycling with higher turnaround times [152, 153]. Furthermore, approaches
trying to circumvent laboratory-based post-processing via the development
of customised real-time PCR machines [154, 155], or even creating mobile
molecular laboratories [156] are under development, but their cost-efficiency
and deployability in resource-limited settings remains to be investigated.
The second big family of NATs are the loop mediated isothermal amplification (LAMP) techniques [157]. In the recent years they have become
the forerunners of molecular diagnostic technologies targeting malaria due
to their isothermal nature, which allows the omission of the thermocycler
instruments. Similarly to simplified PCR, several technological solutions
are under investigation for the in-field applicability of the technique, most
of them showing high sensitivity (in the order of a few parasites per a microliter of blood), but still require several preparatory steps including DNA
extraction, have limited throughput or include costly reagents and/or equipment up to day (reviewed in [143]).
Optical spectroscopy methods have primarily been used for fundamental
research in the context of malaria—especially spectrophotometric assays and
Raman spectroscopy—for the study of heme degradation; of hematin formation (an intermediary product derived during the proteolysis of host hemoglobin by the parasites); of the interaction between hematin and various
antimalarial compounds; and to gain insight into hemozoin formation [158–
163]. Furthermore, visible and Raman spectroscopy has also been performed
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on whole infected erythrocytes to study their structural and compositional
changes associated with parasite maturation [164, 165]. From the perspective of diagnostic applications attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectroscopy has a great potential to be developed
into a high-throughput and sensitive diagnostic platform as described in
two very recent publications [166, 167]. However, as the former study utilised a simple sample preparation protocol, but costly equipment, and the
latter a portable FTIR device, but pre-processed samples, both methods
need further improvement to be deployable in field conditions.
Hemozoin crystals—as it will be discussed in details in the following
sections—are inherent biomarkers of the malaria infection, and their unique
magnetic and optical properties make them promising targets of label-free
malaria diagnostic tools. Accordingly, a plethora of hemozoin-related technological approaches have emerged in the past decade, such as microscopy
combined with magnetic enrichment [168, 169]; flow-cytometry detecting depolarised light scattering [170]; several spectroscopic and some nonlinear optical techniques (reviewed in [171], [172]); magnetic-resonance [173]; a photoacoustic technique that aims for the non-invasive detection of hemozoincontaining red blood cells [174] and, last but not least, magneto-optical
methods, (reviewed in [109]), related to a concept first published by Newman
et al. in 2008 [175]. Most of the techniques based on physical detection principles have the possibility to become automated and high-throughput, and
some, including the magneto-optical technologies, can be realised as cheap
and portable instruments. However, most likely, all methods targeting hemozoin have the disadvantage of not being species-specific, since only minor
morphological differences exist between the crystals produced by the human
plasmodia [176]. On the other hand, in regions where either of the species is strongly predominant, such as P. falciparum in sub-Saharan Africa,
a rapid and reliable diagnostic result might be sufficient for prompt case
management. Currently the main reason for species-identification in clinical
settings is to avoid the administration of artemisin-based compounds in the
less threatening P. vivax infections in order to prevent their overuse and the
spread of drug resistance. However, ACTs are highly effcient against all human malarial pathogens, thus their application in any positively diagnosed
malaria case does not influence negatively the therapeutic outcome. The
prompt, on-site identification of asymptomatic carriers of any plasmodia
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migh also be useful in mass-screening programmes so that the infected individuals can receive medication targeting the gametocytes on the spot to
prevent further transmission.

2.4

The treatment of malaria

As many other ancient diseases, the periodic fevers associated with malaria
were treated for centuries by traditional local herbal remedies with limited
success. However, in the mid-1600s a South American herbal extract, the
powdered bark of the cinchona (or quina-quina) tree was recognized to have
highly effective anti-malarial activity and it was introduced to the old-world
by Jesuit priests—although it has been likely used by native populations
in America before. The application of the cinchona bark against the intermittent malarial fevers can be marked as one of the first targeted methods
to treat an infectious disease globally with high efficacy [177]. The active
agent of the medicine was isolated by Pierre Joseph Pelletier (1788–1842)
and Joseph Caventou (1795-1877) in 1820 and named quinine [178]. Despite
its low therapeutic index, i.e., relatively low toxic dose and substantial side
effects, in lack of better candidates it has been used extensively throughout
centuries until the late 1920s, when the safer and similarly efficient synthetic
compound, chloroquine was discovered. Chloroquine was one of the major
tools in the Global Malaria Eradication Campaign launched in 1955, but its
extended use lead to the quick emergence of resistance in Southeast Asia,
which spread gradually throughout the globe and culminated in a major
health crisis in Africa in the 1980s.
During the 20th century numerous attempts have been made to develop
novel compounds, as the emergence of drug resistance was not a hypothetical
threat anymore, and as a result several new drugs have been introduced to
the market, but most of them lost, or substantially decreased their efficacy
relatively quickly [49]. A relieving success was finally achieved by Chinese
scientists in the 1970s, who, after screening thousands of traditional Chinese
medicines, managed to isolate artemisinin, a compound, and its derivatives
remain to be the first-line treatment against malaria even today. The global
significance of the discovery was later recognised by awarding the discoverer,
Tu Youyou (b. 1930), the Nobel Prize in Physiology and Medicine in 2015.
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Despite local or global, but species-specific resistance, a lot of ‘old’ compounds remain in use in particular circumstances. The compounds that are
in clinical practice today, can be categorised as follows.
• Tissue schizonticides (TS): act on primary tissue forms of the plasmodia which, after growing within the liver, evolve into erythrocytic
forms. These compounds can prevent the development of symptoms
and act against the hypnozoites averting later relapses. However, their
use is mainly limited for well-defined target groups (e.g., chemoprophylaxis for tourists, pregnant women and high-risk children).
• Blood schizonticides (BS): act on the asexual erythrocytic forms during
blood stage. They are the most prevalent group of antimalarials and
are typically administered during and after the symptomatic phase of
the infection. Some of them may also be applied as chemoprophylaxis
to prevent the occurrence of symptoms and progression of the blood
stages.
• Gametocytocides (G): they are usually blood schizonticides that are
efficacious against the sexual forms as well, and should be administered
in parallel with the former class of compounds to prevent transmission.
• Sporontocides (SP): These drugs prevent the development of oocysts
in the mosquito and thus block transmission.
The currently available antimalarials can be classified into several chemical classes as listed in Table 1.1, where their main area of application is
also indicated. However, for a comprehensive overview of the recommended
treatment practices the reader is referred to the WHO Guidelines for the
treatment of malaria [117].
As also illustrated by Table 1.1., artemisinin combination therapies are
the recommended first-line treatment of P. falciparum malaria at present,
and their use is confined in the case of the other, less threatening species only
to hinder the spread of resistance against ACTs. Artemisinin derivatives
are extremely potent and fast acting in killing the erythrocytic stages, while
their longer-acting partner compounds eliminate the remaining parasites and
provide protection against the development of resistance to the artemisinin
derivative. Partner drugs with longer half-lives also provide a period of posttreatment prophylaxis. Artemisinin derivatives are considered to act against
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Table 1.1. The list of currently approved antimalarials. Abbreviations: BS:
blood schizonticides; TS: tissue schizonticides; G: gametocytocides; f: falciparum; v:
vivax; o: ovale; m: malariae; k: knwolesi; ACT: artemisinin combination therapy,
i.e., the parallel administration of an artemisinin derivative and a compound from
another class, preferably with long half-life. The artemisinin derivative partner of the
given compound is indicated in brackets.

the circulating gametocytes as well, however, field studies indicate that their
clearance times might be too long to efficiently prevent human-to-mosquito
transmission [179].
The concept of administering antimalarials as combination therapies
partly arises from the bitter experience of the case of chloroquine, when the
excessive use of a very successful drug led to the development of resistance
within a foreseeable timeframe. Combination therapies, and their cautious
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and well-controlled distribution might hinder this process for artemisinin,
but reports of increased parasite clearance times and of increasing treatment failure rates have already emerged [47, 50, 51]. Accordingly, the development of drugs with slightly or substantially altered ways of action is a
research priority, the current status of which is reviewed in [180]. Until now
most of the new classes have been pinpointed using high throughput assays
and, in many cases, the exact target of their action is unknown.
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Chapter 3

The magneto-optical
detection of malaria
3.1

Introduction

As discussed in section 2.2., the malaria pigment crystals are byproducts
of the intraerythrocytic growth cycle of the parasites and they are specific
indicators of the onset of the blood stage. They are unique as their production is limited to a merely handful of blood-feeding pathogens, out of which
plasmodia are far the most prevalent, and also due to some of their physical properties which differentiate them from other components of the host
organism’s blood. They are relatively inert, submicron-sized, needle-like
crystallites exhibiting paramagnetism and linear dichroism (LD).
The term magnetically induced linear dichroism (MLD), the central subject of this chapter, refers to the optical phenomenon when an initially isotropic system becomes linearly dichroic if exposed to magnetic field. In the
case of MLD, the absorption of an incoming linearly polarised light beam
will be dependent on the relative orientation of the direction of the light
polarisation and that of the magnetic field. In general, it is accompanied
with magnetically induced linear birefringence (LB). The term dichroism/birefringence refers to the difference in the imaginary/real part of the refractive
index for two orthogonal linear polarisations of light.
The possibility that liquid suspensions of the paramagnetic hemozoin
crystals exhibit magnetically induced linear dichroism (and birefringence)
was first proposed and demonstrated by Newman and co-workers, who in-
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vestigated the magnetic field and crystal concentration dependence of this
magneto-optical effect [175]. They found that the former is described by
a specific, saturating curve suggesting that the macroscopic phenomenon
arises from the magnetic-field driven orientational ordering of the crystallites in the liquid, while the latter is linear. 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
[175]. Thus, the initial motivation of our studies was to describe the MLD
of hemozoin in details by recording both its magnetic field and wavelength
dependence, and 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.
Accordingly, in the current chapter, after a brief overview of the crystal
structure (section 3.2.), I will first summarise the results of the magnetisation and optical spectroscopic experiments (sections 3.3.1. and 3.3.2.,
respectively) previously described in details by my colleague, Dr. Ádám
Butykai [181]. These studies helped us to determine the optimal parameters
(i.e., wavelength and magnetic field strength) for the high-sensitivity detection of hemozoin via its MLD, which, combined with a novel experimental
approach, led us to the development of a device that has the potential to be
be utilised as diagnostic and research tool via the sensitive quantification of
hemozoin. Section 3.4. is devoted to the presentation of these new results
including the working principles of our detection scheme, the evolution of
the methodology and its validation on synthetic hemozoin.

3.2

The structure of hemozoin

While the detailed description of the hemozoin biocrystallization process is
still subject to investigation, the chemical composition and crystal structure of hemozoin is rather well-known by now. In the beginning of the 20th
century, when the study of malaria was greatly advanced by the discovery
of its microbiological origin, the ‘pigments’ associated with the pathology
of the disease were believed to be melanin derivatives. A misconception
that likely led their colloquial designation to remain ‘malaria pigment’ even
today. However, between 1911 and 1930 multiple studies showed that the
crystals contained iron, established a chemical relationship with hematin,
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and revealed that they even contained the same chemical elements [182–
186]. The name hemozoin was also coined in this era by the Italian-English
physician L. W. Sambon from the Greek terms haima (“blood”) and zoon
(“animal”). Unfortunately, besides clarifying one misconception, as it often happens in scientific research, another rose from one of the studies of
W. H. Brown, who believed that hemozoin had to contain proteins as well,
and later studies seemed to support this hypothesis [183, 187, 188]. Only
in the beginning of the 1990s, due to the works of Slater and Fitch, it became unambiguous that hemozoin solely consists of heme groups and several
structures for their arrangement in the lattice were proposed [158, 189–191].
The study of hemozoin was greatly assisted by the development of their
synthetic analogues, the β-hematin crystals [192–194]. Although several
protocols exist that yield a crystalline compound with the same chemical
structure, some have been shown to produce crystallites with morphologies resembling natural hemozoin more than others [158, 189, 195, 196].
The chemical identity of the crystalline compounds produced in vivo by
different species or in vitro by synthetic methods is typically confirmed by
spectroscopic techniques (e.g., infrared or Raman spectroscopy), while their
morphology is studied via electron microscopy. The synthetic ones are referred to as β-hematin, while the term hemozoin is usually reserved for the
crystals produced by biological pathogens.

Figure 3.1. Electron microscopic images of hemozoin and β-hematin crystals.
Panel (a) shows two β-hematin crystals synthesized by the method of Slater et al.
[189]. (Scanning electron microscopy (SEM) image taken by the author.) Panel
(b) shows hemozoin crystals purified from the laboratory adapted 3d7 strain of P.
falciparum. (SEM image taken by the author.) Panels (c) and (d) show hemozoin
crystals purified from the laboratory adapted Dd2 strain of P. falciparum and wild
type P. vivax, respectively. (Field Emission In-Lens SEM images, reproduced for
comparison from Ref. [176].) The length of the horizontal white bar is 200 nm in
each image.
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The crystal structure that is unequivocally accepted today was published
in the highly cited article of Pagola et.al in 2000 [197]. They resolved the
crystal structure of β-hematin using X-ray powder diffraction, and stated
that according to previous spectroscopic measurements performed on whole
dried parasitized red blood cells by Bohle et.al, the β-hematin findings are
directly transferable to natural hemozoin [194, 197].
The unit cell of the hemozoin crystals is composed of ferric heme (Fe3+ –
Protoporphyrin-IX) dimers that are formed by reciprocal iron-carboxylate
bonds between the central iron of one heme group and the propionate side
chain of the adjacent one, as presented in Fig. 3.2. These dimers are ordered
in sheets which are held together by hydrogen bonds formed between the
remaining propionate side chains. The interactions that stabilise the crystal
structure in the third dimension have been less well described but are investigated for example by Klonis et.al, who also propose a possible mechanism
of nucleation and subsequent arrangement [198].

Figure 3.2. The atomic structure of hemozoin. Panel (a) displays two heme
dimers, i.e., two unit cells of the crystal that are connected via hydrogen bonds
formed between the oxygen atoms. The main crystallographic axes a, b and c are
also indicated. Panel (b) shows the local environment of the central iron atom.
The local symmetry of the five-fold coordinated iron in hemozoin nearly preserves a
four-fold rotation axis, C4v . The angle spanned by this C4v axis (hard axis of the
magnetisation) and the crystallographic c-axis (fore-axis of the elongated crystals) is
δ ≈ 60◦ , where the c-axis points out of the plane of the figure.
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3.3

3.3.1

The magnetic and optical properties of hemozoin
The magnetic anisotropy of hemozoin

During dimerization the valence of the central iron atom permanently changes
to Fe3+ in contrast to the Fe2+ state of oxyhemoglobin. The total spin of
the valence electrons for Fe3+ is S = 5/2, and thus, the crystals exhibit
paramagnetism. This property has been known and utilised for the occasional laboratory separation of infected erythrocytes already before detailed
EPR and Mössbauer spectroscopic studies confirmed the high-spin state of
iron in hemozoin [199–201], and has been exploited in several applications
ever since [202–204].
Prior to the development of the magneto-optical diagnostic technique,
our research group decided to further investigate the magnetic properties of
hemozoin with special emphasis on the anisotropic nature of their paramagnetism, which was proposed by Bohle et.al and Sienkiewicz et.al by EPR
and Mössbauer spectroscopic studies, respectively [201, 205]. The main
conclusions of our magnetisation measurements are described in the current section, all of which were carried out on synthetic β-hematin crystals
prepared by the method of Ref. [189].
The low symmetry of the triclinic crystal structure, with space group
P 1̄, already implies that hemozoin is a highly anisotropic paramagnet characterised by different magnetic susceptibility values along the three lattice
vectors. However, the unpaired electrons associated with the magnetic response belong to the iron ion that is located in the centre of the porphyrin
rings. The porphyrins have been shown to maintain their fourfold rotational
symmetry even after polymerization [206]. Since the fourfold rotational axis
perpendicular to the plane of the porphyrin unit is nearly preserved, as
presented in panel (b) of Figure 3.2, it is reasonable to expect that the
magnetic properties of the pigments reflect this axial (C4v ) symmetry, and
hemozoin behaves either as an easy-axis or as an easy-plane paramagnet. Indeed, based on a multi-frequency high-field electron paramagnetic resonance
study performed on powder samples, Sienkiewicz and coworkers suggested
that the behaviour of the S = 5/2 spins of the Fe3+ ions can be described
by the following spin-Hamiltonian:
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S(S + 1)
2
2
2
+ E Sx − Sy + µB gBS,
H = D Sz −
3

(3.1)

where D in the first term is the zero-field splitting associated with an axial
anisotropy, while the in-plane anisotropy introduced via E is negligible as
|E/D| ≤ 0.035. They also found that the Zeemann-splitting induced by
an external magnetic field is characterised by a nearly isotropic g-factor,
g ≈ 2 [205]. The dominance and the positive sign of the D term mean
that hemozoin behaves as an easy-plane paramagnet. The local symmetry
generated by the ligand field at the iron site indicates that the easy-plane of
the magnetisation coincides with the plane of the porphyrin rings, hence, the
hard direction labelled as z-axis in the spin Hamiltonian above, corresponds
to the four-fold rotational axis.
When such easy-plane crystallites are suspended in a liquid and exposed
to an external magnetic field, their easy-planes tend to co-align with the field
direction (so that the field would lie in their easy planes) to minimise their
magnetic energy. Assuming a linear field dependence of the magnetisation,
which assertion has been confirmed experimentally at room temperature (see
panel (a) of Figure 3.3.), the magnetic anisotropy energy can be written as:
1 B2
cos2 (ϑ) · (χzz − χxx ) · V,
(3.2)
2 µ0
are the linear magnetic susceptibilities along the hard-

U =−
where χzz and χxx

axis and within the easy-plane, respectively, ϑ is the angle between the
direction of the field and the hard-axis of a crystal, and V is its volume.
Magnetisation densities for fields applied within the easy-plane and along the
hard-axis of the crystal can be given as Mx = µ10 χxx Bx and Mx = µ10 χzz Bz ,
respectively. Since the thermal fluctuations try to restore the random orientation of the crystals in the suspension, their angular distribution depends
on the relative strength of the magnetic anisotropy energy and the energy
scale of thermal fluctuations, as specified by the Boltzmann function:
f (ϑ) =

2π

Rπ
0

e−U (ϑ)/kB T
,
e−U (ϑ)/kB T sin ϑdϑ

(3.3)

where kB is the Boltzmann-factor, T is the absolute temperature, and
the partition function in the denominator is expressed as an integral in a
spherical basis over the relative orientations of the applied field and the hard
axes of the crystals.
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Our first magnetisation measurements on β-hematin powder samples—
described in details in Ref. [181]—confirmed its paramagnetic behaviour,
which is reflected in the linear character of the room temperature magnetisation curve with a positive slope (panel (a) of Figure 3.3.), as well as in the
temperature dependence of the low-field magnetisation in the T = 5 − 300 K
temperature range (panel (b) of Figure 3.3). The powder average of the
magnetic susceptibility at room temperature was obtained by fitting the
slope of the magnetisation curve, yielding


∆m CGS ρ[g/cm3 ]
SI
= 4.2 · 10−4 ,
(3.4)
·
hχiT =300 K = 4π
∆H
m[g]

∆m CGS
where ∆H
is the slope of the curve, m is the mass of the measured
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sample, and ρ is the volumetric mass density of the β-hematin crystals in
CGS units, respectively. This value indicates that β-hematin is a ‘nottoo-weak’ paramagnet, considering the low concentration of iron within the
compound. For further comparison, the magnetic susceptibility of a few
selected materials and biological substances are listed in Table 3.1. in SI
units.
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Figure 3.3. Magnetisation measurements on a randomly oriented β-hematin
powder sample. Panel (a) shows the magnetisation curve at T = 300 K. The
quantity obtained by the linear fit is hχi. The slope parameter of the linear fit is
b = 1.68 · 10−7 emu/Oe. Panel (b) displays the temperature dependence of the
magnetisation in H = 5 · 103 Oe magnetic field. The quantity investigated by fitting
the Curie-Weiss expression is the S(S+1) momentum of the iron spins. The values of
the fitting parameters are: A = 0.25721 emu·K, m0 = −1.54·10−4 emu, Θ = 2.4 K.
The Figure was reproduced from Ref. [181].

The temperature dependence of the susceptibility was well fitted by the
Curie-Weiss law:
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mCGS = N

µ2B g 2 S(S + 1) CGS
H
,
3kB (T − Θ)

(3.5)

where Θ characterises the possible exchange interaction between the elecm
NA with
trons, and N is the number of iron atoms in the sample: N = 2 M
m, M and NA being the mass of the sample, the molar mass of hematin and
Avogadro’s constant, respectively. The factor 2 arises from the unit cell of
hematin containing two iron atoms. The fit, based on the assumption of
isotropic paramagnetic behaviour, resulted in S(S + 1) = 9.42, in contrast
to the expected value of 5/2(5/2 + 1) = 8.75, further indicating magnetic
anisotropy. The fitted Curie-Weiss temperature parameter suggests weak
antiferromagnetic correlations between the neighbouring spins in the order
of Θ = 2.4 K.

Material
hχiSI ×106
source

stainless steel

3520-6700

[207]

ferritin molecule

520

[207]

hemozoin

420

[207]

platinum

279

[207]

deoxyhemoglobin

3.33

[208]

oxyhemoglobin

-0.19

[208]

one deoxygenated RBC

-6.07

[209]

water

-9.05

[207]

blood plasma

-8.97

[209]

one oxygenated RBC

-9.4

[209]

Table 3.1. Magnetic susceptibility values of a few selected compounds.

In order to further improve our understanding of the anisotropic magnetic properties of β-hematin, we carried out field- and temperature-dependent
magnetisation measurements on crystals suspended in a mixture of 70% water and 30% glycerol both after (i) zero-field cooling in order to maintain
the random orientation of the crystals in the suspension; and after (ii) a
field-cooling process to magnetically align and subsequently fix them by
freezing. (Immobilisation occurs below the freezing point of the mixture
Tf r ≈ 230 K). Cooling and freezing the originally random suspensions in
magnetic field orients the anisotropic crystals in such way, that the magnetic
field would lie within their easy plane, and accordingly, their hard axes be46

come perpendicular to the field. Subsequently, the magnetisation curves of
such oriented suspensions yield directly the χxx easy-plane susceptibility. A
static and homogeneous magnetic field of B = 5 T was used for field-cooling
from room temperature down to T = 2 K, which was found to be large
enough to achieve high degree of orientation within the suspensions as indicated by the difference between the magnetisation curves of the oriented
and random samples (see Figure 3.4.).

Figure 3.4. Magnetisation anisotropy of hemozoin. Panel (a) shows the field dependence of the magnetisation measured at T = 2 K for a powder sample (blue open
circles), randomly oriented (zero-field cooled suspension) crystals (blue dots) and
magnetically aligned (field-cooled suspension) crystals (green dots). As expected,
the former two are essentially identical. Magnetisation curves calculated for fields
lying within the easy plane and pointing along the hard axis of a crystal are also
plotted with green and red lines, respectively. The angular average of the magnetisation corresponding to the random orientation of the crystals is also displayed with
blue line. To emphasise the anisotropic character of hemozoin, Brillouin’s function
describing the magnetisation of an isotropic S = 5/2 spin is also indicated (dashed
grey line). Panel (b) reveals the low-field magnetisation of hemozoin as a function of
the inverse temperature measured in B = 0.5 T. The positions of the temperature
values 300 K and 5 K are shown on the upper x-axis. The inset displays the data on
a linear temperature scale around 300 K. Symbols and lines indicate respectively the
same measured and calculated quantities as in panel (a). The Figure was reproduced
from Ref. [P1].

The difference between the magnetisation of the randomly oriented and
the aligned samples increases with decreasing temperature and clearly shows
the anisotropic nature of hemozoin. Since the direction of the magnetic field
applied during the cooling process is parallel to the field used for the magnetisation measurement, it is only possible to obtain the Mx and not the
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Mz curves experimentally (i.e., with the given experimental setup it was
not possible to apply fields of perpendicular directions for orientation and
the measurement of magnetisation). However, for the quantitative analysis
of the magnetic anisotropy, we calculated1 the Mx , Mz and hM i magnetisation values, both as a function of field-strength and temperature, using the
spin Hamiltonian described by the (3.1.) formula. This approach allowed
for the tuning of the D parameter until the best agreement with the measured temperature- and field-dependent curves of Mx and hM i was reached
simultaneously, and enabled us to compare the numerical value of the best
fit to that suggested by Sienkiewicz and co-workers [205]. In other words,
both the field- and the temperature-dependent magnetisation curves were
fitted using a sole and common D value as a free parameter, while the anisotropy within the porphyrin plane was neglected, i.e. E in Eq. (3.1.) was
considered to be zero.
This simplified Hamiltonian was described in the basis of the six Sz =
|5/2i , |3/2i ... |−5/2i states for cases B k x and B k z. Then the eigenvalues
(n ) of these 6 × 6 matrices were determined by numerical diagonalisation
for the relevant magnetic field range and for various values of D, and the
∂
ln Z
magnetisation densities were obtained according to Mi = V1 kB T ∂B
i

P −n /k T N
B
is the partition function of the
where i ∈ {x,z} and Z =
ne
grand canonical ensemble.
Besides the principal Mx and Mz values, the magnetisation density of
the unordered sample was also calculated using the formula:
1
hM i =
4π

Z

π

2π [Mx (Bx ) sin ϑ + Mz (Bz ) cos ϑ] sin ϑdϑ.

(3.6)

0

The best fit for the Mx and hM i quantities, respectively measured on oriented and random hemozoin suspensions was achieved by D = 13.4 K, which
is in good agreement with the value reported by the cited EPR and Mössbauer spectroscopic studies [201, 205].
For the anisotropy of the low-field magnetisation (or alternatively for the
anisotropy of the linear susceptibility) a value as large as Mx /Mz = 9.6 ± 0.2
was obtained at T = 2 K. Although, this ratio is gradually reduced when
the energy scale of the thermal fluctuations becomes comparable to and
1

The magnetisation measurements were carried out by Ádám Butykai and the author,
the analytical calculation was done by Dr. Sándor Bordács, and the numerical implementation of the fits was completed by Ádám Butykai.

48

exceeds the zero-field splitting, i.e., for kB T > D, it is still considerable at
T = 300 K with Mx /Mz = 1.16 ± 0.03. The magnitude of the anisotropy at
room temperature implies that a partial magnetic alignment of the crystals
can already be achieved by magnetic fields in the order of 1 T.
A further implication of the axial anisotropy found in our magnetisation
experiments, and in the cited EPR and Mössbauer spectroscopic studies, is
that in the paramagnetic hemozoin crystals magnetocrystalline anisotropy
dominates over the shape anisotropy, unlike in usual ferro- and ferrimagnetic particles with micron or submicron size [210]. Since the magnetic hard
axis in hemozoin is roughly parallel to the [131] crystallographic axis, while
the crystallites are elongated along the [001] direction, a further implication
of the strong local magnetic anisotropy is, that the magnetic field does not
align the crystals parallel to their elongated growth axis, as an intuitive assumption would suggest. Rather, the co-alignment of the hard-axes of the
crystals in the plane perpendicular to the magnetic field (and not along one
unique direction) leaves a large freedom for the orientation of their elongated
face, since they can rotate around both their hard-axes and the direction
of the external magnetic field without any change in their magnetic energy,
as illustrated in panel (a) of Figure 3.5. This conclusion is further supported by TEM images of cleaved surfaces of hemozoin suspensions frozen in
high magnetic fields, which revealed no visual co-alignment of the elongated
crystallites, as displayed in in panel (b) of Figure 3.5.
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Figure 3.5. Magnetic orientation of the anisotropic hemozoin crystals. In these
schematic drawings the axes of the cylinders correspond to the magnetic hard axes
of the crystals and they are not related to their growth direction. In the first cuvette
of panel (a) the crystals in the suspension are randomly oriented in the absence of
an external magnetic field. By the application of a magnetic field (second cuvette),
the hard axes of the crystals begin to align perpendicular to the magnetic field vector
~ though this orientation is hindered by the thermal fluctuations. In the high-field
B,
limit (third cuvette) this two-dimensional alignment is completed with the hard axis
of each crystal lying within the plane normal to the field, but still leaving a large
freedom for the orientation of their elongated face. Panel (b) exhibits TEM images
of cleaved surfaces of hemozoin suspensions frozen in high magnetic (B > 1 T) field.
No apparent co-alignment of the elongated faces is visible in spite of the presumable
magnetic ordering.

3.3.2

The linear dichroism of hemozoin suspensions in magnetic field

As described in the previous section, the hemozoin crystals are easy-plane
paramagnets characterised by two magnetic susceptibility values, one along
the axis of the iron-oxygen covalent bond, and two of equal magnitude in
the perpendicular porphyrin plane. The magnetisation measurements performed on their field-cooled liquid suspensions also demonstrated that in
strong-enough magnetic fields the crystallites can be co-oriented and an initially disordered, isotropic ensemble will show magnetic ordering. MLD can
subsequently arise because the ordering of the magnetic hard axes of the
crystals is inevitably accompanied by the preferential alignment of the optical fast and slow axes. This hypothesis can be probed by linear dichroism
measurements, which are detailed in the following sections, while the microscopic origin of the effect can be explained on the basis that the absorption
spectrum over the near-infrared and the visible regions is dominated by
transitions involving the π and π∗ orbitals of the porphyrin and d orbitals
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of the central F e3+ ion [163, 211]. Hence, they are characterised by the
same symmetry conditions as the magnetic response. In other words the
optical axes will become oriented parallel to each other once the magnetic
~ field as illustrated in panel (a)
easy-planes are ordered by an external B
of Figure 3.5. Although the overall optical response of a hemozoin suspension placed into homogeneous magnetic field is likely to be more complex,
for example due to depolarised light scattering, the above model gives an
illustrative explanation of the observed macroscopic phenomenon. Accordingly, for the sake of simplicity, let us assume an originally disordered, thus
isotropic suspension of hemozoin in a transparent medium which becomes
oriented in the presence of an external magnetic field, and let us calculate
the average dielectric susceptibility tensor of a such, magnetically ordered
crystal ensemble. Due to the local axial C4v symmetry of the iron atom,
the dielectric susceptibility of a single crystal can reasonably be assumed to
take the following form in the local reference frame defined by this symmetry
axis:






χ1 0 0
1 0 0
1 0 0






χ̂ =  0 χ1 0  = χ 0 1 0 + ∆χ 0 1 0  ,
0 0 χ2
0 0 1
0 0 −1

(3.7)

where χ1 and χ2 are the optical susceptibilities for light polarisations parallel and perpendicular to the porphyrin planes, respectively, and χ1/2 :=
χ ± ∆χ.
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Figure 3.6. The porphyrin plane in external magnetic and electric fields. The
angles ϑ and ϕ, spanned between the axes of the local coordinate system (defined by
the C4v symmetry axis) and the laboratory reference frame (defined by the direction
~ and the direction of light polarisation, E),
~ will determine
of the magnetic field, B,
the change in the direction of light polarisation introduced by the crystal.

If the two optical axes of a given crystal span polar angle ϑ with the z-axis
of the external coordinate system, i.e., with the direction of the magnetic
field, and azimuthal angle ϕ with the x-axis, i.e., with the direction of light
polarisation, as illustrated in Figure 3.6., the susceptibility tensor in the
laboratory reference frame will take the following form:
χ̂lab = R̂χ̂R̂T

 

cos ϑ cos ϕ − sin ϕ sin ϑ cos ϕ
cos ϑ cos ϕ cos ϑ sin ϕ − sin ϑ

 

=  cos ϑ sin ϕ cos ϕ sin ϑ sin ϕ  χ̂  − sin ϕ
cos ϕ
0 
− sin ϑ
0
cos ϑ
sin ϑ cos ϕ sin ϑ sin ϕ cos ϑ


1 0 0


= χ 0 1 0
0 0 1


2 sin2 ϕ sin2 ϑ − 2 sin2 ϑ + 1 sin 2ϕ( cos22ϑ − 12 ) −2 cos ϕ cos ϑ sin ϑ


+ ∆χ 
sin 2ϕ( cos22ϑ − 12 )
1 − 2 sin ϕ2 sin ϑ2 −2 sin ϕ cos ϑ sin ϑ  ,
−2 cos ϕ cos ϑ sin ϑ
−2 sin ϕ cos ϑ sin ϑ
2 sin2 ϑ − 1
where the distribution of ϑ is described by the Boltzmann function (3.3.),
while ϕ can be assumed to have uniform distribution over the [0,2π] interval.
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Considering a dilute suspension in a transparent medium, the polarisation altering effect of the individual crystallites can be assumed to be
independent and additive, thus the resultant optical response, i.e., the lightinduced polarisation of such a magnetically ordered crystal ensemble can be
calculated as the weighted average of all the possible angular orientations:
hP~ω i = hχ̂lab i · E~ω = E~ω ·

Z

dΩf (ϑ)χ̂lab (ϑ, ϕ)
Z π Z 2π
1
~
dϑdϕ sin ϑf (ϑ)χ̂lab (ϑ, ϕ),
= Eω ·
4π 0 0

(3.8)

where the dependence on variable ϕ is only present in χ̂lab (ϑ, ϕ), thus the
integral can be separated and the evaluation yields:
Z
1
hχ̂lab (ϑ)iϕ =
dϕχ̂lab (ϑ, ϕ)
2π




1 0 0
cos2 ϑ
0
0




= χ 0 1 0 + ∆χ  0
cos2 ϑ
0

(3.9)
2
0 0 1
0
0
1 − 2 cos ϑ


χxx 0
0


:=  0 χxx 0  .
0

0

χzz

Thus, we could demonstrate, that the dielectric susceptibility tensor of
the ensemble will remain diagonal with different values for light polarisations
parallel and perpendicular to the direction of the magnetic field, i.e. χzz and
χxx , respectively, and its macroscopic optical anisotropy will depend on the
strength of the magnetic field.
If we solve Maxwell’s equations for a material characterised by a susceptibility tensor with the above symmetry and for light propagating in the
y-direction in Figure 3.6., the system will show different indices of refraction
for polarisation components parallel and perpendicular to the direction of
the magnetic field: ñz and ñx , respectively. Thus, the electric field components of the transmitted light will be altered by two different phase factors
when passing through a sample of length d :
t̃x/z = eıñx/z kd = tx/z eıθx/z ,

(3.10)

where tx/z := e−={kñx/z }d and θx/z := <{kñx/z }d. The difference between
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the imaginary parts of the refraction indices will be manifested as differential
absorption of the two polarisation components, i.e., linear dichroism, while
the difference between the real parts will yield different velocities of light
propagation, i.e., linear birefringence.
The quantity that can be measured directly via magneto-optical (MO)
detection is the difference in the transmittance for the two orthogonal polarisations, which is related to the complex phase factors as follows:
1 |t̃ |2 − |t̃x |2
∆T
T − Tx
1 | eikñz d |2 − | eikñx d |2
:= · z 2
:= z
=
·
T
Tz + Tx
2 |t̃z | + |t̃x |2
2 (| eikñz d |2 + | eikñx d |2 )
e−2kκz d − e−2kκx d
4π∆κd
=
≈
,
−2kκ
d
−2kκ
d
z +e
x )
4λ
2(e

(3.11)

where κx/z are the imaginary parts of the complex indices of refraction
ñx/z in the directions perpendicular and parallel to the magnetic field, respectively, and ∆κ := κz − κx . The exponential function has been expanded
by its Taylor series up to second and first order in the numerator and denominator, respectively.
From the above it straightforwardly follows, that the anisotropy of the
dielectric susceptibility of the suspension, as given in Eq. (3.3.2.), is transmitted to the anisotropy of the resultant transmission coefficients Tz and
Tx , i.e., Tz − Tx ∼ 3 cos2 ϑ − 1. Accordingly, the resultant macroscopic linear
dichroism exhibited by the suspension can be described by:
Tz − Tx
∆T
= Cv ·
·
T
Tz + Tx

Z

π

2πf (ϑ)
0

:= Cv ·

3(cos2 ϑ) − 1
sin ϑdϑ
2

Tz (λ) − Tx (λ)
· Φ(B)
Tz (λ) + Tx (λ)

:= G(λ) · Φ(B),

(3.12)

(3.13)

(3.14)

where Cv is the volumetric concentration of hemozoin in the transparent
medium.
Equations (3.13.) and (3.14.) emphasise that the wavelength dependence of the macroscopic MLD signal originates from the microscopic optical
anisotropy of hemozoin, which is common for all the crystallites, while the
magnetic field dependence arises from the collective behaviour of the whole
ensemble, and the two terms are independent. Hence, their product appears
in the mathematical expressions.
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During our very first optical experiments targeting hemozoin we aimed
at the systematic investigation of the three separate terms in Eq. (3.13.).
We recorded the wavelength dependence of the MLD effect of aqueous hemozoin suspensions over the visible and near-infrared spectrum, investigated
its dependence on the strength of the applied magnetic field, and last but
not least, verified the linear concentration dependence of the MLD signal
over a broad concentration range. These investigations allowed us to give
an estimation for the magnitude of the magnetic and optical anisotropies
of the crystals, but more importantly, helped us to establish the optimal
parameters for their sensitive magneto-optical detection. The following sections give a summary of these findings previously described in details by
Ref. [181].
Static measurements with a photoelastic-modulator
The basic principle of a magnetically induced linear dichroism measurement
is very simple: the sample placed into homogeneous magnetic field, let’s say
horizontal, needs to be irradiated by two linearly polarised light beams of
orthogonal polarisations—in our case a horizontal and a vertical—and the
difference in their transmitted intensity would yield the differential transmittance expressed by Eq. (3.11). By repeating the measurement without
the magnetic field and subtracting the corresponding background signal,
the non-magnetic linear birefringence emerging from other elements in the
lightpath (e.g., windows of the sample holder, water, etc.) can be eliminated. However, in most cases the polarisation and subsequent intensity
changes induced by the sample are in the order of 10−4 − 10−5 , thus requiring a more sophisticated detection method. In laboratory systems this is
routinely realised by polarisation modulation techniques: the incoming polarisation is periodically modulated and the corresponding intensity change
introduced by the LD of the sample is filtered out from the detector signal
by a lock-in technique.
Prior to the development of the rotating-crystal magneto-optical detection device, our research group started the investigation of the MLD properties of hemozoin suspensions by setting up a laboratory-grade polarisation
modulation measurement system using a photoelastic modulator (PEM).
The PEMs are optoelectronic devices consisting of an isotropic and nonabsorbing crystal that is mechanically coupled to a piezoelectric one. The
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electronically controlled piezoelectric element is periodically excited inducing thus a periodic uniaxial deformation on the optical crystal. Due to the
deformation, the latter becomes linearly birefringent and shifts the phase
of the two polarisation eigenstates corresponding to its principal axes in a
periodic manner [212].

Figure 3.7. The working principles of a PEM-based linear dichroism measurement setup. Panel (a) illustrates the changes in the polarisation state of an
originally linearly polarised light beam passing through a photoelastic modulator over
one period of its deformation. RC: right circular polarisation, LC: left circular polarisation. Panel (b) displays the measurement setup designed for LD measurements.
The probing light is polarised in 45◦ in respect to the principal axis of the PEM.
The polarisation-modulated beam is passing through the dichroic sample and the
amplitude of the intensity component corresponding to the double of the modulation
frequency is selectively measured by a lock-in amplifier. The Figure was reproduced
from Ref. [212].

If the angle between the linear polarisation of the incident beam and
the axis of deformation is 45◦ , and the amplitude of the phase shift is set
to π, the device is going to switch between the two orthogonal 45◦ and
−45◦ polarisation states twice within a modulation period as illustrated in
Figure 3.7. If the sample is oriented in a way, that these coincide with its
optical axes, the second harmonic in the transmitted intensity is expected
to correspond to its LD signal, i.e., to the quantity defined in Eq. (3.11.),
as it will be shown in the following.
For a more quantitative analysis let’s follow the polarisation state of the
beam throughout the lightpath depicted in panel (b) of Figure 3.7. using the
Jones matrix formalism [213]. Let’s choose the direction of light propagation
to be the horizontal y-axis and the deformation axis of the PEM to be
parallel with the x-direction. The polarisation of the incident light of 45◦ in
the x − z plane can be expressed in the above coordinate system as:
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~0 =
E

!
1
1

(3.15)

The Jones-matrix of the periodic phase modulation introduced by the
PEM:
!
1 0
PEM =
,
(3.16)
0 eıΦ
where Φ = Φ0 · sin (2πf t) is the phase shift between the two orthogonal
polarisation components introduced by the PEM, Φ0 is the amplitude of the
phase shift and f is the modulation frequency.
A linearly dichroic sample, whose optical axes close a 45◦ angle with
the horizontal y-direction, is represented by the following Jones matrix (for
definitions see Eq. (3.10.)):
1
S=
2

1 −1
1 1

!

tx eıϑx
0

0
tz eıϑz

!

!
1 1
.
−1 1

(3.17)

Accordingly, the electric field vector at the position of the detector can be
calculated as follows:
!
!
!
!
!
ıϑx
1
−1
t
e
0
1
1
1
0
1
1
x
~ =
·
·
, (3.18)
E
2 1 1
0
tz eıϑz
−1 1
0 eıΦ
1
and since the electronic circuits of the detector are not able to resolve the
time dependence of the light oscillations, its output will be the time average
~ ∗ E.
~
of the square of the electric field vector, i.e., the light intensity: I ∝ E
By expanding Eq. (3.18.), the output signal of the detector will correspond
to the following expression:






∆T
∆T
I ∝ 1+2
cos(Φ) = A 1 + 2
cos Φ0 · sin(2πf t) ,
T
T

(3.19)

where A is a proportionality constant. The harmonic time dependence of
the cosine function can be expanded into its Fourier series using the J2k
even Bessel functions as amplitudes:
cos (Φ0 · sin(2πf t)) = J0 (Φ0 ) + 2J2 (Φ0 ) sin(4πf t) + · · · .

(3.20)

Thus the first two terms of the measured intensity with the highest magnitude are a DC and a second harmonic component:
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IDC





∆T
∆T
∝A 1+2
J0 (Φ0 ) = cDC A 1 + 2
J0 (Φ0 ) ≈ cDC A, (3.21)
T
T

∆T
∆T
= c2f 4AJ2 (Φ0 )
,
(3.22)
T
T
where cDC and c2f include the possible frequency-dependent sensitivity of
the detector and the subsequent I/V converter. The second term in the DC
component, being proportional to the LD of the sample—thus being much
smaller than one—can be neglected in the zeroth order approximation. If
we divide the amplitude of the measured second harmonic component by
the DC signal, a quantity directly proportional to the LD of the sample can
be obtained:
c2f
I2f
∆T
≈
4J2 (Φ0 )
.
(3.23)
IDC
cDC
T
I2f ∝ 4AJ2 (Φ0 )

Accordingly, the Jones-matrix analysis supports the original, qualitative
argument that the MLD signal is proportional to the second harmonic component of the total transmitted intensity. Using the modulation frequency
output of the PEM as a reference signal, the dimensionless value of Eq.
(3.23.) can be directly measured by a large-bandwith lock-in amplifier.
In order to obtain the ∆T /T physical quantity characterising solely the
c2f
4J2 (Φ0 ) proportionality
MLD of the sample, the numerical value of the cDC
constant needs to be determined. This can be achieved by a simple calibration process, in which the sample in the optical setup shown in panel (b) of
Figure 3.7., is replaced by an analyser. The details of this simple calculation
can be found in Ref. [181].
In order to carry out PEM-based spectroscopic measurements in magnetic field, we constructed a custom-built, laboratory-grade optical setup in
the magneto-optical laboratory of the Budapest University of Technology
and Economics. The system included a grating monochromator designed
for emitting light in the λ = 200 − 1300 nm region with < 1 nm resolution and the PEM based modulation scheme described above. For covering
this broad spectral range, we utilised two interchangeable light sources and
two detectors. The λ = 200 − 800 nm wavelength region was investigated
using a Xenon lamp and a photomultiplier tube as detector, while the nearinfrared region of λ = 800 − 1300 nm was studied by replacing these with a
halogen lamp and an InGaAs photodiode detector, respectively. Te monochromatic light exiting the output slit of the monochromator was polarised
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by a simple Wollaston prism and focused in the center of the cuvette containing the sample suspension. The magnetic field orienting the sample was
created by a permanent rod-shaped NdFeB magnet. The strength of the
magnetic field at the focal point of the lightbeam was adjusted by changing
the distance of the rod from the sample by simply moving it on a horizontal
optical rail. The magnitude of the field at the focal point was determined
by a prior calibration using a magnetometer.
The linear dichroism spectra and the magnetic field dependence
of the effect
During the course of the spectroscopic studies we performed three linked
experiment series. In the first series a serial dilution of an aqueous HZ
suspension was prepared and the MLD of the samples was measured as
the function of the probing wavelength, while the strength of the applied
magnetic field was kept constant. These measurements revealed the shape
of the MLD spectrum and allowed us to analyse whether the optical signal
indeed shows linear concentration dependence.
In the second configuration the linear dichroism signal of a given sample
was measured as the function of the strength of the magnetic induction using
multiple wavelengths. These measurements allowed us to determine whether
the magnetic field dependence of the effect is indeed universal regardless of
the probing wavelength, and by fitting the Φ(B) orientation function with an
approximate formula, we could obtain a value for the magnetic anisotropy—
m
defined as χm
z /χx —via a method that is independent of the magnetisation
measurements described previously.
Finally, the MLD spectra of a high-concentration sample were remeasured in static magnetic fields of different magnitude.
The magnetically induced linear dichroism spectra of aqueous β-hematin
suspensions in the concentration range of 5.4 − 56 ng/µl were measured
in B = 400 mT and are displayed in Figure 3.8. The presented curves
are already baseline-corrected by the subtraction of the linear dichroism
spectrum measured in zero field, which originates from the polarisationaltering effects of the background (e.g., dichroism of the cuvette-windows,
polarisation-dependent light scattering, etc.).
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Figure 3.8. Wavelength dependence of the MLD effect in hemozoin suspensions. Panel (a) shows MLD spectra for room temperature hemozoin suspensions of
various concentrations in water. The positions of characteristic peaks in the spectrum
are indicated by arrows. Panel (b) shows the same spectra divided by their corresponding concentration values. The agreement of the normalised spectra confirms
the linear concentration dependence of the MLD effect. The Figure was reproduced
from Ref. [181].

The spectra exhibit characteristic peaks distributed mostly over the visible range, and are likely dominated by the linear dichroism of the absorption
bands of hemozoin observed over the same region [163, 193]. The effect is
the largest between λ = 450 − 670 nm, where the macroscopic transmission
anisotropy reaches ∆T /T = 1% for suspensions of 10 − 20 ng/µl concentration and an optical path of d = 2 mm. Moreover, as presented in panel (b)
of Figure 3.8., the spectra show linear dependence on the hemozoin content over a wide range of concentration values suggesting the feasibility of
quantitative hemozoin-detection via MLD measurements.
The magnetic field-dependent MLD curves measured at various wavelengths—
displayed in Figure 3.9.—also reveal a universal character: At low magnetic
fields they show nearly quadratic increase and, after reaching an inflexion
point, they trend towards saturation, though it is not reached up to the
highest applied field of 400 mT. On the other hand, the trend of the curves
suggest that the magnetic anisotropy energy already surpasses that of the
thermal fluctuations in only slightly higher fields, and thus a complete magnetic ordering can be achieved in the range of B ≈ 500 − 1000 mT.
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Figure 3.9. Magnetic field dependence of the MLD effect in hemozoin suspensions. Panel (a) displays the MLD signals of an aqueous HZ suspension measured as
a function of the magnetic induction with different probing wavelengths. Apart from
a wavelength dependent scaling factor, these curves reveal the orientation function
expressed by the integral in Eq. (3.12.). Panel (b) reveals the universal orientation
function derived by dividing the spectra of panel (a) by their corresponding G(λ)
values. The latter were obtained by fitting the curves of panel (a) by Eq. (3.28.).
The Figure was reproduced from Ref. [181]
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Figure 3.10. Fits of the magnetic field-dependent MLD curves. Panel (a)
displays the normalised MLD signal measured with λ = 222 nm as probing light,
while panel (b) shows the normalised curve measured with λ = 658 nm. Both dataseries were fitted by Eq. (3.28.), i.e., the high-field approximations. The parameters
of the fit are displayed in the bottom-right corner of the graphs. The theoretical curve
was calculated by substituting the parameters of the high-field fit into Eq. (3.24.).
The Figure was reproduced from Ref. [181]

The magnetic field-dependent curves displayed in panel (a) of Figure
3.9. essentially reveal the shape of the orientation function, i.e., Φ(B) or
the integral in Eq. (3.12.). Accordingly, by fitting them with a suitable
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formula the numerical value of the magnetic anisotropy—being a parameter
in the f (ϑ) Boltzmann-distribution—can be derived. The integral in Eq.
(3.12.) can be approximated by:
3
Φ(γ) =
4
where
γ=



eγ
1
√ −
√
γE( γ) γ



1
− ,
2

m
1
(χm
z − χx ) 2
B
,
µ0
2kB T

(3.24)

(3.25)

√
√
2
and E( γ) is the value of the integral of ex at the argument γ. In the
B → ∞ case the limit of the function is 1 indicating the complete ordering
of the sample, and the Φ(B = 0) = 0 indicates that the system is disordered
in the absence of the magnetic filed. Φ(γ) can be further approximated in
the U  kB T and U  kB T limits by the following simpler formulas:
Φ(γ) =

4 2
2
γ+
γ for U  kB T,
15
315

Φ(γ) = 1 −

3
2γ − 1

for U  kB T.

(3.26)

(3.27)

In order to obtain the numerical values for the magnetic and optical anisotropies, first the measured I2f /Idc intensities were converted to ∆T /T
according to a calibration process described in Ref. [181], then these macroscopic transmission ratios were recalculated to ∆κ using Eq. (3.11.). The
re-scaled MLD curves were then fitted in the |B| > 250 mT range, i.e., above
their inflexion point, using the high-field approximation of the orientation
function expressed by Eq. (3.27.). The fit contained two independent parameters, G and K:


3
,
(3.28)
∆κ = G ∗ 1 −
2KB 2 − 1
where G is a scaling factor that is wavelength-dependent, while K represents
the filed dependence incorporating the magnetic anisotropy. In accordance
with Eqs. (3.13.) and (3.25.), the optical and magnetic anisotropy values
can be expressed via these fitting parameters, respectively, as:
1
Tz − Tx
G,
=
Tz + Tx
2Cv

(3.29)

m
χm
z − χx = 2kB T µ0 K.

(3.30)
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Furthermore, by applying the high-field fitting parameters and the (3.24.)
formula of the orientation function, an approximate fit was achieved for
the MLD curves over the full measurement range. As presented in Figure
3.10., both the high-field approximations and the full-range fits are in good
agreement with the experimental data, and, after dividing them by their
corresponding G(λ) fitting parameters, they scale together and reveal the
universal orientation function (see panel (b) of Figure 3.9.).
The values of the K parameters derived from the four fits are equal within
the margin of error, and by substituting their average value of K = 7 · 10−5
into Eq. (3.30.), the numerical value of the magnetic anisotropy for a single
crystal, i.e., the difference of the easy-plane and hard-axis susceptibilities,
becomes:
m
−25 3
χm
m .
z − χx ≈ 7.11 · 10

(3.31)

In order to compare this value to the magnetic anisotropy obtained by the
SQUID measurements presented in section 3.3.1., we need to calculate the
m
average susceptibility of a single crystal, and transform the χm
z − χx difm
ference to χm
z /χx ratio. Using the numerical value of the average volume
−4 (see Eq. 3.4.) and
susceptibility measured on powder samples χm
V = 4.2·10
estimating the average crystal size to be Vcryst ≈ 150 nm × 150 nm × 700 nm,
the magnetic susceptibility of a single crystal is approximately:
m
−24 3
χm
m .
cryst = χV · Vcryst = 6.62 · 10

(3.32)

m
m
The χm
z /χx ratio can be calculated by combining Eq. (3.31.) with χcryst =
1
m
3 (χz

m
m
+ 2χm
x ), which yields χz /χx = 1.12. This value is basically in good
agreement with the Mz /Mx = 1.16 ± 0.03 room temperature anisotropy
retrieved by fitting the results of the SQUID measurements on the fieldoriented hemozoin suspensions, (see section 3.3.1). However, it has to be
m
emphasised that the numerical value of χm
z /χx is very sensitive to the
choice of the average crystal size, e.g., Vcryst ≈ 100 nm × 100 nm × 800 nm
m
would yield χm
z /χx = 1.24. Nevertheless, the fact that the two principally different measurement methods provide such consistent results when
using a realistic estimation for the crystal dimensions suggests, that the
m
Mz /Mx = χm
z /χx = 1.12 ± 0.12 is a reliable estimation for the room temperature magnetic anisotropy of the hemozoin crystals. Another approach
for the fitting of the orientation function is presented in [P1], where a size
distribution of the crystallites is also taken into account.
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The universality of the G(λ) function corresponding to the optical anisotropy of a single crystal, i.e., its independence from the strength of the
applied magnetic induction, was tested by measuring the MLD spectrum of
the most concentrated suspension. The spectra recorded in various magnetic fields only differ by a field-dependent scaling factor, whose numerical
value is in agreement with the corresponding Φ(B) values obtained by the
fitting process described above. Therefore, the results presented in Figures
3.8. and 3.11. verify the separability of G(λ) and Φ(B) and allow us to give
a quantitative estimation for the spectrum of the optical anisotropy of the
hemozoin crystallites as well (see panel (b) of Figure 3.8.).

Figure 3.11. The wavelength dependence of the MLD effect of a aqueous
hemozoin suspension in different magnetic fields. Panel (a) shows MLD spectra
for room temperature hemozoin suspensions in different magnetic fields. Panel (b)
shows the same spectra divided by their corresponding Φ(B) values obtained by
fitting the MLD curves measured on the same sample as the function of the strength
of the magnetic field. Thus this universal curve reveals the G(λ) LD spectrum of
hemozoin. For details of deriving the Φ(B) values, see the main text. The Figure
was reproduced from Ref. [181]

Last, but not least, the spectroscopic experiments revealed three important factors from the perspective of the diagnostic application of the method:
(i) the MLD signals of aqueous suspensions of hemozoin show linear dependence on concentration over a wide range, (ii) the crystal suspension can be
fully oriented by static magnetic fields over B ≈ 500 mT at room temperature, and (iii) the strongest optical response occurs in the λ = 450–670 nm
wavelength region.
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3.4
3.4.1

The development of the magneto-optical device
The rotating-crystal methodology

Although the PEM-based measurement technique described in the previous
section is an ideal tool for the high-sensitivity detection of linear dichroism, either of hemozoin or any other sample of interest, it has one major
disadvantage: The applied devices (PEM, lock-in) are expensive, laboratorygrade and robust instruments and their handling requires a certain amount
of expertise and/or training. If one wishes to develop a diagnostic tool wellsuited for resource-limited field conditions, the above-mentioned constraints
need to be resolved. A portable, field-applicable malaria diagnostic platform
should be sensitive, reliable, yet cheap and easy-to-use.
The key to the high sensitivity detection usually achievable by PEMbased techniques is the introduction of a polarisation modulation that helps
to separate the weak useful signal from the background noises. Our novel
approach to overcome the listed drawbacks without the loss of sensitivity
was to exploit the specific magnetic and optical properties of hemozoin,
and instead of employing polarisation modulation of the probing light, we
utilise the linearly dichroic HZ crystals themselves as polarisation modulators. To achieve this, we create a strong, homogeneous magnetic field
that is rotated around the light beam transmitted through the sample. The
crystal ensemble, whose magnetic easy-planes are ordered parallel to the
direction of the field, will follow its rotation in order to minimise their magnetic anisotropy-energy. Once the probing light is passing through such a
’rotating polariser’, a periodic change in the transmitted intensity arises,
whose amplitude will be proportional to the hemozoin concentration of the
sample. Furthermore, to improve signal-to-noise ratio and eliminate possible variations in the intensity of the lightsource, we apply a differential
detection scheme.
Besides the replacement of the PEM, this methodology provides a further
benefit. The magnetic modulation relies on the physical properties specific
to the hemozoin crystals—paramagnetism and coupled magnetic and optical
anisotropy—which is highly unique among other blood constituents. Therefore, the intensity modulation is expected to originate selectively from the
rotating hemozoin crystals. The non-magnetic background LD and LB of
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the other blood components, as well as other optical elements in the light
path, do not contribute to the modulated signal.
The pivotal element of the rotating-crystal magneto-optical device is a
Halbach cylinder that creates a strong, homogeneous magnetic field around
the sample, and can be continuously rotated. This ring-shaped structure
consists of permanent NdFeB magnetic segments, whose permanent magnetisation is tilted piece-wise in such a way, that the local magnetisation
completes two full turns upon a single round over the ring (see Figure 3.12.).
The stray magnetic induction outside the ring is approximately zero, while
more-or-less uniform in the bore, and its strength can be expressed by [214,
215]:
!
Rout
,
(3.33)
Bin = Br · ln
Rin
where Br is the remanent magnetisation of the material (Br = 1.4 T for the
applied NdFeB-N52 magnets), and Rin and Rout are the inner and outer
radii of the ring, respectively. Such a magnetic structure can be rotated
around the direction of light propagation with a well-controlled frequency
by a simple electric motor.

Figure 3.12. The structure of the Halbach magnetic ring employed in the
rotating-crystal magneto-optical setup. The arrows mark the permanent magnetisation of the respective NdFeB segments, while the colour-coding indicates the
strength of the magnetic induction within the material, inside the bore and outside
of the ring. According to the simulation the strength of the highly homogeneous
induction within the bore is Bin ≈ 600 mT. Source of the Figure: [216].

Now let’s apply the Jones matrix formalism again to analyse the polarisation state of the transmitted light in this new arrangement. The vector
of the electric field reaching the sample after a polariser set to an angle of
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45◦ will be:
E~0 =

!
1
.
1

(3.34)

If the hemozoin crystals suspended in a liquid medium are oriented parallel to each other at any given time point by the rotating field, then their
orientation angle enclosed with the magnetic field vector can be expressed
as: Φ(t) = ωt. In such a case their transmission matrix in the laboratory reference frame can be calculated by rotating the diagonal transmission
matrix of their own reference frame by Φ:
S=

cos Φ(t) sin Φ(t)
−sin Φ(t) cos Φ(t)

!

tx eıϑx
0

0
tz eıϑz

!

!
cos Φ(t) −sin Φ(t)
.
sin Φ(t) cos Φ(t)
(3.35)

To further improve the signal-to-noise ratio of the rotating-crystal device,
the horizontal and vertical polarisation components are spatially separated
by a Rochon prism and their intensities are measured separately by a balanced photodiode bridge detector. The simultaneous detection of the two
polarisation components enables their real time differentiation, thus the intensity noises arising from the laser and other optical elements can be further
eliminated. The electric field components reaching the two diodes in this
arrangement will be:
E~1 =

!
1 0
S E~0 and E~2 =
0 0

!
0 0
S E~0 .
0 1

(3.36)

After executing the matrix multiplications in Eq. (3.36.) and calculating
the absolute square of the electric field, the intensities measured by the two
diodes can be expressed as:
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1 2
1 2
2
2
2
tx + tz ±
tx − tz cos 2Φ(t) −
tx − tz sin 2Φ(t)
I1,2 ∝
2
2
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1 2
∓
tx + t2z − 2tx tz cos θx − θz sin 4Φ(t)
4
(3.37)
and their difference as:




1
2
2
∆I = I2 − I1 ∝ tz − tx cos(2ωt) −
2tx tz cos(θx − θz ) sin(4ωt), (3.38)
2
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which confirms the conjecture that a component directly proportional to the
linear dichroism of the magnetically rotated crystals is present in the transmitted intensity, and similarly to the PEM-based arrangement, it emerges
as the second harmonic of the modulation frequency. Finally, in order to
obtain the physical quantity defined as the linear dichroism of the sample
in Eq. (3.11.), the average transmittance of the system also needs to be
determined, which, according to Eq. (3.37.) can be approximated as the
average of the two DC components from the two detectors:
∆I2f
∆T
1 |t̃z |2 − |t̃x |2
:=
∝
,
T
2 (|t̃z |2 + |t̃x |2 )
4((I1,dc + I2,dc )/2)

(3.39)

where ∆I2f can be quantified by a lock-in analyser or by digital Fourier
analysis after a suitable analogue-digital conversion, while (I1,dc + I2,dc )/2
can be measured via a simple two-channel DC voltmeter.

3.4.2

The evolution of the magneto-optical device

The setup of the first prototype
After the completion of the spectroscopic experiments and the theoretical
investigation described in the previous sections, the next, and probably the
most intriguing, step was to test the idea of the rotating-magnetic scheme
in practice. We assembled the first prototype on an optical table according
to the following layout. We employed a cheap, battery-powered laser diode
of λ = 635 nm as light source for the following two reasons: the optical
response of the crystals is still strong, while the absorption of the hemolysed
red blood cells is much weaker in this region than at shorter wavelengths;
and stable, low intensity-noise laser diodes are typically the least expensive
in the red spectral range.
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Figure 3.13. The setup of the first rotating-crystal magneto-optical device.
The system was built in the magneto-optical spectroscopy laboratory of the Department of Physics, BME and it consisted of the following elements: (1) cheap red laser
diode, (2) Wollaston prism as polariser, (3) housing with the Halbach magnetic ring
within, (4) phototransistor generating the reference signal for lock-in detection, (5)
sample holder within the magnet, (6) DC motor rotating the magnet, (7) Rochon
prism separating the transmitted beam into two orthogonally polarised components,
(8) balanced photodiode bridge detector.

The second crucial element of the setup was the Halbach magnetic cylinder that was required to generate a homogeneous field of B > 500 mT within
its bore. The boundary conditions that determined its final dimensions—
closely related to that of the sample holder—included: (i) the bore had to
accommodate a cylindrical sample holder, (ii) the longer the optical pathlength within the bore, the higher MLD signal can be achieved for a given
hemozoin concentration, yet the decrease in the total transmittance due to
the absorption of other hemoglobin derivatives in the blood might impair
the signal-to-noise ratio, (iii) the sample volume should be as low as possible
so that the least amount of blood would be required from the patients, (iv)
the weight of the Halbach cylinder should be low once portability is considered. In summary, after some preliminary tests and weighing in minor
technical issues, the outer diameter of the sample holder was chosen to be
d = 8 mm, while the distance between its windows, i.e., the optical path69

length, to be l = 23 mm. These measures practically determined those of
the Halbach cylinder as well: the length was set to be approximately 23 mm,
the diameter of the inner bore ∼ 11 mm and the outer diameter ∼ 28 mm.
The very first such cylinder fitted into a housing equipped with bearings
for rotation was assembled from pieces of standard NdFeB magnets cut to
the apt shape by water jet cutting. The housing of the magnetic ring and
other custom-designed mechanical elements displayed in Figure 3.13 were
all manufactured in the mechanical workshop of the Department.
The magnet was rotated by a simple DC motor powered by a computercontrollable Delta power source. In the developmental part of the project
the rotational speed of the magnet was varied in the 2f = 0.1–100 Hertz
frequency range in order to gain insight into the crystal dynamics and to
determine the optimal frequency for a high-sensitivity detection. The reference signal to the lock-in amplifier was obtained from a small, CNY70
reflective optical sensor (phototransistor), which was placed in front of the
brim of the magnet. The latter was covered with a periodic black and white
pattern of four segments, so that a square wave with a periodicity of 2f
(the doubled frequency of the rotation) was generated on the output of the
phototransistor and could be used as direct reference for the lock-in analysis.
The optical elements in the setup corresponded to those described previously: A polariser set to an angle of 45◦ before the sample holder, a Rochon
prism separating the 0◦ and 90◦ polarisation components after the sample,
and a balanced photodiode bridge as detector. The latter included a built-in
operational amplifier that amplified the differential output 30-times. This
amplified signal was connected to the input of a Stanford SR830 lock-in
amplifier which, using the reference signal from the reflective optical sensor,
selectively measured the amplitude of the I2f intensity component. Furthermore, the output voltage from one of the detector’s two photodiodes
was measured by a Keithley multimeter, which provided the average transmitted intensity, Idc . The whole system was controlled by a custom-made
measurement software developed by Ádám Butykai. The program set the
input voltage of the DC motor in order to vary the rotational speed of the
magnetic field; collected the amplitude data from the lock-in amplifier and
the multimeter; and calculated the I2f /Idc ratio in order to obtain a quantity
directly proportional to the linear dichroism of the suspension as specified
by Eq. (3.39).
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For the fine tuning of the optical alignment, the following criteria needed
to be borne in mind and/or met:
• the Halbach cylinder is rotated around a horizontal axis in the laboratory frame, thus the magnetic field vector is rotating in a vertical
plane.
• the direction of light propagation should be perpendicular to the Bfield, i.e., as parallel to the axis of rotation as possible.
• the Rochon prism should separate the 0◦ (horizontal) and 90◦ (vertical) polarisation components of the transmitted beam (i.e., its principal axes should be horizontal and vertical), while the first polariser
should set the polarisation vector of the incoming beam to 45 degrees
in respect to the vertical axis.
The alignment of the laser beam and the Rochon prism is a simple geometrical task for which the vertical surface of the magnetic ring, and the
horizontal axis of the two photodiodes can be used as reference directions,
respectively. Once the optical axis of the Rochon prism is aligned exactly
horizontally, the angle of the first polariser can be set to 45◦ very precisely
by monitoring the differential output of the balanced detector, and adjusting the polariser angle by a micrometer screw until the difference in the two
detected intensities is as close to zero as possible at the given resolution.
If there is no other element in the lightpath that alters the polarisation of
the beam, and the background noise reaching the two active areas can be
assumed equal, this method will result in an incoming polarisation of 45
degrees with high precision.
The Faraday-effect
As discussed previously, the magnetically induced linear dichroism of the
hemozoin crystals in blood would emerge as a 2f frequency component in
the transmitted intensity. Thus, in an ideal scenario, when there is no other
magnetically controllable dichroic (or birefringent) substance in the lightpath, the detection threshold of the device would be determined by the
sensitivity and electronic noise of the photodiode bridge and the dynamic
reserve of the subsequent lock-in detection. Furthermore, due to the implementation of the modulation and the differential detection of the split
71

beam, the static polarisation effects (e.g., linear dichroism of the sample
holder windows, polarisation-dependent reflection from the lens, etc.) can
also be significantly reduced.
Interestingly though, when we subjected the MLD signal measured on
a water-filled sample holder to Fourier-analysis, its spectrum (presented in
Figure 3.14) revealed distinctive peaks at the frequency of the rotation of
the magnetic field and its higher harmonics. As analysed by Zsófia Prőhle, a
former bachelor student in our laboratory, the dominating 1f peak emerges
because of the Faraday effect of the originally isotropic materials placed
into the magnetic field, i.e., the windows of the sample holder and the liquid
within [217].

Figure 3.14. The Fourier spectrum of the transmitted intensity measured on
water-filled sample holders in the rotating-magnetic setup. The blue curve was
measured with linear polarisation, while the red curve was obtained by inserting a
quarter-wave plate after the first polariser to transform the light polarisation into
circular, while leaving everything else unaltered. The 1f Faraday peak is decreased
by more than one order of magnitude, and all higher harmonics are reduced to the
level of the baseline noise in the latter case. The Figure was reproduced from Ref.
[217].

By definition, the Faraday effect is the magnetically induced circular
birefringence of a material when it is subjected to an external magnetic
field that is parallel to the direction of light propagation. Since a linearly
polarised beam, such as the one reaching the sample in our system, can be
described as the superposition of two in-phase left and a right circularly
polarised ones, and the induced circular birefringence of the material will
72

introduce a phase shift between them, the effect will lead to the tilting
of the polarisation plane of the light after the sample holder. Thus, the
induced circular birefringence would seem to generate the same macroscopic
polarisation change as the MLD of the hemozoin crystals. However, there
are two major differences between the two phenomena: (i) the Faraday effect
~ field vector and the ~k vector of light propagation are
emerges when the B
parallel, while the linear dichroism of hemozoin is induced when the vectors
are perpendicular; (ii) in the rotating system the Faraday effect generates a
signal corresponding to the rotational frequency of the field (1f ), while the
periodicity of the MLD is the double of that (2f ). Accordingly, two questions
~ field
arise: (i) if the light is propagating perpendicularly to the rotating B
in our system, why does such a strong Faraday rotation emerge; (ii) even
if it is present, it produces an intensity component at a different frequency
than the one we aim to detect so why is it of concern?
The answers are illustrated in Figure 3.15. As the Halbach magnetic
ring is composed of a finite number of segments and has a finite length, its
magnetic induction cannot be absolutely homogeneous within the bore and
zero outside. Thus, if the lightpath does not coincide exactly with the axis of
~ · ~k scalar product
the rotation of the magnetic ring, in certain sections the B
will be non-zero. The less central the lightpath is, the stronger Faraday
rotation is expected to occur. Indeed, when we studied the amplitude of
the Faraday signal as the function of the angle of light incidence in various
media, we observed a clear linear relationship for small angles [217].
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Figure 3.15. The origin and possible impact of the Faraday effect in the
rotating-magnetic setup. Panel (a) shows a cross-sectional drawing of the Halbach cylinder (solid grey rectangles) with the sample holder (blue rectangle) within
its bore. The continuous black lines are the proposed magnetic induction lines. If
the direction of light propagation (red arrow) does not coincide with the rotational
~ · ~k scalar product can be non-zero. Panel (b)
axis of the Halbach cylinder, the B
illustrates that at low rotational speeds the measurable 1f and 2f intensity components might not be separable if the detection bandwith of the lock-in analyser—which
is inversely proportional to the chosen time constant (∆τ )—is too wide. The figure
was reproduced from Ref. [217].

The elimination, or at least the significant reduction of the Faraday sig~ · ~k product can be
nal is necessary for the following reasons. Firstly, the B
~ field is not axially
dependent on the rotational angle of the magnet if the B
symmetric around the axis of rotation. In such case, the magneticallyinduced circular birefringence of the isotropic elements would directly introduce higher harmonic components in the intensity spectrum, just as revealed
~ · ~k product is
by the blue curve in Figure 3.14. If the magnitude of the B
high, its second harmonic component might be comparable to the MLD signal of samples containing little hemozoin, impairing thus the sensitivity of
the method. Secondly, at very low rotational speeds the finite bandwith
of the lock-in amplifier and the practical restrains on the lock-in integration time might cause a high-amplitude 1f component to mix electronically
into the measured 2f signal, again increasing its value independently of the
magnitude of the targeted MLD effect.
In summary, it would be beneficial to reduce the Faraday effect of the
background, while keeping the MLD signal of the hemozoin unaltered. Since
the Faraday effect is the magnetically induced circular birefringence of the
isotropic medium, therefore it does not affect the polarisation of its two ei-
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genstates, the left and right circularly polarised components. Accordingly,
the Faraday effect can be eliminated by using circularly polarised probing
light. Furthermore, as a detailed calculation in Ref. [217] reveals, besides
the MLD of the hemozoin—which remains unaltered by using circular polarisation instead of linear one—now the magnetically-induced linear birefringence of hemozoin (and the background medium) contributes to the second
harmonic MO signal as well. Since the magnetically-induced linear birefringence of the medium is much lower than that of hemozoin due to its low
magnetisability, the additive detection of the birefringence of the crystals,
besides their dichroism, further increases the proportion of useful signal in
the detected 2f component.
The baseline measurements on water-filled sample holders using both
linear and circular polarisations, presented in Figure 3.16., indeed supported
the theoretical predictions:
• The amplitude of the I1f signal measured with linear polarisation
strongly depends on the direction of light propagation as seen before.
• Both the I1f and I2f intensities are independent of the rotational speed
of the magnet above ∝ 10 Hertz. At lower frequencies the I2f signal
measured with linear polarisation shows a characteristic increase which
might originate from the limitations of the lock-in averaging. This is
supported by the observation that the increase is more pronounced
when the I1f signal is higher.
• Both the I1f and I2f intensities are significantly reduced when circular
polarisation is applied.
Overall, the experimental data strongly support the conjecture that if
circular polarisation is employed in the system instead of the original linear
one, the Faraday effect is significantly reduced which leads to the decrease
of the baseline signal as well.
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Figure 3.16. The normalised 1f (upper panels) and 2f (lower panels) components of the transmitted intensity as a function of the rotational speed of
the magnetic ring measured on water. Panel (a) and (b) display two repeated
measurements with slightly modified lightpaths. The magnitude of the 1f component measured with linear polarisation depends on the direction of light propagation
(see the difference between the blue curves in the two upper graphs). Using circular
polarisation significantly decreases the 1f component, and also decreases the magnitude of the 2f, i.e., the baseline signal of the measurement, in both cases. The
figure was reproduced from Ref. [217].

The additive detection of the magnetically induced linear birefringence
originating from hemozoin was tested on samples prepared from Plasmodium
falciparum cell cultures (detailed in the next chapter). As presented in Figure 3.17., the difference between the signals measured on the same sample
with linear and circular polarisations is ∼ 75%, while the rotational frequency dependence of the signal remains unchanged above 10 Hertz. Thus,
the linear birefringence of the crystals indeed contributes additively, and its
effect is roughly one third of that of their linear dichroism.
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Figure 3.17. Comparison of magneto-optical measurements with linear and
circular polarisations on hemozoin-containing samples. The MO signals of two
blood samples(bs#1 and #2) derived from P. falciparum cell cultures were measured
with linear (lin. pol.) and circular (cirk. pol.) polarisations in the rotating-magnetic
setup. Both signals measured with circular polarisation were multiplied by the common scaling factor of 0.75. The figure was reproduced from Ref. [217].

In summary, both the theoretical investigations and the experimental
results presented in this section confirm that it is advantageous to apply
circular polarisation instead of linear in the rotating-magnetic detection
scheme. Therefore, for future measurements we amended the optical setup
with a quarter-wave plate optimised for the λ = 635 nm wavelength, and
placed it after the first linear polariser to transform the polarisation state
of the light beam reaching the sample into circular.

3.4.3

Sensitivity tests with synthetic hemozoin

Once the optical setup portrayed in Figure 3.13, was completed, we carried
out a series of experiments on suspensions of synthetic hemozoin crystals in
various media. Besides the amplitude of the signal, its time delay relative
to the rotating field has also been recorded as the function of the rotational
frequency. To understand the dynamics of the crystals, we measured the
frequency dependence of the MLD signal over 2f = 0.1−130 Hertz in solvents
with different viscosity. As presented in Figure 3.18., the amplitude of the
MLD remains constant at low frequencies, then— in contrast to the water
signal—decays drastically towards higher frequencies. The phase shift of
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the MLD signal grows gradually with increasing frequency with a viscosity
dependence exposed more in the high frequency region.

Figure 3.18. Magnetically driven dynamics of hemozoin crystals in various
suspension media at room temperature. Panel (a)/(b) display semi-logarithmic
plots of the MLD amplitude/phase versus the double-frequency of the field rotation,
2f, for β-hematin suspended in propanol, water, methanol and acetone in a 1 ng/µl
concentration. The viscosities (η) of the different media are also indicated. The
figure was reproduced from Ref. [P1].

These results can be understood via the basic features of the highly complex crystal dynamics as schematically shown in Figure 3.19. In a strong
static field, as in panel (c) of Fig. 3.19., the hard axes of the crystallites
are distributed uniformly in the plane perpendicular to the field direction.
Upon the rotation of this field, the resulting torque forces the hard axes of
the crystals to precess around the rotation axis and follow the field (panel
(d) of Fig. 3.19.). Due to the viscosity of the fluid the system behaves as
an ensemble of damped rotators. Consequently, towards higher frequencies
the crystals experience an increasing angular delay relative to the field, and
their hard axes tend to align parallel to the rotation axis. This manifests
in increasing phase shift and the decreasing amplitude of the MLD signal.
When this alignment is completed, no magnetic torque acts on the crystals as the magnetic field rotates within their easy planes, hence they stop
moving (panel (e) of Fig. 3.19.). The analysis of rotational dynamics for
easy-axis and easy-plane magnetic particles has already been subject to extensive theoretical and experimental investigations. The dynamics described
here is specific to crystals with an easy-plane magnetic anisotropy as was
also reported for other easy-plane paramagnetic particles [218–220] and fundamentally differs from the motion of easy-axis crystallites. In the present
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easy-plane situation, the MLD signal is suppressed towards high frequencies
because the optically isotropic planes of the dynamically co-aligned crystals
are exposed to the light, and consequently no dichroism can emerge (panel
(e) of Fig. 3.19.).

Figure 3.19. Magnetic orientation and dynamics of paramagnetic hemozoin
crystals with anisotropic easy-plane character. In these schematic drawings the
axes of the cylinders correspond to the magnetic hard axes of the crystals and they are
not related to their growth direction. (a) Without external magnetic field the crystals
in the suspension are randomly oriented. (b) With the application of a magnetic field,
the hard axes of the crystals begin to align perpendicular to the magnetic field vector
~ though this orientation is hindered by the thermal fluctuations. (c) In the highB,
field limit this two-dimensional alignment is completed with the hard axis of each
crystal lying within the plane normal to the field. (d) In slowly rotating fields the
crystallites behave as magnetically driven micro-rotors. (e) Due to the viscosity of
the fluid, at high rotation frequencies their hard axes tend to align parallel to the
rotation axis and consequently they stop spinning. Only in this case a full three
dimensional alignment of the hard axes is achieved. The figure was reproduced from
Ref. [P1].

In addition to the viscosity of the solvent, the surface-to-volume ratio
of the crystals also influences their rotational dynamics and subsequently
the frequency dependence of the optical signal. Panel (b) of Figure 3.20.
shows the frequency-dependent MLD curves of crystal suspensions with different characteristic size distributions in the 2f = 3 − 70 Hertz frequency
window. The samples were produced by centrifuging several aliquots of a
concentrated suspension at various spinning speeds. The upper layers of the
samples, that contained the slowly sedimenting smaller crystals, were carefully removed and subjected to magneto-optical measurements and scanning
electron microscopy. The crystal size histograms, shown in panel (a) of Fig.
3.20, were prepared by Szilvia Mucza via the automated analysis of the SEM
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images [221]. The magneto-optical signals of crystal ensembles with a larger
mean length drop already at lower frequencies than the ones containing smaller crystals, suggesting that the damping effect of the shear forces is more
pronounced in the former case. The sensitivity of the method to crystal size
distribution is the topic of an ongoing research project of our group, where
we aim to investigate whether different anti-malarial compounds influence
the size of the crystallites produced by the parasites under drug pressure.

Figure 3.20. Magnetically driven dynamics of β-hematin crystal suspensions
with various crystal size distributions in water. Panel (a) shows the characteristic
length distributions of the tested suspensions. The individual samples were prepared
by keeping the supernatant after centrifuging a stock sample at various spinning
speeds (indicated in the legends of the individual plots). Panel (b) displays the
frequency dependence of their MLD signals in a lin.-lin. plot. The steepness of the
curves, i.e., their frequency-dependent decay, increases with increasing crystal length
due to the more pronounced damping effects of the shear forces. A more detailed
investigation of the phenomenon can be found in Ref. [221].

Besides studying the rotational dynamics of the crystals, the main objective of the experiments performed on synthetic hemozoin was the determination of their lowest detectable concentration by the novel setup. Accordingly, the frequency dependence of MLD was measured for aqueous suspensions of β-hematin prepared over six orders of magnitude in concentration,
namely from 30 ng/µl to 0.5 pg/µl. MLD curves displayed in panels (a)
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and (b) of Figure 3.21. show, that the lowest concentration is still readily
detectable.

Figure 3.21. The sensitivity of the rotating-crystal magneto-optical technique
for the detection of β-hematin crystals suspended in water and blood. Panels
(a)/(b) display the MLD amplitude/phase for β-hematin in water over a limited
frequency range optimal in terms of signal-to-noise ratio. Panels (c)/(d) display
the MLD amplitude/phase for β-hematin suspended in hemolysed blood over the
same frequency range. The concentration of the crystals varies over five and three
orders of magnitude in water and blood, respectively. The amplitude of the MLD
signal is normalised to 1 ng/µl β-hematin content. Concentrations of blood samples
refer to the hemozoin contents in full blood and not in hemolysed blood (for details
see the main text). The concentration levels of 0.5 pg/µl and 15 pg/µl are still
readily detectable in water and blood, respectively. Inset in panel (c) shows the
reproducibility for the baseline (black curves) and the lowest-concentration data (with
colour coding used in the main panel). The figure was reproduced from Ref. [P1].

Furthermore, the sensitivity threshold was also tested on a model more
relevant to diagnostics: hemozoin crystals dispersed in hemolysed blood
(panels (c) and (d) of Figure 3.21.). In order to sufficiently reduce the
strong light scattering of red blood cells over the visible range, the experiments were carried out in uninfected, hemolysed whole blood obtained by
20-fold dilution with distilled water. The precision of the hemozoin content
for the series of blood samples was checked by the parallel measurement
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of MLD signal on aqueous suspensions with the same hemozoin concentrations. The reproducibility of the lowest-concentration data together with the
baseline measured for a blood sample containing no hemozoin are displayed
in the inset of panel (c) in Figure 3.21. The detection limit for these model
samples, defined as the lowest concentration giving a signal distinguishable
from that of the uninfected, hemolysed blood, was found to be approximately 15 pg/µl. Please note, that the concentration values in panels (c) and
(d) of Fig. 3.21 correspond to the hemozoin content that would be present
in full blood before its 20-fold dilution. Thus, we can conclude that the sensitivity of the concentration measurements in hemolysed blood as a solvent
is close to that in water. In conclusion these measurements emphasize, that
performing the magneto-optical measurements on hemolysed samples of in
vivo infections in the future would be advantageous for two reasons: it helps
to strongly reduce light scattering of the intact red blood cells; and the hemozoin portion still encapsulated within the erythrocytes can be released
into the solvent facilitating their free rotation and more efficient detection.
The detailed investigations of the optimal composition of the lysis solution
will be discussed in the following chapters.

3.4.4

The portable version

The frequency-dependent measurements performed with the setup in Fig.
3.13. served as proof of concept for the rotating-crystal methodology, moreover,
they demonstrated a sensitivity for hemozoin detection that implied its potential field applicability. But a diagnostic device, especially in resourcelimited settings, is not only required to be sensitive and specific, but also
easily operated and first of all, portable. Additionally, the further validation
of the method could only be carried out in collaboration with foreign malaria
research groups that maintained parasite cell cultures, as no such facility was
available in Hungary at the time of the construction of the device.
The inclusion of the Halbach magnetic ring was already the first step
towards portability, but there were a few additional tasks to be solved,
most of which concerned data acquisition and analysis. The key to the
sensitivity of the method is the polarisation modulation and subsequent
lock-in analysis, but the inclusion of a laboratory-grade sizeable device such
as the SR830 amplifier in a portable system is less than effective. In order
to exclude all the analog devices in the system (lock-in amplifier, Keithley
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voltmeter, Delta power source for motor control) we implemented an analogdigital data acquisition card (National Instruments 6008) that digitalises the
Idc and I2 −I1 detector signals and the reference signal of the phototransistor,
and serves as a digital-analog converter to produce an analog signal for the
speed controller of the electric motor.
Once all the necessary analogue-digital conversions are completed, the
data analysis and measurement execution can be fully computer controlled.
For this task, a custom-built measurement software was developed by my
colleague, Ádám Butykai in LabVIEW Environment. Without going into
details, let me only highlight here the central element of the platform, the
digital lock-in analysis. The differential signal of the detector is recorded
for a certain timfreame in parallel with the reference signal that maps the
rotation of the magnetic field. Then the latter square wave is decomposed
to its sinusoidal Fourier components, and the former differential signal is
multiplied with the second harmonic of the reference signal. Finally, their
product is integrated. Thus the procedure is practically identical to the
operating principles of a digital lock-in amplifier. Since the modulation frequencies in our system are quite low (∼ 0.5 − 50 Hertz), the integration time
needs to be in the order of a few seconds. In order to avoid the impact of
possible short-term noises during signal collection (e.g., light scattering on
membrane residues, vibration, etc.) the full length data series is divided
into shorter integration windows, that provide the corresponding I2f amplitudes. These ’temporal’ values are then averaged and the magnitude of
their standard deviation reflects the signal stability during the time window
of data acquisition. Additionally, the digitalised optical signal is subjected
to fast Fourier analysis as well, thus the I2f value for the given rotational
frequency is assessed by two independent algorithms.

83

Figure 3.22. The setup of the portable version of the rotating-crystal
magneto-optical device. The probing light is emitted by a cheap laser diode,
and it passes through a polariser and a quarter-wave plate (QWP) before reaching
the sample in the bore of the rotating magnetic cylinder. The transmitted beam,
whose polarisation is modulated by the spinning crystals, is separated into two orthogonal components by a Rochon prism (beamsplitter) and the two separate beams
are focused on the active areas of a balanced photodiode bridge detector. The differential signal (I2 − I1 ) and the total transmitted intensity (Idc ) are digitalised by a
data acquisition card (DAQ card) and analysed by a custom-built software. Further
abbreviations: ’Ref. diode’– the phototransistor that records the rotational angle of
the magnetic field; ’Sh. base’– the platform of the sample holder.

Besides the replacement of the laboratory grade analog measurement
devices, the mechanical isolation of the rotating parts and the static optical
elements had to be worked out as well. As depicted in Figure 3.22., the
second prototype was built on two aluminum baseplates, where the upper
one accommodates the optical elements and the base of the sample holder,
while the magnet and the DC motor are attached to the lower one via stilted
plastic posts. Finally, the two baseplates are fastened together via rubbermade vibration isolator mounts.
By the implementation of the changes described above, the device was
ready for transportation and for being set up at practically any location
where electricity is available. Of course the structure is still far from the
desired simplicity and robustness of an in-field device, but there is no fundamental physical or engineering solution implemented in the system, that
cannot be simplified and/or scaled down in the future without the loss of
sensitivity.
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3.5

Conclusions

The current chapter was devoted to the introduction of the magnetic and
optical properties of hemozoin, followed by the presentation of the working
principles, the development and the first sensitivity testing of the rotatingcrystal magneto-optical diagnostic device.
I summarised the previous findings of our research group concerning
the magnetic field- and temperature-dependent magnetisation curves of βhematin powder samples, disordered liquid suspensions and field-cooled (i.e.,
magnetically ordered) suspensions,
which revealed

 a relatively high average
SI
−4
paramagnetic susceptibility hχi = 4.2 · 10
and a considerable room
temperature magnetic anisotropy (Mx /Mz = 1.16 ± 0.03). The former value
is in agreement with the observations that hemozoin has a strong magnetic
response compared to other blood components, while the latter—obtained
by fitting the experimental curves with a spin-Hamiltonian of an easy-plane
character suggested by Sienkiewicz et al.—emphasises the easy-plane magnetic anisotropy of the compound.
By extending the work of Newman co-workers we measured the visible and near-infrared MLD spectra of aqueous β-hematin suspensions and
studied the magnetic field dependence of the effect. The latter experiments
allowed us to give an independent assessment of the magnetic anisotropy
yielding results in good agreement with our former magnetisation studies.
Furthermore, the spectroscopic experiments revealed three important factors
for the prospective diagnostic application of the method: (i) the MLD spectra showed linear dependence on concentration over a wide range, (ii) the
crystal suspension is expected to be fully oriented by static magnetic fields
over B ≈ 500 mT at room temperature, and (iii) the strongest optical response is observable in the λ = 450 − 670 nm wavelength region.
In the second part of the chapter I presented our novel approach for the
high-sensitivity quantification of hemozoin in liquid suspensions. Briefly,
in the rotating-crystal methodology the sample is surrounded by a magnetic Halbach cylinder and the crystals act as spinning polarisers due to
their magnetically driven rotation that gives rise to a periodic change in
the transmitted intensity. I qualitatively studied the crystal dynamics and
showed that the frequency dependence of the MLD signal is influenced by
the viscosity of the dispersion medium and the crystal size distribution in
in a manner, which is consistent with the proposed easy-plane anisotropy
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of the crystallites. The sensitivity tests performed on β-hematin suspended
in water and blood revealed that the lowest detectable crystal concentrations were 0.5 pg/µl and 15 pg/µl in water and blood, respectively. As it
will be elucidated in the following chapters, these levels are comparable to
those produced in vitro and in vivo by a few parasites per a microliter of
blood. Finally I presented the first, portable and automated version of the
rotating-crystal magneto-optical diagnostic device (RMOD).
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Chapter 4

Measurements on
Plasmodium falciparum cell
cultures
4.1

Research Objectives

The experiments described in the previous chapter revealed that the concentration of synthetic hemozoin suspended in hemolysed blood can be quantified down to the level of a few pg/µl by the rotating-crystal magneto-optical
device. However, the amount of hemozoin circulating in the bloodstream
of malaria patients is influenced by many factors, thus the translation of
these values to parasitemia, the common measure of disease severity, is far
from straightforward. Furthermore, these very first measurements were performed on synthetic analogues and not on natural hemozoin.
The crystal structure—and the emerging magnetic and optical properties—
of synthetic hemozoin is considered to be identical to those of natural hemozoin produced in vitro or in vivo by the different Plasmodium species. During crystallization, however, crystallites with various morphological properties can be formed depending on the physical and biological environment.
The production of natural hemozoin is the result of a complicated biocrystallization process that takes place on the membrane surfaces of the food
vacuole, whose exact chemical and spatial structure might vary between species [73, 222]. Indeed, according to the electron microscopy studies of Noland
et al., the shape and size of the crystallites produced by distinct plasmodial
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species do exhibit slight, but characteristic differences [176]. Thus, it is reasonable to ask whether this morphological diversity significantly influences
their magneto-optical detectability and the sensitivity of the MO measurements; and whether it can be utilised for the magneto-optical differentiation
between the different plasmodial infections.
Besides the shape and size distribution of the individual crystallites, a
further significant difference between synthetic and natural malaria pigments
is their intrinsic environment. For their efficient magneto-optical detection
the crystals need to freely rotate in the surrounding medium, which, as
demonstrated previously, is easily achievable in the case of sonicated suspensions of synthetic hemozoin. The natural crystals, however, are originally
encapsulated in several parasitic and RBC cell membranes that might hinder
their magnetically driven motion. Rigorous sonication has been shown to be
an efficient tool for the rupturing and degradation of cell membranes [223],
yet its implementation might prove complicated under resource-limited field
conditions. Accordingly, a simple, cheap, yet efficient sample preparation
protocol needs to be established that ensures the homogenization and sufficient optical transparency of the blood-hemozoin suspensions. And even
after the development of a suitable lysing method, a final and most crucial
question remains: Are the quantities of hemozoin produced by Plasmodium
parasites under natural circumstances comparable to the detection limit established on synthetic samples?
Clearly, the performance of the method needs to be evaluated on biologically more relevant model systems if we want to assess its real medical
potential. Accordingly, the current chapter summarizes the next step of
the validation process: Sensitivity and parasite maturation measurements
performed on samples derived from in vitro Plasmodium falciparum cell cultures.
Since the groundbreaking work of Trager and Jansen who introduced
the technique of in vitro cultivation of the blood stages of Plasmodium falciparum in 1976 [224], this new tool has proved to be immensely successful
in various fields of malaria research. Their maintenance is relatively cheap
and simple, yet they enable scientists to study the most intricate details of
parasite physiology, genetics [225–227], cell and molecular biology [228–231],
with special emphasis on their drug susceptibility. As numerous research
groups have been utilizing in vitro P. falciparum cultures for several dec-
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ades, their maintenance and handling protocols have been standardised and
the experimental results obtained on these systems are well-reproducible.
During the long term culturing of P. falciparum parasites, when a rough
estimation of their stage distribution is sufficient, the cultures are typically
monitored daily by light microscopy to follow the development of the population qualitatively. However, the quantitative analysis of the viability of
parasite populations is the main objective of drug susceptibility assays, when
the efficacy of a compound is characterised by its 50% inhibitory concentration, or IC-50 value. As the terminology suggests, this is the concentration
that inhibits the growth of the pathogen population by half in a pre-defined
timeframe.
Traditionally, the efficacy of antimalarial drugs, similarly to many other
infectious diseases, have been assessed by therapeutic efficacy trials. Their
obvious complexity and the availability of P. falciparum cell cultures, however, led to the development of in vitro assays [232]. The most widespread
in vitro phenotypic assays include the WHO schizont maturation microtest
[233], the isotope ([3H]-hypoxanthine) incorporation assay [234], the detection of the parasite antigens pLDH [235] or PfHRP2 [236] by ELISA, and
numerous assays using different fluorescent DNA dyes with either spectrophotometric or cytometric readout [237–240]. Although all these assays have
been successfully applied to detect drug efficacy, they all have relevant limitations. For example, the WHO microtest is based on the laborious and
subjective microscopic observation of parasite maturation [241]. The [3H]hypoxanthine assay, being based on the incorporation of radioisotopically
labelled purine derivatives by the parasites, requires complex isotope handling precautions, radioactive waste management and expensive equipment
[234]. The parasitic antigen and DNA detection tests rely on fluorophores
and other reagents that are often rather expensive and frequently require a
cold chain storage. Furthermore, they also need incubation times of 48 up
to 96 hours to sensitively detect drug effects [242]. Molecular methods that
quantify validated resistance markers [232] do not depend on viable parasites and have the potential to provide rapid results, but the identification
of such markers is resource-intensive, and only a limited number of them is
yet known.
Hemozoin, being an inherent biomarker of the metabolic processes of
the parasites, is an ideal candidate for the monitoring of their development
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and its potential inhibition by antimalrials, as demonstrated previously by
Rebelo et al. [243]. However, in order to provide a reasonable alternative for
drug efficacy testing, a hemozoin-based assay needs to be sensitive for the
changes in hemozin production at low parasite densities and short incubation
times. The potential of the RMOD to become such a technique is also
investigated via in vitro cell culture maturation and drug susceptibility tests
presented in this chapter.

4.2

Studied systems and experimental methods

4.2.1

P. falciparum cell cultures for sensitivity measurements

The P. falciparum infected blood samples utilised for the MO sensitivity
experiments were kindly provided by Dr. Stephan Karl and Wasan Forsyth from the Walter and Eliza Hall Institute of Medical Research, Melbourne, Australia (WEHI). The P. falciparum parasites (laboratory adapted
strain 3D7) were cultured following the method of Trager and Jensen with
modifications [224]. The culture medium was RPMI 1640 with L-glutamine
(GIBCO cat.# 31800) supplemented with 2 mg/ml NaHCO3 (Merck, cat.#
106329), 25 mg/l gentamycin (Pfizer, cat.# 61022027), 50 mg/l hypoxanthine (Calbiochem, cat.# 4010), 25 mM HEPES (SAFC, cat.# 90909C) and
10% pooled O+ human serum (mixed blood groups, Australian Red Cross
Blood Service).
The cultures were maintained at 4% hematocrit with changes of culture
medium every 48 hours and diluted with uninfected O+ red blood cells
when the parasitemia exceeded 5%. Parasites were maintained at 37 ◦C in an
atmosphere of 5% CO2 and 1% O2 in N2 . Parasite cultures were kept in stage
synchrony by applying the 5% sorbitol-method, first described by Lambros
and Vanderberg [244]. Hemozoin liberated from late-stage parasites during
the synchronization process was removed by washing the cells in RPMI
medium after the sorbitol induced cell lysis and before re-establishment of
the culture.
In order to investigate the detection threshold of the RMOD in terms
of parasitemia, we received two sample sets (series A and B ) from our collaborators. The samples were derived from a single in vitro Plasmodium
falciparum cell culture as follows.
90

Infected red blood cells were harvested at 0 hour and 40 hours after
the last synchronization for the formulation of stock samples for series A
and B, respectively. From both batches of infected red blood cells, 2-fold
dilution series were prepared in duplicate and adjusted to a volume of 200 µl
at a hematocrit of 50 vol%, using human erythrocytes (O+ red blood cells,
Australian Red Cross Blood Service). Accordingly, each sample aliquote
assigned for individual MO testing comprised 50 vol% infected red blood
cells of decreasing parasite densities in phosphate buffered saline (PBS, a
substitute for human plasma) in order to model the average red blood cell
density of human blood. Please note that the parasitemia values in section
4.3. refer to the ratio of the infected red blood cells in these 50% hematocrit
samples, and the corresponding parasite densities were calculated by the
assumption that 1 µl of whole blood contains an average of 5 × 106 red blood
cells.
The sample aliquots were subjected to a freeze-thaw cycle prior to being
frozen and shipped to our laboratory in Hungary. This procedure, ensuring the death of the pathogens via the lysis of the red blood cells and the
parasite membranes, was a necessary safety protocol. However, from the
perspective of the MO investigation this also meant that we had to test
already hemolysed, and twice thawed blood samples, a model slightly different from freshly drawn whole blood. The blood lysates were stored at
−80 ◦C until being shipped for the MO measurements in Hungary.
The cell culture samples were prepared by Wasan Forsyth and Stephan
Karl (WEHI), while the MO measurements and data analysis was carried
out by the author and Ádám Butykai (BME).

4.2.2

P. falciparum cell cultures for drug susceptibility assays

The parasite cultures employed for the optimisation of the lysis protocol
preceding the magneto-optical measurements and for the drug susceptibility assays were cultured in (i) the laboratory of Prof. Thomas Hänscheid
at the Instituto de Medicina Molecular (IMM), Lisbon, Portugal and in (ii)
the BME-MTA Malaria Research Laboratory (BME-MTA), Budapest, Hungary, according to a slightly modified protocol than the one described above.
Briefly, the cultures were maintained in a cell culture medium consisting
of RPMI 1640 with L-glutamine, with HEPES and with NaHCO3 (Lonza,
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cat.#12-115Q) supplemented with gentamycin sulphate (VWR, cat.# E73720ML) in a final concentration of 50 mg/l, with hypoxanthine (Alfa Aesar,
cat.# A11481) in a final concentration of 20 mg/l and with 5 g/l of Albumax
I (Life Technologies cat.# 11020021). The latter compound served as a substitute for human serum. Cultures were maintained at 5% hematocrit with
changes of culture medium every 24 hours and diluted with uninfected O+
or A+ red blood cells when the parasitemia reached ∼ 2%. Parasites were
maintained in an incubator at 37 ◦C under a gas mixture of 5% CO2 and 5%
O2 in N2 . Parasite cultures were kept in stage synchrony over several cycles
prior to the initiation of the maturation experiments by applying either the
5% sorbitol-method [244], or the 60% Percoll gradient method [245] depending on their respective stage distribution at the time of maintenance.
Maturation and drug susceptibility assays were initiated when the majority of the parasites were in the early ring stages with some shizonts still
present in the culture from the previous erythrocytic cycle. This method
ensured that after a last sorbitol treatment and thorough washing, the stage
distribution of the cultures was narrow and comprised of young rings at
the beginning of their new erytrocytic cycle. Following synchronization the
parasitemia of the culture assigned for the assay was adjusted to 1% by the
addition of uninfected red blood cells and it was distributed into a 96-well
plate by aliquots of 160 µl. The wells were sectioned into triplicates and each
triplicate was supplemented with the drug solution of the designated concentration, while one triplicate served as a drug free control in each time point.
Furthermore, triplicates of uninfected red blood cells in culture medium set
to a hematocrit of 5% were also incubated together with the infected samples
and subjected to MO measurements in each time point.
Stock solution of chloroquine diphosphate salt (Sigma-Aldrich, cat.#
C6628) was prepared in distilled water and further diluted with malaria
culture medium to achieve the tested 6, 12, 25, 50, 100 nM concentrations in
the culture suspensions. The well-plates were incubated together until the
time points of testing, when the contents of assigned wells were hemolysed
and subjected to the magneto-optical measurements without further storage.
The maintenance of the continuous cell cultures was primarily managed
by colleagues at the IMM and the BME-MTA malaria laboratories with the
participation of the author. The protocol for the drug susceptibility testing
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and the subsequent MO measurements was developed by the author with
the the participation of Dr. Lı́via Marton and Petra Molnár (BME-MTA).

4.2.3

Light Microscopy

Parasite stages and densities for the sensitivity tests were determined by
counting the number of parasites in the following 6 stages: early ring (ER),
late ring (LR), early trophozoites (ET), late trophozoites (LT), early schizonts
(ES) and late schizonts (LS). For this determination 5000 red blood cells
were counted on Giemsa-stained thin blood films. Parasite density values
were calculated from the parasitemia values based on the assumption that
1 µl of blood contains 5 × 106 red blood cells at 50% hematocrit [246].
In the maturation and drug sensitivity assays thin blood smears were prepared after the last sorbitol synchronisation—stained with Wright-Giemsa
Stain Kit (Thermo Scientific, cat.# 9990710)—and the adjustment of parasitemia to 1% was carried out after the counting of at least 2000 red blood
cells. During the maturation assays separate wells were assigned for sampling
for light microscopic analysis in order to monitor the changes in stage distribution during the course of the assay.
The analysis of the blood smears of sample series A and B was carried
out by Wasan Forsyth (WEHI). The microscopic monitoring of the smears
during the maturation and drug assays was performed by Réka Babai, Lı́via
Marton, Petra Molnár and the author (BME-MTA).

4.2.4

Sample treatment prior to the magneto-optical analysis

In the diagnostic sensitivity experiment series, the frozen lysates were diluted
20-fold in distilled water directly after being thawn to give a final volume
of 4 ml. Subsequently 100 µl of a cell lysis buffer (2.5 vol% Triton X – 100 in
0.1 M NaOH) was mixed into the diluted blood samples. Please note, that
the concentrations of the lysing agents in the final sample were 0.0625 vol%
and 2.5 mM for Triton X – 100 and NaOH, respectively. The diluted lysates
were sonicated for 30 minutes to dissociate potential aggregates prior to
the optical measurement. However, our later experiments revealed that the
sonication was not fully efficient, likely due to the low power of the applied
device (Emag Emmi 04D, power of 50 Watts). MO signals were recorded
on 1 ml volumes taken from the samples immediately after sonication. The
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possible effect of storage was assessed by remeasuring samples after 20 to
120 minutes kept at room temperature and after 24 hours of storage at 4 ◦C.
In the parasite maturation and drug susceptibility experiments, first
100 µl of a cell lysis solution was pipetted directly into the wells of the 96-well
plates and mixed thoroughly with the 160 µl of parasite culture within. The
partially lysed and homogenised well-content was pipietted into eppendorf
tubes containing additional 220 µl of the same lysis solution. This two-step
lysing procedure ensured that the red blood cells and hemozoin crystals
potentially adhered to the surface of the wells were efficiently detached and
collected into the suspension. Please note that the lysis solution employed in
these studies differed from the one described above, as it already contained
the Triton X – 100 and the NaOH in low concentrations when it was added
to the wells. In summary, the cultures were diluted 3-fold with a solution
of 20 mM of NaOH and 0.06 vol% Triton X – 100 in distilled water. For the
derivation of this protocol, please refer to the main text of section 4.4.
The hemolysed samples were filled into cylindrical optical sample holders
of a volume of 240 µl and subjected to MO measurements within a time frame
of a few minutes up to two hours. In some cases the lysates were re-measured
after 24 or 48 hours of storage at 4 ◦C without sonication.
The sample treatment protocols were developed by the author based
on the idea of Prof. Tivadar Zelles (Semmelweis University, Budapest) and
with the help of Ana Strinic (University of Augsburg) and Fabio Luz (IMM).

4.2.5

Electron Microscopy

For transmission electron microscopy (TEM), parasite samples were fixed
in resin blocks and 70-120 nm thin sections were cut using a Leica EM
UC6 microtome (Leica Microsystems, North Ryde, NSW, Australia) and
brought onto carbon coated copper TEM grids (ProSciTech, Thuringowa,
Qld., Australia). The TEM grids were then stained with 5% uranyl acetate for 15 minutes and Reynold’s lead citrate solution for 5 minutes. For
synthetic hemozoin, the aqueous suspension of crystals was dropped onto
formvar membrane (purchased from Sigma-Aldrich) and brought onto carbon coated copper TEM grids. TEM was conducted on a JEOL 2100 TEM
(JEOL Inc., Tokyo, Japan).
For scanning electron microscopy (SEM), the samples giving the highest
MO signal were used and hemozoin crystals were extracted following the
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method of Chen and coworkers [247]. The dark brown pellet obtained by this
method was re-suspended in 80 µl water. For SEM imaging small droplets
of the suspension containing the hemozoin crystals were applied to gold
coated glass slides without further purification or treatment. The droplets
were dried overnight at room temperature. The SEM images were acquired
on a LEO 1540XB electron microscope using the in-lens detector. The
accelerating voltage was set to 3 kV and the viewing angle was perpendicular
to the gold surface.
The sample preparation prior to and the data recording of TEM imaging
was carried out by Stephan Karl at WEHI. The sample preparation and SEM
imaging was performed by the author with the help of Zsófia Prőhle (ELTE
University) and Dr. Gergő Fülöp (BME) at the Semmelweis University
(Budapest) and the Institute of Technical Physics and Materials Science of
the Wigner Research Centre for Physics (Budapest), respectively.

4.3

Detection limit on P. falciparum cell cultures

The model blood samples infected with P. falciparum parasites described in
section 4.2.1. were subjected to magneto-optical testing in order to determine the lowest detectable parasitemia by the rotating-crystal magneto-optical
platform. As discussed previously, the two sample sets comprised 20 − 20
samples of a 2-fold dilution series. Each member of each series was obtained
by diluting the former infected sample with an uninfected ‘model blood’,
i.e. 50 vol% RBCs suspended in saline. The original, undiluted samples
were collected from one culture at different time points, thus they contained
parasites with different stage distributions (culture A and B ). The distributions of the parasites among the different stages—early ring, late ring, early
trophozoite, late trophozoite, early schizont and late schizont—in the two
cultures are presented in Figure 4.1. together with light microscopic images
displaying representative specimens of the six stage groups.
The undiluted sample of culture A had a total parasite density of PA ≈
3.1 × 105 parasites/µl p/µl containing parasites mostly from the first half of
the erythrocytic cycle, i.e. mainly ring stages and some early trophozoites.
Since in uncomplicated P. falciparum infections the mature parasites tend to
sequester in the capillaries, only forms younger than mid-staged trophozoites
are usually observed in the peripheral circulation [248]. Thus culture A,
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referred to as the ring stage culture hereafter, can be regarded as a relatively
close reflection of samples typically encountered in uncomplicated in vivo P.
falciparum infections.
Culture B had a lower total parasite density of PA ≈ 2.8 × 104 p/µl.
Its parasite stage distribution corresponded to the verge of the first and
second erythrocytic life cycles where some of the parasites were still in the
schizont form, but most of them, following invasion, already turned into
early-stage rings of the next generation. Since the main hemozoin content
present in this culture was formed during the first cycle with a dominant
contribution from schizont stage parasites [249–251], I will refer to it as
the schizont stage culture. As mentioned above, schizonts are normally not
present in the peripheral blood of human P. falciparum infections due to
their adherence to the endothelium [248]. However, this stage restriction is
less pronounced for other, less-sequestering species of human malaria such
as P. vivax [252].
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Figure 4.1. Distribution of erythrocytic stages in the two Plasmodium falciparum cultures used in the sensitivity study. Panel (a): The ring stage culture
contained early rings, late rings and some early trophozoites of the first generation
after synchronization. The schizont stage culture was on the verge of the first and
second life cycles where most of the schizonts have already turned to early rings of
the second generation following invasion. Therefore, the ring stage culture contained
only the hemozoin present in the parasites up to the early trophozoite stage, while the
schizont stage culture had the entire hemozoin content formed by one generation of
parasites with the largest portion produced by schizonts. Panel (b): Light microscopy
images of Giemsa-stained infected red blood cells with parasites representative of the
different maturity classes (taken from these two cultures). In both panels the labels
ER, LR, ET, LT, ES and LS correspond to early-ring, late-ring, early-trophozoite,
late-trophozoite, early-schizont and late-schizont stages, respectively. The Figure
was reproduced from Ref. [P2] with slight modifications.

The MO signal as a function of the rotational speed of the magnetic
field is shown in panel (a) of Figure 4.2. for a few representative samples of
dilution series A and B. The serial dilutions of the two cultures allowed for
the MO signal to be assessed over six orders of magnitude of parasitemia. In
order to determine the limit of detection for our method, the MO values at
20 Hertz (of the rotational speed of the magnetic field) were plotted versus
the parasitemia and parasite density in panel (b) of Figure 4.2. for the two
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series. The MO measurements were performed in a ’blinded’ manner, i.e.,
the parasite densities of the specific aliquots were only revealed to the author
after the completion of the optical analysis of the whole sample set.
The standard deviation of sequential MO measurements performed on
the same, hemolysed sample (hereafter referred to as ’optical’ sample) was
less than 5% of their mean value (not shown in Figure 4.2.). The standard
deviation of the MO values of separately aliquoted and hemolysed blood
samples (i.e., technical duplicates), however, was higher than that, approximately 30% in average for all of the analysed samples. This increase in the
standard deviation for the technical duplicates suggests, that the sample
preparation procedure strongly influences the detectable portion of their hemozoin content. This is further supported by the observation that when the
optical samples were remeasured after being stored for 24 hours at 4 ◦C, and
sonicated for 30 minutes to homogenise them after overnight sedimentation,
typically an increase of the MO signal of 10–30% was observed. Likely due
to the further release of the crystals from their encapsulating membranes.
The role of the sample preparation protocol will be investigated in more
detail in section 4.4. and section 6.3.1., but let me already note here, that
(i) the reproducibility of the MO signal for technical replicates (i.e. blood
samples derived from the same culture or patient) is significantly better for
fresh (≈ 5%) than for frozen samples (≈ 30%), and (ii) it can be reduced
even for frozen and thawed samples if they are treated with an optimised
lysis solution (see. section 6.3.1.).
As a general trend, the MO signal of series A and B varies proportionally to the parasitemia level (panel (b) of Figure 4.2.) and the signal for
each sample shows a gradual decrease with increasing frequencies (panel
(a) of Figure 4.2.). This frequency dependence is in agreement with the
results obtained for synthetic hemozoin crystals suspended in blood and
originates from the viscosity of the lysed cell suspension hindering fast rotations of the crystals, as discussed in section 3.4.3. Although the overall
frequency dependence of the MO signal is similar for the two cultures, the
more pronounced decrease with increasing frequency found for the dilutions
of culture B is likely due to the larger crystal size formed in schizont stage
parasites. Samples from the dilution series of culture B also exhibited higher
MO signals than samples from culture A with the same level of parasitemia,
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reflecting the increase in intracellular hemozoin content over the course of
the parasite life cycle.
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Figure 4.2. Magneto-optical detection of parasitemia in synchronized Plasmodium falciparum cultures. In panel (a) the frequency scale corresponds to the
rotational speed of the magnetic field. Red and blue curves show the frequency dependent MO signal for samples from the ring and schizont stage cultures, respectively,
with various levels of parasite density given in µl−1 units on the right of the respective
curves. The green dataset shows the signal from an uninfected reference sample, and
the green line shows the average of multiple uninfected measurements. Data plotted
with dark end light grey diamonds are the residual signals from freshly hemolysed
uninfected blood and water, respectively. In panel (b) the red and blue spheres are
the MO signal values measured at 20 Hertz for the dilution series prepared from the
original ring and schizont stage cultures, respectively. Solid squares correspond to
the duplicate samples labelled as samples #2. Half-filled circles indicate the results
obtained by remeasuring samples #1 after 24 hours of storage. For ring and schizont
stage samples with parasite densities lower than 10 p/µl and 1 p/µl, respectively, the
MO signal does not further decrease. The green horizontal line shows the residual
MO signal of uninfected blood (mean detection limit). The 95% confidence levels
for the ring and schizont stage samples are indicated by red and blue dashed lines,
respectively (for details see the main text). Correspondingly, for ring and schizont
stage samples with parasite density higher than 40 p/µl and 10 p/µl, respectively,
the diagnosis is positive with a confidence of at least 95%. The background signal
for freshly hemolysed uninfected blood and water are also shown by dark and light
grey lines. All these horizontal indicators are also shown in panel (a) for reference.
The upper horizontal scale shows the corresponding levels of parasite density.
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At low levels of parasite density (P ), namely for samples with P ≤ 10
p/µl in the case of the ring stage culture, the signal does not further decrease
with decreasing parasitemia, but approaches the signal level observed for the
uninfected reference samples. The frozen uninfected samples alone showed
a baseline MO signal of ∆T /T ≈ 4 × 10−4 % in average as indicated in
Figure 4.2. This value corresponds to the mean limit of detection of the
RMOD. Since the residual MO signals of the low parasite density samples
coincide with the baseline signal, the former is not related to hemozoin.
This is further supported by the observation that the frequency dependence
of the residual MO signals differ from the hemozoin-dependent MO signal
dominant at higher concentrations as displayed in panel (a) of Figure 4.2.
For highly diluted ring stage samples with parasite densities below P ≤
10 p/µl, where the MO signal is independent of the nominal parasite content, the standard deviation (st. dev.) of the MO values from the mean
limit of detection is ∆T /T ≈ 1.6 × 10−4 %. Accordingly, assuming Gaussian distribution for the residual MO signal values, the 95% confidence level
for the limit of detection for ring stage samples can be approximated as
∆T /T ≈ 7.2 × 10−4 % (uninfected mean + 2 × st. dev. of ring residual) corresponding to a parasite density of 40 p/µl of blood. This is equivalent
to a parasitemia level of 0.0008%. The scattering of the concentrationindependent MO values is larger for schizont stage samples. In their case
the 95% confidence level for the limit of detection is estimated to be ∆T /T ≈
2×10−3 % (uninfected mean + 2 × st. dev. of schizont residual) corresponding to a parasite density of 10 p/µl or a parasitemia of 0.0002%.
The presence of a frequency-dependent residual MO signal indicates that
some components of the lysed blood can be magnetically oriented and rotated similarly to the hemozoin crystals. For comparison, I also studied
freshly drawn blood subjected to the same lysis protocol as the received
frozen and thawed aliquots. The residual MO signal observed for the fresh,
uninfected samples was considerably lower than the signal of the frozen uninfected, or the low-density ring and schizont stage samples. Furthermore,
the noise floor of our equipment, shown for pure water in Figure 4.2., is
nearly frequency independent and about one order of magnitude smaller
than the residual signal from fresh blood. This enables further improvement of the detection limit provided that the residual MO signal from blood
can be reduced by optimising blood sample treatment.
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The hemozoin concentration of the cultures
The hemozoin content of the two cultures can be roughly estimated from the
parasite density and the parasite stage distribution specified in Figure 4.1.
During the ring and early trophozoite stages, about 3–5% and 15–20% of the
total hemoglobin is estimated to be converted to hemozoin in the infected red
blood cells, respectively [249, 250]. By reaching the mature schizont stage
they are believed to convert about 50–70% of hemoglobin to hemozoin as
suggested by [68–70]— our findings described in the following section suggest
that the upper limits of these ranges are the more accurate estimates. Using
these hemoglobin conversion rates, I calculated the amount of hemozoin
theoretically present in the undiluted ring and schizont stage samples and
compared them to the concentration that can be derived from their MO
signal. For the latter, I used the assessment that the low-frequency (∼
1 Hertz) MO signal of ∆T /T = 1.4% corresponds to a crystal concentration
of 1 ng/µl, as seen in the synthetic hemozoin measurements.
Table 4.1.
Estimated hemozoin content
based on literature

Estimated hemozoin content
based on MO measurements

Culture A (3.1 x 105 parasites/μl)

17-25 ng/μl

6 ng/μl

104 parasites/μl)

14-23 ng/μl

9 ng/μl

Culture B (2.8 x

Table 4.1. The estimated hemozoin content of the highest parasite density samples
derived from culture A and culture B based on hemoglobin-to-hemozoin production
rates available in the literature and on the MO measurements. The lower and upper
values of the hemozoin content correspond to the lower and upper values of the
conversion rates quoted in the main text. Note that the cultures have different
parasite densities. The MO-based hemozoin concentrations of the two cultures were
estimated using the conversion factor CC(HZ) = 1 ng/µl → ∆T /T = 1.4%.

The calculated hemozoin concentrations are listed in Table 4.1., where
the concentration of the cultures refers to the original hemozoin content of
blood samples before the 20-fold dilution employed for the MO measurements. Not surprisingly, the estimate based on the MO signals gives lower
values for the hemozoin content of both cultures than the estimate based on
the hemoglobin conversion rates quoted above. The extent of their difference, however, is somewhat higher than expected and it may arise from the
insufficient purification and dispersion of the crystals. If the release of hemo102

zoin from the encapsulating membranes is incomplete during the lysis of the
blood samples, the magnetic ordering of the membrane-bound aggregates
may be hindered, resulting in the partial loss of their linear dichroism signal even in close-to-static fields. Indeed, in later experiments performed on
fresh P. falciparum cell culture samples and frozen P. vivax patient samples
(presented in chapters 4.4. and 6.3.1., respectively), the magnitude of the
MO signal for a given sample was found to be strongly dependent on the
composition of the lysis solution. Let me note here, that as discussed in
section 3.4.3., the magnitude of the MO signal at a given rotational frequency of the magnetic field is also influenced by the size distribution of the
freely rotating crystals and the viscosity of the medium. The weaker overall
frequency dependence of the MO signal observed in the present study suggest that the natural crystals are able to follow the rotation of the magnetic
field up to higher frequencies than the synthetic ones, which can be attributed to their reduced size. The comparison of electron microscopy images of
natural and synthetic hemozoin crystals, shown in Figure 4.4., implies that
the natural crystallites in this study were indeed considerably smaller (with
typical lengths of ∼ 200-500 nm) than the synthetic ones (∼ 700-900 nm)
used previously, which might influence their optical signal. However, at
very low rotational speeds of the strong magnetic field the whole crystal
ensemble is believed to be ordered independently of the crystal size and the
concentration conversion factor obtained for the synthetic crystals should
be applicable.
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Figure 4.4. Hemozoin crystals observed by electron microscopy in-situ and
after isolation. The transmission electron microscopy image in panel (a) and scanning electron microscopy (SEM) images in panels (b), (c) and (d) show hemozoin
crystals extracted from the samples previously used for the MO measurements. The
granular background of the SEM images comes from the gold coating of the glass
substrate. Individual crystals in panels (c) and (d) are marked with asterisks. The
length of the black bar at the bottom right corner of each panel is 500 nm. The
typical length of the extracted hemozoin crystals ranges from 200 nm to 500 nm.
For comparison, a TEM image of synthetic hemozoin crystals used in the studies
discussed in section 3.4.3. is shown in panel (e). These synthetic crystals have more
elongated shape with a typical length of 500–900 nm. Panels (f) and (g) display
TEM images of infected erythrocytes in the schizont stage. Distinct components of
the parasite and the erythrocyte can be observed including the erythrocyte membrane
(EM), parasite membrane (PM), food vacuole membrane (FVM), merozoites (M),
hemoglobin transport vesicles (HbTV), knobs (K) and hemozoin (HZ).
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4.4

Drug susceptibility assays

The measurements on the frozen sample sets verified the assumption, that
there is a significant difference between the MO values of samples having the
same parasitemia, but different parasite stage distribution. This observation
underlined our conjecture that the RMOD is a fitting tool for the monitoring
of parasite growth via the quantification of their metabolic byproduct, the
hemozoin crystals, even within a single life cycle.
In order to investigate this hypothesis, we performed MO measurements on fresh in vitro Plasmodium falciparum cell cultures using a portable
RMOD in the laboratory of Prof. Thomas Hänscheid at the IMM, Lisbon,
and later at the BME-MTA Malaria Research Laboratory in Budapest, established by our research group in 2016.
As described previously, the sample treatment preceding the optical
measurements greatly influences the magnitude of the detectable MLD signal of a given blood sample. Thus, the first objective of the fresh cell culture
experiments was the optimisation of the lysis protocol. The lysis solution we
employed previously in the sensitivity measurements of the frozen infected
blood samples comprised Triton X – 100 in a dilute NaOH aqueous solution.
The utilisation of NaOH was motivated by the alkali denaturation protocol
used for the complete dissolution of hemoglobin [253, 254], and the inclusion of Triton as a surfactant in very low concentrations further reduced
the remaining opacity of the hemolysed samples. Furthermore, being cheap
and simple with long shelf-life, the compound fulfils all the requirements for
in-field applicability.
The results of the lysis optimisation experiments are presented in Figure 4.5. We performed two independent experiment series according to the
following methodology. A full, approximately 5 ml P. falciparum cell culture comprising 5 vol% infected red blood cells in malaria culture medium
was distributed into homogeneous aliquots of 160 µl. Then the aliquots were
hemolysed by diluting them in different culture-to-solvent ratios with lysis
solutions of varying NaOH content. All compositions were tested in triplicates. The average and standard deviation of their MO values are plotted
as the function of the dilution ratio and the final NaOH concentration in
Figure 4.5.
The MO values of the two measurements series differ by a common scaling factor of ∼ 5, which reflects the difference between the parasite density
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and stage distribution of the two stock cultures, i.e. the difference of their
total hemozoin content. However, the observation that the MO values of the
two series only differ in a single scaling factor, independently of the specific
NaOH concentrations and dilution ratios, indicates, that the efficiency of
the hemozoin extraction is indeed primarily determined by the treatment
protocol for any infected sample.
The MO values for both series decrease as the dilutions of the aliquots
increase, while the samples treated with more concentrated NaOH solutions
gave higher signals, thus higher HZ yields for the investigated parameter
set. The further decrease of the dilution ratio, however, resulted in opaque
samples likely due to the insufficient osmotic pressure on the red blood cells;
while the further increase of the NaOH concentration rapidly increased their
absorbance likely due to the appearance of hematin, which might originate
from the enhanced alkali denaturation of hemoglobin, or via the dissolution of hemozoin [193, 254]. Consequently, the optimal sample treatment
was determined as the 3-fold dilution of the 5% hematocrit cultures with
a solution containing 20 mM of NaOH and 0.06 vol% Triton X – 100 in distilled water. The triplicates of series II treated with the above protocol
gave an average MO signal of ∆T /T = 0.22 % which would correspond to
a total hemozoin concentration of M O(HZ) = 0.48 ng/µl in the original,
undiluted culture aliquots according to the conversion ratio described in
the previous section. The parasitemia of the culture was approximately
2% with a relatively broad stage distribution ranging from mid-stage rings
up to late-trophozoites. Assuming that half of the parasites have converted approximately 15% and the other half 60% of the hemoglobin available
in their host red blood cell to hemozoin, the crystal concentration of the
sample is estimated to be Calc(HZ) = 0.43 ng/µl. Although the latter calculation is only a very rough estimate for the total hemozoin content of the
sample strongly dependent on the choice of the conversion rates, the good
agreement of the two concentration values suggest, that with the optimised
lysis protocol the vast majority of the crystals present in the culture can be
readily detected by the MO method.
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Figure 4.5. The optimisation of the sample treatment protocol of fresh in
vitro P. falciparum culture samples for magneto-optical measurements. The data
points represent the MO signals of culture aliquots diluted in various ratios with a lysis
solution containing NaOH and Triton X – 100 in distilled water. The culture-to-lysis
dilution ratio and the final NaOH concentration of the optical samples is indicated in
the x-axis. The spheres represent the average MO value of three independently lysed
triplicates. The two experiment series were performed on independent cell cultures.
Please note the different y-scales of the two data-sets. The background shading
indicates the two types of the final NaOH/RBC concentration ratios in the optical
samples.

Once the sample treatment protocol was finalised, we proceeded to in
vitro parasite maturation studies. Our objective was to experimentally verify
that the development of the population—manifested in the increase of the
hemozoin concentration of the cultures—can be closely monitored by the
MROD technique with good temporal resolution. We carried out several
maturation assays in both aforementioned laboratories using several independent cultures according to the protocol described in section 4.2.2. Their
results are summarised in Figure 4.6. displaying the measured MO signals as a function of incubation time over one erythrocytic cycle (i.e. over
∼ 48 hours). The 0 h time point indicates the initiation of the assay, preceded by the synchronisation and distribution of the original stock cultures.
As a general trend, all cultures, having the same 1% initial parasitemia and
relatively narrow stage distribution, follow the same hemozoin production
pattern: The production rate is low in the first 12 hours, followed by a
steep increasing period between ∼ 14 and 32 hours, when the growth slows
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and eventually plateaus between 40 and 48 hours. The good agreement of
the independent growth curves suggests, that the rate of hemoglobin digestion and subsequent hemozoin production is a well-conserved process for the
given Plasmodium strain and it is independent of the history of the particular cell culture. Additionally, these findings further underline the robustness
of the RMOD-based hemozoin quantification protocol.

112%
75%

19%
15%
11%
7%

Ra�o of HB converted to HZ

37%

4%

Figure 4.6. The results of in vitro P. falciparum parasite maturation experiments. The light colored symbols represent the magneto-optical signals of several
parasite cultures as the function of incubation time. Each data point was obtained as
the average of three biological triplicates (for details see. section 4.2.2.). The grey
spheres display the average MO values of the individual data points available at the
given time point from the separate series, i.e. the average growth curve. The values
indicated on the right are the estimated ratios of hemoglobin converted to hemozoin
calculated from their corresponding MO values shown in the y-axis. For details of
the conversion, see the main text.

Using the estimate that the ∆T /T = 1.4% MO value corresponds to a
crystal concentration of 1 ng/µl, we translated the MO values of the average
growth curve to the absolute HZ content of the cultures as a function of time.
Knowing the red blood cell and parasite densities of the samples, the overall
amount of hemoglobin available for the parasites within the erythrocytes
could also be estimated. Accordingly, we were able to assess the percentage
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of the hemoglobin converted to hemozin at any chosen time point of the
intraerythrocytic parasite development. The average MO signal measured
at 0 h indicates that 4% of the hemoglobin of parasitized RBCs is in the
form of hemozoin at the beginning of the incubation. This amount may be
present in the food vacuole of the early-to-mid stage rings already as a result
of their early metabolism, but it is more likely to be leftover hemozoin that
was produced in previous cycles and remained in the suspensions despite the
rigorous washing of the cells before the initiation of the assays. Nevertheless,
even with this uncertainty, the MO measurements yield conversion ratios
of very good agreement with data available in the literature [68, 69, 249],
and provide a robust, reliable and rapid method for monitoring parasite
growth. The observation that the conversion rate exceeds 100% around 36
hours indicates, that some of the parasites have already entered their second
erythrocytic cycle and started to crystallize hemoglobin into hemozoin. The
light microscopic analysis of the blood smears indeed confirmed that the
stage distribution was broadened by the end of the cycle, and both schizonts
and early-to-mid stage rings were present in the cultures after 36 hours. (Let
me note here that, although the length of the in vivo erythrocytic cycle of P.
falciparum is approximately 48 hours, our observations, including colleagues
at the IMM and WEHI suggest, that the parasites mature slightly faster
under in vitro conditions, and the cycle shortens to approx. 40 − 44 hours.).
Furthermore, we could reliably detect differences in parasite maturation
as short as 8 to 10 hours, even in the early stages of intraerythrocytic development. Motivated by this observation, we aimed to assess whether drug
inhibitory action could also be identified on similarly short timescales via
MO measurements. Figure 4.7. presents the results of one of these drug
assays utilising the well-known antimalarial, chloroquine.
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Figure 4.7. The results of the magneto-optical measurements on P. falciparum cell cultures treated with chloroquine. The colored symbols represent the
magneto-optical signals of parasite culture aliquots treated with different concentrations of chloroquine as the function of incubation time. Each data point was obtained
as the average of three biological triplicates (for details see. section 4.2.2.). The
grey squares display the average MO values of suspensions of uninfected red blood
cells prepared and incubated together with the parasite cultures. At 0 hours, after
the distribution of the culture and the addition of the drug solutions, three uninfected samples and triplicate samples of the five drug concentrations were immediately
hemolysed, and all lysates were subjected to MO measurements. Accordingly, the 0
h data points can be regarded as the MO values of 18 biological replicas of the same
culture sample.

The magneto-optical signals in Figure 4.7., corresponding to culture aliquots incubated with different concentrations of chloroquine, show slight,
yet, concentration-dependent deviation already at the 8 hours time point.
The differences between their MO signals further increase as the incubation period lengthens and become significant after 12 hours. The development of the culture treated with the highest dose of chloroquine is fully and
instantly suppressed, while cultures treated with 50 nM and 25 nM show
concentration-dependent hemozoin production curves throughout the whole
observed period. Interestingly, however, populations exposed to the two lowest drug concentrations (6 nM and 12 nM) not only follow the development of
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the drug free control, but even surpass it slightly. Although similar maturation curves have already been observed for chloroquine [243], the systematic
enhancement of hemozoin production under very low chloroquine pressure
can only be confirmed by performing further MO-based chloroquine susceptibility assays.
In order to determine the IC-50 values, the optical signals at selected time
points were plotted as the function of the logarithm of drug concentration
and fitted with the variable-slope sigmoidal dose-response formula [255]:
A2 − A1
,
(4.1)
1 + 10[log(x0 )−x]·p
where A1 and A2 are the plus and minus infinity asymptotes, respectively, p is the Hill slope of the curve, and x0 is the abscissa of y = (A1 +A2 )/2,
i.e., the IC-50 value.
y = A1 +
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Figure 4.8. The results of dose-response fits of the drug susceptibility assay
displayed in Figure 4.7. Each panel represents fits of the MO values measured at
different time points of maturation. The color coding of the data points corresponds
to that of Figure 4.7. The IC-50 results of the fits are summarised in Table 4.2.

The results of the IC-50 fits in four chosen time points are summarized
in panel (a) of Table 4.9. Their values are equal within their margin of error
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suggesting that the MO-based drug susceptibility testing yields consistent
and robust results. Furthermore, the drug effect was detectable already
after 8 hours of incubation in the case of the tested, fast acting compound.
Chloroquine is known to inhibit hemozoin production, and according to our
findings it has significant effects already in the late-ring, early-trophozoite
stages in accordance with its well-described characteristics [250, 256, 257].
Let me note here, that although this particular drug directly interferes with
the hemozoin production of the parasites, once their growth is blocked via
different pathways, the arrest of their development has to be reflected in the
cease of their hemozin production. The recent, preliminary, results of our
research group, indeed, revealed that the action of dihydroartemisinin and
lumefantrine can also be detected after 8 to 12 hours of incubation by the
MO method, for example (data not shown).
Table 4.2.b.

Table 4.2.a.
Time of
incubation

MO-based
IC-50 [nM]

IC-50
[nM]

Method

P

T

Ref.

8h

33 ± 2

6

[3]-HX incorp.

3%

48 h

[242]

18 h

30 ± 1.2

10

[3]-HX incorp.

0.5%

48 h

[258]

24 h

32 ± 1.2

10/15

ELISA (HRP2/pLDH detect.)

0.5%

48 h

[258]

48 h

36 ± 1.2

12

SYBR green (DNA stain)

0.5%

48 h

[258]

15

Microscopy

0.5%

48 h

[258]

22

ELISA (HRP2 detect.)

0.05%

72 h

[243]

29.6

[3]-HX incorp.

0.5%

48 h

[259]

34

FlowCyto (Hz detect.)

1.3%

24 h

[243]

Table 4.2. The IC-50 values of chloroquine based on the magneto-optical
drug susceptibility assay (panel (a)) and a few other methods for comparison
(panel (b)). The values listed in panel (a) were derived from the data presented in
Figure 4.7. at four chosen time points of incubation. Panel (b) lists IC-50 values for
chloroquine determined by various research groups using different methods, but the
same 3D7 P. falciparum strain as the one employed in our study. Column P refers
to the initial parasitemia of the cultures in the given assay, column T refers to the
length of incubation, and the last column indicates the source of the data.

The comparison of the IC-50 values measured for chloroquine by different assays (see panel (b) of Table 4.9.) reveal, that our experiments yielded
higher values than some of the previous works [242, 258], but they are in
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good correspondence with the findings of Rebelo et al. and Wong et al., for
example [243, 259]. Altogether the IC-50 values have a relatively broad distribution (for further statistics please refer to the supporting information of
[243]) and they don’t seem to correlate neither with the type of the applied
method, nor with the parasitemia of the samples or their incubation time.
Although all the values presented in panel (b) of Table 4.2. were obtained
on the same, laboratory-adapted parasitic strain (P. falciparum 3D7) their
variation suggests that the history of the cultures, their stage distribution
and other handling protocols, or assay-specific characteristics might play
a role in the outcome of the experiments. As argued previously, the consistency of the values produced by the MO measurements at different time
points suggests that it can indeed reliably detect drug effects, however, our
drug susceptibility assays in the future need to be complemented by one of
the established methods, in order to uncover any possible systematic shifts
in the estimated IC-50 values.
Finally, as a last remark concerning the applicability of the RMOD as
a drug susceptibility testing tool, let me note here that very recent results
of our colleagues demonstrated that similar sensitivity can be achieved for
cultures having significantly lower parasitemias (∼ 0.01 − 0.1%) with the
same short incubation times and different compounds (data not shown).

4.5

Conclusions

In this chapter I presented the results of our magneto-optical measurements
performed on blood samples derived from in vitro Plasmodium falciparum
cell cultures. The first study, aiming at the determination of the lowest
detectable parasitemia level by our technique, revealed that parasite densities as low as 40 and 10 p/µl of blood could be identified for ring and
schizont stage samples, respectively. Furthermore, the MO signals showed
correlation with the maturation level of the parasite population suggesting
the feasibility of monitoring parasite development on a sub-cycle level. The
hemozoin content of the samples estimated from their optical signals was,
however, only ∼ 50% of the theoretical value suggesting insufficient crystalpurification and homogenisation of the frozen blood aliquots. Therefore, in
subsequent experiments I optimised the sample treatment protocol of fresh
cell culture samples designated for parasite maturation and drug suscept-
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ibility studies. I found that a 3-fold dilution of the otherwise untreated
cultures with a lysis solution containing 20 mM of NaOH and 0.06 vol% of
Triton X – 100 in distilled water results in high hemozoin yield (∼ 80 − 90%
of the theoretical value) and a protocol that is uncomplicated and highly
reproducible.
By analysing the results of several parasite maturation measurements, I
established the average hemozoin production curve describing the growth of
a well-synchronised P. falciparum in vitro parasite population. The maturation of the culture was detectable already ∼ 8 − 10 hours after synchronisation and its growth could be quantified with a very high (∼ 2 − 4 h)
temporal resolution. These findings implied the RMOD to be an ideal tool
for drug susceptibility testing, where the quantitative characterisation of
population growth is the main objective. In order to test this hypothesis, I
performed a drug susceptibility assay with chloroquine on a cell culture of
strain 3D7 and 1% parasitemia. The inhibitory action of the compound was
identifiable already after 8 hours of incubation, and the equivalence of the
IC-50 values calculated in various time points underlined that chloroquine
is a fast-acting antimalarial exerting its effect already in the ring and early
trophozoite stages [260, 261]. Accordingly, with a single RMOD-based experiment both a rapid estimate for the IC-50 value, both insight into the
dynamics of drug-action was achievable. As an outlook, let me note here that
our research group is currently in the process of extending the drug susceptibility studies to cultures with lower parasitemias, different antimalarials,
prolonged incubation times (several erythrocytic cycles) and complemented
by control methods for the independent estimation of the IC-50 values.
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Chapter 5

Measurements on rodent
malaria models
5.1

Research objectives

The laboratory validation process of the MO technique — initiated with
tests on synthetic hemozoin crystals and continued by measurements on in
vitro P. falciparum culture samples — implied that its sensitivity is in the
range of that of light microscopy, the current gold standard of malaria diagnostics. These in vitro investigations, however, left numerous questions
open regarding the in vivo applicability of the method. Therefore, we designed and conducted a malaria infection model using rodent parasites to
further investigate the diagnostic potential of the technique in vivo, before
committing ourselves to extended and expensive field trials. The current
chapter is devoted to this final and most important step of the laboratorybased validation process.
Since the major milestone of malaria research — the introduction of in
vitro cultivation of the blood stages of Plasmodium falciparum in 1976 by
Trager and Jensen [224] — one could question the necessity of non-human
strains for laboratory testing. Notwithstanding the obvious disadvantages
of conducting animal experiments, studies utilising rodent parasites have
provided integral information for developing and refining essential concepts
in major areas of malaria research. They have provided insight into otherwise unattainable fields, such as the in vivo parasite-host interactions or
the complete life-cycle of plasmodia, including the hepatic stages. As spe-
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cific rodent pathogens have proved to be analogous to human and other
primate plasmodial species in the most essential aspects of their structure,
physiology and life cycle [262, 263], they have been widely and successfully
used to study the pathology of malaria (reviewed in [264]); interactions of
the malaria parasite with the mosquito and rodent hosts [265–269]; antigenic
variation and diversity of the blood stages [269–274]; in vivo evaluation of
novel vaccine and drug candidates [275, 276] and the investigation of the
host immune response (reviewed in [264]).
Since the extrapolation of results obtained on rodent models to human malaria is never straightforward, the sensitivity of the MO technique
for monitoring the development of the infection in mice was compared to
multiple control methods that are common either in laboratory practice
or in-field settings. The reference method of diagnostics, light microscopy
of Giemsa-stained thin blood smears is fairly sensitive and versatile, yet a
labour-intensive procedure, often relying on the expertise of the investigator. On the other hand, the most sensitive and objective molecular methods based on polymerase chain reactions (PCR) are still not used neither for
the continuous monitoring of laboratory experiments, nor for the primary
diagnosis of patient samples due to their high running cost [277, 278]. In
laboratory studies other automated approaches, such as flow cytometry are
preferred and extensively used. However, to achieve sufficient sensitivity
they often require special dyes combined with complex protocols [279–281]
or transgenic fluorescent protein-expressing parasites [282–284]. The use of
transgenic luciferase expressing parasites (GFP parasites) has been shown,
for example, to accurately evaluate the pre-patent period, i.e., the time
between sporozoite inoculation and the appearance of parasites in the peripheral circulation, and the detection of early blood stages [285]. However,
methods exploiting the chemiluminescent properties, besides being costly,
are limited to animal models. Nevertheless, for the purposes of judging
the diagnostic potential of the RMOD in our laboratory experiments both
GFP-detected flow cytometry and PCR testing was conducted alongside
light microscopy.
In our studies the employment of rodent infections was motivated by the
following: We aimed at modelling a realistic diagnostic situation where the
subjects are infected via sporozoites and the parasites first undergo the liver
stage before entering into the final, cyclic blood stage. Using this method-
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ology, we were able to determine the first time points when the RMOD is
able to detect the blood stage of the infection, and compare its performance to the listed control techniques. After the confirmation of the onset of
the infection, we could also monitor its progression in order to investigate
whether the increasing parasite burden is reflected in the enhancement of
the magneto-optical signal. Since the knowledge about the in vivo kinetics
of hemozoin—which is governed via cyclic production by the parasites and
clearance by the immune system of the host—is fairly limited during acute
infections, we also wanted to address this fundamental question.
The in vivo rodent models also allowed us to test certain aspects of
hemozoin-based malaria diagnostics that cannot be addressed in vitro. It
enabled us to assess whether the treatment of acute infections can be monitored by MO-testing and whether the method yields false positive results in
cases of cured patients when they are pathogen-free, yet their blood stream
might contain leftover, undeposited hemozoin crystals. We investigated
these questions in a simple series of experiments where mice with severe
P. berghei infections were treated by the injection of chloroquine and their
blood samples were monitored daily by MO measurements and light microscopy.
From the several plasmodial species infecting rodents, the P. berghei
parasites were our primary choice for testing the diagnostic performance of
the RMOD. This was partially motivated by the fact, that the in vivo life
cycle of these parasites is well documented, and partially because we had
at our disposal a genetically modified line of these species that continuously
expresses GFP throughout its life cycle. The GFP expression enabled the
easy utilisation of GFP-detected flow cytometry as control for the monitoring of the progression of parasitemia in the infection experiments. Another
advantage of the P. berghei species is that the length of their liver stage
shows small variance with an average of 50 hours between sporozoite inoculation and merozoite egress, and the length of one intraerythrocytic cycle
is approx. 24 hours [286, 287]. Using these well-established literary data,
a general estimate could be given for the age and stage distribution of the
erythrocytic parasites at the early sampling points of the infection experiments when characterising the parasite population via light microscopy is
challenging. From the perspective of hemozoin-based diagnostics, further
important characteristics of the blood stages of P. berghei infections are (i)
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the loss of synchronicity after a couple of erythrocytic cycles and that (ii)
the mature schizonts have been observed to cytoadhere to the endothelium
and sequester in organs in the course of advanced infections, yet the sequestration is not as pronounced as in human P. falciparum infections, for
example [288].

5.2
5.2.1

Studied systems and experimental methods
Ethics statement

The study was approved by the Ethical Committee of the Faculty of Medicine, University of Lisbon. All experiments involving animals were performed in compliance with the relevant laws and institutional guidelines.
Animals were monitored daily and every effort was made to minimise their
suffering. Upon completion of the experiments, mice were euthanized by
administration of CO2 followed by cervical dislocation.

5.2.2

Animals, parasites and treatment

The sporozoite challenges of the mice were carried out either via the injection
of purified sporozoites obtained previously from the disrupted salivary glands
of female Anopheles stephensi mosquitoes, or by directly subjecting the mice
to mosquito bites. Mosquitoes were bred at the insect facility of the Instituto
de Medicina Molecular, Lisbon, Portugal.
In infection experiment series D and E, four and three BALB/c mice
(Charles River, Spain) were infected, respectively, with the transgenic P.
berghei ANKA (259cl2) that constitutively expresses GFP during its whole
life cycle. Sporozoites were obtained by the disruption of the salivary glands
of freshly dissected mosquitoes and collected in DMEM (Dulbecco’s Modified
Eagle Medium from GIBCO). Each mouse was inoculated by the retroorbital
injection of approximately 50 000 sporozoites.
In order to evaluate the sensitivity of the MO method in comparison
with standard techniques and to determine the time scale of the first positive
detections, blood was drawn from the tail vein of the mice starting at the
end of the liver stage in approx. 5-hour intervals until the sixth day of
the infection. Since the volume of the blood required to perform all four
diagnostic measurements was non-negligible compared to the total blood
volume of the studied BALB/c mice, the number and the time intervals of
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the blood-drawings needed to be planned carefully. The final schedule of the
sampling was the following: in series E sampling started at the time point
of 48 h post-infection (pi) and it was carried out in 5-hour intervals until 80
h pi; in series D sampling started only at 70 hours pi and two additional
samples were taken at 75 h and 80 h pi. After 80 hours blood was collected
daily in both series until the fifth day post-infection. Blood samples were
collected for microscopy, PCR, flow cytometry and MO measurements at
each time point.
In infection series F three mice were subjected to five P. berghei -infected
mosquitoes for 20 minutes, individually. The method of blood sampling and
its schedule were the same as in series E.
In the treatment series T, five mice with severe P. berghei ANKA infection were treated by the daily administration of 7 mg/ml of chloroquine for
seven days. Mice exhibited anemia on the first days of the treatment, thus
no further blood collection was performed until the administration of the
fourth dose of chloroquine on day three. On this day blood samples from
four mice were analysed again by the MO method and by light microscopy.
Further blood sampling and analysis was performed on days 4, 5, 7, 10, 12,
and 13, as presented in Figure 5.5.
The infection and sampling of the mice was carried out by Maria Rebelo
(IMM) and Inês S. Albuquerque (IMM) with the help of the author; the
MO measurements were performed by the author with the participation
of Petra Molnár (MTA-TTK); the control measurements were completed by
the contribution of all the researchers listed above. Finally, the data analysis
was carried out by the author.

5.2.3

Magneto-optical measurements

For the magneto-optical measurements 30 µl of blood was transferred from
each mouse directly into 570 µl of lysis solution (0.066 v/v% Triton X-100 in
3 mM NaOH). The lysed sample was measured after 5 minutes to enable the
hemozoin crystals to be liberated from the RBCs and from the parasites,
and become homogenously dispersed in the liquid. MO measurements were
performed using a volume of 450 µl from each lysed sample.
The level of the detection limit was determined as the mean plus three
times the standard deviation of the MO signals measured in all investigated
time points on the following samples: one control mouse in series E and four
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controls in series F. The uninfected samples were subjected to MO-analysis
together with the infected animals of the given series. For clarity I only
plot the average of the uninfected values (black line) and the corresponding
detection limit (dashed black line) in panels (b) of Figures 5.1., 5.2. and in
Figure 5.5. The individual results of the control measurements can be found
in Appendix A.

5.2.4

Light Microscopy

Blood parasitemia was monitored by the microscopic analysis of Giemsastained thin blood smears at each sampling. Smears were fixed in absolute
methanol and stained with 10% Giemsa solution prepared in PBS. The presence of parasites in the early time points, i.e., before 90 h pi was determined
by light microscopic examination of whole smears (approx. 20 − 40 fields,
i.e. approx. 7000 − 14000 scanned RBCs) with 1000x magnification using a
bright-field microscope performed by two microscopists, independently. At
later time points percentages of infected red blood cells and the approximate age distribution of the parasites were assessed by light microscopic
examination of 5 − 10 fields (approx. 1800 − 3600 RBCs).

5.2.5

Flow Cytometry

A volume of 5 µl of blood was collected and diluted in 1 ml of PBS at each
time point from each mouse. This blood suspension was analysed in the CyFlow Blue instrument (Partec, Munster, Germany), which is equipped with
a 488 nm excitation laser, and has detectors for forward scatter (FSC), side
scatter (SSC), green fluorescence - FL1 (BP 535/35 nm), orange fluorescence
– FL2 (BP 590/50 nm) and red fluorescence – FL3 (LP 630 nm)1 .
The blood samples were subjected to two modes of flow cytometric analysis. The ratio of GFP-positive cells was determined in green fluorescence
(FL1) versus red fluorescence (FL3) plots, where GFP-positive events were
gated as those generating a distinct population from the average dot distribution detected on a uninfected control sample measured preceding the
infected ones [289]. Furthermore, an independent assessment of the hemozoin containing RBCs was also performed via depolarised side scatter
1

The labels refer to the spectral characteristics of the bandpass filters (BP) placed
in front of the specific detectors. For example 535/35 nm denotes a filter transmitting
wavelengths in the 535 ± 35 nm spectral window.
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measurements [290, 291]. For these the CyFlow instrument was modified as
described in References [290, 291] in order to detect the hemozoin-containing
erythrocytes via their enhanced ability to depolarise the side scattered light.
Depolarising events were defined in side-scatter (SSC) versus depolarizedSSC (DSS) dot plots as those generating a distinct population from the
average populations of the uninfected control analysed prior to the measurement of the infected samples in each time point [290, 291]. Data collection
and the analysis of the dot plots was carried out using the FlowJo software
(version 9.0.2, Tree Star Inc., Oregon, USA). Representative plots of flow
cytometric gating strategy in DSS and GFP measurements are presented in
Appendix A.
In measurement series E the detection limit of the whole DSS (GFP)
measurement series (dashed lines in Figure 5.3.) was determined as the average plus three times the standard deviation of the DSS (GFP) positive
events measured on one uninfected control mouse in all of the investigated
time points, respectively. In series F the level of the detection limit (dashed
lines in Figure 5.3) of the whole DSS (GFP) measurement series was determined as the mean plus three times the standard deviation of the DSS
(GFP) positive events measured on the blood samples of four uninfected
controls in all of the investigated time points.

5.2.6

DNA extraction and PCR analysis

At the selected time points 5 µl of blood was collected from the tail vein
into 200 µl of PBS. DNA extraction was performed using the DNeasy Blood
& Tissue Kit (Quiagen, USA), according to the manufacturer’s instructions. Real-time PCR analysis (qPCR) was performed in duplicates using 2 µl of DNA and the iTaq Universal SYBR Green Supermix from BioRad according to the manufacturer’s instructions. Expression levels of
18S rRNA were normalized against the housekeeping gene seryl-tRNA synthetase PbANKA 061540. Gene expression values were calculated based on
the ∆∆ Ct method [292]. Primer pairs used were:
for PbA 18S rRNA: 50 GGAGATTGGTTTTGACGTTTATGTG30 and
50 GGAGATTGGTTTTGACGTTTATGTG30 ;
for PbANKA 061540: 50 ATTGCTCAACCTTATCAAACTG30 and
50 AGCCACATCTGAACAACCG30 .
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5.3
5.3.1

Results on rodent models
Detecting the onset of the blood-stage of P. berghei
infections

In order to determine the sensitivity of the RMOD to detect the onset of
the blood stage of P. berghei infections in vivo, three infection experiment
series (D, E and F ) were carried out. In the first experiment series (series D)
blood was first drawn only 70 hours after the initiation of the infection, i.e.,
approximately 20 hours after the end of the liver stage. This relatively late
time point was chosen so that the limited number of blood-drawings could
cover a long course of the infection until the development of relatively high
and well-quantifiable parasitemias. This time point, however, proved to be
too late to detect the merozoite egress from the liver, thus a second experiment series (series E ) was performed with the same settings, but with an
earlier starting point of sampling (48 h pi) and less frequent blood-drawings
during the later course of the infection. The blood samples were examined
by thin smear microscopy, flow cytometry and MO measurements throughout the whole infection period, while additional qPCR measurements were
performed in the first few sampling points in order to determine the earliest possible detection of the emergence of erythrocytic parasites using this
highly sensitive method. However, no qPCR measurements were performed
in the later time points when the progression of the infection could already
be quantitatively monitored by microscopy and flow cytometry due to the
relatively high cost of the former molecular technique.
After the completion of these two experiment series where mice were
infected intravenously, in our third study (series F ) we implemented an
even more realistic model of a diagnostic situation by subjecting naı̈ve mice
to mosquitoes infected by P. berghei parasite. In this final trial the blood
samples were drawn from 56 h pi (approximately 6 hours after the end of
the liver stage) until 166 h pi and they were analysed by light microscopy,
flow cytometry and the MO method.
Giemsa-stained thin blood films were prepared and examined right after
the blood-drawing procedure at each sampling point in order to assess the
pathological state of the infected mice, but these slides were re-examined
later in a blinded manner by two experts so that the sensitivity of light
microscopy could be assessed and compared to that of the MO technique
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independently. The results of these re-evaluations are presented in panel
(a) of Figure 5.1. for series D and E, and in panel (a) of Figure 5.2. for
series F. The Giemsa-stained thin blood films showed the first parasites in
the circulation of mice in series D and E between 66 and 70 h pi with two
exceptions, when parasites were observed only later, at the 75 h and 85 h pi
time points.
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Figure 5.1. Blood stage infection of intravenously infected mice monitored
by light microscopy, the RMOD and qPCR. Panel (a) shows the results of the
microscopic examination of Giemsa-stained thin blood smears of mice in series E and
D. + signals indicate that at least one parasite was found in the whole of the smears
(approx. 20–40 fields), - signals mean that no parasites were detected. Panel (b)
shows the results of the MO measurements. Each circle (square) represents the MO
signal of one infected mouse in series E (D) at a given time point after sporozoite
injection. The continuous black line represents the average of the MO values of five
uninfected control mice. The dashed black line is the detection limit defined as the
average plus three times the standard deviation of the uninfected values (for details
see section 5.2.3.). The MO signals of series E exceed the detection limit at 66 h
pi. The MO signals of all mice in series D exceed the detection limit already at the
first, 70 h sampling point. The background shading illustrates the estimated layout
of the first three erythrocytic cycles of series E. Panel (c) displays the results of
the qPCR measurements plotted by circles (squares) for series E (D). The error bars
represent the standard deviation of technical duplicates. The empty squares represent
measurements on three uninfected controls and the real-time control mouse at 48 h
and 61 h. The Figure was reproduced from Ref. [P3] with slight modifications.

.
The time points of the first positive microscopy results show relatively
small variation in these controlled infections and coincide well with the estimated end of the first erythrocytic cycle (approx. 70 − 75 h). These first
positive blood smears contained typically one or two infected cells per slide,
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and the morphology of the parasites suggested that they were mature trophozoites in the 66 − 70 h pi smears, and schizonts in the smears corresponding
to the 75 h and 85 h pi time points. Interestingly, in series F, where the
initial parasite loads were much lower due to the natural way of infection,
the first parasites were observed in the same time interval as in series E and
D, however, the individual variation appeared to be greater. In the case of
mouse F1 the first ring-shaped parasite was detected already at the 61 h
pi time point, while in the case of mice F2 and F3 the first parasites were
identified only in the 76 h and 71 h pi slides, respectively.
When the results of the microscopic analysis of series E, D and F are
compared in the early time points, an apparent inconsistency can be observed: even though the number of merozoites emerging from the liver in
the case of series E and D had to be significantly higher than in series F,
the average time of the first parasite detection has not been delayed in the
latter case. This discrepancy may be caused by the complexity and subjective nature of analysing Giemsa-stained thin blood films of mice, which
look more complex than the smears of P. falciparum cultures or even human
samples. In the very early stages of the infection, when only a couple of parasites are present in the overall area of the smears, early stage parasites can
be easily overlooked—which might have shifted the microscopic detection to
later time points in series E and D— or other blood components mistaken
for dot-like parasites, which can cause early false-positive detections.
Besides light microscopy, real-time PCR analysis was also performed on
the earliest blood samples of mice in series E and D, since currently this
technique is considered to be the most sensitive method for the detection of
biological pathogens. Results in panel (c) of Fig. 5.1. show that the difference in the qPCR signals of the infected and uninfected samples becomes
significant already at 56 h pi, and gradually increases for later samplings.
These qPCR data are in good agreement with previous findings described
by Zuzarte-Luis et al. under similar experimental settings and they confirm the onset of the blood stage with the expected high sensitivity [285].
Blood aliquots were reserved and frozen for later qPCR analysis in series
F as well, but the DNA amplification of these samples turned out to be
unsuccessful for unknown reasons, unfortunately. The findings of Ref. [285]
suggest that similar sensitivity would have been expected from the qPCR
analysis of series F to that of the intravenous infections.
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Figure 5.2. Blood stage infection of mosquito-infected mice monitored by
light microscopy and the RMOD. Panel (a) shows the results of the microscopic
examination of Giemsa-stained thin blood smears of mice in series F. + signals indicate that at least one parasite was found in the whole of the smears (approx. 20–40
fields), while - signals mean that no parasites were detected. Panel (b) displays
the results of the MO measurements. Each triangle represents the MO signal for
a given mouse in series F at a given time point after the mosquito challenge. The
continuous black line and the dashed black line indicate the mean of the uninfected
measurements and the detection limit, respectively, as defined in section 5.2.3. The
MO signals of mouse F-1, F-2 and F-3 exceed the detection limit at 71 h, 76 h and
95 h, respectively. The background shading illustrates the estimated layout of the
first three erythrocytic cycles. The Figure was reproduced from Ref. [P3] with slight
modifications.

Although light microscopy is the gold standard for parasite quantification
both in research settings and clinical diagnostics, in the former case it is more
and more frequently substituted by automated techniques such as ELISA
or flow cytometry. As an additional control method, alongside microscopy
and qPCR, we have also performed flow cytometric analysis in measurement series E and F (Fig. 5.3. and 5.4., respectively). In these experiments
two different parameters were assessed simultaneously: i) fluorescence of
GFP-expressing parasites and ii) depolarized side scattering properties of
the hemozoin-containing red blood cells [282, 290, 291]. As an inherent
advantage of flow cytometry, parasite counts can be determined in both
cases directly. However, the number of GFP- and DSS-positive events may
quantitatively differ as fluorescence detects all erythrocytic stages above a
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certain intensity threshold, while DSS exposes only that fraction of parasitized RBCs that contain sufficient amounts of hemozoin within the erythrocytic membrane responsible for the depolarized side scattering. Accordingly,
the GFP positive events are used to assess clinical parasitemia, while the
DSS detection, similarly to the RMOD and qPCR, yields a somewhat less
direct measure of the parasite burden.
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Figure 5.3. Monitoring parasitemia during the progression of the infection
in series D and E via flow cytometry and light microscopy. Panel (a) displays
the results of the DSS measurements. The circles represent the percentages of DSS
positive events in the total population of RBC counts for a given mouse in series
E. The continuous black line and the dashed black line indicate the mean of the
uninfected measurements and the detection limit, respectively, as defined in section
5.2.5. The DSS signals of all mice in series E unambiguously exceed the detection
limit at 90 h pi. Panel (b) shows the results of the GFP measurements. The notation
of the symbols is the same as in panel (a). The GFP percentages of mouse E-1, E2 and E-3 exceed the detection limit (dashed line) at 85 h, 85 h and 109 h pi,
respectively. The background shading illustrates the estimated layout of the first
three erythrocytic cycles. Note the different vertical scales in the graphs of panels
(a) and (b). Panel (c) represents the averaged parasitemia values determined by light
microscopy after 90 h pi at the inspected time points of series E and D. The Figure
was reproduced from Ref. [P3] with slight modifications.

The DSS and GFP values for series E, shown in Fig. 5.3., are scattered
below the detection limit until 85 − 90 h pi, when both signals start to increase monotonically and the onset of the blood stage is confirmed with the
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first positive average DSS and GFP percentages of 0.04% and 0.12%, respectively. As expected, the parasitemia counts determined by fluorescence
were higher at any time point than the corresponding DSS values, since
the DSS detection is insensitive for the very young parasitic forms with
insufficient amounts of hemozoin. In summary, both cytometric methods
confirmed the onset of the blood-stage in the middle of the second erythrocytic cycle around 90 h pi. It has to be noted, that some of the DSS and
GFP curves reached the detection limit at 71 h pi, which coincides with the
end of the first erythrocytic cycle when the most mature forms are present
in the circulation. Thus, the measured increase of the DSS and GFP values
might have originated from infected cells, but since they did not surpass
the baseline level unambiguously, the onset of the infection could only be
confirmed later, at the previously discussed time-interval.
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Figure 5.4. Monitoring parasitemia during the progression of the infection in
series F via flow cytometry. Panel (a) displays the results of the DSS measurements. The triangles represent the percentages of DSS positive events in the total
population of RBC counts for a given mouse in series F. The continuous black line
and the dashed black line indicate the mean of the uninfected measurements and
the detection limit, respectively, as defined in section 5.2.5. The DSS percentages
of mouse F-1, F-2 and F-3 exceed the detection limit at 101 h, 120 h and 120 h pi,
respectively. Panel (b) shows the results of the GFP measurements. The notation of
the symbols is the same as in the graph of panel (a). The GFP percentages of mouse
F-1, F-2 and F-3 exceed the detection limit (dashed line) at 95 h, 100 h and 120 h
pi, respectively. The background shading illustrates the estimated layout of the first
three erythrocytic cycles. Note the different vertical scales of the two panels. The
Figure was reproduced from Ref. [P3] with slight modifications.

The flow cytometric curves of mice in series F (Fig. 5.4.) show larger
individual variation than those in series E in agreement with the results of
light microscopic analysis. The GFP and DSS signals exceed the detection
limit between 95 − 120 h pi. In average the first positive GFP and DSS
detections can be placed around the beginning and the second half of the
3rd cycle, respectively. The average parasitemia measured by fluorescence
at the time points of the first positive detection is approx. 0.04% and the
average DSS percentage is 0.07%, similarly to the detection thresholds of
series E. In summary the first detection of the blood stage by flow cytometry,
a slightly less sensitive but more robust method than light microscopy, is
somewhat delayed in series F compared to series E. This suggests that the
initial sporozoite loads were indeed lower in the natural infections, which
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resulted in longer time frames necessary for reaching the same blood stage
parasitemia levels.
The MO signal values detected for samples in the E and D series (panel
(b) of Figure 5.1.) clearly exceed the detection limit at 66 h pi and 70 h pi,
respectively (note that no measurements were performed on series D before
70 h pi). The MO signals in the two series exhibit very similar tendencies
and indicate that circulating parasites could be detected by the MO method
as early as 66 h pi, i.e. in the first erythrocytic cycle. The MO signals of
the mosquito-infected mice in series F (panel (b) of Figure 5.2.) surpass the
detection limit in the broad interval of 71 − 95 h pi, i.e. in the first and
second erythrocytic cycles. This large variation of the earliest detections
is in agreement with the results of microscopy and flow cytometry, and is
indeed expected due to the uncontrolled size of the inocula characterising
the natural infections. The delayed detection, as compared to the E and D
series, suggests a lower initial parasite load as seen in the flow cytometric
measurements. Nevertheless, the onset of the blood stage still could be
detected in the first erythrocytic cycle for two out of three mice.

5.3.2

Monitoring the progression of the blood-stage infection

After establishing the first positive time points of erythrocytic parasite detection by microscopy, qPCR, flow cytometry and the MO method, the
progression of the infection at later time points was monitored by microscopy, flow cytometry and the RMOD until day 6 in series E and D, and
until day 7 in series F, respectively.
In series E and D the parasitemia values, as measured both by flow
cytometry and microscopy, reached the level of 0.1 − 0.5% between days 3
and 4 pi (within the time frame of 90 − 100 h pi) similarly to the results of
Ploemen et al. and Zuzarte-Luis et al., where experiments were performed
with similar initial sporozoite loads [285, 293]. In the case of series F this
parasitemia range was reached only at the end of the fifth day (120 h) as a
result of the considerably lower initial sporozoite load.
In panel (b) of Fig. 5.1. the MO signals of all three infected mice from
series E show the same time dependence after exceeding the detection limit:
the MO signal increases rapidly, interrupted by a distinct drop around 76 h
pi. After another steadily increasing period, a drop of the increase rate can
be identified again between 90−109 h pi. The same behaviour is observed for
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series D with only slight variations in the positions of the drops, observable
at 80 h, 100 h and 125 h. While the drops at the early time points (76 h and
80 h) are clearly visible with a 65% and 75% reduction of the MO signal for
series E and D, respectively, at later time points they are less pronounced.
In conclusion, the overall time dependence of the MO signal is very similar
in all intravenously initiated infections. These results, supported by similar
observations in flow cytometry (panel (a) of Fig.5.3), i.e., monotonically
increasing parasite burden and the slight drop in the increase rate of the
DSS signals at 110 h, suggest that the early blood stages of these controlled
infections followed quite similar courses in the studied animals and that this
progression could be reliably monitored by the MO measurements.
The MO curves of series F (panel (b) of Fig. 5.2.) show similar features
to those observed in series E and D, but the signals of the individual animals
reveal bigger variation as also found by the reference methods. The MO
values of mice F-1 and F-2 exceed the detection limit already in the first
erythrocytic cycle as found in series E and D, but in the case of mouse F-2
the universal drop in the beginning of the second cycle decreases its value
below the detection threshold (see 85 h pi measurement point). Since mouse
F-3 was positively diagnosed by the RMOD only in the second half of the
second cycle this drop could not be observed. Furthermore, the drop in the
increase rate detected at the end of the second cycle in series E and D, is
obscured in series F by the lower time resolution of the latter measurements.
The time evolution of the MO signals, common for each series, can
be explained by considering that the total hemozoin concentration of the
peripheral circulation is measured by this method due to the hemolysis of
the samples prior to the MO measurements. This includes crystals present
within the parasites and the erythrocytic membranes, as well as free in circulation, and/or inside phagocytic cells at the moment of blood sampling.
Consequently, changes in the signal magnitude are assumed to be originating from two dynamic processes: i) the continuous production of hemozoin
by the circulating parasites increases the MO signal and ii) the clearance of
free hemozoin or hemozoin-containing phagocytes decreases the MO signal.
If these two processes have comparable rates in a synchronous infection at
a given parasite density, the MO signal is expected to pursue the following course: (i) gradual increase from the beginning of the first cycle, (ii)
reaching a maximum at the end of the cycle when mature schizonts have
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maximal hemozoin content, (iii) potential decrease due to the rupture of infected RBCs and the subsequent hemozoin clearance and (iv) turnover and
increase due to the hemozoin production of the new generation of parasites.
In P. berghei infections the egress of merozoites from hepatocytes is
expected around 48-52 hours after sporozoite injection and the length of the
asexual life cycle is approximately 22 − 24 hours [286, 287]. Accordingly,
the first intraerythrocytic cycle is expected to end between 72 − 76 h pi.
This time frame coincides well with the peak of the MO signal at approx.
72 − 75 h pi followed by the drop at 76 − 80 h pi observed in all three
series. These observations indicate that the first parasites detected by the
MO method around 66 h pi were approx. 14 − 16-hour-old parasites of the
first synchronous life cycle. The additional drops observed with approx. 24
h periodicity indicate that a partial synchronicity is preserved over a couple
of cycles. The decreasing magnitude of subsequent drops, however, indicates
that this synchronicity is eventually lost as known for P. berghei infections
[287, 294].
The parasitemia levels, besides the approximate stage distribution, also
need to be determined at the time points of the first positive MO detections in order to assess the performance of the method. Since in the first
erythrocytic cycle the parasitemia was not quantifiable accurately neither
by microscopy nor by flow cytometry, we estimated these initial parasitemia
levels using the parasitemia values measured in the following cycles, and by
assuming an ∼ 10-fold multiplication rate that characterises the first few
erythrocytic cycles of the P. berghei ANKA parasites [295, 296]. This multiplication rate is also supported by the 10-fold increase of the MO values
between the ends of consecutive cycles. The average parasitemia for series
E and D was in the range of 0.1 − 0.3% at the end of the second cycle.
Accordingly, in these two series the parasitemia level of the first cycle is
estimated to be 0.01 − 0.03%. For series F, the parasitemia values, measured by GFP-detection at the end of the third intraerythrocytic cycle (panel
(b) of Fig. 5.3.), were 0.6%, 0.2% and 0.04% for mouse F -1, F -2 and F -3,
respectively. Accordingly, the average parasite loads for the three mice at
the time of the first positive MO detection were approximately 0.004%.
In summary the key findings of the mouse infection experiments were
that (i) the RMOD was able to detect the first generation of inthrerythrocytic parasites independently of the route of the sporozoite inoculation in
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the majority of the studied animals, (ii) since in the first few cycles the P.
berghei infections are roughly synchronous we could conclude that the majority of the parasites were 14-16 h old rings and trophozoites at the time
of the first positive diagnoses (iii) and their parasitemias ranged between
0.01 − 0.004% at the time of the first positive detections.

5.3.3

Monitoring parasite clearance by the MO method

In our fourth in vivo experiment series five mice (identified as T-1/2/3/4/5 )
with severe P. berghei infections were treated by the daily administration
of chloroquine for seven days. Their MO signal was measured during the
treatment and for nine consecutive days in order to study the clearance of the
parasites and the circulating hemozoin, and to determine the time interval
after which the MO signal is reduced to the uninfected baseline level.
The first blood samples were collected from mice T-1, T-3 and T-4 on
the first day of treatment (day 0 in Figure 5.5.). Their parasitemia values,
determined by microscopy, were 15%, 20% and 11% and the corresponding MO values were 3.76%, 5.20% and 2.78%, respectively. Since the mice
presented the symptoms of anemia on the first day of treatment, no further
blood collection was performed until the administration of the fourth dose
of chloroquine on day three. Subsequent blood samplings were performed
as indicated in Figure 5.5. The MO signals of all the studied mice followed
very similar, decreasing trends. The substantial decrease in the average
parasitemia, namely to 0.16 ± 0.07% and 0.06 ± 0.04% on day three and
four, respectively, caused by the administration of the first three doses of
chloroquine is reflected in the rapid, approximately two orders of magnitude,
decrease of the MO signal observed between day zero and day three. On day
five, no viable parasites were observable by light microscopy in any of the
mice. Consequently, the MO signal measured between days five and seven is
attributed to hemozoin crystals released from ruptured schizonts remaining
in the circulation either freely or inside phagocytes [297, 298]. The clearance
rate with an approximate half-life time of 24 hours is in agreement with the
observations of mid- and long-term hemozoin kinetics reported for in vivo P.
berghei infections [297]. By day ten the MO signals in all treated mice were
reduced to the detection limit and remained at this level for the consecutive
two days, confirming the absence of the infection and yielding true negative
diagnostic results.
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Figure 5.5. Monitoring parasite clearance during treatment by the MO
method. The MO values of five mice were measured during and post treatment
(series T ). Each coloured triangle represents the MO value of a given mouse on a
given day after the start of the treatment. The continuous black line and the dashed
black line indicate the mean of the uninfected measurements and the detection limit,
respectively, as defined in section 5.2.3. The MO values of all treated mice reach the
detection limit on day 10 and stay below it for the two consecutive measurements.
The Figure was reproduced from Ref. [P3].

5.4

Conclusions

In the current chapter I investigated the onset and progression of blood
stage infections in BALB/c mice infected by the sporozoites of P. berghei
parasites. In challenges when mice were injected with 50,0000 sporozoites
the first erythrocytic parasites were already detectable at the late ring stage
approximately 14 − 16 hours after merezoite egress from the liver. In experiments when mice were subjected to mosquito bites the course of infection
showed larger individual variation: in two cases the infection was detected
at the end of the first cycle and in one case in the second half of the second
cycle. Based on these results we can conclude that the performance of the
RMOD is similar to that of light microscopy. This performance was only surpassed by the laboratory-grade qPCR with positive diagnoses as early as 56
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hours post infection. In later time points the quantitative monitoring of the
progression of the infection was also feasible via MO measurements and the
local minima in the MO curves suggested that the production and clearance
rates of hemozoin in the circulation have similar dynamics in the first few
erythrocytic cycles, after which there is substantial hemozoin-accumulation
in the bloodstream.
The blood stage of P. berghei infections has three important aspects that
influence the hemozoin levels observable in the peripheral circulation: (i) the
reticulocyte preference; (ii) the asynchronicity of later cycles and (iii) that
in advanced infections the late schizonts tend to sequester in organs [288].
The first two properties are also typical features of the blood stage of P.
vivax human infections. In this respect the current P. berghei experiments
can be regarded as a simple model for the MO diagnostics of P. vivax infections. The stage distribution of intraerythrocytic parasites in the case of P.
falciparum infections, however, is different. In the latter case parasites older
than mid-stage trophozoites tend to cytoadhere to the endothelium, thus the
young forms present in the circulation contain lesser amounts of hemozoin as
presented in Figure 4.6 of chapter 4. Clearly, this scenario is different from
the P. berghei infection model, where only the very late schizonts sequester.
However, the present study yielded two results with important implications
for the detection of P. falciparum infections: (i) the first generation of parasites in the late-ring/trophozoite stage were already detectable and (ii) the
MO results obtained during treatment of mice showed that there is a substantial amount of hemozoin crystals circulating in the blood stream for a
few days after schizont rupture. These observations indicate that the RMOD
has potential to detect human P. falciparum infections as well, either via
the lesser amounts of hemozoin present in the blood sample inside the freely
circulating late-stage rings or by detecting the hemozoin that is released
from the sequestered schizonts after their rupture.
During the treatment of infected mice I found that the period of false
positive outcomes after successful treatments is limited to four days implying
a similar scenario in the case of human infections. Though the extrapolation of the results of rodent malaria studies to human infections is never
straightforward, the presented observations provided a solid basis for the
implementation of experiments involving field-collected samples, that are
the subject of the next chapter.
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Chapter 6

Measurements on human
malaria infections
6.1

Research objectives

The results of the rodent studies presented in the previous chapter further
supported the MO method’s potential for the high-sensitivity detection of
Plasmodium infections. In our P. berghei studies the MO method was able
to detect the onset of the infection already in the first or second erythrocytic cycle after sporozoite injection showing a sensitivity similar to that of
the gold-standard optical microscopy. These observations encouraged us to
enter to the next phase of the validation process, i.e., testing the performance of the method on malaria infected human samples. However, before
committing ourselves to costly and resource-intensive extended field trials
– which are currently in progress in Papua New Guinea – we conducted a
small scale pre-clinical measurement series.
These tests were carried out in the framework of a collaborative research
project with the Mahidol Vivax Research Unit (MVRU) of the Mahidol
University, Bangkok, Thailand and the Walter and Elisa Hall Institute of
Medical Research, Melbourne, Australia. During the 2014–15 period our
colleagues of the former institution collected malaria infected samples in
their field clinics specifically to be tested by the RMOD. Altogether thirtyfive blood samples infected by P. vivax were collected in Western Thailand
at two malaria clinics located close to the Thai-Myanmar border where
the MVRU maintains local laboratories equipped for carrying out basic re-
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search procedures. Following the confirmation of the infection by optical
microscopy, a small portion of the samples designated for the MO tests were
frozen immediately and transported to the MVRU in Bangkok. Here the
blood samples were stored frozen at -70◦ C until the completion of the MO
measurements in July, 2016 using an RMOD prototype set up at the central
laboratory of MVRU. This chapter is devoted to the presentation of these
measurements and their discussion. It is important to emphasise once again
that these proof of principle experiments were aimed at demonstrating the
method’s ability to detect in vivo human malaria cases and the estimation of
its sensitivity threshold for P. vivax infections, rather than a thorough validation of the technique. On the other hand, the limited number of samples
enabled us to invest more time in the optimisation of the sample preparation
protocol of deep frozen blood samples.

6.2
6.2.1

Studied systems and experimental methods
Sample collection

The sample collection was carried out in two field-clinics in the Kanchanaburi
and Ratchaburi provinces of western Thailand from May 2013 to June 2014
(n=33), while two additional infected samples were obtained in July, 2016.
Patients attending to the clinics exhibiting symptoms consistent with malaria were tested for the infection using an SD Bioline Malaria Ag P.f/Pan
rapid diagnosis test kit (Standard Diagnostics) and/or via light microscopic
examination of thick blood smears. Once a positive diagnosis was established, an additional blood sample of approximately 250 µl was collected into
an EDTA-containing Microtainer (Becton Dickinson and Company) via venipuncture from consenting volunteers. A further, good-quality thin blood
smear was prepared from all infected samples assigned for the MO study
and stained with Giemsa to be analysed later by an expert microscopist at
the central laboratory of MVRU, Bangkok. The blood aliquots were subsequently frozen and transported over dry ice to MVRU, Bangkok, where
they were stored at −70◦ C until the completion of the MO measurements
in July, 2016.
Approximately 40 uninfected blood samples were collected from two consenting, malaria naı̈ve colleagues on-site at various time points over the study
period for protocol optimisation and for the establishment of an uninfected
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baseline signal for the MO method. These control samples were collected,
frozen and stored the same way as the infected ones.
Informed consent was obtained from all participants in the study, and
ethics approval was obtained from the Ethics Committee at the Faculty of
Tropical Medicine, Mahidol University (MUTM 2013-027-01). The study
was clearly explained to all volunteers.
The sample collection was carried out by Piyarat Sripoorote (MVRU)
and Dr. Rhea J. Longley (MVRU & WEHI), while the study was supervised
by Dr. Jetsumon Sattabongkot (MVRU).

6.2.2

Light Microscopy

Giemsa-stained thin blood films were prepared from all malaria-infected
blood samples assigned for the MO study and transported to MVRU, Bangkok
for detailed characterisation. The morphological analysis of the parasites
confirmed that all samples were infected exclusively by P. vivax. The thin
blood smears were prepared using exactly one microliter of blood, thus by
counting all the parasites in the total area of the smears the parasite density
values were edetrmined directly (Figure 6.4). Furthermore, the parasites
observed in the smears were assigned to age groups (rings, trophozoites,
schizonts, male gametocytes, female gametocytes) according to their morphology (Figure 6.4). The microscopic analysis of the samples was performed
by Nongnuj Maneechai (MVRU).

6.3
6.3.1

Results on human samples
Protocol optimisation for the MO measurements

The applicability and performance of any novel diagnostic method, besides
many technical parameters such as ease-of-use and running costs, is determined by two primary measures of accuracy: sensitivity and specificity. In the
case of the RMOD the most important parameter which determines its sensitivity is the amount of hemozoin circulating in the peripheral blood stream
of the patient at the time of blood sampling, and the efficacy of its detection by the magnetically driven linear dichroism measurements. Clearly,
the former factor is controlled by biological processes, but the way how hemozoin is released to the plasma and stabilised there against binding and
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aggregation depends on the sample preparation protocol. Thus, as demonstrated in section 4.4, the lysis protocol can strongly affects the efficiency of
the MO measurements.
The specificity of the method is determined by the percentage of false
positive results for a given sample set. In the case of MO measurements
false positive results emerge when the MLD values of an uninfected sample is
greater than a pre-defined detection threshold (uninfected baseline). Ideally,
an uninfected, fully hemolysed blood sample would not contain any anisotropic paramagnetic particles that could give rise to magnetically induced
linear dichroism, yet the average MO value for uninfected blood is typically
5 − 10-times larger than that of distilled water, i.e., the noise floor of the
device. While the microscopic origin of this phenomenon is still under extensive investigation by our research group, one plausible explanation is that
during hemolysis the membrane debris incorporates hemoglobin molecules
and forms submillimeter-sized fibrils that can be aligned parallel by the
strong magnetic field via the demagnetization effect caused by their shapeanisotropy. Therefore, the lysis protocol affects not only the sensitivity, but
also the specificity of the technique.
From the perspective of applicability and technological development this
implies that the blood samples need to be treated with a cheap, yet effective lysis solution. The most straightforward way of lysing red blood cells
is mixing them with a hypotonic medium (e.g. water) that is taken up
by osmosis. In this process the cells eventually explode and red cell contents (almost entirely hemoglobin) are released into the medium, leaving
empty membrane sacks, so called red cell ”ghosts” in suspension. According
to our observations, however, this suspension is still too opaque and not
suitable for optical transmission experiments. Thus, a more sophisticated
method for the disruption of cell membranes and proteins was needed to be
developed for the MO measurements. After testing various chemical and
mechanical approaches (commercially available lysing solutions, acids and
bases, sonication, filtration) we found that the cheapest, yet most efficient
lysis and homogenisation is achieved by diluting the whole blood with water that contains NaOH in millimolar concentrations, and Triton X-100 (a
cheap surfactant) in the order of 0.01 vol%. The exact values of the three
parameters defining the lysis solution, i.e., the rate of dilution, the concentration of NaOH and the concentration of Triton, depend on various factors,
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such as the hematorcrit level of the sample, the way they are stored, and
may need to be specified for each sample set, individually.
The human P. vivax samples presented in this chapter were deep frozen
whole blood aliquots obtained from several malaria patients with different
hematological properties, thus a universally applicable lysis solution had to
be constructed with the following requirements: (i) sufficient dilution for
optical transmission measurements, yet not over-diluted to maintain the
highest possible hemozoin concentration for a maximal MO signal; (ii) sufficient NaOH concentration to degrade cell membranes (both the RBC and
parasite membranes), yet not too high to avoid the dissolution of hemozoin
and to avoid the darkening of hemoglobin caused by alkali denaturation
[254]; (iii) sufficient Triton concentration to homogenize the lysed blood,
yet no too high to avoid the formation of bubbles in the optical sample,
which considerably reduces the signal-to-noise ratio.
According to our previous observations on P. falciparum culture samples
and freshly lysed whole blood samples, the addition of a surfactant is necessary to turn the slightly opaque lysed sample into a visibly clear, transparent suspension, yet its effect is practically concentration-independent in the
0.03−0.1vol% range. Thus, in all the following experiments the water-based
lysis solutions contained Triton X-100 in the lowest possible concentration,
i.e., in 0.03 vol%.
In our previous investigations we have also found that fresh whole blood
samples with hematocrit values in the most common 36 − 54% range need
to be diluted with distilled water at least 5-times to obtain measurable
transmission, yet there is no significant improvement in the transmitted
intensity above a 20-fold dilution. Thus, during the MVRU experiment
series, the effect of dilution on the MO signal was investigated in the 5to 20-fold dilution range. Similarly, we have had a rough estimate for the
desirable NaOH concentration of the solution (2 − 16 mM range), but its
optimum had to be determined to obtain the lowest possible uninfected
baseline.
The results of the measurements that aimed to refine these parameters
are summarised in Figures 6.1. and 6.2. Firstly, the newly assembled RMOD
was calibrated by water baseline measurements. Their average value of
∆T /T water = 3.6 · 10−5 % was in good agreement with our previous results
obtained on separate prototypes under various circumstances, thus the new
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assembly at the MVRU was regarded to be successful from a technical point
of view. In the next step of the calibration process the following uninfected
samples were tested: (i) 50% hematocrit suspension of washed RBCs in PBS,
(ii) freshly lysed whole blood from a single volunteer, (iii) several aliquots
of whole blood from the same source, frozen and thawed after one or two
days of storage, and treated with various lysing solutions.
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Figure 6.1. Optimisation of lysis solutions for uninfected blood samples. Each
data point represents the average MO value of three optical samples obtained after
lysis, and measured at the rotational speed of the magnetic field of 20 Hertz. The
‘dilution’ in the legend denotes the water-to-blood volume ratio after lysis. In panel
(a) the 50% RBC sample marks a 50 vol% red blood cell suspension in PBS, while
the ‘whole blood’ data point marks a freshly drawn blood sample from a volunteer.
Both samples were lysed by a 20-fold dilution with a lysis solution containing 10 mM
of NaOH and 0.03 vol% of Triton X-100. The data points marked by diamonds were
obtained on frozen whole blood after thawing and lysis by solutions having different
NaOH concentrations (indicated on the x-axis). Panel (b) shows the MO values of
frozen uninfected samples diluted by lysis solutions of various NaOH concentrations,
while the quantity of Triton was kept constant at 0.03 vol%.
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Figure 6.2. The transmitted intensity of uninfected blood samples treated
with various lysis solutions. Each data point represents the average MO value of
three optical samples obtained after lysis, and measured at the rotational speed of the
magnetic field of 20 Hertz. The ‘dilution’ in the legend denotes the water-to-blood
volume ratio after lysis. Each data point is the corresponding transmitted intensity
value of the data displayed in panel (b) of Figure 6.1.

The MO values of the uninfected samples gradually increased as the composition of the samples got more and more complex: the average MO value
of the RBC suspension was ∆T /T RBC = 1.1 · 10−4 % which is a ∼ 3-fold
increase compared to the water/PBS/lysis solution baseline (the average
MO value of pure PBS and the lysis solution is the same as the water MO
value, thus usually the latter is used for calibration), while the MO value
of freshly lysed whole blood samples of ∆T /T f resh blood = 1.9 · 10−4 % indicated another ∼ 2-fold increase compared to the RBC suspension. The
frozen aliquots, treated with lysis solutions of different NaOH concentrations (panel (b) of Figure 6.1.), yet again, gave significantly increased MO
values compared to the fresh blood samples, but their magnitude was independent of the NaOH concentration within the margin of error. In a
consecutive experiment series the dilution dependence of the baseline was
investigated in parallel with the NaOH concentration dependence (panel (b)
of Figure 6.1.). New aliquots of freshly drawn whole blood were prepared,
they were frozen and kept in the freezer for a couple of days, after which
they were thawed, mixed with the lysis solution and measured after 5 − 10
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minutes of lysis. The results of these experiments confirmed that the MO
values are indeed independent of the concentration of NaOH in the lysis
solution and, interestingly, within the investigated dilution range there was
no significant difference between the MO values corresponding to the different water-to-blood dilution ratios, either. The only significant difference
detected between the different lysis protocols was the change in the transmittance of the samples. As indicated in Figure 6.2., the transmittance was
proportional to the dilution and inversely proportional to the increasing
NaOH concentration, while all of them remained above the 1 V threshold
with one exception (10-fold dilution & 15 mM NaOH). The signal-to-noise
ratio is practically constant in this DC voltage range, i.e., between 1 V and
3 V, thus the difference in the intensity values did not induce lower MLD
baseline results. These observations are somewhat difficult to interpret, and
suggest, that there might be several parallel chemical processes taking effect during the lysis of uninfected blood. For example, if we consider a two
component sample, whose absorbance mainly originates from the homogeneously dissolved hemoglobin molecules, while its linear dichroism arises from
the homogeneously dispersed hemozoin, diluting the sample with the lysis
solution would decrease the concentration of both components, thus the DC
intensity would be expected to increase, and the MLD signal would be expected to decrease linearly with the concentration, as seen in the case of the
synthetic hemozoin and cell culture experiments presented in chapters 3 and
4, respectively. The uninfected blood samples, however, reveal a different
picture as the increase in their dilution and transmittance is not accompanied by the decrease of their linear dichroism, indicating that the latter can
not be attributed to a single component, whose concentration scales with
the dilution of the sample in the investigated dilution range.
In summary, the outcome of the lysis optimisation experiments was that
a frozen uninfected blood sample, treated with any of the probed lysis protocols, would yield the same ∆T /Tf rozen blood = 6 · 10−4 % average linear
dichroism value. Arriving at the conclusion that there was no difference
between the average MO values of the uninfected samples subjected to the
different protocols, in the next step I aimed to investigate whether the composition of the lysis solution has any effect on the measurable hemozoin
content of the infected patient samples. Due to the limited number and
volume of the infected samples (altogether four optical samples could be
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prepared from one frozen infected aliquot) I pursued the following methodology: after thawing a given frozen unit I prepared two optical samples in
duplicates, two of which were treated with one type of lysis solution, and two
with a slightly modified one. After measuring the four optical samples consecutively, I examined which protocol yielded higher MO signals and thawed
another infected sample. Two units of the second blood sample were treated
with the solution that gave higher average MO value in the previous trial,
and the remaining two with a new lysis solution that had a slightly different
composition. The results of these iterative measurements executed on five
infected specimens are presented in Figure 6.3.
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Figure 6.3. Optimisation of lysis solutions for infected samples. One data
point in the graph is the average MO value of two optical samples prepared from
the same thawed infected sample (i.e., the average of technical duplicates). The
different colours and shapes represent different lysing protocols. The ‘dilution’ in the
legend denotes the water-to-blood volume ratio after lysis, the ‘NaOH’ and ‘Triton’
denote the concentration of NaOH and Triton X-100 of the lysis solution applied for
the given optical sample, respectively.

The standard deviation of the optical duplicates was very low (below
5%) throughout the whole experiment series (see error bars in Figure 6.3.)
indicating that the technical reproducibility of the MO measurements is very
good. Accordingly, the significant differences observable between two MO
data points belonging to the same infected sample are indeed reflecting different efficacies of the lysis solutions in separating hemozoin from membrane
residues and facilitating its free rotation in the suspension. The MO values of sample #1 indicate that there is a very strong NaOH-concentration
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dependence of hemozoin-release: increasing the NaOH concentration of the
solution from approximately 7 mM to 10 mM resulted in a 7-fold increase in
the detected signal. Similarly, the results obtained on sample #2 suggest
that Triton also plays an important role in homogenising the sample and
facilitating the free rotation of the hemozoin particles, as increasing the Triton concentration from 0.01 vol% to 0.03 vol% led to a 3.5-fold increase in
the MO signal. This trend, however, turns at the next sample and a slight
increase in both components leads to a slightly decreased MO signal (see
sample #3 in Figure 6.3.) implying that the optimal concentration values
of NaOH and Triton are approximately 10 mM and 0.03 vol%, respectively.
For the establishment of a final sample preparation protocol the last parameter that had to be specified was the degree of dilution. Trivially, the MO
signal of a more or less homogeneous suspension of hemozoin crystals would
decrease in proportion with the degree of dilution, but the measurement
results of sample #4 reveal a different picture in the case of infected whole
blood samples. When the blood sample was diluted 12-times instead of a
10-fold dilution, a slight increase in the MO signal was detected. However,
when the dilution of sample #5 was increased even further (from 10X to
15X) the lysing and dilutive effects reached an equilibrium and the tendency turned. Thus, the ideal water-to-blood dilution ratio was determined
to be 12-fold.
With this final observation all three parameters that define the ideal
lysis solution were determined: during the measurements of the remaining
infected blood samples a solution containing 10 mM of NaOH and 0.03 vol%
of Triton was applied, and the thawed whole blood samples were diluted
with the solution in a 1:11 blood versus solvent ratio. Since the volume of
the infected aliquots allowed me to prepare four optical samples from each
whole blood sample, even after establishing the final lysis protocol, I kept
dividing them into two halves. From the first half of a given blood sample I
prepared two optical samples treated with the 12X-10mM-0.03% lysis, while
the remaining two optical samples were treated with lysis 10X-10mM-0.03%
for comparison. The averaged MO values of the duplicates corresponding
to the first protocol were higher in almost all cases than the duplicates of
the second protocol, further supporting the implementation of the former
methodology.
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6.3.2

The sensitivity of the MO method in detecting P. vivax
human infections

The infected human blood samples assigned for the MO measurements were
collected from confirmed, clinical malaria cases, i.e., after a positive diagnosis
has been established in the field clinic and the patients gave their consent for
further blood sampling. Consequently, the samples represent a population in
which the infection has reached such severe clinical manifestation that they
needed to seek help at a professional healthcare institution. Since they live in
endemic areas where the local population is under mid-to-high exposure, the
severity of their symptoms imply that the parasitemia range (Figure 6.4.)
of this small sampling is higher than that of a mixed, symptomatic and
asymptomatic, infected population from the same region [299, 300]. In fact,
one of the main challenges of malaria control and elimination is that many
people who are carriers remain asymptomatic and/or undiagnosed and are
therefore invisible to the healthcare system [299, 301, 302]. Nevertheless, the
originally obtained 35 samples were sufficient for the purposes of probing the
ability of the MO method to detect hemozoin crystals produced by P. vivax
parasites in vivo. Furthermore, as presented later in the current section, by
preparing serial dilutions using some of the original aliquots, I managed to
model potential cases with considerably lower parasite densities as well.
As presented in Figure 6.4., the parasitemia values of the original 35 patient samples ranged from 0.1% to 0.0024% except for the slightly outlying
lowest value of 0.0007%. Within this range, roughly all parasitemia values are well-represented, although their distribution is not uniform (see the
double-sloped decrease in Figure 6.4.). Besides the overall number of the
parasites, their stage distribution in the blood smears was also studied by
an expert microscopist, and they were classified as ‘rings’, ‘trophozoites’,
‘schizonts’ and ‘male and female gametocytes’. Reflecting the synchronous
character of P. vivax blood stage infections, in 22 out of the 35 samples
parasites showed sharp age distribution: the ratio of rings was above 80%
in seven samples and the ratio of trophozoites was above 80% in fifteen. In
the remaining thirteen samples the ring and trophozoite contribution ranged
between 30% and 60% complemented by a few schizonts and gametocytes.
The contribution of the latter three forms (schizonts, male and female gametocytes) was usually below 8%. The sequestration of the older stages is a
well-known phenomenon in P. falciparum infections, but the statistics of our
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P. vivax samples suggests that it occurs also for P. vivax. Another plausible
explanation for the absence of the later stages is that the blood samples were
drawn during a period when the patients exhibited high fever that usually
coincides with schizont rupture [106].
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Figure 6.4. The parasitemia values and the stage distribution of the infected
patient samples. The height of each bar represents the parasitemia value of the
given sample, while the background shading indicates the percentages of the different
erythrocytic stages observed in the corresponding thin blood smear. The parasite
density values were translated into parasitemia by assuming that the average number
of RBCs in a microliter of blood is 5 × 106 .

Prior to the MO measurements of the infected samples, the uninfected
baseline level of the method was determined on an extended pool of uninfected samples, in order to establish a threshold that separates malaria positive
and negative MO incidences. For this purpose, fourteen of the uninfected
frozen blood aliquots were thawed and two or three optical samples were
prepared from each with the optimised lysis protocol. The MO values of
32 independent magneto-optical measurements were averaged, yielding the
value of ∆T /TU I av = (4.2 ± 1.8) · 10−4 %. The detection threshold of the
device, i.e., the value that separates malaria positive and negative cases,
was determined as the uninfected mean plus two times its standard deviation ∆T /Tdet threshold = 7.7 · 10−4 %, assuming that the MO values of the
uninfected samples are normally distributed random variables.
As presented in Figure 6.5., all the original infected blood samples tested
above the detection threshold, yielding true positive results and a 100% sensitivity on this small sample set. This outcome implied that the method could
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detect even lower parasitemias than the ones characterising our sample set.
To model such cases, I chose eight of the original blood samples and prepared a sequential dilution series from them before performing their MO
measurements. Since the original samples were already frozen, thus partially lysed and more homogenous after thawing than a fresh blood sample
or RBC suspension, I used some of the stored, frozen uninfected controls
as dilution medium to maintain the same hematocrit level in the diluted,
infected samples. After thawing both the original infected sample and a few
portions of the uninfected blood, I prepared a sequential 2-or 4-fold dilution
series and I mixed the diluted infected samples with the lysis solution only
right before to the optical measurements.
The MO results of a given dilution series is marked with a designated
colour in Figure 6.4. Their MO signals decreased with increasing dilution
almost linearly and for samples with similar nominal parasitemia values the
‘dilution curves’ followed the same trajectory. This allowed us to estimate a tentative sensitivity threshold of 0.00014% for the lowest detectable
parasitemia as indicated in Figure 6.5. by the blue arrow.
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Figure 6.5. The MO values of the infected samples plotted as the function
of their parasitemia. Each data point represents the average MO value of at least
two technical duplicates prepared by lysis from the same frozen infected aliquot. The
coloured symbols show the MO values of samples obtained by serial dilution of a few
chosen infected samples. In the dilution series marked by the blue and yellow data
points, the highly diluted samples with very low parasite densities (below 2 · 10− 5%
parasitemia) yield MO signals independent of their nominal parasitemia similarly to
the case observed in the P. falciparum cultures samples presented in Figure 4.2 of
chapter 4. Their residual MO values are scattered around the average obtained for
the uninfected control and mark the detection threshold of the methodology. The
approximate sensitivity in terms of parasitemia was determined as the average of the
parasitemia values of those samples of the dilution series whose MO signal reached
the detection threshold.

In summary the investigation of these 35 samples revealed that the MO
method has clear potential in detecting human malaria infections; it yielded
100% sensitivity on the given sample set and implied that the sensitivity
of the RMOD for P. vivax is in the 0.00014 − 0.0002% parasitemia range,
suggesting its applicability even for the detection of asymptomatic infections. On the other hand, these samples were not measured ‘blindly’ in the
sense that all of them were categorized either as malaria positive or negative
already before the execution of the MO measurements.
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Fortunately, during my stay at the MVRU centre in Bangkok, my colleagues took part in a field trip, during which they managed to obtain two
fresh, infected patient samples that we used for further MO experiments as
follows: my colleagues prepared a 2-fold dilution series from both samples by
diluting the fresh infected whole blood with uninfected whole blood drawn
from healthy volunteers in the field clinic. These diluted aliquots were then
labelled with random sample codes, frozen in the field laboratory and transported to the central laboratory in Bangkok. Here, I performed the MO
measurements in a random order not knowing the nominal parasitemia value
of the given aliquot, which was as low as p ≈ 10−7 − 10−8 % for some of the
samples in the dilution series, thus expected to be well below our estimated
detection threshold. The results of these two additional experiment series
are presented in Figure 6.6. The parasitemia of the original sample in series
#1 was 0.0034% as determined by light microscopy. The parasitemia of the
rest of the samples in the dilution series was not verified by observing their
smears, but it was simply calculated from this original value.
Figure 6.6. clearly shows that the MO values decrease linearly with decreasing parasitemia and they reach the detection threshold at the 0.00005%
value, i.e., at 2 − 3 p/µl of blood. In series #2 the data points with similar
parasitemia to that of series #1 yielded higher MO signals (see the pink
and green data points slightly above 0.001% parasitemia), thus they reach
the threshold slightly lower, at the estimated value of 0.00002%. In average
we can conclude that the lowest parasitemia detectable by the MO method
was around 0.00003%, i.e., 2 − 3 p/µl of blood. This places the sensitivity
of our method on the level of expert microscopy. Since in a routine in-field
diagnostic procedure much typically less than 5 million red blood cells (i.e.,
one microliter of blood) are examined by microscopists, these numbers suggest that in a real diagnostic scenario the RMOD might even outperform
the gold-standard microscopy and rapid diagnostic tests.
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Figure 6.6. The MO values of two sample sets prepared by the serial dilution
of two infected samples. The freshly drawn original blood samples were diluted by
uninfected whole blood right after sample collection, and their nominal parasitemia
was revealed only after the completion of the MO measurements. The approximate
sensitivity in terms of parasitemia was determined as the average of the parasitemia
values of those two samples (indicated by the blue horizontal line) whose MO signal
reached the detection threshold.

The most important requirements towards a novel tool for in in-field
malaria diagnostics are the ease of use and high sensitivity — ideally even
the detection of asymptomatic infections. However, besides the highly reliable differentiation between positive and negative cases, the quantitative
assessment of disease severity might provide crucial information in certain
clinical situations. Currently, the blood parasitemia value is used as the
main parameter for weighing the progression of the infection, however, the
proportion of hemozoin-containing white blood cells has also been proposed
to be a potential indicator of prognosis [303]. Since the RMOD measures
the overall hemozoin content in the peripheral blood stream, its value is
expected to show positive correlation with the parasitemia. On the other
hand, there are several parameters that influence this relation: the clearing
effect of the immune system; the sequestration of parasites in the capillaries;
the age-dependent hemozoin production of the erythrocytic stages. As the
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stage distribution of the erythrocytic parasites in the 35 field samples was
also quantified together with their parasitemia, the correlation between the
latter and their MO values could be investigated in more detail. First of all,
as Figures 6.4. and 6.5 indicate, the correlation between the parasitemia and
the magneto-optical signal is approximately linear for samples with the same
parasite stage distribution. The Pearson correlation coefficient between the
two parameters for the original sample set (excluding the samples obtained
by dilution) is rM O−parasit = 0.55, (p < 0.05) indicating a modest correlation. However, if differences in the parasite stage distributions are taken into
account using the following formula (i.e., an approximation for the overall
hemozoin content of the samples):
HZ(estimate)i = A · [βr · Ri + βt · Ti + βsch · (Schi + mGi + fGi )] , (6.1)
the correlation coefficient significantly increases. In the above expression A
is a scaling factor; R, T, Sch, mG and fG are the proportions of rings, trophozoites, schizonts and male and female gametocytes in a given sample, while
βr , βt , and βsch denote the relative amounts of their average hemozoin production, respectively. As gametocytes are usually detected by microscopy
in their rather mature stages, their hemozoin production has not been distinguished from that of the schizonts’ for the sake of simplicity.
The calculations revealed that for any choice from the parameter set
of 0 < βr < 0.15 < βt < 0.75 < βsch < 1 the correlation between the
HZ(estimate)i data set and the MO values was better than 0.55 (i.e., in
the βr = βt = βsch = 1 case), and that the correlation coefficient showed
the highest dependence on the value of parameter βt while it was least
dependent on the value of βs . The latter observation might seem counterintuitive for the first sight, but it can be explained by considering the very
low proportions of mature parasites in the given set of samples. The highest
correlation coefficient achievable between the MO and HZ(estimate)i values
was rM O−HZ = 0.75, (p < 0.05). This value, however, can be obtained by
multiple combinations of the βr , βt , and βsch parameters, probably because
of the limited number of samples and the possibly broad age distribution
of the parasites within the stage categories. Still, the observation that a
biologically realistic combination of βr = 0.05, βt = 0.65, and βsch = 0.85
yields a significantly better correlation with the MO signals than the simple
parasitemia values, further underlines that the technique detects the overall hemozoin content of the bloodstream which might prove to be an apt
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indicator of disease severity. However, in order to support this statement,
further, large-scale clinical studies involving the MO technique need to be
implemented.
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Figure 6.7. The correlation between the average stage distribution and the
MO values of the infected blood samples. The colours of the symbols and the
percentages in the legend reflect the portion of the parasites characterised either
as trophozoites, schizonts, male or female gametocytes, i.e., older stages, in each
sample. Each data point is the average of the MO values of two optical samples
prepared independently from the same whole blood sample. Please note that in most
cases when samples have similar parasitemia levels, but different stage distributions,
the samples having higher ratios of ’old’ parasites yield higher MO signals.

6.4

Conclusion

In this chapter I presented the results of a small-scale pre-clinical study
aimed to assess the ability of the RMOD to detect human plasmodial infections. In order to establish a detection threshold that separates positive
and negative incidences, first I studied the MO signals of uninfected blood
samples and optimised the blood lysis protocol preceding the optical measurements. These investigations revealed a significant difference between the
average MO values of uninfected samples of increasing complexity. Model
blood samples consisting of 50 vol% RBCs suspended in saline yielded an average MO signal of ∆T /TRBC = 1.1 · 10−4 %, a value approximately 3-times
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higher than that of water, and 2-times lower than the magneto-optical signal
of fresh whole blood treated with the same lysis protocol. This value further
increased to ∆T /Tf rozen blood = 6 · 10−4 % when the blood sample was frozen
and thawed prior to the MO analysis, however, it was not sensitive neither
to the dilution ratio, nor to the NaOH content of the lysis solutions. As discussed in the main text, in principle an uninfected, fully hemolysed blood
sample would not contain any anisotropic paramagnetic particles that could
give rise to magnetically induced linear dichroism. However, the observation
that the MO values differed for uninfected samples having the same hematocrit, but different composition and history suggests, that there is indeed
an underlying chemical process involving hemoglobin that produces a substance exhibiting moderate MLD effect, and that it should be the subject
of further studies targeting the improvement of the method’s specificity.
The lysis optimisation studies performed on infected frozen samples revealed that the dilution ratio and the NaOH content of the solution strongly
influence the amount of hemozoin detectable in the samples, likely due to
their enhanced detachment from membrane aggregates and dispersion in the
solvent. The optimal sample preparation protocol was determined as the 12fold dilution of the whole blood samples by a solution containing NaOH in
10 mM and Triton X-100 in 0.03 vol% concentrations.
Altogether thirty-three (and two additional) patient samples infected
with P. vivax parasites in the 0.1 − 0.0007% parasitemia range were studied, all of which could be identified as positive by the RMOD. Furthermore,
two dilution series were prepared from two additional patient samples and
measured in a ’blined’ manner to assess the lowest parasitemia level detectable by our technique. These studies suggest that the sensitivity threshold
for P. vivax parasites is approximately 2 − 3 p/µl of blood placing the performance of the method to the level of expert microscopy.
The MO values of samples originating from a given dilution series, i.e.,
having the same parasite stage distribution but decreasing parasite densities, show clear linear correlation with their respective nominal parasitemia
with rM O−dilution = 0.98, (p < 0.05) until reaching the detection threshold,
similarly to our observations in the case of in vitro P. falciparum culture
samples (Figure 4.2. in Chapter 4). The correlation between the MO values
of the thirty-five undiluted samples and their parasite densities, however, is
only rM O−parasit = 0.55, (p < 0.05) highlighting that parasite stage distri-
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bution and leftover hemozoin circulating in the bloodstream substantially
affect the magnitude of the magneto-optical signal of ex vivo blood samples.
This statement is further supported by the increase of the correlation coefficient to rM O−HZ = 0.75, (p < 0.05) when the parasite stage distribution
of the original samples is also considered.
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Chapter 7

Summary
The aim of my Ph.D. work was the development and laboratory validation of a novel device for the high-sensitivity detection of malaria infection.
The malaria diagnostic methods currently in practice are either sensitive,
but labour-intensive such as the gold-standard light microscopy; or easy-touse, but having limited sensitivity and prone to the genetic mutation of the
parasites, such as the antigen-based rapid diagnostic tests. The novel technique proposed by our research group targets the sub-micron sized malaria
pigment (or hemozoin) crystals, the inert by-products of the hemoglobin
metabolism of the parasites, which are produced in a highly conserved biochemical process during the blood stage of the infection. By exploiting their
unique, anisotropic magnetic and optical properties, we have constructed a
platform that detects hemozoin in liquid suspensions via their magnetically
induced linear dichroism with high sensitivity, in an automated manner, and
requiring only a minimal sample preparation protocol.
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
[175]. Furthermore, 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 suspension 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 concentration [P1]. These spectroscopic measurements were carried out in the magneto-optical spectroscopy laboratory of the Department
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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, 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 polarisation optical elements,
which can quantify hemozoin suspended in water down to 0.5 pg/µl concentrations, and crystals suspended in hemolysed whole blood down to 15 pg/µl
concentrations. To the best of my knowledge, no instrument has been developed before that can quantify the crystallized portion of heme molecules
characteristic to malaria infections with such precision before. The development of the device was also assisted by colleagues at the mechanical workshop 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 summarized in
the following points:
1. I contributed to the construction of the RMOD by designing 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 synthetic 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 optimal 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
Plasmodium falciparum cell cultures, and the detection threshold of
the device in terms of parasitemia, i.e. the percentage of infected red
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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 magneto-optical 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 differentiated in the case of a given culture [M1]. I also
developed a sample preparation protocol optimised for RMOD-based
drug susceptibility assays, the first of which affirmed that already after
12−24 hours of incubation the efficacy of standard antimalarial agents
can be determined yielding IC-50 values (the concentration that inhibits 50% of the pathogens, the standardised value for the characterisation of drug compounds) corresponding to well-established methods
[M1].
[Note: Furthermore, the preliminary results of our group suggest, that
the RMOD-based drug assays can yield reliable results for low parasitemia samples (∼ 0.1%) as well, in contrast to the currently standardised 1% ones, due to the highly quantitative characterisation of
population growth.]
4. I performed controlled infection experiments on mice inoculated by
Plasmodium berghei sporozoites (the parasitic forms carried by mosquitoes) and determined the first time points when the onset of the
blood stage infection can be diagnosed by the RMOD. These experiments revealed that P. berghei parasites of the first and second erythrocytic generation can already be detected yielding similar sensitivity
to that of light microscopy in these rodent experiments [P3]. I also
monitored hemozoin clearance during treatment of mouse infections
via the magneto-optical method, and found an average clearance time
of three to four days for the circulating hemozoin [P3, P4].
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5. In the final stage of the laboratory validation process I set up a portable version of the device at the Mahidol Vivax Research Unit of
the Mahidol University (Bangkok, Thailand) where I analysed blood
samples collected 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 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 correlation 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 densities [M2].
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Appendix A – Measurements on rodent malaria
models

The magneto-optical signals of uninfected control samples
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Figure 1. The MO signals of five uninfected control mice. In series E the MO
values of one uninfected mouse (blue circle) were measured at the same time points
as the infected ones. In series F four controls (tringles) were kept and measured
together with the infected ones. The solid black line is the average MO value of all
these control measurements and the dashed black line is the ‘average + 3× standard
deviation’ level, i.e., the detection threshold. Prior to the infection experiments
several samples obtained from naı̈ve mice at the rodent facility of IMM were also
measured, whose MO signals fell into the same range as the ones presented in the
graph.
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Representative gating strategies in the flow cytometric measurements

Figure 2. Representative gating strategy in the depolarisation-detected flow
cytometric measurements. Flow cytometric 2D plots of one uninfected and one
infected sample from the infection experiment series D. Depolarizing events were
defined in plots of side-scatter (SSC) versus depolarized-SSC (DSS) plots as those
incidences which fell inside the gates. The gates (magenta polygons) were determined
in an automated manner by the FlowJo software (version 9.0.2, Tree Star Inc., Oregon, USA) via the statistical comparison of the dot plots of the analysed specimens
and multiple runs on a real-time control sample.
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Figure 3. Representative gating strategy in the depolarisation-detected flow
cytometric measurements. Flow cytometric 2D plots of one uninfected and one
infected sample from the infection experiment series D. GFP-positive events were
defined in plots of red fluorescence versus green fluorescence plots as those incidences
which fell inside the gates. The gates (magenta polygons) were determined in an
automated manner by the FlowJo software (version 9.0.2, Tree Star Inc., Oregon,
USA) via the statistical comparison of the dot plots of the analysed specimens and
multiple runs on a real-time control sample.
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Appendix B – Measurements on P. vivax human
samples

Correlation maps of the MO signals and the stage distributions of P. vivax human samples
Knowing the parasite stage distributions in the original patient samples
infected by P. vivax parasites, an approximation for the overall hemozoin
content of each sample was calculated using the following formula:
HZ(estimate)i = A · [βr · Ri + βt · Ti + βsch · (Schi + mGi + fGi )] ,

(1)

where A is a scaling factor; R, T, Sch, mG and fG are the proportions of
rings, trophozoites, schizonts and male and female gametocytes in a given
sample, while βr , βt , and βsch denote the relative amounts of their average
hemozoin production (hemoglobin-to-hemozoin conversion rates), respectively. As gametocytes are usually detected by microscopy in their rather
mature stages, their hemozoin production has not been distinguished from
that of the schizonts’ for the sake of simplicity.
The correlation coefficients between the MO signals and the HZ(estimate)i
quantities were calculated for all possible values of βr , βt , and βsch in the
0 < βr < 0.15 < βt < 0.75 < βsch < 1 parameter-range. Figures 4., 5. and
6. display the results of the correlation-fits obtained by fixing one of the β
parameters (the fixed value is indicated on the top of each graph) while calculating the correlation-coefficients between the MO and the HZ(estimate)i
values for the full range of the other two β parameters.
The calculations revealed that for any choice from the parameter set
of 0 < βr < 0.15 < βt < 0.75 < βsch < 1 the correlation between the
HZ(estimate)i data set and the MO values was better than 0.55 (i.e., in
the βr = βt = βsch = 1 case), and that the correlation coefficient showed
the highest dependence on the value of parameter βt while it was least dependent on the value of βs . The highest correlation coefficient achievable
between the MO and HZ(estimate)i values was 0.73. This value, however,
can be obtained by multiple combinations of the βr , βt , and βsch parameters as indicated by the graphs presented below. The lack of an absolute
maximum for the correlation coefficient, however, is not surprising considering the limited number of samples and the possibly broad age distribution
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of the parasites within the stage categories. Still, a biologically realistic
combination of βr = 0.05, βt = 0.65, and βsch = 0.85 yields a significantly
better correlation with the MO signals than the simple parasitemia values,
as the method detects the overall hemozoin content of the bloodstream.
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Figure 4. 2D plots of the linear correlation coefficient between the MO
signals and the HZ(estimate)i values of the thirty-five P. vivax samples. Each
graph shows the correlation coefficient for a fixed βr parameter, the value of which
is indicated on the top of each graph. The ’HB to Hz conversion rates’ indicate
possible values of the respective β parameters.
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HB to HZ conversion of rings
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Figure 5. 2D plots of the linear correlation coefficient between the MO
signals and the HZ(estimate)i values of the thirty-five P. vivax samples. Each
graph shows the correlation coefficient for a fixed βt parameter, the value of which
is indicated on the top of each graph. The ’HB to Hz conversion rates’ indicate
possible values of the respective β parameters.
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Figure 6. 2D plots of the linear correlation coefficient between the MO
signals and the HZ(estimate)i values of the thirty-five P. vivax samples. Each
graph shows the correlation coefficient for a fixed βsch parameter, the value of which
is indicated on the top of each graph. The ’HB to Hz conversion rates’ indicate
possible values of the respective β parameters.
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