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Abstract  

Malaria is an infectious disease caused by the parasites from the Plasmodium spp. genus and 

presents problems associated with its treatment and diagnosis. In the present work, it is analyzed the 

hemozoin crystal’s characteristics (morphology, size and electric properties) obtained from different 

processes – natural source (P. falciparum strains 3D7 and Dd2) and synthetic sources and explored 

the possible use in malaria treatment. Furthermore, impedance spectroscopy was tested as a possible 

malaria diagnosis technique. 

Hemozoin crystals, from natural and synthetic sources, were analyzed using different techniques, 

such as electronic microscopy (SEM and TEM) and impedance spectroscopy. The analysis of 

impedance measurements in healthy and infected red blood cells (RBCs) by P. falciparum Dd2 and 

3D7 strains were made containing different developmental stages (ring, trophozoite, schizont). 

Even though the characteristics between synthetic and natural crystals are different, one of the 

protocols for synthetic hemozoin produced crystals with properties closer to the natural hemozoin. The 

impedance measurements made in infected–RBCs with different P. falciparum stages were indeed 

different from the impedance measurements in uninfected-RBCs and demonstrated that it is possible 

to distinguish infected from uninfected blood samples. 

These results support the idea that it is possible to approach both crystals formation processes 

thus simultaneously contributing to the production of antimalarial drugs able to diminish the parasite 

resistance. We also demonstrate that it is possible to use impedance measurements directly on blood 

to distinguish non-infected blood from malaria-infected blood which can be used for future 

development of a label-free diagnostic test. 

 

Keywords: hemozoin characterization, malaria diagnostic, Plasmodium falciparum, scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), impedance spectroscopy (IS) 
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Resumo 

A malária é doença infecciosa causada pelos parasitas do genus Plasmodium spp., e que 

apresenta problemas associados ao seu tratamento e diagnóstico. Neste trabalho, numa primeira 

parte é demonstrado como a morfologia, tamanho e propriedades eléctricas dos cristais de 

hemozoina obtidos de diferentes processos formação – fonte natural (P. falciparum estirpe 3D7 e 

Dd2) e fonte sintética (diferentes protocolos) contribuem para a optimização do processo de produção 

via sintética. Numa segunda parte aplicou-se a técnica de espectroscopia de impedância para 

medição da impedância dos glóbulos vermelhos não parasitados e parasitados por P. falciparum 

estirpe 3D7 e Dd2, em diferentes estádios (anel, trofozoito e esquizonte), com o objectivo de 

diferenciar sangue não infectado de infectado por Malária. 

Os processos de formação por via sintética podem ser controlados de forma obter cristais 

com características mais homogéneas. As morfologias, tamanhos e propriedades eléctricas entre 

cristais sintéticos e naturais demonstraram-se mais semelhantes quando se aplicou um determinado 

protocolo de formação por via sintética. A impedância dos glóbulos vermelhos parasitados nos 

diferentes estádios apresentou diferenças em relação à impedância dos glóbulos vermelhos não 

parasitados. Estes resultados suportam a ideia que é possível aumentar a aproximação entre 

processos de formação de cristais por via sintética e natural, e simultaneamente contribuir para a 

produção de medicamentos antimaláricos que diminuam a resistência do parasita. Além disso, 

demonstram que é possível usar  a técnica de espectroscopia de impedância para diferenciação de 

sangue não infectado e infectado por malária, e aplica-la como técnica de diagnóstico da doença. 

 

Palavras-chave: caracterização de hemozoína, diagnóstico de malária, Plasmodium falciparum, 
microscopia electrónica de varrimento (MEV), microscopia electrónica de transmissão (MET), 
espectroscopia de impedância (EI) 
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1. State of Art and Objectives 
 

1.1. Malaria  

Malaria is an infectious disease, which has evolved through the years alongside mankind. Its 

origin is uncertain but it is believed that the majority of the population with malaria began to develop in 

eastern and central Africa, more precisely in the Ethiopian region [1-3]. 

 

Malaria infection is caused by the protozoan parasites of the genus Plasmodium spp. which 

currently can be identified by 5 species, Plasmodium falciparum, Plasmodium vivax, Plasmodium 

ovale, Plasmodium malariae and Plasmodium knowlesi. The specie Plasmodium falciparum is 

transmitted by mosquito Anopheles gambiae and is responsible for the most severe infections causing 

symptoms such as severe malarial anemia, loss of conscience, cerebral malaria, triggering several 

cases of human mortality [4-6].  

The Center for Disease Control and Prevention (CDC) refers that the transmission of malaria 

depends on the climate and its changes over the years (Fig. 1.1). The disease develops better in 

tropical and sub-tropical climates, where it is possible for the mosquito Anopheles to survive and 

multiply, thus completing its growth cycle. 

 

Figure 1.1 - This map shows an approximation of the  parts of the world wheres malária transmission 
occurs [7].  

The World Health Organization (WHO) and the World Malaria Report 2013 both refer that 

there are 97 countries where malaria transmission still occurs and 7 countries that are currently at a 

prevention status. Factors such as unstable climate, global warming, civil disturbances, travel habits, 
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HIV and resistance to medicine and insecticides, have contributed negatively towards the fight against 

malaria and positively towards mortality. Currently there are around 3.4 thousand million people at risk 

of contracting the disease. On the year 2012 occurred globally 135 to 287 million new cases of malaria 

and 473 to 789 thousands deaths. The percentage of new cases is of 80 % and happened in Africa, 

as well as 90% of the deaths, most of which are children (77%) below the age of 5 [8].  

Besides contributing to the increase of mortality, malaria has negative effects on the 

socioeconomic development. The search for new methods of control and elimination of malaria has 

been fundamental to reduce mortality and to help increase the world welfare. The World Health 

Organization (WHO) have been developing objectives and strategies for 2016 to 2025, which 

according to the World Report Malaria 2013 are: 

- Prevention through vector (mosquito) control; 

o Nets treated with insecticide; 

o Indoor residual spraying; 

o Management of the sources of larvae; 

o Management insecticide resistance; 

- The most important, preventive chemotherapy (preventing the propagation of anti-malaria 

medicine resistance) [8]. 

 

1.1.1. Plasmodium life cycle 

Plasmodium’s life cycle is quite complex since it is constituted by two phases, which occur in 

two different living beings, the vector mosquito and the vertebrate host [9, 10]. The phase of the 

sexual reproduction cycle occurs on the vector mosquito, the pre-erythrocytic and erythrocytic phases 

occur on the human host (Fig. 1.2). 

 

Figure 1.2 - Basic features of the Plasmodium life cycle [11]. 
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During the pre-erythrocytic phase, an hepatic infection develops caused by the Anopheles 

mosquito’s byte on the subcutaneous tissue during its blood meal (a). At this stage the Plasmodium 

parasite’s sporozoites are injected into the blood stream and carried by the body to the liver 

hepatocytes (b). The liver infection lasts around 6 days and during this time the sporozoites undergo a 

phase of asexual multiplication, exoerythrocytic schizogony, originating thousands of merozoites 

uninucleated, which are then carried to the blood stream where they invade the red cells. This 

invasion gives rise to a new phase of asexual multiplication, intraer………….ythrocytic schizogony (c) 

where the parasite divides and grows, producing merozoites that are going to invade new red cells. 

The continuous repetition of this intra-erythrocyte phase of the parasite will aggravate the disease. 

The organ system of the host is affected by the asexual phases of the parasite differently from 

individual to individual and these are considered pathogenic. With the advancing infection, a small 

portion of the young merozoites develops into male and female gametocytes, which will later circulate 

in the peripheral blood. They will return to the mosquito when it feeds of the blood again (d) [4, 6, 10, 

12-14].     

1.1.2. Hemozoin Formation Process 

The intraerythrocytic malaria parasite digests large quantities of host hemoglobin as a major 

source of amino acids. Simultaneously, heme is released and oxidized to produce hematin (aqua / 

hydroxyferriprotoporphyrin IX), and this is converted into a compound called malaria pigment or 

hemozoin [15, 16]. 

 

 

Figure 1.3 - Cycles of asexual parasite replication  inside red blood cells [17].  Invasion of merozoites into red 
blood cells (1-4). Different stages of intraerythrocytic malaria parasite, ring (5), trophozoite (6) and schizont (7 and 
8). 

The beginning of the process of formation of hemozoin occurs in one of the four stages of the 

asexual phase of the malaria parasite, intraerythrocyte (Fig. 1.3). The cycle takes around 48 hours to 

be completed [14, 18]. This phase starts on the merozoites stage (1), it will initially adhere to the red 
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blood cell (2) and through its apical end will increase the junction with the cell thus enabling the 

parasite to enter the cell (3, 4). After entering the cell, the parasite starts feeding the surroundings of 

the cell, originating a new stage with the shape of a small ring (5). On a later stage the parasitic food 

vacuole is formed, bigger than the previous one and to where the hemoglobin is transported. It is also 

here that the hemoglobin is degraded in an acidic aqueous environment by proteolytic enzymes in 

amino acids, which will be used in the protein’s biosynthesis and in maintaining osmolality [17, 19-22]. 

During the degradation occurs an increase on the volume of the cell, which leads to a new 

trophozoite stage (6). In this stage, around 60% to 80% of the hemoglobin present in the red blood cell 

is degraded [22-24]. The degradation process triggers the release of a substance toxic to the parasite, 

heme (ferriprotoporphyrin IX) [15, 16], while at the same time a detoxification process occurs (Fig. 1.4) 

[25]. 

 

Figure 1.4 - Schematic representation of Hb up take and heme detoxification in malaria parasite [25]. 

The released heme suffers oxidation in order to produce hematin (aqua / 

hydroxyferriprotoporphyrin IX), which is then transformed into a crystalline substance, hemozoin. This 

transformation is given the name of biocrystallization, where the organisms produce crystals with a 

high molecular weight, organic materials [21, 25-28].  

Several hypotheses have been raised about the biological mediators that interfere in the 

crystallization process, such as enzyme-catalyzed heme polymerases, proteins (specifically histidine-

rich protein and heme detoxification protein) and lipid mediation, or a combination of the two. Recent 

studies revealed that neutral lipids found in the initial stage of trophozoite are sufficient to mediate the 

process. The observation of lipid nanospheres around the food vacuole in transmission electron 

microscopy (TEM) micrographs has reinforced the idea of the lipids as mediators [28-31]. About 95% 

of the hematin used in this process is converted to hemozoin [32], which is not toxic for the parasite 

[16]. With the consumption of hemoglobin and cytosol until nearly exhausted, the parasite grows and 

the schizont stage starts (7), resulting from the repetitive nuclear division in several merozoites (8). 

With at the rupture of the schizont, the hemozoin stored in the food vacuole, merozoites and all cell 

content are released into the blood flow (9). The hemozoin is then deposited in the internal organs of 

the host or phagocytosed by neutrophils and monocytes. In the blood, the intraerythrocyte phase is 

repeated in new red blood cells [19, 25, 33]. 
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1.2. Inhibition of the heme biomineralization proce ss 

 

1.2.1. Antimalarial Drugs  

After the 17th century Jesuit missionaries learned, during their travels in Latin America, that by 

the using the hull of the Cinchona tree it was possible to apply a treatment to the malaria caused 

fevers. Later on it was identified that quinine was an alkaloid extracted from the Cinchona tree, that, 

proved to be very effective against malaria [34-36]. 

With the change over the years on the structure of the quinine, other drugs of the same class 

were developed, such as, chloroquine (1934), amodiaquine (1951), primaquine (1952), mefloquine 

(1963), halofantrine (1966), and in the last 30 years piperaquine, lumefantrine and pyronaridine. In 

general it is accepted that this class of drugs have the same parasite target, which is to interfere with 

the detoxification of the heme of the parasite [37-39].    

Recently it was introduced a new class of drugs, artemisinin, derived from wormwood plant 

(Artemisia annua). This compound has several advantages; it acts well in environments rich in iron, 

and releases free radicals which can damage the parasite, being at the same time a drug that is well 

tolerated by the host [40, 41]. The target of artemisinin is inhibition of crystal nucleation of hemozoin, 

reducing their formation and changing their shape [16, 38]. 

With the evolution and development of new antimalarial drugs, the parasite evolved as well 

and due to mutations it adapted to the drugs thus giving origin to strains resistant to these drugs (Fig. 

1.5). One process that triggered the increasing of the parasite’s resistance was the transfer of its 

alleles from individual to individual through the mosquito [37, 41-44].  

 

Figure 1.5 - Comparative year of introduction of ne w antimalarial therapies versus the emergence of 
clinical resistance [45] . 
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Another problem associated with the treatment and prevention of malaria is the toxicity caused 

by the drugs used, such as cardiovascular toxicity, ocular toxicity, neurotoxicity, hepatotoxicity and 

myopathy [39, 44, 46].  

The search for new explanations that help understand the resistance mechanism of the 

parasite to the drugs has been a great challenge over the years. The table 1.1 shows various classes 

of antimarial drugs and associated problems. 

Table 1.1 - The main classes of antimalarials drugs  and associated problems [4, 36, 37, 40, 45-48]. 

Class Drugs Associated Problems 

Endoperoxides  

Artemether 

Recrudescence; neurotoxicity; reproductive safety 
concerns; high cost 

Artesunate 

Artesiminin 

Artesimone 

Dihydroartesiminin 

OZ439 

OZ277 

4-
aminoquinolines 

Amodiaquine 

Drug resistance worldwide; bitter taste; nausea; abdominal 
discomfort; dizziness; retinal pigmentation; blurred vision; 

electrocardiographic changes; muscular weakness 

Naphthoquine 

Chloroquine 

Hydroxchloroquine 

Piperaquine  

Pyronaridine 

AQ-13 

Tert-butyl isoquine 

8-
aminoquinolines 

Primaquine Photochemically unstable; in vitro phototoxic; narrow 
therapeutic index; development of drug resistance; not used 
in glucose-6-phosphate dehydrogenase-deficient patients: 

hemolytic anemia as side effect.  
 

Administration of high doses can cause: nausea; headache; 
disturbance of visual accommodation, pruritus and 

abdominal cramps. 

Diethylprimaquine 

Bulaquine 

Tafenoquine 

NPC-1161B 

Antifolates 

Pyrimethamine 

Mouth ulcers; resistance worldwide 

Proguanil 

Dapsone 

Cycloguanil 

P218 

Chlorpriguanil 
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Table 1.1 - The main classes of antimalarials drugs  and associated problems (continuation). 

Class Drugs Associated Problems 

Antifolates 

Pyrimethamine 

Mouth ulcers; resistance worldwide 

Proguanil 

Dapsone 

Cycloguanil 

P218 

Chlorpriguanil 

Sulfonamides 

Sulfadoxine 

Allergic reactions to sulfa drugs well know Sulfadiazine 

Sulfamethoxazole 

Antibiotics  

Trimethoprim 

Limited use; efficacy to be defined; phototoxicity; not used in 
pregnant women children; gastrointestinal intolerance; skin 

and nail disorders 

Azithromycin 

Tetracycline 

Fosmidomycin 

Mirincamycin 

Doxycycline 

Thiostrepton 

Amino 
alcohols 

Lumefantrine 

Severe allergic reactions; resistance worldwide; cardiotoxicity; 
poor absorption; contraindicated in pregnancy; sporadic 

resistance; gastrointestinal and neurological disturbances; 
very expensive 

Halofantrine 

Mefloquine 

Quinine 

Others 

Riboflavin 

Recrudescence; limited experience; rapid development of 
resistance in monotherapy 

Pentamidin 

DHEA 

Cycloheximide 

Atovaquone 

Deferoxamine 

Methylene Blue 

N-acetyl-D-
penicillamine 
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1.2.2. Discovery of novel antimalarial drugs  

Quinoline class drugs, such as Quinine, Chloroquine and the Mofloquine were the most 

important at the beginning of malaria control due to their effectiveness, security, low cost and quality. 

Issues such as resistance and drug toxicity caused an increase in the demand for research of new 

drugs that acted efficiently against the parasite without causing side effects and at a low cost [49]. The 

byproducts of parasite ingestion and the host’s hemoglobin catabolism have been the subject of 

research seeking understanding of the how the drugs work and of the resistance of the parasite, 

hemozoin being a prime example. The biocrystallization of the hemozoin’s heme is a mechanism not 

entirely known. The study and identification of the factors involved in the inhibition of the detoxification 

process of the parasite will be important for the clinical assays of new drugs. The optimization of the 

factors will allow for an environment greater efficiency during the assays, and possibly the 

development of antimalarials less prone to resistance by the parasite [25, 49-51]. The process of 

hemozoin formation is a valid target for most of the antimalarial drugs and it is considered an 

appropriate target for developing new antimalarials that hold back the disease or even eliminate it [28, 

49]. 

1.3.  Synthetic ( β-hematin) and native hemozoin characteristics  

 

1.3.1. Structure of synthetic hemozoin 

Various techniques have been used over the years for the characterization of the hemozoin’s 

crystals, resulting from the detoxification process of the malaria parasite [20, 27]. After Fitch and 

Kanjananggulpan having suggested that hemozoin was composed by iron (III) protoporphyrin IX (Fe 

III) PPIX, which has a similar structure to an insoluble precipitate Fe (III) PPIX, synthetic β-hematin, 

researches were conducted in order to characterize and compare them [20, 27, 33, 52]. In 1991, 

through techniques like X-ray diffraction, infrared spectroscopy, and solubilization studies, it was 

proved that β-hematin was identical to hemozoin. More in-depth studies were conducted using a 

technique of extended X-ray absorption fine structure (EXAFS) for the analysis of β-hematin. These 

studies demonstrated that β-hematin was composed by chains of bonds between the propionate 

group of one iron porphyrin and the Fe (III) center of its neighbor [20, 33, 50, 53, 54]. With a structure 

not so well defined, doubts remained as whether β-hematin was identical to hemozoin. In 1997 was 

utilized synchrotron radiation X-ray powder diffraction for the analysis of lyophilized (freeze-dried) 

parasitized red blood cells (RBCs), obtaining as a result an identical diffraction pattern of β-hematin 

removing any doubt regarding the similarities to hemozoin [16, 55]. The structure of β-hematin would 

only be completely resolved 3 years later with a technique of powder X-ray diffraction pattern (PXRD) 

by Ritetveld refinement concluding that this corresponded to an hydrogen bonded chain of proponiate 

linked dimers [26, 27, 33, 56]. Following this structure, recent studies have suggested a new 

nomenclature for β-hematin, where it is referred as an anhydride hematin [20, 54]. 
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1.3.2. Structure of native hemozoin  

Hemozoin was described for the first time as a dark black-brown coloured pigment, found in 

the internal organs (spleen, brain, liver) of malaria victims [31]. Even though spectroscopy techniques 

applied to β-hematin up until 2000 confirmed that native hemozoin had an identical structure, the 

analysis and the showing of the natural structure of the crystal would only occur later [20]. In 2005 was 

applied a technique of synchrotron radiation X-ray powder diffraction to analyze crystals formed by 

Schistosoma Mansoni and Rhodnius Prolixus, subsequently proving that the structures obtained by 

Rietveld Refinement and their own were a match. These structures were then compared to the 

structures of β-hematin, also showing similarities. On the same study it was determined the unit cell 

dimensions, and the Fe (III)-O bond length of the natural crystals and of the β-hematin (synthetic 

hemozoin) as well. The result of this study was the achievement of very similar values, thus confirming 

that β-hematin and the natural crystals shared the same unit cell and structure [20, 57]. In 2010 was 

analyzed and solved the structure of the hemozoin formed by the malaria parasite P. falciparum using 

X- ray power diffraction pattern. Once again it was proved that the parameters of the unit cell and of 

the Fe (III)-O bond length obtained through these crystals showed similarities with the ones of the β-

hematin as well as with the ones formed in 2005 by the organisms S. Mansoni and R. Prolixus. The 

only difference found was bigger disarray on the Fe (III)-O bonds of the P. falciparum’s hemozoin in 

relation to the β-hematin structure. In the study, hemozoin was characterized as a group of π-π 

dimers, which are linked by µ-propionate bonds and co-planar [20, 58]. 

1.3.3. Properties of hemozoin 

Native and synthetic hemozoin can be characterized by their physical properties. The usage of 

different techniques of microscopy and spectroscopy have demonstrated that over the years the 

crystal size, crystallinity and uniformity of the hemozoin [20]. In studies related to the morphology of 

hemozoin, two techniques of microscopy are applied, scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) [16, 59, 60]. SEM has the aim of an extend micro-structural 

characterization of the samples, such as thickness, microstructure analysis, identifying defects and 

impurities [61]. TEM is a technique that allows obtaining the morphology, structure and local chemistry 

of metals, ceramics, polymers, biological materials and minerals. It also enables the investigation of 

crystal structures, crystallographic orientations through electron diffraction, as well as second phase, 

precipitates and contaminants distribution by X-ray and electron energy analysis [62, 63]. Studies 

have demonstrated that the crystal has well-defined faces [23] with 0.2-1.6 µm in size [16, 59]. 

Hemozoin is also birefringent, which is the capacity to depolarize light, thus allowing its detection by 

dark-field and polarization microscopy [30]. Determining the relationship between the external 

macroscopic morphology of the crystal (crystal habit) and the unit cell structure is important for the 

molecular understanding of the mechanism of hemozoin formation [59, 64].  

 

The magnetic properties of the crystal are also subject of study. Techniques such as X-band 

electron paramagnetic resonance (EPR) and magnetic Mössbauer spectroscopy proved that native 

and synthetic hemozoin exist in a paramagnetic complex, high spin S=5/2 state [20, 30, 31]. Recently 
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in 2009, the luminescence properties were subject of study, by obtaining uv-visible spectrum of 

synthetic hemozoin. The crystalline product showed flourescence at 577 nm, either very dry or fully 

dehydrated [20].        

 

1.4. Malaria diagnostic and detection devices 

Nowadays different test and techniques exist that help with malaria diagnosis, however 

limitations in its applications have emerged (table 1.2). Malaria diagnosis involves identifying malaria 

parasites (parasitemia) or antigens/products in patient blood. Delays in diagnosis and treatment are 

leading causes of death in many countries. Several factors can influence the identification and 

interpretation of malaria parasitemia in a diagnostic test, as different stages of erythrocytic schizogony, 

the endemicity of different species, the interrelation between levels of transmission, population 

movement, parasitemia, immunity, drug resistance, persisting viable or non-viable parasitemia, 

sequestration of the parasites in the deeper tissues, and the use of chemoprophylaxis [65]. Other 

issues associated with a bad diagnosis is the poor maintenance of testing equipment and lack of 

experience or knowledge from the technicians interpreting the results, for example when observing the 

various stages of the parasite on the microscope [5]. Severe infectious diseases, such as tuberculosis 

or HIV/AIDS can complicate more patient evaluation [65]. 

 

Table 1.2 - Tests, Techniques and Limitations in Ma laria Diagnostic [4, 5, 30, 37, 65, 66]. 

Diagnosis of 
Malaria 

Tests and 
Techniques 

Principle of the Method and 
Devices Limitations 

Clinical  Examination of 
patients 

Based on the patients signs and 
symptoms, 

and on physical findings at 
examination 

Non-specific nature of the 
signs and symptoms  

(overlapping of malaria with 
other diseases) 

Laboratory 

 
Peripheral 

blood smears  

Visualization of morphological 
distinguishable stages of parasites 
under right microscope by thick and 

thin blood smear and staining 

Require considerable 
expertise and trained 
healthcare workers; 

Examination 
is its relatively low 

sensitivity, particularly at 
low parasite 

levels 

Quantitative 
Buffy Coat 

(QBC) 
technique 

Blood staining with acridine orange 
and detection by epifluorescent 

microscope  

Requires expertise in 
reading; expensive; species 

identification may be 
difficult 
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Diagnosis of 
Malaria 

Tests and 
Techniques 

Principle of the Method and 
Devices Limitations 

Laboratory 

Pigment Detection 
 Detection of hemozoin 

(malaria pigment) by Dark-
field microscopy 

Not as sensitive as thick 
blood films 

Rapid diagnostic tests 
(RDTs) 

Detection of parasite 
antigens or enzyme 

 Show wide 
variations in sensitivity of 
remote malaria-endemic 
areas; have to be used in 

conjunction 
with other methods to 

confirm the results 

Serological tests 
Detection of antibodies 

against parasites 

Time-consuming; cannot 
be automated, which limits 

the number of 
sera that can be studied 

daily; requires 
fluorescence microscopy 
and trained technicians 

Molecular 

PCR technique 
Specific amplification of 

malaria DNA 

Lengthy procedure; 
high cost, and the need for 

specially trained 
technicians 

LAMP technique 
Detection of turbidity by a 

turbidity meter after 
amplifying DNA sequences  

Reagents 
require cold storage; 

clinical assays are needed 
to validate 

the feasibility and clinical 
utility 

Microarrays 
Hybridization of DNA isolate 

and quantified by 
fluorescence-base detection  

Low sensitivity; 
cumbersome procedures 

Flow cytometry (FCM) 
assay 

Detection of hemozoin by 
flow cytometer  

Labor intensiveness; need 
for 

trained technicians; costly 
diagnostic equipment, and 

that false positives 
may occur with other 

bacterial or viral infections 

Automated blood cell 
counters (ACC) 

Use of depolarized laser light 
(DLL) to detection of malarial 

pigment in activated 
monocyte 

More obvious if 
parasitemia > 0.5% 

Mass 
spectrophotometry 

Identification of heme by 
direct ultraviolet laser 

desorption mass 
spectrometry 

(LDMS) 

Expensive; still in early 
stages of development for 

diagnosis of malaria 

Table 1.2 – Tests, Techniques and Limitations in Malaria Diagno stic (continuation).  
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The search for new diagnostic techniques which can reduce the interpretation error and that 

can identify the disease efficiently is of the utmost importance in non-endemic continents where its 

infected population is often asymptomatic [65]. In addition, it is also important in regions where malaria 

is endemic, and where often infections involve two or more species of Plasmodium; these mixed 

infections often go unrecognized or underestimated in diagnosis [67].  One of the biggest reasons for 

the need of innovation in testing equipment and diagnosis is the detection is severe malaria caused by 

the parasite P. falciparum, particularly cerebral malaria [68]. The infected red blood cells by P. 

falciparum have the ability of connecting themselves with the vascular endothelium through a process 

called cythoadherence. As a consequence sequestration phase of red blood cells occurs containing 

mature forms of the parasite in organs (heart, lung, brain, liver, kidney, subcutaneous tissues and 

placenta), early trophozoite stage (Fig. 1.6 B) to schizont stage (Fig. 1.6 C) rupture, where infected red 

blood cells (iRBCs) are no longer detectable in peripheral blood smears, complicating the diagnosis. 

Only infected red blood cells at the ring stage (Fig. 1.6 A) will circulate on the peripheral blood and 

might be detected [6, 10, 40, 69]. Early diagnosis allows effective case management and strategically 

helps to reduce malaria morbidity and mortality, to reduce the risk of parasite resistance to medicines 

and increases malaria surveillance [40].     

 

Figure 1.6 – Stages of malaria parasite on thin bloo d smear.  This thin film Giemsa-stained micrographs 
reveals ring-stage (A) trophozoite-stage (B) and schizont-stage (C) of Plasmodium falciparum [70].  

One of the possible techniques that can be used as an innovative method for malaria 

diagnosis is impedance spectroscopy (IS). This analytical technique can be applied to characterize the 

electric properties of materials, as solids and liquids electrolytes, electrical and structural ceramics, 

magnetic ferrites, polymers and protective paint films, batteries and fuel cells and also living tissue. 

When an electrical field is applied to an interface, crystallographic, mechanical, compositional, and 

electrical properties polarize in a unique way, modifying the charge distribution of the system under 

study [71]. Currently is utilized in the development of various biosensors. This method offers a 

complementary technique for in vivo detection of a variety of cancers including malignancy in the liver, 

bladder, skin and breast. Due to the invasion of the red blood cells by the malaria parasite 

morphological changes occur in the cytoplasm and cell membrane, causing biochemical changes. 

These modifications are associated to biophysical modifications of electrical, optical, mechanical, and 

magnetic properties. The variation in electrical properties of infected red blood cells can be detected 

by spectroscopy impedance and thus work as a diagnosis method [68, 72, 73]. 
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1.5. Objectives of the work 

The present work had two aims, first was the production of β-hematin (synthetic hemozoin) 

crystals under acidic conditions from hemin, using well-established protocols, and direct comparison of 

their microstructural features and passive electrical properties with the ones of native hemozoin 

crystals extracted of infected erythrocytes by P. falciparum Dd2 and 3D7 strains. Scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) and impedance spectroscopy (IS) have 

been used as characterization techniques.  

The second aim was to test a new technique of malaria diagnosis through impedance 

measurements in healthy RBC´s and infected RBC´s by P. falciparum Dd2 and 3D7 strains in 

synchronized and unsynchronized culture. The technique applied was impedance spectroscopy with 

two types of devices with the same principle measurement (circuit), but with variation in the frequency 

range measures (low and high frequencies), for determination of discrimination degree between 

impedances. 
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2. Material and Methods 
 

2.1. Culture media and solutions 

In the following section, from 2.1.1 to 2.1.6, are presented the constitutions and processes for 

the preparation of the culture medium as well as the solutions for the different protocols applied 

during the experimental work. 

 

2.1.1. Culture medium (RPMI) complete for Plasmodium falciparum  

Constituted by 1.04 % RPMI 1640 (Sigma), 25 mM HEPES (Sigma), 6.8 M Hypoxanthine 

(Sigma), 0.2% Sodium Bicarbonate (Merck), 0.5% AlbuMaxII (Invitrogen™). 

2.1.2. Sodium Hydroxide solution  

Prepared by 1:10 dilution of 1 M NaOH solution in ultrapure water (Milli-Q). 

2.1.3. Hemin solution Protocol 1  

Prepared by dissolving 21.2 mg of hemin (Sigma) in 4.5 ml of 0.1 M NaOH . 

2.1.4. Hemin solution Protocol 2  

Prepared by dissolving 13 mg of hemin in 5 ml of 0.1 M NaOH. 

2.1.5. Sodium Bicarbonate solution  

Prepared one solution of 100 mM Sodium Bicarbonate at pH 9.1 by dissolving 252.03 mg of 

NaHCO3 (Merck) in 30 ml of ultrapure water (Milli-Q). 

2.1.6. Solution A  

Prepared by dissolving 50 mg of 0.5% SDS (Sigma) and 20 mg of proteinase K (2 mg/ml) 

(Sigma) in 10 ml of 10 mM TRIS-HCL (pH=8) solution (Sigma). 

2.2.  Production of synthetic hemozoin ( β-Hematin) 

 

2.2.1.   Protocol 1  

Prepared using a modified protocol of Slater et al. as follows [53]. After prepared 4.5 ml of 

hemin solution, was transferred 1 ml of solution to each four different tubes properly marked (Fig. 2.1). 

The hemozoin polymerizations were initiated by addition to each tube of 350 µl of glacial acetic acid 

(Sigma) and by heating at 80ºC overnight (approximately 12 hours) in heating block. The following 

day, tubes with pellet, synthetic hemozoin (sHz), were washed four times in ultra pure water (Milli-Q) 

centrifuged at 3300 xg for 15 min. and washed again two times for 3 hours in sodium bicarbonate 

solution with pH 9.1 and centrifuged at 3300 xg for 15 min. Finally tubes with pellet were washed four 
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additional times in ultrapure water (Milli-Q) centrifuged at 3300 xg for 15min., resuspended in 1 ml of 

PBS solution. The heme-equivalent of crystals has been determined from interpolation using standard 

hemin solution absorbances determined with a TRIAD Series LT Multimode Detector (Dynex 

Tecnologies), using a calibration curve (appendix A). Synthetic hemozoin was stored at 4ºC. 

2.2.2. Protocol 2 

After preparing 5 ml of hemin solution, 1 ml of solution was transferred to each five different 

tubes properly marked (Fig. 2.1). The hemozoin polymerizations were initiated by addition to each 

tube of 150 µl of ultrapure water and 150 µl of glacial acetic acid (Sigma) and incubation at 37º C 

overnight (approximately 24 hours). The following day, tubes with pellet, synthetic hemozoin (sHz), 

were centrifuged at 3300 xg for 15 min. and the supernatant discarded. Afterwards, the pellet was 

resuspended in 1 ml of DMSO (Sigma) and centrifuged at 3300 xg for 15 min. The previous process 

was repeated five and six times until supernatant becomes translucent. Finally, pellet was washed two 

times in ultrapure water (Milli-Q) by centrifuging at 3300 xg for 15 min and resuspended in 1 ml of PBS 

solution. The heme-equivalent of crystals has been determined from interpolation using standard 

hemin solution absorbances determined with a TRIAD Series LT Multimode Detector (Dynex 

Tecnologies), using a calibration curve (appendix A). Synthetic hemozoin was stored at 4ºC. 

 

Figure 2.1 – Exemple of synthetic hemozoin producti on 

 

2.3. Production of native hemozoin 

 

2.3.1. Preparation of non-parasitized red blood cel ls 

From healthy human donors was harvested 10 to 20 ml of venous blood (plus EDTA) - free of 

any kind of medication. Each sample is divided in 5 ml aliquots and centrifuged at 950 xg for 5 minutes 

in order to remove the leukocytes blood fraction. In order to wash the erythrocytes, the 10 ml of 

incomplete RPMI medium (without AlbuMaxII) were added to each sample followed by mixing through 

inversion. The mixture was centrifuged at 950 xg for 5 min. The supernatant was removed and this 

washing step was repeated two to three times. 

To the final erythrocytes pellet was added 10 ml of (completed) RPMI medium. The erythrocytes cell 

suspension (50%) was preserved at 4°C during, a max imum, of 15 days. 
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2.3.2. In vitro culture of Plasmodium falciparum 

In vitro culture growing of P. falciparum clones, was performed according to Trager & Jensen 

(1976) [74], Thaithong et al., (1994) [75] and Cranmer et al., (1997) [76] with some modifications. In 

order to grow this type of Plasmodium, erythrocytes were maintained in RPMI culture medium at 37°C 

with a 5% of CO2. The hematocrit was considered to be 5%. The parasite development was assessed 

through the observation of blood smears stained with 20% Giemsa (Merck) using an optical 

microscope. When parasitemia reached 5 to 8% of infected erythrocytes, new dilutions and new 

cultures were made.  

2.3.3. Extraction of native hemozoin from parasite cultures  

P. falciparum (strain 3D7 and Dd2) hemozoin (or native hemozoin, nHz) was extracted of 

frozen culture with high parasitemia of trophozoites and schizonts (Fig. 2.2). First, frozen cultures were 

washed one time in ultra pure water (Milli-Q) centrifuged at 1900 xg for 10 min. and the supernatant 

aspirated. The pellet obtained was added to 10 ml of saponin solution (Sigma) and incubated at 37ºC 

until lysis was complete. After centrifuging at 1900 xg for 10min., the pellet was washed four times in 

ultra pure water centrifuged at 6600 xg for 5min., sonicated in 2% SDS (≈ 2min), washed four times 

with 2% SDS by centrifuged at 6600 xg for 5 min and then incubated overnight at 37ºC with solution A. 

After being washed two times with 2% SDS and undergoing centrifugation (6600 xg for 5min), the 

pellet was incubated in 6 M urea solution at room temp in an agitator for 6 hours and then washed two 

times with 2% SDS and two times with ultrapure water (Milli-Q) centrifuged at 6600 xg for 5min. 

Purified nHz was resuspended in 500 µl of ultrapure water. The heme-equivalents were determined by 

interpolation of standard hemin solution absorbances (read in TRIAD Series LT Multimode Detector 

(Dynex Tecnologies), using a calibration curve. Purified nHz was stored at 4ºC. 

 

 

Figure 2.2 –  Exemple of native hemozoin production  

 

 

 



 

 

2.4. Hemozoin crystals quantitation 

The amount of hemozoin in the ultrapure water and PBS buffer suspensions was quantified as 

heme-equivalents by interpolation in a standard calibration curve of hemin solution. First, it was 

prepared in an ELISA plate (Fig. 

and three identical wells with hemozoin suspension + 0.

dilutions (1:2) were made from the 

in the hemozoin suspensions when necessary. After approximately 35 minutes, the plate was inserted 

in TRIAD Series LT Multimode Detector (Dynex Tecnologies) and the absorbance read at 405 nm. 

The standard concentrations of hemin were calculated using the following expression:
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The calibration curve was made using the stand

respective absorbances as y (appendix

from the calibration curve. 

 

Figure 2.3 – Plate of ELISA with 
hemozoin native or synthetic.  

 

2.5. Scanning Electron M

 

2.5.1. Working principle 

The scanning electron microscope (SEM)

characterization of heterogeneous organic and i

(µm) scale. The popularity of the SEM stems from its capability of obtaining three

images of the surfaces of a very wide range of materials. Although the major use of the SEM is to 

obtain topographic images in the magni

we shall now see. The fields of application of this technique range from the micro

characterization of the samples to applications in Geology, Medicine and Biology, powder 

characterization, as well as many others 

Hemozoin crystals quantitation (heme equivalents) 

The amount of hemozoin in the ultrapure water and PBS buffer suspensions was quantified as 

equivalents by interpolation in a standard calibration curve of hemin solution. First, it was 

Fig. 2.3) three equal wells with 4 mM of hemin solution

ls with hemozoin suspension + 0.1 M NaOH (depolymerization). Successive 

from the 4 mM hemin solution plus NaOH. The same dilutions were applied 

in the hemozoin suspensions when necessary. After approximately 35 minutes, the plate was inserted 

in TRIAD Series LT Multimode Detector (Dynex Tecnologies) and the absorbance read at 405 nm. 

d concentrations of hemin were calculated using the following expression:
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The calibration curve was made using the standard concentrations of hemin as 

(appendix A). The concentration of hemozoin crystals was

 

Plate of ELISA with intial hemin solution (successive dilutions 1:2 ) and 

Electron M icroscopy 

scanning electron microscope (SEM)  (Fig. 2.4) permits the observation and 

characterization of heterogeneous organic and inorganic materials on a nanometer

m) scale. The popularity of the SEM stems from its capability of obtaining three

images of the surfaces of a very wide range of materials. Although the major use of the SEM is to 

n the magnification range 10-10.000 x, the SEM is much more versatile, as 

fields of application of this technique range from the micro

characterization of the samples to applications in Geology, Medicine and Biology, powder 

zation, as well as many others [61]. 
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The amount of hemozoin in the ultrapure water and PBS buffer suspensions was quantified as 

equivalents by interpolation in a standard calibration curve of hemin solution. First, it was 

solution + 0.1 M NaOH 

1 M NaOH (depolymerization). Successive 

solution plus NaOH. The same dilutions were applied 

in the hemozoin suspensions when necessary. After approximately 35 minutes, the plate was inserted 

in TRIAD Series LT Multimode Detector (Dynex Tecnologies) and the absorbance read at 405 nm. 

d concentrations of hemin were calculated using the following expression: 

�
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ard concentrations of hemin as x and the 

concentration of hemozoin crystals was interpolated 

) and suspensions of 

permits the observation and 

norganic materials on a nanometer (nm) to micrometer 

m) scale. The popularity of the SEM stems from its capability of obtaining three-dimensional-like 

images of the surfaces of a very wide range of materials. Although the major use of the SEM is to 

000 x, the SEM is much more versatile, as 

fields of application of this technique range from the micro-structural 

characterization of the samples to applications in Geology, Medicine and Biology, powder 
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The two major components of an SEM are the electron column and the control console. The 

electron column consists of an electron gun and two or more electron lases, which influence the paths 

of electrons traveling down an evacuated tube. The base of the column is usually taken up with 

vacuum pumps that produce a vacuum of about 10-4 Pa. The control console consists of a cathode ray 

tube (CRT) viewing screen and the knobs and computer keyboard that control the electron beam. The 

electron gun generates electrons and accelerates them to energy in the range 0.1-30 keV (100-30.000 

electron volts). The base of the column is usually taken up with vacuum pumps that produce a vacuum 

to remove air molecules that would impede the passage of the high-energy electrons down the 

column. The control console consists of an LCD viewing screen that digitally displays the detectors 

signal, knobs and a computer keyboard that controls the electron beam [61, 77]. 

 

 
Figure 2.4 – Scanning Electron Microscope. 

The SEM’s principle of operation is based on an electron beam focused on the sample that 

originates on a cathode, usually made of tungsten heated by an electric current. The contrast in an 

image of SEM arises when the signal collected from the beam-specimen interaction varies from one 

location to another. When the electron beam (primary electrons) impinges on the specimen, many 

types of signal are generated and any of these can be displayed as an image. The electronics of the 

detector system converts the signals to point-by-point intensity changes on the viewing screen and 

produces an image. The two signals most often used to produce SEM images are secondary electrons 

(SEs) and backscattered electrons (BSE). The number of secondary electrons varies with geometry 

and other properties of specimen. Secondary electrons are collected when a positive voltage is 

applied to the collector screen in front of the detector. Then, electrons captured by the 

scintillator/photomultiplier are amplified for display on the viewing cathode ray tube (CRT) [61].  

2.5.2. Preparation and analysis of specimens 

SEM was used to observe of the morphology of sHz and nHz crystals in order to characterize 

their shape, size and structure. On top of metallic sample holder were placed 10 µl of nHz and sHz 

resuspended in ultrapure water (Milli-Q) and allowed to dry 3 to 4 hours in room temp (Fig. 2.5), using 

artificial light for acceleration of the drying process. Then, the specimens were coated two times with a 



 

 

carbon layer in a Q150R Rotary-

JEOL 7001F field emission scanning electron microscope, at 

accelerating voltage of 15.0 kV. 

microscope in a low vacuum mode by digital photo documentation

Figure 2.5 - Preparation of specimens (nHz and sHz suspensions) f or SEM in room temp 
(A) sample holder (B).   

 

2.6. Transmission Electron M

 

2.6.1.  Working principle 

The transmission electron microscope (TEM)

microstructural characterization of materials,

structure, and local chemistry of metals, ceramics, polymers, biological materials and minerals

63]. 

Magnifications of up to 500.000 times 

Diffraction can be performed in regions smaller than 50 nm and quantitative and qualitative el

analysis can be attained from features smaller than 10 nm. The instrument includes an electron gun, 

which emits electrons and accelerates them between a cathode and an anode. The most common 

types of transmission electron microscopes have thermionic guns capable of accelerating t

electrons through a selected potential difference in the range 120 to 200 keV. The condenser lens 

system of the microscope controls the specimen illumination, which ranges from uniform illumination 

of a large area at low magnification, through a stronge

TEM specimen stage designs include airlocks to allow for the insertion of the specimen holder into the 

vacuum with a minimal increase in pressure in other areas of the microscope. The specimen holders 

are adapted to hold a standard size of grid upon which the sample is placed. The standard TEM grid 

size is a 3.05 mm diameter ring, with a thickness and mesh siz

is typically made of copper, except when analytical methods are

made of molybdenum, gold or platinum, and is placed into the sample holder

 

  By focusing the electron beam, diffraction patterns can be measured from microscopic 

regions, and it is often possible to select a single microcrystal for a diffraction measurement. The 

-Pumped Sputter Coater/Carbon Coater and they were examined 

JEOL 7001F field emission scanning electron microscope, at Instituto Superior Técnico

accelerating voltage of 15.0 kV. Secondary electron images were acquired while operating the 

microscope in a low vacuum mode by digital photo documentation system. 

Preparation of specimens (nHz and sHz suspensions) f or SEM in room temp 

Transmission Electron M icroscopy 

transmission electron microscope (TEM)  (Fig. 2.6) has become the premier tool for the 

l characterization of materials, since it allows detailed investigation of the morphology, 

structure, and local chemistry of metals, ceramics, polymers, biological materials and minerals

Magnifications of up to 500.000 times and resolutions below 100 pm are routinely achieved. 

Diffraction can be performed in regions smaller than 50 nm and quantitative and qualitative el

from features smaller than 10 nm. The instrument includes an electron gun, 

which emits electrons and accelerates them between a cathode and an anode. The most common 

types of transmission electron microscopes have thermionic guns capable of accelerating t

electrons through a selected potential difference in the range 120 to 200 keV. The condenser lens 

system of the microscope controls the specimen illumination, which ranges from uniform illumination 

of a large area at low magnification, through a stronger focusing for high magnification observation. 

TEM specimen stage designs include airlocks to allow for the insertion of the specimen holder into the 

vacuum with a minimal increase in pressure in other areas of the microscope. The specimen holders 

ted to hold a standard size of grid upon which the sample is placed. The standard TEM grid 

size is a 3.05 mm diameter ring, with a thickness and mesh size raging from a few to 100 µ

is typically made of copper, except when analytical methods are employed and in this case it can be 

made of molybdenum, gold or platinum, and is placed into the sample holder [63, 

By focusing the electron beam, diffraction patterns can be measured from microscopic 

regions, and it is often possible to select a single microcrystal for a diffraction measurement. The 
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Pumped Sputter Coater/Carbon Coater and they were examined in a 

Instituto Superior Técnico, using an 

electron images were acquired while operating the 

 

Preparation of specimens (nHz and sHz suspensions) f or SEM in room temp on top of metallic 

become the premier tool for the 

allows detailed investigation of the morphology, 

structure, and local chemistry of metals, ceramics, polymers, biological materials and minerals [62, 

m are routinely achieved. 

Diffraction can be performed in regions smaller than 50 nm and quantitative and qualitative elemental 

from features smaller than 10 nm. The instrument includes an electron gun, 

which emits electrons and accelerates them between a cathode and an anode. The most common 

types of transmission electron microscopes have thermionic guns capable of accelerating the 

electrons through a selected potential difference in the range 120 to 200 keV. The condenser lens 

system of the microscope controls the specimen illumination, which ranges from uniform illumination 

r focusing for high magnification observation. 

TEM specimen stage designs include airlocks to allow for the insertion of the specimen holder into the 

vacuum with a minimal increase in pressure in other areas of the microscope. The specimen holders 

ted to hold a standard size of grid upon which the sample is placed. The standard TEM grid 

e raging from a few to 100 µm. The grid 

employed and in this case it can be 

, 77].  

By focusing the electron beam, diffraction patterns can be measured from microscopic 

regions, and it is often possible to select a single microcrystal for a diffraction measurement. The 



 

 

optics of electron microscopes can be used to make images of the elect

the sample. For example, variations in the intensity of electron diffraction across a thin specimen, 

called “diffraction contrast,” is useful for making images of defects such as dislocations, interfaces, 

and second phase particles. This technique of “phase

columns of atoms. Besides diffraction and spatial imaging, the high

electronic excitations of the atoms in the specimen. “Analytical TEM” uses two types

to obtain chemical information from electronic excitations, energy

and electron energy-loss spectrometry (EELS)

Figure 

 

By positioning an “objective aperture” at a specific location in the back focal plane, an image is 

made with only those electrons that have been diffracted by a specific angle. This defines two imaging 

modes, Bright- field and a D ark

Figure 2.7 - Bright

optics of electron microscopes can be used to make images of the electron intensity emerging from 

the sample. For example, variations in the intensity of electron diffraction across a thin specimen, 

called “diffraction contrast,” is useful for making images of defects such as dislocations, interfaces, 

les. This technique of “phase-contrast imaging” is used to form images of 

columns of atoms. Besides diffraction and spatial imaging, the high-energy electrons in TEM cause 

electronic excitations of the atoms in the specimen. “Analytical TEM” uses two types

to obtain chemical information from electronic excitations, energy-dispersive x-ray spectrometry (EDS) 

loss spectrometry (EELS) [62]. 

 

Figure 2.6 -  Transmission electron microscope [62]. 

By positioning an “objective aperture” at a specific location in the back focal plane, an image is 

made with only those electrons that have been diffracted by a specific angle. This defines two imaging 

ark-field  (Fig. 2.7) [62]. 

 

Bright - field (A) and Dark-field (B) TEM imaging modes  
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ron intensity emerging from 

the sample. For example, variations in the intensity of electron diffraction across a thin specimen, 

called “diffraction contrast,” is useful for making images of defects such as dislocations, interfaces, 

contrast imaging” is used to form images of 

energy electrons in TEM cause 

electronic excitations of the atoms in the specimen. “Analytical TEM” uses two types of spectrometries 

ray spectrometry (EDS) 

By positioning an “objective aperture” at a specific location in the back focal plane, an image is 

made with only those electrons that have been diffracted by a specific angle. This defines two imaging 

 [62]. 



 

 

• When the aperture is positioned to pass only the transmitted (un

bright-field (BF) image is formed 

• When the aperture is positioned to pass only some diffracted electrons, a 

image is formed [62]. 

2.6.2.   Preparation and analysis of specimens

TEM was used for the analysis

characterize their shape, size and structure.

were dropped 10 µl of nHz and sHz resuspended in ultrapure water (Milli

hemozoin. The hemozoin was allowed to dry at

with the sample material only the hemozoin crystals were left in the grid. Then, the grid was inserted in 

Gatan TEM sample holders (Fig. 2

microscope, at Instituto Superior 

were acquired by digital photo documentation system

Figure 2.8 - Preparation of specimen (nHz and sHz suspensions) fo r TEM in grid (A) and inserted in Gatan 
sample holders (B). 

 

2.7. Impedance Spectroscopy 

 

2.7.1.  Method principle 

Electrical impedance is the measure of the opposition that a circuit presents to a current when 

a voltage is applied. Ohm’s Law states that the current (I) passing through two points of a metallic wire 

is directly proportional to the potential difference (V) between those points. The proportionality 

constant is the resistance (R), given by 

 

• When the aperture is positioned to pass only the transmitted (un-diffracted) electrons, a 

 [62]. 

• When the aperture is positioned to pass only some diffracted electrons, a 

Preparation and analysis of specimens  

was used for the analysis of the microstructure of the sHz and nHz crystals in order to 

characterize their shape, size and structure. On top of mounting grid with absorbent paper underneath 

of nHz and sHz resuspended in ultrapure water (Milli-Q) dispersing

allowed to dry at room temperature. Since the solvent does not react 

with the sample material only the hemozoin crystals were left in the grid. Then, the grid was inserted in 

(Fig. 2.8) and examined in Hitachi H8100 transmission electron 

Instituto Superior Técnico, using an accelerating voltage of 200 kV. 

by digital photo documentation system. 

Preparation of specimen (nHz and sHz suspensions) fo r TEM in grid (A) and inserted in Gatan 

Impedance Spectroscopy  

Electrical impedance is the measure of the opposition that a circuit presents to a current when 

Ohm’s Law states that the current (I) passing through two points of a metallic wire 

is directly proportional to the potential difference (V) between those points. The proportionality 

constant is the resistance (R), given by Eq. 1. 
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diffracted) electrons, a 

• When the aperture is positioned to pass only some diffracted electrons, a dark-field (DF) 

z and nHz crystals in order to 

On top of mounting grid with absorbent paper underneath 

dispersing the crystals of 

the solvent does not react 

with the sample material only the hemozoin crystals were left in the grid. Then, the grid was inserted in 

examined in Hitachi H8100 transmission electron 

an accelerating voltage of 200 kV. Bright-field images 

 

Preparation of specimen (nHz and sHz suspensions) fo r TEM in grid (A) and inserted in Gatan 

Electrical impedance is the measure of the opposition that a circuit presents to a current when 

Ohm’s Law states that the current (I) passing through two points of a metallic wire 

is directly proportional to the potential difference (V) between those points. The proportionality 

Eq. 1 
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For an AC circuit, it is necessary to consider the concept of Impedance (Z), since in this type of circuit 

is necessary to account the effect of the inductance and capacitance of the conductors.  

The impedance is represented by the complex ratio described in Eq. 2: 

� = |�|��� Eq. 2 

 

Where |Z| corresponds to the ratio of the voltage amplitude to the current amplitude, and � 

corresponds to the phase-shift between the applied signal (excitation signal) and the response 

(output) signal. This phase-shift is known by relaxation time and corresponds to the time required for a 

perturbed system, previously in equilibrium, to find a new equilibrium state. The characteristics of 

amplitude and phase obtained represent the polar form of the impedance. 

The impedance can be also converted and represented in Cartesian form described in Eq. 3:  

� = � + �� Eq. 3 

 

Where R corresponds to the real part, equivalent to electrical resistance and X to the imaginary part, 

which represent the reactance. 

In conclusion, electrical impedance is the total resistance of an AC circuit, i.e. when a certain 

component creates resistance and wastes energy as heat. If the component doesn’t waste energy as 

heat then it is called reactance. Both resistance and reactance are components of what it is called 

impedance [71, 78, 79]. 

 

Impedance spectroscopy  is an analytical technique that allows the study of dielectric 

materials, i.e. solids and liquids that are polarized when an electrical field is applied but do not conduct 

electricity in the same manner as an electrical wire. The technique can be divided in two branches: 

electrochemical impedance spectroscopy (EIS), which deals with aqueous electrochemistry and 

impedance spectroscopy (IS) that describes all the other measurements dealing with solid electrolytes 

[71].  

When a low conductivity material is perturbed by an external electrical field, a number of 

processes will take place throughout the cell, including the transport of electrons through electronic 

conductors, transfer of electrons at electrode–electrolyte interfaces to or from charged or uncharged 

atomic species which originate from the cell materials and its atmospheric environment (oxidation or 

reduction reactions). The responses of the different processes can spread out through 12 orders of 

magnitude in the frequency range. Interfacial processes can require a sweep down to frequencies as 

low as 10 µHz for adequate resolution. On the other hand, bulk response can be observed up to 50 

MHz. Impedance spectroscopy offers the possibility to separate the kinetics of the different processes 

involved in a single experiment, simply by sweeping the frequency of the applied AC excitation signal. 

Similarly to other spectroscopy techniques (visible, FTIR and others), certain phenomenon will 



 

 

typically respond at specific frequencies and that information 

characterized [71, 80].  

2.7.2. Measurement Principle

In this present work, two different impedance

has the ability of reading low frequencies

of reading high frequencies such as 

both devices is the same being the read frequencies the only distinction. Its operation is pr

Fig. 2.9. 

Figure 2.9 – Measurement principle of 

The input signal of the circuit (

current (Io) (2) due to the transcondutance amplifier.  With the increasing of the signal’s frequency, the 

current (Io) is applied to the sample being analyzed (5) by two electrodes (3). At the sam

voltage (V) is measured in the same sample (4). The resulting impedance is measure by a potential 

difference and will correspond to the electrical resistance (

Since the signal obtained has low amplitude, its value (real data) is amplifie

amplifier (6) and then is quantized into binary data, V

With the high frequencies circuit

to normalize the amplitude of the signal to the peak

a better discretization of the signal

 

 

typically respond at specific frequencies and that information allows the sample under study to be 

Measurement Principle  

In this present work, two different impedance spectroscopy devices were used

has the ability of reading low frequencies, Ifreq ∈ [10 kHz – 82.5 kHz], and the second one was the ability 

of reading high frequencies such as Ifreq ∈ [250 kHz – 5 MHz]. The principle underlying the operation of 

g the read frequencies the only distinction. Its operation is pr

Measurement principle of impedance spectroscopy for low and high frequencies devices.

put signal of the circuit (Fig. 2.9) is a voltage (Vi) (1) which is converted to an output 

) (2) due to the transcondutance amplifier.  With the increasing of the signal’s frequency, the 

) is applied to the sample being analyzed (5) by two electrodes (3). At the sam

the same sample (4). The resulting impedance is measure by a potential 

to the electrical resistance (R), according to Ohm’s Law (equation 1). 

Since the signal obtained has low amplitude, its value (real data) is amplified using an instrumentation 

amplifier (6) and then is quantized into binary data, Vimpedance (7). 

high frequencies circuit a Crest Factor of 1.405 for excitation signal was used

to normalize the amplitude of the signal to the peak-to-peak values of the sine wave, thus allowing for 

a better discretization of the signal. 
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allows the sample under study to be 

spectroscopy devices were used. The first one 

, and the second one was the ability 

. The principle underlying the operation of 

g the read frequencies the only distinction. Its operation is presented in 

 

spectroscopy for low and high frequencies devices.  

is converted to an output 

) (2) due to the transcondutance amplifier.  With the increasing of the signal’s frequency, the 

) is applied to the sample being analyzed (5) by two electrodes (3). At the same time, a 

the same sample (4). The resulting impedance is measure by a potential 

R), according to Ohm’s Law (equation 1). 

d using an instrumentation 

for excitation signal was used in order 

ave, thus allowing for 
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2.7.3. Experimental protocol 

 

2.7.3.1. Synchronization of in vitro cultures of Plasmodium falciparum 

Since all P. falciparum development stages (rings, trophozoites, schizonts and occasionally 

gametocytes) were observed during in vitro culture of erythrocytes it is important to achieve 

synchronization of the cultures before the execution of impedance spectroscopy assays.  

The osmotic fragility of malaria-infected erythrocytes is known to increase during the 

development of the parasite [81, 82]. Based in this observation, synchronization was achieved by 

applying an osmotic shock to erythrocytes using sorbitol (5%) for that purpose [83]. Cultures 

presenting a 10% level of parasitemia, with predominance of young parasites, were centrifuged (676 

xg during 5 minutes). The supernatant was discard and to the pellet were added 10 volumes of 5% D-

Sorbitol (Merck) previously sterilized by filtration (0.2 µm filters, Millipore). After 10 minutes of 

incubation at 37°C, the mixture was centrifuged and  washed twice with RPMI (without plasma). The 

erythrocytes pellet, recovered after the last centrifugation, was resuspended in the already stated 

culture conditions. If required, this protocol can be repeated 6 to 8 hours later.  

2.7.3.2. Parasitemia determination 

During the manipulation of in vitro cultures of P. falciparum, the parasitemia was determined 

from blood smears by counting 4000 erythrocytes per sample and is given as number of parasites per 

100 erythrocytes – (erythrocytes infected/ total erythrocytes counted) x 100. 

2.7.3.3. Non-parasitized and parasitized red blood cells assays 

Having in mind the culture parasitemia calculated in 2.7.3.2 can proceed to the non-

parasitized and parasitized red blood cells assays. For that purpose, two different tubes were 

prepared: A – RBCs parasitized with P. falciparum (strain 3D7 or Dd2) and B – healthy RBCs thus 

being non-parasitized (control). 

 

Each tube with RBCs parasitized was submitted to four different conditions: the first one was 

an assay in culture medium (RPMI) with all parasite stages present (1A); the second one was an 

assay performed in culture medium (RPMI) but just with ring stage (2A); the third one was an assay 

performed in Whole Blood (WB) from the donor in which were present all parasite stages (3A); a four 

assay performed in Whole Blood (WB) from the donor synchronized for the ring stage (4A); the last 

assay was performed again in WB but this time it was synchronized for the schizont stage (5A). The 

procedure can be summarized in table 2.1. 

 

Each mixture was then consecutively diluted (1:2) six to eight times with RPMI + uninfected 

RBCs (1A and 2A) or WB (3A, 4A and 5A). Finally, using the previously built impedance spectroscopy 

devices (Fig. 2.10), the non-parasitized and parasitized red blood cells assays were analyzed in two 



 

 

different electrodes configuration 

Through the data obtained we proceeded to th

Table 2.1 - Preparation of non- parasitized and parasitized red blood cells assays

Tubes 

Assays in Culture 
Medium (RPMI) / 
Unsynchronized 

Culture (all stages) 
(1) 

Assays in Culture 
Medium (RPMI) / 

Synchronized 
Culture (ring 

A 

1.12% Infected 
RBCs  (parasitemia) 
that were in culture 
medium + Culture 

Medium (≈ 5% 
hematocrit) 

2% Infected RBCs  
(parasitemia

were in culture 
medium + 

Medium (

B 
(control) 

Uninfected RBCs + 
Culture Medium (≈ 

5% hematocrit) 

Uninfected RBCs + 
Culture Medium (

5% hematocrit)

 

2.7.4.4. Hemozoin crystals a ssays

From the previous assays it is known that sHz samples obtained using

concentration of 10.79 mM and those obtained using 

the other hand the nHz sample

concentration 1.35 mM.  

In order to analyze both samples, 

sHz (protocol 1 and protocol 2) with an equal concentration, in terms of heme equivalents, as the nHz. 

Successive dilutions (1:4) were made from each tube using PBS buffer as solvent. Finally, using the 

previously built impedance spectroscopy de

in two different electrodes configuration (parallel and cross) by re

(Ohm). Through the data obtained we proceeded to th

Figure 2.10 – I mpedance spectroscopy
device (B).  

different electrodes configuration (parallel and cross) by reading their phase (θ) and ampl

hrough the data obtained we proceeded to the construction of Nyquist plots. 

parasitized and parasitized red blood cells assays

Assays in Culture 
Medium (RPMI) / 

Synchronized 
Culture (ring 

stage) (2) 

Assays in Whole 
Blood (WB) from the 

donor / 
Unsynchronized 

Culture (all stages) 
(3) 

Assays in Whole 
Blood (WB) from 

the donor / 
Sync hronized 
Culture (ring 

stage) (4) 

2% Infected RBCs  
parasitemia) that 
were in culture 

medium + Culture 
Medium (≈ 5% 

hematocrit) 

1.12% Infected RBCs  
(parasitemia) that 

were in culture 
medium + Whole 

Blood (RBCs, WBCs 
and Plasma) from the 

donor (≈ 45% 
hematocrit) 

2% Infected RBCs  
(parasitemia) that 

were in culture 
medium + Whole 

Blood (RBCs, 
WBCs and Plasma) 
from the donor (
45% hematocrit)

Uninfected RBCs + 
Culture Medium (≈ 

5% hematocrit) 

Whole Blood (RBCs, 
WBCs and Plasma) 

from the donor (≈ 45% 
hematocrit) 

Whole Blood 
(RBCs, WBCs and 
Plasma) from the 

donor (≈ 45% 
hematocrit) 

ssays  

From the previous assays it is known that sHz samples obtained using

79 mM and those obtained using protocol 2 had a concentration of 1.

sample extracted and purified from P.falciparum strain Dd

In order to analyze both samples, two distinct tubes were prepared, in PBS buffer, containing 

sHz (protocol 1 and protocol 2) with an equal concentration, in terms of heme equivalents, as the nHz. 

) were made from each tube using PBS buffer as solvent. Finally, using the 

uilt impedance spectroscopy devices (Fig. 2.10), the nHz and sHz assays

in two different electrodes configuration (parallel and cross) by reading their phase (θ

hrough the data obtained we proceeded to the construction of Nyquist plots

mpedance spectroscopy  assays with high frequencies device (A) and low frequencie s 
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and amplitude (Ohm). 

parasitized and parasitized red blood cells assays . 

Assays in Whole 
Blood (WB) from 

the donor / 
hronized 

Culture (ring 

Assays in Whole 
Blood (WB) from 

the donor / 
Synchronized 

Culture (schizont 
stage) (5) 

2% Infected RBCs  
) that 

were in culture 
medium + Whole 

Blood (RBCs, 
WBCs and Plasma) 
from the donor (≈ 
45% hematocrit) 

2% Infected RBCs  
(parasitemia) that 

were in culture 
medium + Whole 

Blood (RBCs, 
WBCs and Plasma) 
from the donor (≈ 
45% hematocrit) 

Whole Blood 
(RBCs, WBCs and 
Plasma) from the 

≈ 45% 
 

Whole Blood 
(RBCs, WBCs and 
Plasma) from the 

donor (≈ 45% 
hematocrit) 

From the previous assays it is known that sHz samples obtained using protocol 1 had a 

tration of 1.48 mM. On 

strain Dd2 culture had a 

were prepared, in PBS buffer, containing 

sHz (protocol 1 and protocol 2) with an equal concentration, in terms of heme equivalents, as the nHz. 

) were made from each tube using PBS buffer as solvent. Finally, using the 

, the nHz and sHz assays were analyzed 

ading their phase (θ) and amplitude 

plots. 

 

with high frequencies device (A) and low frequencie s 
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3. Results 
 

3.1. Characterization and properties of different h emozoin crystals 
 

3.1.1.  Scanning Electron Microscopy 

In Figures 3.1 and 3.2  it is possible to observe images obtained through SEM with different 

magnifications, where A (1, 2 and 3) corresponds to micrographs of the nHz from P. falciparum strain 

3D7’s; B (1, 2 and 3) corresponds to micrographs of the nHz from P. falciparum strain Dd2’s; C (1, 2 

and 3) corresponds to micrographs of β-hematin chemically synthesized (sHz) using protocol 1; D (1, 

2 and 3) corresponds to micrographs of β-hematin chemically synthesized (sHz) using protocol 2.  

On micrographs A1, A2 and B2 it can be observed the heterogeneity of the crystals size, 

showing a very regular form. Its morphology exhibits very well defined faces, with flat and smooth 

shapes. Moreover, some crystals present large shapes and some small ones as well, with lengths 

ranging from 0.2 µm to 1.4 µm, and width ranging from 100nm to 500 nm. During the observation of 

these crystals on SEM it was possible to verify that they easily aggregate to each other, as it can be 

seen in micrographs A1, A2 and B2. In the right side of micrograph B2 it can be found a structure of 

crystals with brick-like shapes. Notably, in micrograph A3 and B3 it can be observed two crystals with 

a uniform shape on its sides, similar to parallelepiped, with length 1.6 µm and width 300 nm (A3), and 

length 1.4 µm and width 200 nm (B3). Some crystals contain membranes and proteins aggregated 

which weren’t completely removed during the process of extraction and purification to the nHz (A1 and 

B2). 

On the micrographs of protocols 1 and 2 it can be observed the heterogeneity of the different 

sizes of the crystals. Micrographs D corresponding to protocol 2 show less heterogeneity in crystals. 

The micrographs C show the presence of some thinner crystals and micrographs D show larger 

crystals. All micrographs crystals show lengths ranging from 0.2 µm to 1.5 µm, and width ranging from 

80 nm to 250 nm. Notably, the shape of some crystals is more extended in different directions, like a 

needle, as it can be observed in micrographs C and D. Moreover, these crystals showed similarities 

with parallelepiped but with some irregularities in its shape. 
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Figure 3.1 – Electron micrographs showing heterogene ity of shape and size for crystals of native 
hemozoin. FEG-SEM images (SEs) of hemozoin from P. falciparum strain 3D7 (A1, A2 and A3) and Dd2 (B1, B2 
and B3) for different magnifications. 
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Figure 3.2 - Electron micrographs showing heterogene ity of shape and size for crystals of β-hematin 
(synthetic hemozoin). FEG-SEM images (SEs) of synthetic hemozoin produced from Protocol 1 (C1, C2 and 
C3) and Protocol 2 (D1, D2 and D3) for different magnifications. 
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3.1.2. Transmission Electron Microscopy 

In Figures 3.3, 3.4 and 3.5  it is possible to observe images obtain through TEM with different 

magnifications, where E (1, 2, 3 and 4) corresponds to micrographs of the nHz from P. falciparum 

strain 3D7’s; F (1, 2, 3 and 4) corresponds to micrographs of the nHz from P. falciparum strain Dd2’s; 

G (1, 2 and 3) corresponds to micrographs of β-hematin chemically synthesized (sHz) using protocol 

1; H (1, 2 and 3) corresponds to micrographs of β-hematin chemically synthesized (sHz) using 

protocol 2.   

On micrographs E1 and F1 a great heterogeneity of crystals’ size can be observed, with length 

ranging from 0.3 µm to 1.4 µm, and width ranging from 100 nm to 400 nm. Like in SEM, in every 

micrograph the crystals present a well-defined morphology with regular plane faces similar to those of 

a parallelepiped. In micrograph F1 it can be observed that the crystals’ microstructure shows up worn 

at the edges of its faces thus originating shapes more rectangular than parallelepiped, as well as 

crystals with brick-like shapes with different dimensions and located on the right side of the 

micrograph. In micrographs E2 and F2 the increased magnification allowed for a better observation of 

the microstructures, taking the morphology of a parallelepiped. Adopting this morphology, the 

dimensions for crystals in E2 are 900 nm x 200 nm x 100 nm, and for the ones in F2 the dimensions 

are 700 nm x140 nm x 50 nm (1) and 790 nm x 150 nm x 50 nm (2). The two micrographs, E4 and F4, 

which correspond to the magnification of the faces’ edges of the crystals shown in micrographs E2, E3 

and F3, which allow for their microstructure to be observed in great detail. In this area it is possible to 

see that the crystal is organized in several layers (indicated by the yellow arrow) evenly distributed 

along a diagonal line.  

  For the different synthetic hemozoin crystals shown in micrographs G1 and H1, it can be 

observed the heterogeneity in their shape and size, this being greater for G1. Long and thin shapes, 

similar to a blade or a needle, are observed on the crystals in micrographs G, with length ranging from 

0.14 µm to 1.8 µm, and width ranging from 40 nm to 150 nm. On the same micrographs there are 

some crystals that show plane faces and with more uniform surfaces on the sides. In micrographs H 

frequently observed crystals with more regular shapes and plane faces, similar to a parallelepiped or a 

rectangle. There are also in these micrographs crystals shaped like needles, although they are less 

frequent. The crystals in micrographs H have lengths ranging from 0.18 µm to 1.25 µm, and width 

ranging from 50 nm to 150 nm. By observing the microstructure of the crystals at higher resolutions, 

like in micrographs G2, G3, H2 and H3, it is verified that their organization has no layers and that there 

is some irregularities in their shaping. 
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Figure 3.3 - Electron micrographs showing heterogene ity of shape and size for crystals of native 
hemozoin.  TEM bright-field images of hemozoin from P. falciparum strain 3D7 (E1, E2 and E3) and Dd2 (F1, F2 
and F3). 

 

Figure 3.4 - Electron micrographs showing the variou s layers (indicated by yellow arrow) which form the  
face of native hemozoin crystals.  TEM bright-field images of hemozoin from P. falciparum strain 3D7 (E4) and 
Dd2 (F4).  
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Figure 3.5 - Electron micrographs showing heterogene ity of shape and size for crystals of β-hematin. TEM 
bright-field images of synthetic hemozoin produced from Protocol 1 (G1, G2 and G3) and Protocol 2 (H1, H2 and 
H3). 
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Table 3.1 - Summary of the characteristics (morpholo gical and size) of the native ( P. falciparum strains 
3D7 and Dd2) and synthetic  (Protocols 1 e 2) crysta ls obtained by SEM and TEM. 

 

 

 

 

 

 

 

 

 Microscopia Electrónica de Varrimento (MEV)  
 nHz 3D7  nHz Dd2  sHz Protocol  1  sHz Protocol  2  

Micro graphs  A B C D 

Morphology  

 
Shapes: 
 
- Parallelepiped 
- Heterogeneous 
 
Well defined faces: 
 
- Planes  
- Regulars 
 

 
Shapes: 
 
- Parallelepiped 
- Heterogeneous 
- Rectangular 
(brick-like) 
 
Well defined faces: 
 
- Planes  
- Regulars 

 
Shapes: 
 
- Thins 
- More 
heterogeneous 
 

 
Shapes: 
 
- Large 
- Heterogeneous 

Length  (µm) 0.2-1.6 0.2-1.4 0.2-1.5 0.2-1.5 
Width  (nm) 100 -500 100- 500 80-250 80-250 

  Microscopia Electrónica de Transimssão (MET)  
Micrographs  E F G H 

Morphology 

Shapes: 
 
- Parallelepiped 
- Heterogeneous 
 
Well defined faces: 
 
- Planes   
- Regulars 
- Organized in 
several layers  
 

Shapes: 
 
- Parallelepiped 
- Heterogeneous 
 - Rectangular 
(brick-like) 
 
Well defined faces: 
 
- Planes  
- Regulars 
-  Organized in 
several layers 
 

Shapes: 
 
- Long 
- Thins 
- Blade 
- Needle 
- More 
heterogeneous 
  
Well defined 
faces: 
 
-  Without 
several layers 
 

Shapes: 
 
- Parallelepiped   
- Rectangular 
- Needle 
- Heterogeneous 
-  Some 
irregularities 
 
Well defined 
faces: 
 
- Regulars 
- Planes 
-  Without several 
layers 
 

Length  (µm) 0.3-1.4 0.3-1.4 0.14-1.8 0.18-1.25 
Width  (nm) 100 - 400 100- 400 40-150 50-150 
Depth   (nm)  100 50 - - 
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3.1.3. Impedance Spectroscopy  

The following are overlapped Nyquist graphs related to impedance measurements carried out 

in suspensions of native hemozoin (strain Dd2) and synthetic hemozoin (Protocol 1 and Protocol 2), 

with equal initial concentrations of 1.35 mM successively diluted with PBS on 1:4 (Fig. 3.6 to 3.9). The 

graphs are ordered from 1 (highest concentration) to 5 (lowest concentration), in order to analyze the 

evolution of the impedance with the decreasing of the concentration of the crystals in a PBS 

environment, and at the same time compare and characterize the passive electric properties of the 

different hemozoin crystals both naturally (extracted from Plasmodium falciparum in vitro cultures) and 

chemically obtained. The suspensions were analyzed using two identical devices but with different 

ranges for the frequency of the excitation signal - one with a high frequency range, the other with a low 

frequency range - and likely to operate in the traditional tetrapolar configuration for impedance 

measurement with variable arrangement of electrodes, crossed and parallel.  

The qualitative analysis of the Nyquist graphs for low frequencies  in a crossed configuration 

(Fig. 3.6) shows that the evolution of the impedance curves exhibits a large discrepancy in electrical 

resistance and reactance with the decreasing concentration (1 to 5), without any coherence. In the 

parallel configuration (Fig. 3.7) the evolution of the impedance curves of the crystals remained 

unchanged with decreasing concentration, with the exception of graphs 1 and 3, where nHz and sHz 

P1 suffer incoherent changes in the impedance curve, showing quite high reactance. 

The qualitative analysis of the Nyquist graphs for high frequencies  shows that the evolution 

of the impedance curves exhibits a greater coherence. For the crossed configuration (Fig. 3.8), nHz 

and sHz P2 show impedance curves in which the electrical resistance and reactance decrease with 

the decreasing concentrations over the graphs (1 to 5). However, sHz P1 impedance curves show that 

there is an increase (5) in electrical resistance while at the same time a decrease in reactance (1 to 5) 

with the decreasing concentrations over the graphs (1 to 5). With the evolution of the graphs (1 to 5) is 

it possible to observe the approach of the impedance curves of nHz, and sHz P1 and P2, to the 

impedance curve of the PBS (white) (5). The impedance curves of nHz and sHz P2 almost overlap 

and they also present an identical evolution in terms of reactance and electrical resistance (1 to 5), 

which makes this the most noticeable result on the graph showing a concentration of 0.337 mM (2). 

Although some impedance curves of sHz P1 also overlapping the curves of nHz and sHz P2 (1 to 5), 

these however show some inequality in its evolution.  

By changing the configuration of the electrodes for the parallel configuration (Fig. 3.9), it can 

be verified that the evolution of the graphs of nHz and sHz P1 and P2 are similar to those of the 

crossed configuration, but with impedance curves that exhibit higher reactance and electrical 

resistance, that are very slowly approaching the impedance curve of the PBS (white) (1 to 5). In the 

impedance curves nHz and sHz P2 reactance does not vary much, however the electrical resistance 

shows a slight decrease with the decreasing concentration over the graphs (1 to 5). Again, it is 

possible to observe strong similarities and greater overlapping in the impedance curves of nHz and 

sHz P2 (1 and 2) than what is observed in the crossed configuration curves. As in the crossed 

configuration, impedance curves of sHz P1 show decreasing reactance (1 to 5) and an increase in 
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electrical resistance (1 and 5) as the concentration decreases over the various graphs (1 to 5), 

presenting a great inequality and without much overlap in relation to the impedance curves of nHz and 

sHz P2. 
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Figure 3.6 – Nyquist plots of impedance spectroscop y for native ( P. falciparum strain Dd2) and synthetic 

(Protocol 1 and 2) hemozoin crystals assays with low  frequencies device, I freq  ∈ [10 kHz – 82.5 kHz], using 
electrodes in parallel configuration.  The nyquist plots overlaid on the image shows the variation of impedance 
in function of a frequency response for hemozoin (nHz and sHz) suspensions concentrations in PBS (white). 
Concentrations 0.337 mM (2), 0.084 mM (3), 0.021 mM (4) and 0.005 mM (5) were obtained from successive 
dilutions 1:4 an initial concentration of 1.35 mM (1). The initial value of the impedance and of the lower frequency 
(10 kHz) is represented by the symbol ∆ in each plot. The Nyquist plot has a Real part (x axis), equivalent to 
electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in Ohms, which together 
constitute the impedance. 
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Figure 3.7 - Nyquist plots of impedance spectroscop y for native ( P. falciparum strain Dd2) and synthetic 

(Protocol 1 and 2) hemozoin crystals assays with low  frequencies device, I freq  ∈ [10 kHz – 82.5 kHz], using 
electrodes in parallel configuration.  The nyquist plots overlaid on the image shows the variation of impedance 
in function of a frequency response for hemozoin (nHz and sHz) suspensions concentrations in PBS (white). 
Concentrations 0.337 mM (2), 0.084 mM (3), 0.021 mM (4) and 0.005 mM (5) were obtained from successive 
dilutions 1:4 an initial concentration of 1.35 mM (1). The initial value of the impedance and of the lower frequency 
(10 kHz) is represented by the symbol ∆ in each plot. The Nyquist plot has a Real part (x axis), equivalent to 
electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in Ohms, which together 
constitute the impedance. 
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Figure 3.8 - Nyquist plots of impedance spectroscop y for native ( P. falciparum strain Dd2) and synthetic 

(Protocol 1 and 2) hemozoin crystals assays with hig h frequencies device, I freq  ∈ [250 kHz – 5 MHz], using 
electrodes in cross configuration. The nyquist plots overlaid on the image shows the variation of impedance in 
function of a frequency response for hemozoin (nHz and sHz) suspensions concentrations in PBS (white). 
Concentrations 0.337 mM (2), 0.084 mM (3), 0.021 mM (4) and 0.005 mM (5) were obtained from successive 
dilutions 1:4 an initial concentration of 1.35 mM (1). The initial value of the impedance and of the lower frequency 
(250 kHz) is represented by the symbol ∆ in each plot. The Nyquist plot has a Real part (x axis), equivalent to 
electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in Ohms, which together 
constitute the impedance. 
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Figure 3.9 - Nyquist plots of impedance spectroscop y for native ( P. falciparum strain Dd2) and synthetic 

(Protocol 1 and 2) hemozoin crystals assays with hig h frequencies device, I freq  ∈ [250 kHz – 5 MHz], using 
electrodes in parallel configuration.  The nyquist plots overlaid on the image shows the variation of impedance 
in function of a frequency response for hemozoin (nHz and sHz) suspensions concentrations in PBS (white). 
Concentrations 0.337 mM (2), 0.084 mM (3), 0.021 mM (4) and 0.005 mM (5) were obtained from successive 
dilutions 1:4 an initial concentration of 1.35 mM (1). The initial value of the impedance and of the lower frequency 
(250 kHz) is represented by the symbol ∆ in each plot. The Nyquist plot has a Real part (x axis), equivalent to 
electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in Ohms, which together 
constitute the impedance. 
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3.2. Impedance spectroscopy as diagnostic method 
 

3.2.1.  Non-parasitized and parasitized red blood c ells assays 

The following figures show the overlapped Nyquist plots (Fig. 3.10 to 3.25), concerning the 

impedance measurements carried out in mixtures of parasitized (by P. falciparum strain 3D7) and non-

parasitized RBCs. The prepared parasitized mixtures contain P. falciparum – infected RBCs (Pf-

iRBCs) with all stages of the parasite (male and female gametocytes, ring, trophozoite and schizont) 

or only with a unique stage of the parasite (ring or schizont). Moreover, the mixtures have different 

percentages of parasitemia which were obtained from dilutions of 1:2 with culture medium (RPMI) or 

with Whole Blood (WB), from an initial mixture with a determinate percentage of parasitemia. The non-

parasitized mixture contains uninfected RBCs (uRBCs) in RPMI or WB, acting as a control (protocol 

2.7.3.3). The prepared mixtures for assays were analyzed using two identical devices but with different 

ranges for the frequency of the excitation signal - one with a high frequency range, the other with a low 

frequency range - and likely to operate in the traditional tetrapolar configuration for impedance 

measurement with variable arrangement of electrodes: crossed and parallel. 

3.2.1.1. Culture Medium with all stages (unsynchron ized culture) 

In figures (Fig. 3.10 to 3.13), the graphs are numbered by ascending order 1 (RPMI), 2 

(uRBCs), and from 3 (lower % of parasitemia in Pf-iRBCs) to 9 (greatest % of parasitemia in Pf-

iRBCs), in order to analyze the variation of the impedance curves as a function of the increasing 

percentage of parasitemia in the culture medium, and to verify whether there are differences between 

its impedances and in relation to the impedance curve of uRBCs. It should be noted that the dilution 

and impedance measures for parasitemias ≤ 0.14% were only done 3 hours after the dilution and 

impedance measures of parasitemias ≥ 0.28%.   

Qualitative analysis of the Nyquist graphs for low frequencies  shows that: 

In the crossed configuration  (Fig. 3.10), erroneously, the evolution paths of the control 

impedance curve and of the Pf-iRBC’s curves with different percentages of parasitemia differ from 

each other (1 to 9). 

In the parallel configuration (Fig. 3.11), the impedance of the Pf-iRBC’s curves with different 

percentages of parasitemia, do not exhibit a good distinction between its impedances and the 

impedance of the control curve (2 to 9).  

Qualitative analysis of the Nyquist graphs for high frequencies  shows that: 

In the crossed configuration  (Fig. 3.12), the impedance of the Pf-iRBC’s curves with 

parasitemia of 0.0175%, 0.035% and 0.07%, increases with the increasing percentage of parasitemia 

over the graphs (2 to 9). However, the impedance of the Pf-iRCB’s curve with a parasitemia of 0.14% 

is lower than the impedance of the curves with a parasitemia of 0.07% and 0.035%, and larger than 

the impedance of curve with a parasitemia of 0.0175% (6). Furthermore, the impedance of all the 

previous curves is larger than the impedance of the control curve and of the Pf-iRBC’s curves with 
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parasitemias ranging from 0.28% to 1.12% (9). However, the impedance of the Pf-iRBC’s curves with 

a percentage of parasitemias ranging from 0.14% to 1.12% incorrectly varies with the increasing 

percentage of parasitemia over the graphs (2 to 9). Moreover, the impedance of the Pf-iRBC´s curves 

with parasitemia of 0.28% to 1,12% is lower than the impedance of the control curve (7 and 9). In 

general, all the Pf-iRBC’s curves with different percentages of show a distinction between its 

impedances and the impedance of the control curve. 

In the parallel configuration  (Fig. 3.13), the impedance of the Pf-iRBC’s curves with 

parasitemia of 0.0175%, 0.035% and 0.14%, incorrectly varies with the increasing percentage of 

parasitemia over the graphs (2 to 9). The impedance of the Pf-iRBC’s curve with a parasitemia of 

0.07% is lower than the impedance of the curves with parasitemia of 0.0175%, 0.035% and 0.14% (6). 

Furthermore, the impedance of all the previous curves is larger than the impedance not only of the 

control curve but also of the Pf-iRBC’s curves with a percentage of parasitemias ranging from 0.28% 

to 1.12% (9). However the impedance of the Pf-iRBC’s curves with parasitemia of 0.28% and 1.12%, 

increases with the increasing percentage of parasitemia over the graphs (2 to 9). The impedance of 

the Pf-iRBC’s curve with parasitemia 0.56% is lower than the impedance of the Pf-iRBC’s curves with 

a percentage of parasitemias ranging from 0.28% to 1.12% (9). Besides, the impedance of the 

previous curves is larger than the impedance of the control curve (9). In general, all the Pf-iRBC’s 

curves with different percentages of parasitemia exhibit a good distinction between its impedances 

and the impedance of the control curve. 
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Figure 3.10 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by all stag es 

of P. falciparum strain 3D7) RBC´s assays in culture medium (RPMI) with low frequencies device, I freq  ∈ 
[10 kHz – 82.5 kHz], using electrodes in cross conf iguration.  The Nyquist plots overlaid on the image show 
the variation of impedance as function of the frequency response for different percentages of infected RBCs (3 to 
9, parasitemia) and for uninfected RBCs (2,control), both in RPMI. To the plots 3 to 9 is always added an 
impedance curve with a new percentage of parasitemia (by ascending order). The percentages of parasitemia 
from 0.0175% to 0.56% were obtained from successive dilutions (1:2) of a mixture containing infected RBCs with 
an initial percentage of parasitemia of 1.12%. The prepared mixtures of infected and uninfected RBCs have a 
hematocrit ≈ 5%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents the initial 
value of the impedance and of the lower frequency (10 kHz) in each plot. The Nyquist plot has a Real part (x 
axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in Ohms, 
which together constitute the impedance. 
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Figure 3.11 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by all stag es 

of P. falciparum strain 3D7) RBC´s assays in culture medium (RPMI) with low frequencies device, I freq  ∈ 
[10 kHz – 82.5 kHz], using electrodes in parallel c onfiguration. The Nyquist plots overlaid on the image show 
the variation of impedance as function of the frequency response for different percentages of infected RBCs (3 to 
9, parasitemia) and for uninfected RBCs (2,control), both in RPMI. To the plots 3 to 9 is always added an 
impedance curve with a new percentage of parasitemia (by ascending order). The percentages of parasitemia 
from 0.0175% to 0.56% were obtained from sucessive dilutions (1:2) of a mixture containing infected RBCs with 
an initial percentage of parasitemia of 1.12%. The prepared mixtures of infected and uninfected RBCs have a 
hematocrit ≈ 5%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents the initial 
value of the impedance and of the lower frequency (10 kHz) in each plot. The Nyquist plot has a Real part (x 
axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in Ohms, 
which together constitute the impedance. 
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Figure 3.12 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by all stag es 

of P. falciparum strain 3D7) RBC´s assays in culture medium (RPMI) w ith high frequencies device, I freq  ∈ 
[250 kHz – 5 MHz], using electrodes in cross config uration.  The Nyquist plots overlaid on the image show the 
variation of impedance as function of the frequency response for different percentages of infected RBCs (3 to 9, 
parasitemia) and for uninfected RBCs (2,control), both in RPMI. To the plots 3 to 9 is always added an impedance 
curve with a new percentage of parasitemia (by ascending order). The percentages of parasitemia from 0.0175% 
to 0.56% were obtained from successive dilutions (1:2) of a mixture containing infected RBCs with an initial 
percentage of parasitemia of 1.12%. The prepared mixtures of infected and uninfected RBCs have a hematocrit ≈ 
5%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents the initial value of the 
impedance and of the lower frequency (250 kHz) in each plot. The Nyquist plot has a Real part (x axis), 
equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in Ohms, which 
together constitute the impedance. 
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Figure 3.13 – Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by all stag es 

of P. falciparum strain 3D7) RBC´s assays in culture medium (RPMI) w ith high frequencies device, I freq  ∈ 
[250 kHz – 5 MHz], using electrodes in parallel con figuration.  The Nyquist plots overlaid on the image show 
the variation of impedance as function of the frequency response for different percentages of infected RBCs (3 to 
9, parasitemia) and for uninfected RBCs (2,control), both in RPMI. To the plots 3 to 9 is always added an 
impedance curve with a new percentage of parasitemia (by ascending order). The percentages of parasitemia 
from 0.0175% to 0.56% were obtained from successive dilutions (1:2) of a mixture containing infected RBCs with 
an initial percentage of parasitemia of 1.12%. The prepared mixtures of infected and uninfected RBCs have a 
hematocrit ≈ 5%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents the initial 
value of the impedance and of the lower frequency (250 kHz) in each plot. The Nyquist plot has a Real part (x 
axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in Ohms, 
which together constitute the impedance. 
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3.2.1.2.  Whole Blood with all stages (unsynchroniz ed culture)  

 In figures (Fig. 3.14 to 3.17), the graphs are numbered in ascending order 1 (uRBCs), and 

from 2 (lower % of parasitemia in Pf-iRBCs) to 8 (larger % of parasitemia in Pf-iRBCs), with the 

purpose of analyzing the variation of the impedance curves due to the increase of the percentage of 

parasitemia in WB, and to verifying whether there are differences between its impedances and in 

relation to the impedance curve of uRBCs.  

Qualitative analysis of the Nyquist graphs for low frequencies  shows that: 

In the crossed configuration (Fig. 3.14), the impedance of the Pf-iRBC’s curves with different 

percentages of parasitemia wrongly varies with the increasing percentage of parasitemia over the 

graphs (2 to 8). 

In the parallel configuration  (Fig. 3.15), the impedance of the Pf-iRBC’s curves with different 

percentages of parasitemia, do not exhibit a good distinction between its impedances and the 

impedance of the control curve (1 to 8).  

Qualitative analysis of the Nyquist graphs for high frequencies  shows that: 

In the crossed configuration (Fig. 3.16) the impedance of the Pf-iRBC’s curves with 

parasitemia of 0.0175%, 0.14% and 1.12% increases with the increasing percentage of parasitemia 

over the graphs (1 to 8). The impedance of the Pf-iRBC’s curve with parasitemia of 0.035% is lower 

than the impedance of the Pf-iRBC’s curves with parasitemia of 0.0175%, 0.14% and 1.12% (8). 

Furthermore, the impedance of all the previous curves is larger than the impedance not only of the 

control curve but also of the Pf-iRBC’s curves with parasitemia of 0.07% and 0.28% (8). However, the 

impedance of the Pf-iRBC’s curves with parasitemia of 0.035%, 0.07%, 0.28% and 0.56%, incorrectly 

varies with the increase of the percentage of parasitemia over the graphs (1 to 8). The impedance of 

the Pf-iRBC’s curve with parasitemia 0.56% is larger than the impedance not only of the control curve 

but also of the curve with parasitemia 0.0175%, 0.035%, 0.07% and 0.28% (7), and is lower than the 

impedance of the curves with parasitemia of 0.14% and 1.12% (8). The impedance of the Pf-iRBC’s 

curve with parasitemia 0.07% is larger than the impedance of the control curve (4). On the contrary, 

the impedance of the Pf-iRBC’s curve with parasitemia 0.28% is lower than the impedance of the 

control curve (6). In general, all the Pf-iRBC’s curves with different percentages of parasitemia show 

distinction between its impedances and the impedance of the control curve (8). 

In the parallel configuration  (Fig. 3.17), the impedance of the Pf-iRBC’s curves with 

parasitemia of 0.035% and 0.14%, is larger than the impedance not only of the control curve but also 

of the Pf-iRBC’s curves with parasitemia of 0.0175%, 0.07%, 0.28%, 0.56% and 1.12% (8). However, 

the impedance of the control curve is larger than the impedance of the Pf-iRBC’s curves with 

parasitemia of 0.0175%, 0.07%, 0.28%, 0.56% and 1.12% (8). The impedance of the Pf-iRBC’s curves 

with different percentages of parasitemia incorrectly varies with the increasing percentage of 

parasitemia over the graphs (1 to 8). In general, all the Pf-iRBC’s curves with different percentages of 
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parasitemia exhibit a good distinction between its impedances and the impedance of the control curve 

(8). 
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Figure 3.14 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by  all stages 

of P. falciparum strain 3D7 ) RBC´s assays in Whole Blood (WB) with low frequenc ies device, I freq  ∈ [10 
kHz – 82.5 kHz], using electrodes in cross configur ation.  The Nyquist plots overlaid on the image show the 
variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 8, 
parasitemia) and for uninfected RBCs (1, control), both in WB (RBCs, WBCs and Plasma). To the plots 2 to 8 is 
always added an impedance curve with a new percentage of parasitemia (by ascending order). The percentages 
of parasitemia from 0.0175% to 0.56% were obtained from successive dilutions (1:2) of a mixture containing 
infected RBCs with an initial percentage of parasitemia of 1.12%. The prepared mixtures of infected and 
uninfected RBCs have a hematocrit ≈ 45%. In the figure, an asterisk (*) identifies the control curve, and the 
symbol ∆ represents the initial value of the impedance and of the lower frequency (10 kHz) in each plot. The 
Nyquist plot has a Real part (x axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), 
given by reactance in Ohms, which together constitute the impedance. 
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Figure 3.15 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by all stag es 

of P. falciparum strain 3D7) RBC´s assays in Whole Blood (WB) with low frequencies device, I freq  ∈ [10 
kHz – 82.5 kHz], using electrodes in parallel confi guration. The Nyquist plots overlaid on the image show the 
variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 8, 
parasitemia) and for uninfected RBCs (1, control), both in WB (RBCs, WBCs and Plasma). To the plots 2 to 8 is 
always added an impedance curve with a new percentage of parasitemia (by ascending order). The percentages 
of parasitemia from 0.0175% to 0.56% were obtained from successive dilutions (1:2) of a mixture containing 
infected RBCs with an initial percentage of parasitemia of 1.12%. The prepared mixtures of infected and 
uninfected RBCs have a hematocrit ≈ 45%. In the figure, an asterisk (*) identifies the control curve, and the 
symbol ∆ represents the initial value of the impedance and of the lower frequency (10 kHz) in each plot. The 
Nyquist plot has a Real part (x axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), 
given by reactance in Ohms, which together constitute the impedance. 
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Figure 3.16 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by  all stages 

of P. falciparum strain 3D7 ) RBC´s assays in Whole Blood (WB) with high frequenc ies device, I freq  ∈ [250 
kHz – 5 MHz], using electrodes in cross configurati on.  The Nyquist plots overlaid on the image show the 
variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 8, 
parasitemia) and for uninfected RBCs (1, control), both in WB (RBCs, WBCs and Plasma). To the plots 2 to 8 is 
always added an impedance curve with a new percentage of parasitemia (by ascending order). The percentages 
of parasitemia from 0.0175% to 0.56% were obtained from successive dilutions (1:2) of a mixture containing 
infected RBCs with an initial percentage of parasitemia of 1.12%. The prepared mixtures of infected and 
uninfected RBCs have a hematocrit ≈ 45%. In the figure, an asterisk (*) identifies the control curve, and the 
symbol ∆ represents the initial value of the impedance and of the lower frequency (250 kHz) in each plot. The 
Nyquist plot has a Real part (x axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), 
given by reactance in Ohms, which together constitute the impedance. 
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Figure 3.17 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by  all stages 

of P. falciparum strain 3D7 ) RBC´s assays in Whole Blood (WB) with high frequenc ies device, I freq  ∈ [250 
kHz – 5 MHz], using electrodes in parallel configur ation.  The Nyquist plots overlaid on the image show the 
variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 8, 
parasitemia) and for uninfected RBCs (1, control), both in WB (RBCs, WBCs and Plasma). To the plots 2 to 8 is 
always added an impedance curve with a new percentage of parasitemia (by ascending order). The percentages 
of parasitemia from 0.0175% to 0.56% were obtained from successive dilutions (1:2) of a mixture containing 
infected RBCs with an initial percentage of parasitemia of 1.12%. The prepared mixtures of infected and 
uninfected RBCs have a hematocrit ≈ 45%. In the figure, an asterisk (*) identifies the control curve, and the 
symbol ∆ represents the initial value of the impedance and of the lower frequency (250 kHz) in each plot. The 
Nyquist plot has a Real part (x axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), 
given by reactance in Ohms, which together constitute the impedance. 
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3.2.1.3.  Whole Blood with ring stage (synchronized  culture)  

 In figures (Fig. 3.18 to 3.21), the graphs are numbered by ascending order 1 (uRBCs), and 

from 2 (lower % of parasitemia in Pf-iRBCs) to 9 (greatest % of parasitemia in Pf-iRBCs), in order to 

analyze the variation of the impedance curves as a function of the increasing percentage of 

parasitemia in WB, and to verify whether there are differences between its impedances and in relation 

to the impedance curve of uRBCs.  

Qualitative analysis of the Nyquist graphs for low frequencies  shows that: 

In the crossed configuration (Fig. 3.18), the impedance of the Pf-iRBC’s curves with 

parasitemias ranging from 0.0156% to 2% is lower than the impedance of the control curve (1 to 9). 

Erroneously, the impedance of the Pf-iRBC’s curves with different percentages of parasitemia wrongly 

varies with the increasing percentage of parasitemia over the graphs (1 to 9). 

In the parallel configuration  (Fig. 3.19), the impedance of the Pf-iRBC’s curves with 

parasitemias ranging from 0.0156% to 2% is lower than the impedance of the control curve (1 to 9). 

Furthermore, the curves of the Pf-iRBC’s do not exhibit a good distinction between their impedances 

(1 to 9). Erroneously, the evolution path of the control curve’s impedance opposes that of the Pf-

iRBC’s impedance curves with different percentages of parasitemia (9).  

Qualitative analysis of the Nyquist graphs for high frequencies  shows that: 

In the crossed configuration (Fig. 3.20) the impedance of the Pf-iRBC’s curves with 

parasitemia of 0.031%, 0.062% and 2% increases with the increasing percentage of parasitemia over 

the graphs (1 to 9). Furthermore, the impedance of all the previous curves is larger than the 

impedance of the control curve (9). However, the impedance of the Pf-iRBC’s curves with parasitemia 

of 0.0156%, 0.125%, 0.25%, 0.5% and 1%, wrongly varies with the increasing percentage of 

parasitemia over the graphs (1 to 9). The impedance of the Pf-iRBC’s curve with parasitemia of 

0.015%, 0.125% and 1% is lower than the impedance of the control curve (8). On the contrary, the 

impedance of the curves with parasitemia 0.25% and 0.5% is larger than the impedance of the control 

curve (7). In general, all the Pf-iRBC’s curves with different percentages of parasitemia show 

distinction between its impedances and the impedance of the control curve (9). 

In the parallel configuration  (Fig. 3.21), the impedance of the Pf-iRBC’s curves with 

parasitemia of 0.031%, 0.062% and 2% increases with the increasing percentage of parasitemia over 

the graphs (1 to 9). The impedance of the Pf-iRBC’s curve with parasitemia 1% is lower than the 

impedance of the Pf-iRBC’s curves with parasitemia of 0.062% and 2%, and larger than the 

impedance of the curve with parasitemia of 0.031% (9). Furthermore, the impedance of all the 

previous curves is larger than the impedance not only of the control curve but also of the Pf-iRBC’s 

curves with parasitemias of 0.0156%, 0.125%, 0.25% and 0.5% (9). However, the impedance of the 

Pf-iRBC’s curves with parasitemia of 0.0156%, 0.125%, 0.25%, 0.5% and 1%, wrongly varies with the 

increasing percentage of parasitemia over the graphs (1 to 9). Moreover, the impedance of the Pf-

iRBC’s curves with parasitemia of 0.015% and 0.125% (2 to 5) is lower than the impedance of the 
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control curve. It is also verified that the impedance of the curves with parasitemia of 0.25%, 0.5% and 

1% is lower than the impedance of the control curve (6, 7 and 8). In general, all the Pf-iRBC’s curves 

with different percentages of parasitemia exhibit a good distinction between its impedances and the 

impedance of the control curve (8). 
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Figure 3.18 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by ring sta ge 

of P. falciparum strain 3D7)  RBC´s assays in Whole Blood (WB) with low frequenci es device, I freq  ∈ [10 
kHz – 82.5 kHz], using electrodes in cross configur ation.  The Nyquist plots overlaid on the image show the 
variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 9, 
parasitemia) and for uninfected RBCs (1, control), both in WB (RBCs, WBCs and Plasma). To the plots 2 to 9 is 
always added an impedance curve with a new percentage of parasitemia (by ascending order). The percentages 
of parasitemia from 0.0156% to 1% were obtained from successive dilutions (1:2) of a mixture containing infected 
RBCs with an initial percentage of parasitemia of 2%. The prepared mixtures of infected and uninfected RBCs 
have a hematocrit ≈ 45%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents 
the initial value of the impedance and of the lower frequency (10 kHz) in each plot. The Nyquist plot has a Real 
part (x axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in 
Ohms, which together constitute the impedance. 
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Figure 3.19 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by ring sta ge 

of P. falciparum strain 3D7) RBC´s assays in Whole Blood (WB) with low frequencies device, I freq  ∈ [10 
kHz – 82.5 kHz], using electrodes in parallel confi guration.  The Nyquist plots overlaid on the image show the 
variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 9, 
parasitemia) and for uninfected RBCs (1, control), both in WB (RBCs, WBCs and Plasma). To the plots 2 to 9 is 
always added an impedance curve with a new percentage of parasitemia (by ascending order). The percentages 
of parasitemia from 0.0156% to 1% were obtained from successive dilutions (1:2) of a mixture containing infected 
RBCs with an initial percentage of parasitemia of 2%. The prepared mixtures of infected and uninfected RBCs 
have a hematocrit ≈ 45%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents 
the initial value of the impedance and of the lower frequency (10 kHz) in each plot. The Nyquist plot has a Real 
part (x axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in 
Ohms, which together constitute the impedance. 
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Figure 3.20 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by ring sta ge 

of P. falciparum strain 3D7) RBC´s assays in Whole Blood (WB) with high frequencies device, I freq  ∈ [250 
kHz – 5 MHz], using electrodes in cross configurati on. The Nyquist plots overlaid on the image show the 
variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 9, 
parasitemia) and for uninfected RBCs (1, control), both in WB (RBCs, WBCs and Plasma). To the plots 2 to 9 is 
always added an impedance curve with a new percentage of parasitemia (by ascending order). The percentages 
of parasitemia from 0.0156% to 1% were obtained from successive dilutions (1:2) of a mixture containing infected 
RBCs with an initial percentage of parasitemia of 2%. The prepared mixtures of infected and uninfected RBCs 
have a hematocrit ≈ 45%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents 
the initial value of the impedance and of the lower frequency (250 kHz) in each plot. The Nyquist plot has a Real 
part (x axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in 
Ohms, which together constitute the impedance. 
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Figure 3.21 -  Nyquist plots of impedance spectrosc opy for non-parasitized and parasitized (by ring st age 

of P. falciparum strain 3D7) RBC´s assays in Whole Blood (WB) with high frequencies device, I freq  ∈ [250 
kHz – 5 MHz], using electrodes in parallel configur ation. The Nyquist plots overlaid on the image show the 
variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 9, 
parasitemia) and for uninfected RBCs (1, control), both in WB (RBCs, WBCs and Plasma). To the plots 2 to 9 is 
always added an impedance curve with a new percentage of parasitemia (by ascending order). The percentages 
of parasitemia from 0.0156% to 1% were obtained from successive dilutions (1:2) of a mixture containing infected 
RBCs with an initial percentage of parasitemia of 2%. The prepared mixtures of infected and uninfected RBCs 
have a hematocrit ≈ 45%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents 
the initial value of the impedance and of the lower frequency (250 kHz) in each plot. The Nyquist plot has a Real 
part (x axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in 
Ohms, which together constitute the impedance. 
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3.2.1.4.  Whole Blood with schizont stage (synchron ized culture)  

 In figures (Fig. 3.22 to 3.25), the graphs are numbered by ascending order 1 (uRBCs), and 

from 2 (lower % of parasitemia in Pf-iRBCs) to 9 (greatest % of parasitemia in Pf-iRBCs), in order to 

analyze the variation of the impedance curves as a function of the increasing percentage of 

parasitemia in the WB, and to verify whether there are differences between its impedances and 

relative to the impedance curve of uRBCs.  

Qualitative analysis of the Nyquist graphs for low frequencies  shows that: 

In the crossed configuration (Fig. 3.22) the impedance of the Pf-iRBC’s curves with 

parasitemia of 0.0156%, 0.062%, 0.125% and 1%, increases with the increasing percentage of 

parasitemia over the graphs (1 to 9). The impedance of the Pf-iRBC’s curve with parasitemia of 2% is 

larger than the impedance of the curve with parasitemias ranging from 0.0156% to 0.125% (9), and 

lower than the impedance of the curve with parasitemia of 1% (9). Furthermore, the impedance of all 

the previous curves is larger than the impedance not only of the control curve but also of the Pf-iRBC’s 

curves with parasitemia of 0.031%, 0.25% and 0.5% (9). However, the impedance of the Pf-iRBC’s 

curves with parasitemia of 0.031%, 0.25% and 0.5%, wrongly varies with the increasing percentage of 

parasitemia over the graphs (1 to 9). Moreover, the impedance of all the previous curves is lower than 

the impedance of the control curve (3, 6 and 7). The evolution path of the impedance of the Pf-iRBC’s 

curve with parasitemia of 0.5% opposes to the impedance of the other curves (7), which is contrary to 

the expected behaviour. In general, all the Pf-iRBC’s curves with different percentages of parasitemia 

show distinction between its impedances and the impedance of the control curve (9).  

In the parallel configuration  (Fig. 3.23), the impedance of the Pf-iRBC’s curves with 

parasitemia of 0.0156%, 0.25% and 1%, increases with the increasing percentage of parasitemia over 

the graphs (1 to 9). The impedance of the Pf-iRBC’s curve with parasitemia 2% is larger than the 

impedance of the curve with parasitemia ranging from 0.0156% to 0.25% (9), and lower than the 

impedance of the Pf-iRBC’s curves with parasitemia of 1% (9). Furthermore, the impedance of all the 

previous curves is larger than the impedance not only of the control curve but also of the Pf-iRBC’s 

curves with parasitemia of 0.031%, 0.062% and 0.125% (9). However, the impedance of the Pf-iRBC’s 

curves with parasitemia of 0.031%, 0.125%, 0.25%, 0.5%, 1% and 2%, wrongly varies with the 

increasing percentage of parasitemia over the graphs (1 to 9). The impedance of the Pf-iRBC’s curves 

with parasitemia of 0.031%, 0.062%, 0.125%, 0.5% (3, 4, 5 and 7), is lower than the impedance of the 

control curve. In general, all the Pf-iRBC’s curves with different percentages of parasitemia exhibit a 

good distinction between its impedances and the impedance of the control curve (9). 

Qualitative analysis of the Nyquist graphs for high frequencies  shows that: 

In the crossed configuration (Fig. 3.24) the impedance of the Pf-iRBC’s curves with 

parasitemia of 0.062%, 0.125% and 1%, increases with the increasing percentage of parasitemia over 

the graphs (1 to 9). The impedance of the Pf-iRBC’s curve with parasitemia of 2% is lower than the 

impedance of the Pf-iRBC’s curve with parasitemia of 0.062%, 0.125% and 1% (9). The impedance of 

the Pf-iRBC’s curve with parasitemia of 0.5% is lower than the impedance of the curve with 
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parasitemia of 0.062%, 0.125%, 1% and 2% (9). Furthermore, the impedance of all the previous 

curves is larger than the impedance not only of the control curve but also of the Pf-iRBC’s curve with 

parasitemia of 0.0156%, 0.031% and 0.25% (9). However, the impedance of the Pf-iRBC’s curves with 

parasitemia of 0.0156%, 0.031%, 0.25%, 0.5% and 2%, incorrectly varies with the increase of the 

percentage of parasitemia over the graphs (1 to 9). Moreover, the impedance of the Pf-iRBC’s curves 

with parasitemia of 0.0156%, 0.031% and 0.25%, is lower than the impedance of the control curve (2, 

3 and 6). In general, all the Pf-iRBC’s curves with different percentages of parasitemia show 

distinction between its impedances and the impedance of the control curve (9). 

In the parallel configuration  (Fig. 3.25), the impedance of the Pf-iRBC’s curves with 

parasitemia of 0.0156%, 0.062%, 0.125% and 1%, increases with the increasing percentage of 

parasitemia over the graphs (1 to 9). Furthermore, the impedance of all the previous curves is larger 

than the impedance not only of the control curve but also of the Pf-iRBC’s curves with parasitemia of 

0.031%, 0.25%, 0.5% and 2% (9). However, the impedance of the Pf-iRBC’s curves with parasitemia 

of 0.031%, 0.25%, 0.5% and 2%, wrongly varies with the increasing percentage of parasitemia over 

the graphs (1 to 9). Moreover, the impedance of the Pf-iRBC’s curves with parasitemia of 0.25%, 0.5% 

and 2%, is larger than the impedance not only of the control curve (6, 7 and 9) but also of the Pf-

iRBC’s curve with parasitemia of 0.031%. The impedance of the Pf-iRBC’s curve with parasitemia 

0.031% is lower than the impedance of the control curve (3). In general, all the Pf-iRBC’s curves with 

different percentages of parasitemia exhibit a good distinction between its impedances and the 

impedance of the control curve (9). 
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Figure 3.22 –  Nyquist plots of impedance spectroscopy for non-par asitized and parasitized (by schizont 

stage of P. falciparum strain 3D7) RBC´s assays in Whole Blood (WB) with low frequencies device, I freq  ∈ 
[10 kHz – 82.5 kHz], using electrodes in cross conf iguration.  The Nyquist plots overlaid on the image show 
the variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 
9, parasitemia) and for uninfected RBCs (1, control), both in WB (RBCs, WBCs and Plasma). To the plots 2 to 9 is 
always added an impedance curve with a new percentage of parasitemia (by ascending order). The percentages 
of parasitemia from 0.0156% to 1% were obtained from successive dilutions (1:2) of a mixture containing infected 
RBCs with an initial percentage of parasitemia of 2%. The prepared mixtures of infected and uninfected RBCs 
have a hematocrit ≈ 45%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents 
the initial value of the impedance and of the lower frequency (10 kHz) in each plot. The Nyquist plot has a Real 
part (x axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in 
Ohms, which together constitute the impedance. 
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Figure 3.23 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by schizont  

stage of P. falciparum strain 3D7) RBC´s assays in Whole Blood (WB) with low frequencies device, I freq  ∈ 
[10 kHz – 82.5 kHz], using electrodes in parallel c onfiguration.  The Nyquist plots overlaid on the image show 
the variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 
9, parasitemia) and for uninfected RBCs (1, control), both in WB (RBCs, WBCs and Plasma). To the plots 2 to 9 is 
always added an impedance curve with a new percentage of parasitemia (by ascending order). The percentages 
of parasitemia from 0.0156% to 1% were obtained from successive dilutions (1:2) of a mixture containing infected 
RBCs with an initial percentage of parasitemia of 2%. The prepared mixtures of infected and uninfected RBCs 
have a hematocrit ≈ 45%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents 
the initial value of the impedance and of the lower frequency (10 kHz) in each plot. The Nyquist plot has a Real 
part (x axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in 
Ohms, which together constitute the impedance. 
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Figure 3.24 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by schizont  

stage of P. falciparum strain 3D7) RBC´s assays in Whole Blood (WB) with high frequencies device, I freq  ∈ 
[250 kHz – 5 MHz], using electrodes in cross config uration. The Nyquist plots overlaid on the image show the 
variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 9, 
parasitemia) and for uninfected RBCs (1, control), both in WB (RBCs, WBCs and Plasma). To the plots 2 to 9 is 
always added an impedance curve with a new percentage of parasitemia (by ascending order). The percentages 
of parasitemia from 0.0156% to 1% were obtained from successive dilutions (1:2) of a mixture containing infected 
RBCs with an initial percentage of parasitemia of 2%. The prepared mixtures of infected and uninfected RBCs 
have a hematocrit ≈ 45%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents 
the initial value of the impedance and of the lower frequency (250 kHz) in each plot. The Nyquist plot has a Real 
part (x axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in 
Ohms, which together constitute the impedance. 
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Figure 3.25 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by schizont  

stage of P. falciparum strain 3D7) RBC´s assays in Whole Blood (WB) with high frequencies device, I freq  ∈ 
[250 kHz – 5 MHz], using electrodes in parallel con figuration. The Nyquist plots overlaid on the image show 
the variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 
9, parasitemia) and for uninfected RBCs (1, control), both in WB (RBCs, WBCs and Plasma). To the plots 2 to 9 is 
always added an impedance curve with a new percentage of parasitemia (by ascending order). The percentages 
of parasitemia from 0.0156% to 1% were obtained from successive dilutions (1:2) of a mixture containing infected 
RBCs with an initial percentage of parasitemia of 2%. The prepared mixtures of infected and uninfected RBCs 
have a hematocrit ≈ 45%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents 
the initial value of the impedance and of the lower frequency (250 kHz) in each plot. The Nyquist plot has a Real 
part (x axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in 
Ohms, which together constitute the impedance. 
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3.2.2. Repetition of non-parasitized and parasitize d red blood cells assays 

Following a general observation of the results of impedance spectroscopy obtained in section 

3.2.1., proceeded a repetition of the assays in mixtures of parasitized red blood cells (by P. falciparum 

Dd2 strain) and non-parasitized in RPMI and WB. The mixtures made for the assay repetition process 

contain all stages (male and female gametocytes, ring, trophozoite and schizont) as well as a single 

stage (ring) of the parasite. For the new assay, it was decided to use only the device capable of 

measuring the high frequency range of the excitation signal. However, the crossed and parallel 

configurations were kept and applied for these measurements.       

3.2.2.1. Culture Medium with all stages (unsynchron ized culture) and ring stage (synchronized 
culture) 

As in previous assays, the figures (Fig. 3.26 to 3.29) show the overlapped Nyquist plots 

numbered by ascending order 1 (uRBCs, control), and from 2 (lower % of parasitemia in Pf-iRBCs) to 

7 (greatest % of parasitemia in Pf-iRBCs), in order to analyze the variation of the impedance curves as 

a function of the increasing percentage of parasitemia in the RPMI, and to verify whether there are 

differences between its impedances and in relation to the impedance curve of uRBCs. 

In a general and qualitative analysis of the results obtained for the impedance of the mixtures 

containing all stages (Fig. 3.26 and 3.27) and the ring stage (Fig. 3.28 and 3.29), both in a RPMI 

medium using crossed and parallel configuration, it is possible to observe that the impedance of the 

Pf-iRBC’s curves increases with the increasing percentage of parasitemia and in relation to the 

impedance of the control curve (1 to 7). It is also possible to verify that the discrimination between the 

values of impedance of the control curve and Pf-iRBC’s curve is greater for parasitemia over 0.5% (7). 

Comparing the results obtained for both configurations, it is observable an increase in discrimination 

and stability as well when a parallel configuration is applied (Fig. 3.27 and 3.29). 

However, the Nyquist plots resulting from the assay with a mixture containing the stage ring 

done in a crossed configuration (Fig.3.28), show that the impedance of the Pf-iRBC’s curve doesn’t 

increase with the increasing parasitemia (1 to 7), which is contrary to what was expected. 

Furthermore, the impedance of the Pf-iRBC’s curve with parasitemia 0.25%, 0.5% and 1% is lower 

than the impedance of the control curve (7). 
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Figure 3.26 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by all stag es 

of P. falciparum strain Dd2) RBC´s assays in culture medium (RPMI) wi th high frequencies device, I freq  ∈ 
[250 kHz – 5 MHz], using electrodes in cross config uration.  The Nyquist plot overlaid on the image show the 
variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 7, 
parasitemia) and for uninfected RBCs (2,control), both in RPMI. To the plots 2 to 7 is always added an impedance 
curve with a new percentage of parasitemia (by ascending order). The percentages of parasitemia from 0.031% 
to 1% were obtained from successive dilutions (1:2) of a mixture containing infected RBCs with an initial 
percentage of parasitemia of 2%. The prepared mixtures of infected and uninfected RBCs have a hematocrit ≈ 
5%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents the initial value of the 
impedance and of the lower frequency (250 kHz) in each plot. The Nyquist plot has a Real part (x axis), 
equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in Ohms, which 
together constitute the impedance. 
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Figure 3.27 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by all stag es 

of P. falciparum strain Dd2) RBC´s assays in culture medium (RPMI) wi th high frequencies device, I freq  ∈ 
[250 kHz – 5 MHz], using electrodes in parallel con figuration. The Nyquist plot overlaid on the image show 
the variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 
7, parasitemia) and for uninfected RBCs (2,control), both in RPMI. To the plots 2 to 7 is always added an 
impedance curve with a new percentage of parasitemia (by ascending order). The percentages of parasitemia 
from 0.031% to 1% were obtained from successive dilutions (1:2) of a mixture containing infected RBCs with an 
initial percentage of parasitemia of 2%. The prepared mixtures of infected and uninfected RBCs have a 
hematocrit ≈ 5%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents the initial 
value of the impedance and of the lower frequency (250 kHz) in each plot. The Nyquist plot has a Real part (x 
axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in Ohms, 
which together constitute the impedance. 
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Figure 3.28 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by ring sta ge 

of P. falciparum strain Dd2) RBC´s assays in culture medium (RPMI) w ith high frequencies device, I freq  ∈ 
[250 kHz – 5 MHz], using electrodes in cross config uration. The Nyquist plot overlaid on the image show the 
variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 7, 
parasitemia) and for uninfected RBCs (2,control), both in RPMI. To the plots 2 to 7 is always added an impedance 
curve with a new percentage of parasitemia (by ascending order). The percentages of parasitemia from 0.031% 
to 1% were obtained from successive dilutions (1:2) of a mixture containing infected RBCs with an initial 
percentage of parasitemia of 2%. The prepared mixtures of infected and uninfected RBCs have a hematocrit ≈ 
5%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents the initial value of the 
impedance and of the lower frequency (250 kHz) in each plot. The Nyquist plot has a Real part (x axis), 
equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in Ohms, which 
together constitute the impedance. 
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Figure 3.29 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by ring sta ge 

of P. falciparum strain Dd2) RBC´s assays in culture medium (RPMI) w ith high frequencies device, I freq  ∈ 
[250 kHz – 5 MHz], using electrodes in parallel con figuration. The Nyquist plot overlaid on the image show 
the variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 
7, parasitemia) and for uninfected RBCs (2,control), both in RPMI. To the plots 2 to 7 is always added an 
impedance curve with a new percentage of parasitemia (by ascending order). The percentages of parasitemia 
from 0.031% to 1% were obtained from successive dilutions (1:2) of a mixture containing infected RBCs with an 
initial percentage of parasitemia of 2%. The prepared mixtures of infected and uninfected RBCs have a 
hematocrit ≈ 5%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents the initial 
value of the impedance and of the lower frequency (250 kHz) in each plot. The Nyquist plot has a Real part (x 
axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in Ohms, 
which together constitute the impedance. 
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3.2.2.2. Whole Blood with all stages (unsynchronize d culture) and ring stage (synchronized 
culture) 

In figures (Fig. 3.30 to 3.33), the overlapped Nyquist plots are numbered by ascending order 1 

(uRBCs, control), and from 2 (lower % of parasitemia in Pf-iRBCs) to 7 (greatest % of parasitemia in 

Pf-iRBCs), in order to analyze the variation of the impedance curves as a function of the increasing 

percentage of parasitemia in the WB, and to verify whether there are differences between its 

impedances and in relation to the impedance curve of uRBCs. 

A general and qualitative analysis of the results obtained for the impedance of the mixtures 

with all stages (Fig. 3.30 and 3.31) and with ring stage (Fig. 3.32 e 3.33), both in a WB medium for 

crossed and parallel configurations, shows that the impedance of the Pf-iRBC’s curves increases with 

the increasing percentage of parasitemia and in relation to the impedance of the control curve (1 to 7). 

In addition, the impedance of the Pf-iRBC’s curves present a good discrimination from the lowest 

percentage of parasitemia, 0.031% (7). In all assays, both the crossed and parallel configurations 

allowed for stable results, however the crossed configuration showed a better discrimination of the 

impedance values between the Pf-iRBC’s curves and the control curve. 
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Figure 3.30 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by all stag es 

of P. falciparum strain Dd2) RBC´s assays in Whole Blood (WB) with high frequencies device, I freq  ∈ [250 
kHz – 5 MHz], using electrodes in cross configurati on.  The Nyquist plots overlaid on the image show the 
variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 7, 
parasitemia) and for uninfected RBCs (1, control), both in WB (RBCs, WBCs and Plasma). To the plots 2 to 7 is 
always added an impedance curve with a new percentage of parasitemia (by ascending order). The percentages 
of parasitemia from 0.031% to 1% were obtained from successive dilutions (1:2) of a mixture containing infected 
RBCs with an initial percentage of parasitemia of 2%. The prepared mixtures of infected and uninfected RBCs 
have a hematocrit ≈ 45%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents 
the initial value of the impedance and of the lower frequency (250 kHz) in each plot. The Nyquist plot has a Real 
part (x axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in 
Ohms, which together constitute the impedance. 
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Figure 3.31 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by all stag es 

of P. falciparum strain Dd2) RBC´s assays in Whole Blood (WB) with high frequencies device, I freq  ∈ [250 
kHz – 5 MHz], using electrodes in parallel configur ation.  The Nyquist plots overlaid on the image show the 
variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 7, 
parasitemia) and for uninfected RBCs (1, control), both in WB (RBCs, WBCs and Plasma). To the plots 2 to 7 is 
always added an impedance curve with a new percentage of parasitemia (by ascending order). The percentages 
of parasitemia from 0.031% to 1% were obtained from successive dilutions (1:2) of a mixture containing infected 
RBCs with an initial percentage of parasitemia of 2%. The prepared mixtures of infected and uninfected RBCs 
have a hematocrit ≈ 45%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents 
the initial value of the impedance and of the lower frequency (250 kHz) in each plot. The Nyquist plot has a Real 
part (x axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in 
Ohms, which together constitute the impedance. 
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Figure 7.32 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by ring sta ge 

of P. falciparum strain Dd2) RBC´s assays in Whole Blood (WB) with high frequencies device, I freq  ∈ [250 
kHz – 5 MHz], using electrodes in cross configurati on.  The Nyquist plots overlaid on the image show the 
variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 7, 
parasitemia) and for uninfected RBCs (1, control), both in WB (RBCs, WBCs and Plasma). To the plots 2 to 7 is 
always added an impedance curve with a new percentage of parasitemia (by ascending order). The percentages 
of parasitemia from 0.031% to 1% were obtained from successive dilutions (1:2) of a mixture containing infected 
RBCs with an initial percentage of parasitemia of 2%. The prepared mixtures of infected and uninfected RBCs 
have a hematocrit ≈ 45%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents 
the initial value of the impedance and of the lower frequency (250 kHz) in each plot. The Nyquist plot has a Real 
part (x axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in 
Ohms, which together constitute the impedance. 
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Figure 3.33 - Nyquist plots of impedance spectrosco py for non-parasitized and parasitized (by ring sta ge 

of P. falciparum strain Dd2) RBC´s assays in Whole Blood (WB) with high frequencies device, I freq  ∈ [250 
kHz – 5 MHz], using electrodes in parallel configur ation.  The Nyquist plots overlaid on the image show the 
variation of impedance as function of the frequency response for different percentages of infected RBCs (2 to 7, 
parasitemia) and for uninfected RBCs (1, control), both in WB (RBCs, WBCs and Plasma). To the plots 2 to 7 is 
always added an impedance curve with a new percentage of parasitemia (by ascending order). The percentages 
of parasitemia from 0.031% to 1% were obtained from successive dilutions (1:2) of a mixture containing infected 
RBCs with an initial percentage of parasitemia of 2%. The prepared mixtures of infected and uninfected RBCs 
have a hematocrit ≈ 45%. In the figure, an asterisk (*) identifies the control curve, and the symbol ∆ represents 
the initial value of the impedance and of the lower frequency (250 kHz) in each plot. The Nyquist plot has a Real 
part (x axis), equivalent to electrical resistance in Ohms, and an Imaginary part (y axis), given by reactance in 
Ohms, which together constitute the impedance. 
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4. Discussion  
 

4.1. Characterization of hemozoin crystals   
 

4.1.1. Importance of characterizing synthetic and n ative hemozoin  

Hemozoin crystals can be obtained in different ways: naturally, through the process of 

biocrystallization of hemozoin’s heme by P. falciparum (in vivo); synthetically (β-hematin), from hemin 

chloride on acidic conditions (in vitro) [60]. The synthetic route is cheaper and faster, production wise, 

in comparison to the natural route, however it can have some drawbacks if the process of crystal 

formation is not identical to the natural. The different shapes and sizes of the hemozoin crystals 

appear to have an important role as a biological modulator in innate and inflammatory response in 

vitro and in vivo [30, 32, 60]. Furthermore, their studies have contributed to understanding the 

pathology of malaria [60]. However, hemozoin remains a good source for continuous search for new 

anti-malarial drugs (in vitro assays), which inhibit the formation process of crystals via synthetic route 

[15, 22, 29, 30, 49].  

There are several protocols for production and purification of hemozoin that have been 

developed over the years aiming to create synthetic crystals with uniform characteristics, that is, 

shapes and sizes similar to the natural ones [60]. However, the experimental conditions of the 

protocols are difficult to control, which causes differences between the formation process of synthetic 

and natural crystals. In order to assess whether there are similarities or differences in the 

characteristics and properties of those crystals, the scientific community has used techniques such as 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), light and depolarizing 

microscopy, X-ray diffraction and infrared spectroscopy [20]. β-hematin (sHz) has been demonstrated 

to be synthetic analog to hemozoin chemically, spectroscopically and crystallographically [20, 29]. 

However, it is not yet proven that hemozoin crystals synthetically obtained are really equal to the 

naturally obtained ones. 

 

4.1.2. Morphology, microstructure and size of hemoz oin  

By examining the results obtained for different micrographs in scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM), it is possible to verify that, depending on the 

formation process of the hemozoin crystals – natural source (P. falciparum strain 3D7 e Dd2) or 

synthetic source (protocol 1 and 2) – these present differences or similarities in their shapes and 

sizes. In all micrographs of SEM and TEM, the crystals showed habits in their shape  (Fig. 3.1 to 3.5), 

as already reported in previous studies [20, 64].  

Correlating the results of SEM and TEM micrographs for crystals nHz of strain 3D7 (sensitive) 

and Dd2 (resistant) of the parasite P. falciparum, it is possible to observe that these show shapes with 

the same habits, mostly parallelepiped, with well-defined faces and with similar size with nm and µm 

dimensions, which indicates that regardless of the strain, the biocrystallization process of the heme in 

hemozoin by the parasite P. falciparum is identical. However it is possible to verify that for the 

resistant strain Dd2 there are some crystals with brick-like shapes aggregated to each other in an 
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organized fashion. This result is in agreement with results from previous studies on the 

characterization of nHz obtained from P. falciparum [56, 59]. 

Taking into consideration the result of SEM and TEM micrographs of hemozoin crystals 

synthetically obtained by modifying protocol 1 in accordance to Slater et al. [53] and by protocol 2 

already pre-established, it is possible to observe that the crystals have two types of forms. The first 

one is a needle-like shape, with long length and thin width; the second is a parallelepiped shape, with 

smaller length but with width similar to the needle-like shape. Nevertheless the needle-like shape is 

more visible in the crystals obtained with protocol 1 than with protocol 2. Noticeably, the crystals 

obtained with protocol 2 appear to be more evenly spread than the ones obtained with protocol 1, 

which shows a greater heterogeneity. These results indicate that the experimental process for 

production of sHz for protocol 2 leads to crystals with a more controlled and homogeneous 

morphology and size.  

By comparing SEM and TEM micrographs of nHz 3D7 (sensitive) and Dd2 (resistant) strains 

with the micrographs of crystals of sHz obtained with protocols 1 and 2, it is verifiable that the shapes 

and sizes of the crystals produced with protocol 2 shows similarities with the nHz crystals produced by 

P. falciparum. Moreover, the shapes and sizes of the crystals obtained with protocol 1 show a greater 

distinction from the nHz crystals. This result proves once again that it is possible to control 

experimental conditions during the formation process of sHz (in vitro), in order to create synthetic 

crystals that share similar properties and characteristics with the nHz crystals. In the previous 

assertion, it is concluded that similar or identical synthetic and nHz crystals were obtained, which 

indicates that their formation process is occur under similar conditions. The previous observations and 

findings have great relevance, as mentioned above, in studies where assays are performed in order to 

inhibit the formation of sHz with antimalarial drugs, such as quinolones and artemisinins [15, 22]. 

These drugs, when applied to malaria treatment, target the detoxification process of the heme by P. 

falciparum (nHz formation), causing its inhibition and the changing of the crystals’ morphology [15, 16, 

25].  

Considering all previous observations, if the formation process of sHz (in vitro) is identical to 

the formation of nHz (in vivo) obtained by P. falciparum, it is possible to obtain more reliable results in 

assays of inhibition of the heme’s transformation into hemozoin in vitro, while testing antimalarial 

drugs.  

By examining TEM micrographs, obtained for higher resolutions, of the results of the nHz´s 

crystals microstructure of strains 3D7 and Dd2, as well as synthetic hemozoin of protocol 1 and 2, it is 

shown that there are differences in their structures. The nHz crystals for both strains present layered 

structures on the faces of their tips, which show a uniform organization with parallelepiped shape (Fig. 

3.4 E4 and F4). On the contrary, in protocol 1 most synthetic crystal have no layers in their tips and 

have the tendency to create a more tapered needle-like shape (Fig. 3.5 G). On the other hand, the 

crystals obtained by protocol 2 do not show the differences outlined above in relation to native 

crystals, however they also present long crystals with a needle-like shape, as can be observed in 

micrograph H1 (Fig. 3.5 H1). Notably, at higher resolutions, the crystals of protocol 2 demonstrate 
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again parallelepiped shapes as in nHz crystals, although with some disruption in their structure and 

without any layers at the tips of the crystal’s faces. In general, these observations support the need to 

develop new protocols with controlled conditions which allow for the production of synthetic crystals 

with properties and characteristics similar to those of the native crystals. 

4.1.3. Impedance Spectroscopy 

According to the results obtained for the suspensions of nHz (strain Dd2) and sHz (Protocol 1 

and Protocol 2), by impedance spectroscopy, it is possible to observe that the impedance curves for 

the low frequencies unit in crossed and parallel configuration (Fig. 3.6 and 3.7) cannot distinguish 

between the electrical properties of the crystals. The fact that the device measures in the low 

frequencies range, Ifreq ∈ [10 kHz – 82.5 kHz], can reduce the level of discrimination possible with the 

frequency response of the material analyzed, here the crystals. Moreover, in SEM micrographs (Fig. 

3.1 and 3.2), some native and synthetic crystals have irregularities in their shape or aggregated 

materials in their structure (unpolymerized heme, membranes and proteins), and those factors might 

influence the actual measurements of the passive electrical properties of the crystals, causing a large 

discrepancy in the impedance curves obtained. 

 

Examining the impedance results obtained using the high frequencies device, Ifreq ∈ [250 kHz – 

5 MHz], for the various crossed and parallel configurations, it is verified that there are differences in the 

passive electrical properties among the crystals studied and these are presented more coherently. 

The results suggest that the fact that the measures are taken in the high frequencies range cause an 

increase in the level of discrimination and thereby obtain a good frequency response of the crystals 

analyzed using impedance spectroscopy. 

  By analyzing the passive electrical properties as well as their evolution over the Nyquist 

graphs (Fig. 3.8 and 3.9), in ascending order (1, 2, 3, 4 and 5), it can be said that the nHz and sHz P2 

crystals, for a crossed and parallel configuration, show a greater reactance than in the case of sHz P1 

crystals. This means that the material forming the nHz and sHz P2 crystals has a lower ability to 

disperse electric charge from the applied alternating current than the material of the sHz P1 crystals. 

However, for this evolution the sHz P1 crystals show greater resistive electrical properties, that is, the 

crystal structures have a higher charge transfer resistance with decreasing concentration in material 

resistivity, than for nHz and sHz P2 crystals. This result, correlated with the results of SEM and TEM 

micrographs, may suggest that sHz P1 crystals (Fig 3.2 C and  3.5 G) have larger sizes with 

elongated shapes, than nHz and sHz P2 crystals. This can cause saturation of the solution and 

deposition of crystals at high concentrations, in this case 1.35 mM and 0.337 mM, thus leading to 

reading errors of the device while analyzing the solutions. All these observations suggest that lower 

concentrations of sHz P2 crystals are necessary in order to reduce reading errors and measure the 

actual passive electrical properties. 

On one hand, the fact that there are similarities in the passive electrical properties of nHz and 

sHz P2 crystals, for different electrode configurations, suggests that their formation processes are 

almost identical. On the other hand, the passive electrical properties of the sHz P1 crystals point out 

some inequalities in their formation process in relation to the formation process of nHz and sHz P2 
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crystals. Moreover, these similarities and inequalities among crystals for the different electrodes 

configurations indicate that the parallel configuration is more likely to achieve a data set more 

reproducible and stable than the crossed configuration, in other words, a better distinction and 

characterization of the impedance spectroscopy crystals.  

 

4.2. Impedance spectroscopy as diagnostic method 
 

4.2.1. Challenges of technique for detection of Malaria  

The idea behind the search for new diagnosis methods which allow to detect the malaria 

parasite faster, simpler, more sensitive and specific manner, has been implemented in some recent 

studies related with the impedance spectroscopy technique [67]. These studies are focused on the P. 

falciparum, which is the species that causes the severest forms of the disease; only a single stage of 

the parasite circulates in the peripheral blood, the ring stage. The challenge of applying this technique 

of impedance spectroscopy focuses on the differentiation of Pf-iRBCs with the ring stage from uRBCs 

[4, 72, 73]. However the same technique is also important for the detection of malaria caused by 

others species of the parasite, in which its various stages circulate in the peripheral blood [4, 67]. 

Another relevant factor and one that adds to these challenges is the detection of very lower 

parasitemias. One of the problems associated to the areas with low malaria transmission is related 

with infections by submicroscopic parasitemia, which are hardly ever identified by conventional 

microscopes. Molecular techniques, such as Polymerase Chain Reaction (PCR), are effective in the 

detection of submicroscopic infections, however they are disadvantageous regarding the time needed 

to obtain results. Impedance spectroscopy can be an alternative to the PCR technique for the 

detection of submicroscopic infections, with the same efficacy but with an improvements regarding to 

the acquisition time of the results, thus functioning as a rapid diagnostic test (RDT) [84, 85]. 

4.2.2. Impedance of parasitized and non-parasitized  red blood cells assays 

Before proceeding to the discussion of the results, it is important to understand that, according 

to the results of studies performed with the technique of impedance spectroscopy, the impedance of 

Pf-iRBCs increases with increasing parasitemia [72, 73]. 

Examining the results of the impedance obtained from testing mixtures of non-parasitized and 

parasitized with all the stages (ring, trophozoite and schizont) of the P. falciparum in RPMI (Fig. 3.10 

and 3.11) and in WB (Fig. 3.14 and 3.15), it is possible to verify that in the low frequency range, Ifreq ∈ 

[10 kHz – 82.5 kHz], for a crossed configuration the impedance curve present very incoherent evolution 

paths. On the contrary, for the parallel configuration, the impedance curves exhibit more coherence 

and a more logical path of evolution, without presenting a good distinction between them. Since the 

discrimination is very low, it is difficult to distinguish the curve of uRBCs from the curve of iRBCs. The 

inconsistencies as well as the low discrimination could be justified by the fact that the impedance 

measures are conducted at a low frequency range, which can lead to a bad signal response to the 

impedance of the cells, and consequently, to incoherent results. Comparing the results of the different 
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mixtures, RPMI and WB, for a parallel configuration it can be observed that only for the mixture in WB 

is possible to consistently differentiate the impedance of the curve of uRBCs from the curve of Pf-

iRBCs with parasitemia of 0.0175%. The observations related to the parallel configuration 

demonstrate that it contributes to an optimization of the signal response of the impedance of Pf-iRBCs 

and uRBCs. 

According to the values of impedance obtained in the high frequency range, Ifreq ∈ [250 kHz – 5 

MHz], for the different mixtures, RPMI (Fig. 3.12 and 3.13) and WB (Fig. 3.16 and 3.17), it is possible 

to verify that in both configurations there is some coherence and an increase in the discrimination 

between the impedance of the curves. It is noted that the discrimination is larger for the parallel 

configuration. The results obtained for the mixtures in RPMI show that in both configurations the 

impedance of the Pf-iRBC´s curves with parasitemia ≤ 0.14% is incoherent since it is higher than the 

impedance of the Pf-iRBC´s curves with parasitemia ≥ 0.28%. The previous result can be justified by 

an experimental error, which may have been caused during the dilutions of parasitemia and the 

measures of impedance. Although, it is possible to observe that in the crossed configuration the 

impedance of the Pf-iRBC´s curves with parasitemia ≤ 0.07 %, converge to the impedance of the 

uRBC´s curve with the decrease of parasitemia percentage. On the contrary, in the parallel 

configuration the impedance of the Pf-iRBC´s curve with parasitemia of 1.12% and 0.28%, are the 

only that demonstrate convergence. By comparing the results of the two configurations it is possible to 

verify that the impedance values of the Pf-iRBC´s curve with parasitemia ≥ 0.28 % are more coherent 

in the parallel configuration. These are higher than the impedance values of the uRBC´s curves, as 

opposed to what is verified in the crossed configuration. These results demonstrate once more that 

the parallel configuration has advantages such as consistency and discrimination.  

From the results obtained for mixtures in WB, interestingly it is observed that for a crossed 

configuration the impedance of the Pf-iRBC´s curves with parasitemia ≤ 0.14% and ≥ 0.56% present 

more coherent results since these are higher than the values of impedance for the uRBC’s curve, as 

opposed to what is verified in the parallel configuration. However the distinction between the 

impedances of the various curves is still higher for the parallel configuration. In the crossed 

configuration it is possible to verify that the impedances of the Pf-iRBC´s with parasitemia of 1.12%, 

0.14% and 0.0175%, all converge to the impedance of the uRBC’s curve, with the decrease of the 

parasitemia percentage. On the contrary, in the parallel configuration there is no convergence but a 

consistency between the impedance of the uRBC’s curve with the Pf-iRBC´s curve, with parasitemia 

of 0.035%. These results suggest that, in this case, the signal response of the cells’ impedance is 

optimized for a crossed configuration when making measurements in the high frequency range, for a 

mixture in WB with various stages of the parasite. 

Examining the results of the impedance obtained from testing mixtures of non-parasitized and 

parasitized with the ring (Fig. 3.18 and 3.19) and the schizont (Fig. 3.22 and 3.23) stage of P. 

falciparum in WB, it is possible to observe that in the low frequency range, Ifreq ∈ [10 kHz – 82.5 kHz], for 

a crossed and parallel configuration the impedance of the curves obtained for the ring stage show 

many inconsistencies. As opposed to the impedance of the curves obtained for the schizont stage, 

which present coherence and distinction. In this stage it is possible to observe the convergence of the 
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impedance of the Pf-iRBC´s curves towards the impedance of the uRBC’s curves, with the decrease 

of parasitemia to such percentages as 1%, 0.062%, 0.125% and 0.0156% in the crossed 

configuration, and 1%, 0.25% and 0.0156% in the parallel configuration. By comparing the previous 

observations for the two stages, it is possible to verify that Pf-iRBCs with the ring stage prevent 

obtaining a good signal response of the impedance for low frequencies range, as opposed to what is 

verified for Pf-iRBCs with the schizont stage. The Pf-iRBCs with ring stage are non-mature cells of the 

malaria parasite and that still initially possess dielectric properties similar to those of the uRBC’s 

membrane, such as capacitance. The membrane capacitance of the uRBCs shields the cell interior 

from the external electric field at low frequencies [72], which originates a non-existing or incoherent 

signal response of the impedance of Pf-iRBCs with the ring stage. On the contrary, the Pf-iRBCs with 

schizont stage are mature cells resulting from the process of maturation of the malaria parasite, which 

causes striking structural and morphological changes in the Pf-iRBCs [68, 72, 73]. The changed in the 

cell will lead to changes in the dielectric properties of the membrane thus changing its capacitance. 

This change lowers the membrane’s resistance and consequently the surrounding layer becomes less 

insulating [73]. The external electric field at low frequencies will be able to penetrate Pf-iRBCs with 

schizont stage thus originating a coherent response from its impedance. 

The results obtained for impedance in the high frequency range, Ifreq ∈ [250 kHz – 5 MHz], for 

the ring (Fig. 3.20 and 3.21) and schizont (Fig. 3.24 and 3.25) stage, demonstrate that for the two 

configurations in both stages there is consistency and an increase in the discrimination level between 

the impedance of the curves. These results are not observed for the ring stage in the low frequencies 

range. At higher frequencies, owing to the short circuiting effect of membrane capacitance, the electric 

field penetrates to the cellular interior and reaches the parasite [72], thus optimizing the signal 

response of the impedance of Pf-iRBCs and uRBCs, obtaining at the same time better results. In the 

ring stages it is possible to observe a convergence in the impedance of the Pf-iRBC’s curves towards 

the impedance of the uRBC’s curves with the decrease of parasitemia to such percentages as 2%, 

0.062% and 0.031% in the crossed configuration, and 2%, 0.062% and 0.031% in the parallel 

configuration. In the schizont stage it is possible to observe a convergence in the impedance of the Pf-

iRBC’s curves towards the impedance of the uRBC’s curves with the decrease of parasitemia to such 

pecentages as 1%, 0.125% and 0.062% in the crossed configuration, and 1%, 0.125% and 0.062% in 

the parallel configuration. However, comparing the results of the two configurations for both stages it is 

possible to observe that for the crossed configuration there are greater number of Pf-iRBC’s curves 

showing incoherent results, showing a impedance lower than the impedance of the uRBC’s curve. 

This observation proves that the parallel configuration also contributes to the optimization of the signal 

response of the cells’ impedance. 

The analysis of all results for high frequencies indicate that the frequency increase contributes 

to an improvement of the impedance response of the cells, as well as the level of discrimination of the 

impedance measures.  

 

Examining the results obtained from the second of assay for impedance measurements in the 

high frequency range, Ifreq ∈ [250 kHz – 5 MHz] (3.2.2), it was observed an improvement in their stability 
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and repeatability. Such results were not observed in previous assays (3.2.1) and were obtained from 

the mixtures containing all stages and well as a single stage (ring) of P. falciparum strain Dd2, in RPMI 

and WB medium. This stability and repeatability is indicated, in figures 3.26, and from 3.28 to 3.33, by 

the existence of a logical and coherent convergence of the impedance of the Pf-iRBC’s curves 

towards the impedance of the uRBC’s curve, with decreasing parasitemia. However, it is observed in 

figure 3.27, which represents the assay with the ring stage in the crossed configuration, an incoherent 

convergence of the impedance of the Pf-iRBC’s curve towards the uRBC’s curve, showing an 

incorrect variation on the value of the impedance with the increase of parasitemia. This result 

suggests that there are still errors associated with the experimental conditions or during the 

impedance measures. Furthermore, it indicates that the crossed configuration can contribute for 

measurement errors. Regarding the configurations for the different mediums, it is possible to observe 

that the parallel configuration allows for a better signal response of the impedance of cells in a RPMI 

medium, thus obtaining an optimized discrimination between the impedance of the various curves. On 

the contrary, with the crossed configuration it is obtained a better response and discrimination in a WB 

medium. Nevertheless, the results obtained show that both the crossed and parallel configuration 

enables a distinction between the Pf-iRBC’s curve (with all the stages or with just the ring stage) and 

the uRBC’s curve. Another relevant factor, present in all the results, regards the differentiation of the 

impedance of the uRBC’s curve from the impedance of the Pf-iRBC’s curve for the lowest parasitemia, 

0.031%. Such differentiation is greater in WB medium. 

 

By observing the impedance results for the different tests it is verified the existence of 

incorrect variations on the impedance values for some Pf-iRBC’s curves, in both the crossed and 

parallel configuration. The Pf-iRBCs and uRBCs present different dielectric properties, and thus 

different values of impedance. When performing impedance measurements in the mixture, the cells 

are not immobilized, which means there is a flow of Pf-iRBCs and uRBCs, which can be aggravated or 

changed by exchanging tubes while doing a new measure, or by inserting the electrodes in the 

mixture. The before mentioned factors can cause instability in the signal response of the cells during 

measurements consequently resulting in wrong impedance values.  

It is also observed that the fact the uRBCs and Pf-iRBCs are in a RPMI medium may 

contribute for more stable measures and results. One possible justification for the observed stability is 

the RPMI medium not containing any component such as WBCs, platelets and plasma, which are 

components of Whole Blood. Some of these components also have dielectric properties which 

influence the alternating current (AC) applied to the mixture medium, which may create some 

instability in the system and simultaneously incorrect impedance variations of uRBCs and Pf-IRBCs. 

The convergence of the impedance of Pf-iRBC’s curves towards the impedance of uRBC’s 

curves, obtained for the various tests conducted, indicate the possibility of applying the impedance 

spectroscopy for the detection of the various stages of the P. falciparum parasite in peripheral blood, 

which means distinguishing the non-infected blood from blood infected with the malaria parasite for 

parasitemias between 0.0156-2 %, approximately 780-100 000 parasites per µl. More importantly, it 

demonstrates that it is possible to detect Pf-iRBCs in ring stage in peripheral blood. 
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 In comparison with the PCR technique, IS technique allows obtaining results more efficiently 

and in less time. However, the detection limit for PCR is approximately 0.05-10 parasites per µl 

corresponding to parasitemias between 0.000001-0.0002 %, distinct values of the values detected by 

IS technique. To detect submicroscopic infections, where exists very low parasite density (for 

example, 1-10 parasites per µl), is necessary proceed to new assays of IS for parasitemias similar to 

molecular technique ones [86, 87].  
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5. Conclusions 

SEM, TEM and IS techniques demonstrate that nHz crystals coming from the sensitive strain 

3D7 and from the resistant strain Dd2 of P. falciparum present a size, morphology and passive 

electrical properties that are more similar to the sHz crystals obtained using Protocol 2 than to those 

obtained using Protocol 1. This observation allows us to conclude that through the optimization of the 

experimental conditions of sHz crystals formation it is possible to obtain synthetic crystals that 

resemble the native ones. The optimization of crystal formation processes will contribute to the 

optimization of trials using antimalarial drugs that enable the formation of such crystals thus 

contributing to the production of drugs that diminish the parasite resistance to an antimalarial 

treatment.   

The Impedance Spectroscopy (IS) devices proposed (low and high frequencies) demonstrate 

that it is possible to detect several or a single stage of P. falciparum in the peripheral blood. The 

detection allows to differentiate uninfected blood from Malaria-infected blood thus concluding that the 

IS technique could work as a diagnostic method. The impedance data obtained present high 

discrimination when the parallel and cross configurations are combined with a high frequency range. 

The low and high frequencies can be conjugated in order to find an ideal range for the measurement 

of the impedance data. Overall, the parallel configuration can be better to reproduce and obtain a 

dataset of impedance data more accurate than the cross configuration. However, in the last 

impedance results it is shown that both configurations can be applied for detection of malaria in 

human host. 
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6. Future Work 
 

In order to improve the current work, several suggestions are listed below: 

- Create a new experimental procedure for the production of synthetic hemozoin by changing the 

experimental conditions with the purpose of obtaining a more controlled process. 

- Analyze and compare the newly obtained synthetic crystals with native hemozoin crystals produced 

by different strains of P. falciparum. 

- New impedance spectroscopy assays in order to analyze: 

1. Parasitized blood (P. falciparum) with different strains; 

2. Parasitized blood (P. falciparum) and non-parasitized blood classified in different blood 

groups; 

3. Parasitized blood (P. falciparum) and infected with different types of disease; 

4. Parasitized blood (P. falciparum) having parasitemia values within the detection range of RDT 

(100 – 200 parasites per µl), thick film microscopy (4 – 10 parasites per µl) and PCR (0.05-10 

parasites per µl); 

5. Blood from a human host infected with P. falciparum (real case) and verify if the obtained 

results are comparable to the ones from cultures of parasitized blood. 

- To increase the distinguish rate and reduce false positives in malaria diagnosis by impedance 

spectroscopy through the development of capillary spectroscopy technique. Such technique would, in 

theory, allow for an isolation of individual red blood cells in a capillary and then measuring the 

electrical potential directly on the isolated red blood cell and not on a blood solution where a great 

biological variability. 
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Appendix A – Hemozoin crystals quantitation (heme e quivalents) 

A.1. Table of standard concentrations of hemin solution  

 

A.2. Calibration curve of standard concentrations of hemin as x and the respective absorbances as y. 

 

y = 1340,2x - 0,0946
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Wells  Standard  [M] 1 (ABS)  2 (ABS)  3 (ABS)  Mean ABS (nm) 

A 0.002 2.459 2.4568 2.5824 2.4994 

B 0.001 1.3629 1.4058 1.3911 1.3866 

C 0.0005 0.703 0.6932 0.7227 0.7063 

D 0.000333333 0.3659 0.3666 0.3802 0.3709 

E 0.00025 0.1891 0.1899 0.2036 0.1942 

F 0.0002 0.1131 0.111 0.1098 0.1113 

G 0.000166667 0.0765 0.0854 0.0844 0.0821 

H 0.000142857 0.0519 0.0624 0.0658 0.060033333 

Rep A 0.000125 0.042 0.0424 0.0433 0.042566667 

Rep B 0.000111111 0.0351 0.0344 0.0355 0.035 

Rep C 0.0001 0.0316 0.0316 0.036 0.033066667 

Rep D 9.09091E-05 0.0427 0.0297 0.0304 0.034266667 

Rep E 8.33333E-05 0.0312 0.031 0.0292 0.030466667 

Rep F 7.69231E-05 0.0304 0.0311 0.0325 0.031333333 


