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Abstract

Malaria is a major cause of death in tropical and sub-tropical countries, killing
each year over 1 million people globally, 90% of which occuring in African children.
Thus, it is primordial to develop a prompt and effective diagnostic method for the
management and control of the disease.

In this project, the aim is to develop a portable, easy to use and accurate system
to detect the malaria pigment: hemozoin. It is also important that the device is
cheap and simple. The approach tested in this project is based on Electric Impedance
Spectroscopy (EIS). The advantages of the device used in this project compared to
the methods currently used are its low price and the low level of skills required for
its use.

EIS revealed to be an accurate method detecting hemozoin. Future work is
expected to find out its sensibility and to turn the device autonomous.

Keywords: Malaria, diagnosis, impedance spectroscopy.
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Resumo

A malaria é uma das principais causas de morte em paises tropicais e subtropicais,
matando anualmente mais de 1 milhao de pessoas em todo o mundo, 90% das quais
ocorrem em criancas africanas. Assim, é primordial desenvolver um método de di-
agnostico rapido e eficaz para a gestao e controlo da doenca.

Neste projeto, o objetivo consiste em desenvolver um sistema portatil, facil de
usar e preciso para detectar o pigmento da malaria: hemozoina. E também impor-
tante que o dispositivo seja barato e simples. A abordagem testada neste projeto
é baseada na Espectroscopia de Impedancia Elétrica. As vantagens do dispositivo
usado neste projeto em comparagao com os métodos atualmente utilizados sao o seu
baixo preco e o baixo nivel de aptidoes necessarias para o seu uso.

A espectroscopia de impedancia elétrica mostrou ser um método preciso na
detecao de hemozoina. Espera-se que o trabalho futuro determine a sua sensibilidade
e torne o dispositivo auténomo.

Palavras-Chave: Maldria, diagndstico, espectroscopia de impedancia.
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Acronymus

AC Alternate Current

CPE Constant phase element

DC Direct Current

DNA Deoxyribonucleic Acid

EIS Electric Impedance Spectroscopy
FePPIX Iron Protoporphyrin IX
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HRP Histidine Rich Protein
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Chapter 1
Introduction

In this chapter, the motivation for this study will be explained. The goal of this
project will be revealed in this section.

1.1 Malaria Worldwide

Malaria is an infectious disease caused by Plasmodium parasite. In most cases,
malaria is transmitted through the bites of female Anopheles mosquitoes that had
a previous blood meal from an infected human. These bites are called “malaria
vectors” and there are around 30 of them. Some vectors are more relevant than the
others, due to their higher danger to humans [1J.

Currently, 5 species of parasites that can infect humans are identified: Plas-
modium falciparum, which is the most dangerous since it is the responsible for the
most malaria-related deaths, Plasmodium vivaz, Plasmodium ovale and Plasmod-
wum malariae that cause milder symptoms, and Plasmodium knowlesi, which rarely
causes disease in human. Malaria symptoms usually start between 7 to 15 days after
being bitten by an infected mosquito [2, [3]. The first symptoms - fever, headache,
chills and vomiting - are hard to recognize as malaria because of their resemblance
to the flu’s symptoms. Plasmodium falciparum malaria can lead to severe illness
such as malaria anemia, hemoglobinuria, acute respiratory distress syndrome, acute
kidney failure or cerebral malaria, causing death [1 [4] 5.

There are 3,2 billion people who live in areas at risk of malaria transmission
in more than 100 countries and territories. It was estimated that in 2015, malaria
caused around 438,000 deaths and 214 million clinical cases. Most of the cases,
occurred in children under 15 years old, because of their weaker immune system
[T, [©, [7].

According to World Health Organization, there were 106 countries and territories
where malaria transmission occurred in 2000, whilst 95 countries and territories in
2015 (Fig. 1.1) []].

Despite of the malaria clinical cases reduction all over the world, there are still
issues to overcome. Parasites have been increasing its resistance to antimalarial
drugs, such as chloroquine and sulfadoxine pyrimethamine because of antimalarial
drugs overuse. Furthermore, developing countries - the ones where malaria trans-
mission most occurs - lack infra-structures and qualified people to diagnose malaria
by the most reliable and sensitive way: microscopic observation of blood smears. Be-
sides, factors such as global warming and travel habits have contributed negatively
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Countries with ongoing transmission of malaria, 2000 and 2015

Malaria endemic Endemic in 2000, no longer endemic Non-endemic or no ongoing malaria transmision Not applicable

WORLD MALARIA REPORT 2015 SUMMARY

Figure 1.1: Countries with ongoing transmission of malaria, 2000 and 2015 adapted from [§].

towards the fight against malaria [9, [10].

As it can be seen in Fig. 1.1, the disease develops better in tropical and sub-
tropical climates, where mosquito Anopheles is able to survive and multiply, there-
fore completing its growth cycle. The most critical factor, besides the humidity and
rainfall, is the temperature. For temperatures below 20°C, Plasmodium falciparum
is not able to complete its growth cycle in the Anopheles mosquito, therefore malaria
transmission won’t occur [I1]. Additionally, malaria transmission is concentrated in
countries with weaker health systems and lower national incomes. African Region is
where 88 % of the clinical cases and 90% of the deaths, registered in 2015, occurred
18].

Besides all the human losses, it is also relevant to evaluate the economy losses
due to malaria. It is estimated that, in Africa, every year, there is a loss in the Gross
Domestic Product of 12 billion on account of malaria treatments and diagnosis [L1].

In the developing countries, due to lack of money to diagnose properly, all chil-
dren under five years presenting febrile are immediately treated. In many cases,
including other ages, patients treated for severe malaria have no malaria parasite.
This policy contributes even more to chloroquine antimalarial drug resistance and,
consequently, increased dependence on the more expensive artemisinin derivative
antimalarial drugs [10, [12) [13]. Contrary to the expected, developing countries are
not alone in malaria misdiagnosis. In resource-rich countries, malaria is uncommon,
thus it may not be recognized by doctors who lack experience in tropical diseases or
by laboratory technicians with insufficient training interpreting blood smears [13].

Early and accurate diagnosis is a key-factor to achieve effective case management
and reducing malaria morbidity and mortality. Also, it is essential to reduce the
parasites resistance to antimalarial drugs and increasing malaria surveillance. Fur-
thermore, it is essential to create a simple, easy-to-use and inexpensive diagnostic
device so it can be used where needed and by whom is available.

1.2 Malaria Diagnostic

Malaria diagnosis can be made by identifying malaria parasites or antigens/products
in patient blood. Although this seems simple, there are several factors which affects
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its efficiency, such as: the 5 different forms of malaria species; the different stages of
erythrocytic schizogony; the endemicity of different species; drug resistance; persist-
ing viable or non-viable parasitemia; and finally, the sequestration of the parasites
in the deeper tissues. These factors can have an effect on the identification and
interpretation of malaria parasitemia in a diagnostic test [14]. Direct microscopic
examination of intracellular parasites on a Giemsa-stained thick blood film is the
current gold standard for malaria diagnosis. Nevertheless, this technique requires
expensive laboratory equipment and qualified technicians. Thus, other approaches
will be evaluated [14].

1.2.1 Clinical (presumptive) diagnosis

Clinical diagnosis is based on the patient’s signs and symptoms and on physical
findings. The earliest symptoms of malaria are very nonspecific and variable. Thus,
a reliable clinical diagnosis can’t be made. Although, due to the lack of better re-
sources, this diagnostic method is common in many malaria’s areas. The advantages
of clinical diagnosis are its ease, speed and low cost. On the other hand, has the
disadvantage of leading to malaria over-diagnosis which contributes to misuse of
antimalarial drugs. As seen before, this leads to an increase of the antimalarial drug
resistance and, obviously, to an unnecessary waste of resources [14] [15].

1.2.2 Laboratory diagnosis
1.2.2.1 Peripheral blood smears

A peripheral blood smear is a thin layer of blood smeared on a glass microscope slide.
The blood is then stained so the different stages of the parasites can be distinguish-
able when examined microscopically [16]. The wide acceptance of this technique
it’s due to its simplicity, low cost, its ability to identify the presence of parasites,
the infecting species, and assess parasite density. However, this malaria diagnosis
technique is time consuming and requires considerable expertise and trained health-
care workers, particularly for identifying species accurately at low parasitemia or in
mixed malarial infections [14].

1.2.2.2 Buffy Coat Method Technique

This method is a modification of light microscopy called the quantitative buffy coat
method. The goal is to stain parasite deoxyribonucleic acid (DNA) in a micro-
hematocrit tube with fluorescent dyes and to detect it by fluorescent microscopy.
This technique is simple, reliable and user-friendly but has the limitations of re-
quiring electricity and specialized instrumentation. Thus it is more expensive than
conventional light microscopy and poor at determining species and numbers of par-
asites [14, [15].

1.2.2.3 Rapid Diagnostic Tests

Malaria rapid diagnostics devices have been developed to offer accurate, reliable,
rapid, cheap, and easily available alternatives to traditional methods of malaria
diagnosis. All Rapid Diagnostic Tests (RDTs) are based on the detection of proteins
or antigens produced by the malaria parasites, in blood sample, flowing along a
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membrane containing specific anti-malaria antibodies. Two common antigens are
histidine-rich protein 2 (HRP-2) and lactate dehydrogenase from malaria parasites
(PLDH). These devices provide an opportunity to extend the benefits of parasite-
based diagnosis of malaria with potentially significant advantages in the management
of febrile illnesses in remote malaria-endemic areas due to its fast diagnostic, no
need of special equipment nor electricity, minimal training needed and steady test
and reagents at ambient temperatures. The disavantages are that variations on
sensitivity have been shown, the per-test cost is too high and it is not possible to
quantify the density of infection. Therefore, RDTs must be used in conjunction with
other methods to confirm the results, characterize infection, and monitor treatment
(14 [15] 17, [18].

1.2.2.4 Serological Tests

The principle of the serological tests is the detection of antibodies against asexual
blood stage malaria parasites. Specific serological markers have been identified for
each of the four species of the human malaria. Following the infection with any
Plasmodium species, specific antibodies are produced within 2 weeks of initial in-
fection, and persist for 3-6 months after parasite clearance. Thus, serological tests
are not useful for the diagnostic of acute infections. Besides, serological tests are
expensive, time-consuming and require trained technicians [14 [15].

1.2.3 Molecular Tests
1.2.3.1 Polymerase-chain reaction technique

All malaria species can be detected through polymerase-chain reaction (PCR) since
a specific primer has been developed for each of the four human malaria. This
technology allows multiple infection diagnosis, follow-up therapeutic responses and
identify drug resistance. This method has shown higher sensitivity and specificity
than the conventional microscopic exam. However, PCR is a very complex technique,
requires specially trained technicians, it is very expensive due to the need of special
equipment and electricity, and cross-contamination between samples may occur.
Besides, quality control and equipment maintenance are needed. These limitations
preclude the use of this technique in developing countries because of their lack of
resources |14, [15].

1.2.3.2 Loop-mediated isothermal amplification technique

Loop-mediated isothermal amplification is a single tube technique for DNA am-
plification. Instead of polymerase chain reaction in which the reaction is carried
out with a series of alternating temperature steps or cycles, LAMP is carried out
at a constant temperature, thus does not require a thermal cycler. Besides, the
amount of produced DNA is considerably higher than in a PCR based amplifica-
tion. This technique is easy, sensitive, quick and cheaper than PCR. On the other
hand, reagents require cold storage and clinical assays are needed to validate the
feasibility and clinical utility [14], 19].
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1.2.3.3 Microarrays

The basic principle behind microarrays is hybridization between two DNA strands.
Fluorescent labeled target sequences that bind to a probe sequence, generate a signal
that depends on the hybridization condition. Total strength of the signal depends
upon the amount of target sample binding to the probes [20]. Although this is a
promising technique, it is still in early stages of development|14] .

1.2.3.4 Flow Cytometry assay

This technique is based on the detection of hemozoin, a malaria pigment which is
produced when the parasites digest host hemoglobin and crystallize the released
toxic heme into hemozoin in the acidic food vacuole. Hemozoin is detected by depo-
larization of a laser light, as cell pass through a flow-cytometer channel. Sensitivity
and specificity achieved are good, but this method requires specialized healthcare
workers, needs costly diagnostic equipment and false-positives may occur with other
bacterial or viral infections [14].

1.2.3.5 Automated Blood Cell Counters

There are 3 different approaches reported using automated blood cell counters in
malaria diagnosis. The first approach is based on the malaria pigment (hemozoin)
detection in monocytes. The second consists in the analysis of a depolarized laser
ligh. Finally, the third approach aims to detect increases in activated monocytes by
volume, conductivity and scatter. The specificity and sensitivity in all approaches
are reasonably good but none of these techniques is routinely available in the clinical
laboratory. Further studies are needed to improve and validate the instrument and
the software [14].

1.2.3.6 Mass spectrophotometry

The principle that is method is based on is the heme identification by direct ultravio-
let laser desorption mass spectrometry. For malaria diagnosis, the goal is to identify
a specific biomarker in clinical samples which, in malaria, is the hemozoin. This
method is fast, has a high throughput and is automated. Although, high-tech mass
spectrometers are expensive and need a high source of energy. Future improvements
in equipment and techniques are needed to make this method more practicable [14].

Other methods, based in the hemozoin detection are being evaluated. For many
years, hemozoin was only used to dark field microscopy. Although, developments
have been made in order to use the malaria pigment as a diagnostic tool due to its
unique properties. Malaria pigment (hemozoin) magneto-optical detection [12] 21
22] and electrochemical impedance spectroscopy [23] are examples of the investment
that has been made to use the unique hemozoin properties to malaria diagnosis.
These studies lack further research and advances in technology [14], 24].

Based on a previous work [25], in this project, an impedance meter based device
is going to be tested as a mean of malaria diagnosis. In the previous project, it was
shown that impedance modulus changes can be detected in a infected blood sample
while applying a magnetic field. The goal in this project is to verify if it is possible
to detect impedance changes due to the presence of hemozoin, without the magnetic
field. The method does not require expensive optical equipment such as microscope,
camera, or flow cytometer. Also, it does not require extensive pre-process on the
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sample, since it is a label-free analysis. Besides, due to the grown of the integrated
circuit fabrication business, the manufacturing cost can be low.

The device will also be easy to use and cheap, fulfilling the needs for malaria
diagnostic devices.

Chapter 2 and 3 describe the method in more detail.




Chapter 2

Background Theory

This chapter reviews important concepts for a better understanding of the method
used in this project. The method itself will be introduced meticulously in the fol-
lowing chapter.

2.1 Malaria’s Pathology

2.1.1 Plasmodium life cycle
Plasmodium - the malaria parasite - life cycle, involves two hosts: a human and a

female Anopheles mosquito. The multiple stages of the cycle are shown in Fig. 2.1.
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Figure 2.1: Different stages of the Plasmodium life cycle adapted from [26].
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The infection begins with a bite of an infected female Anopheles mosquito, in-
jecting a few hundred sporozoites into the bloodstream. One or two of them infect
the liver cells within hours and mature into schizonts. After 10 to 14 days, the
schizonts bursts, releasing thousands of merozoites into the bloodstream which are
going to infect the red blood cells. The intraerythrocytic parasite, 48 hours after
the red blood invasion, produces 16 to 32 progenies by schizogony (binary nuclear
fission). Thus, in the next 7 to 10 days of schizonts burst, the human host can have
trillions of infected erythrocytes circulating. The infected erythrocyte consists of
an immature trophozoite and it contains a ring stage. The erythrocyte starts to
grow and the ring stage changes into the mature trophozoite. It is between this two
stages, during the red blood cell growth, that occurs the hemozoin formation. After
the trophozoite stage, the nucleus begins dividing, initiating the schizont stage. The
difference between this three phases can be observed microscopically, as seen in Fig.
2.2. The schizonts eventually burst, releasing more merozoites into the bloodstream
infecting more erythrocyte, continuing this cycle [26].

AT

Figure 2.2: Three stages of Plasmodium falciparum-infected red blood cells: (A) ring stage; (
trophozoite stage; (C) Schizont stage adapted from [27].

In Fig. 2.2 b) is possible to detect the hemozoin appearance. The pigment has
its own color ranging from pale yellow to dark brown[27]. Less than 1% of the
immature trophozoite, evolves into male and female gametocytes which are picked
up by a female Anopheles mosquito during a blood meal. In the mosquito, occurs the
parasite sexual reproduction. The male flagellum fertilizes the female gametocyte
to form a ookinete that will penetrate the mosquito stomach epithelium to form
an oocyst. When the oocyst bursts, sporozoites are released and attach and invade
the salivary glands. In the mosquito second blood meal, after 10 to 15 days, these
sporozoites are released to another human host bloodstream, starting a whole new

cycle [26], 27].

2.1.2 Hemozoin formation

The process of hemozoin formation occurs between the ring stage and the mature
trophozoite stage in the Erythrocytic cycle. This pigment formation occurs due
to the parasites need of hemoglobin’s amino acids. During the catabolism of the
hemoglobin, iron protoporphyrin IX (FePPIX) or heme is released along with oxy-
gen. This released reduced heme, oxidizes to ferric heme, thus losing the ability to
bound and carry oxygen. With high oxygen content and acidic pH, oxygen radical

8
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production starts, which is toxic for the malaria parasite. Thus, in order to remove
the reactive FePPIX species from solution, malaria parasite creates a FePPIX crystal
also known as hemozoin (Fig. 2.3) [27].

Food vacuole

Hemoglobm

Proteolytic
cleava
99 it

Peptides

<1
Heme———--___

H,0,/ | HRP 11 & i s
Lipids
unknown proteins

Degradation

Hemozoin (hz) Glutathione

mediated
degradation

Figure 2.3: Schematic representation of hemoglobin uptake and heme detoxification in malaria
parasite adapted from [28].

The biological mediators of this crystallization process are not fully understood
yet. Enzyme-catalyzed heme polymerases, histidine-rich protein, heme detoxifica-
tion protein, lipids or a combination of proteins and lipids are thought to be respon-
sible. Recent studies showed that neutral lipids are enough to mediate hemozoin
formation |24, 27, 29].

Consuming hemoglobins, allows parasites to grow to the schizont stage. The
schizont eventually bursts releasing merozoites into the bloodstream. After that, the
hemozoin is deposited in the host internal organs or phagocytosed by neutrophils
and monocytes. The merozoites released break into more red blood cells continuing

this cycle [28], 30].

2.2 Synthetic and native hemozoin characteristics

2.2.1 Beta-hematin and hemozoin structure resemablance

Since the discovery that hemozoin was composed by iron (III) protopoporphyrin
IX (Felll) PPIX, which is identical structurally to synthetic S-hematin, an insol-
uble precipitate Fe (III) PPIX, that studies in order to compare them have been
made [31), B2, B3]. Several studies showed that §-hematin, or synthetic hemozoin,
is composed by strands of hemes linked by proprionate oxygen-iron bonds and by
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proprionate hydrogen bonds between chains. Furthermore, spectroscopic and bio-
analytical techniques showed that synthetic aggregated heme phase [-hematin is
identical to hemozoin [31], B2, 34], B35, B6]. Knowledge of the structure of hemozoin
has progressed over time. It was only in 2000, that S-hematin structure was solved
from the powder diffraction pattern by Rietveld refinement [32].

Figure 2.4: Two unit cells of the crystal structure of S-hematin adapted from [32].

This study showed that f-hematin consists in crystal formed by cyclic dimers
of Fe(III)PPIX bounded by the propionate group of one porphyrin to the Fe(III)
center of the other and vice versa. These dimers are linked to neighbouring dimers
by hydrogen bonds between the remaining uncoordinated and protonated propionic
acid groups [32]. Furthermore, it was demonstrated that the crystal has well-defined
face with 0.2-1.6 pm [36], 37].

2.2.2 Synthetic hemozoin properties

Various techniques have been used in order to characterize hemozoin properties
since it is possible to synthetize it in the laboratory. Research with X-band electron
paramagnetic resonance spectroscopy and magnetic Mdssbauer spectroscopy showed
undoubtedly that synthetic hemozoin, hematin, and native hemozoin exist in a high
spin S = % state [33, 38]. Besides, hemozoin is birefringent, which means it has a
refractive index that depends on the polarization and the propagation direction of
light. Therefore, hemozoin can be detected by dark-field and polarization microscopy
[24]. -hematin UV-visible spectrum has also been determined and its luminescence
properties studied. It was shown that only fluorescence at 577 nm is only observed in
the crystalline S-hematin, either very dry or fully hydrated [33, 39]. Lastly, studies
with fourier-transform infrared spectroscopy have been widely used to characterise
[-hematin and to prove that the synthetic product is similar to native haemozoin.

10
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[B-hematin resonance Raman spectra was also tested. All these studies confirmed
B-hematin reseamblance to hemozoin [33, [34], 40].

2.3 Eletric Impedance Spectroscopy

Ohm’s Law states that the current (I) passing through two different points of a
wire is directly proportional to the voltage (V) between those two points. The
proportionally constant is the resistance (R), as seen in Eq. 2.1.

R = v (2.1)
I

Resistance arises due to electrons in a conductor colliding with the ionic lattice
of the conductor meaning that electrical energy is converted into heat. However,
when considering AC you must remember that it oscillates as a sine wave so the sign
is always changing. This means that other effects need to be considered - namely
inductance and capacitance.

The presence of capacitance or inductance has an effect in the current called
reactance (X). This current loss happens due to energy storing by these components.
The impedance consists in the summatory of resistance and reactance, given by Eq.
2.2.

Z=R+jX (2.2)

Where R stands for resistance and the X for reactance. Impedance can also be
represented by its two most important relations, as seen in Eq. 2.3.

7 = |Z|el? (2.3)
Where |Z| is the the amplitude and 6 is the phase-shift. Amplitude is given by:

2] = \/(Re {Z})? + (Im {2})2 (2.4)
and the phase-shift is given by:

Re {Z}
Im{Z}

f = arctan (2.5)
It is possible to determine the real and imaginary part modulus with the ampli-
tude and the phase-shifting, trough the following equations:

Re{Z} = |Z| cos 0 (2.6)

Im{Z} = |Z|sin6 (2.7)

Impedance Spectroscopy is an analytical technique that allows the study of
dieletric materials, i.e. solids and liquids that are polarized when an electric field is
applied but do not conduct electricity in the same manner as an electric wire [41].

The advantage of Eletrical Impedance Spectroscopy (EIS) is that a simple con-
ductivity measure in DC could only provide the real component information. EIS
can also provide information such as dieletric polarization and driving mechanisms
41, 42].

When a material with a low condutctivity is in the presence of an external elet-
ric field, several processes take place troughout the cell including the transport of

11
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electrons trough electronic conductors and electrons transfer at electrode-electrolyte
interfaces to or from charged or uncharged atomic species. These atomic species can
be originated from the cell materials and in its atmospheric environment (oxidation
or reduction reactions). Impedance spectroscopy allows the separation of the kinet-
ics 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, certain phenomenons will typically respond at specific frequencies and
that information makes possible to characterize the sample under study [41] [43].

EIS is currently being used in a wide range of applications such as cellular mea-
surements (counter, hematocrit measurements, cell culture monitoring, and others),
volume changes measurements (in cardiography, plethysmography and pneumogra-
phy), body composition (water, fat, and other tissues), tissue classification and other
applications [41], 43].

2.3.1 Measurement Principles

There are two main modes that the measurement can be made: the sample is excited
with a current and that is the current mode (MI); and the test object is excited with
a voltage, which is the voltage mode (MV). In both MI and MV a 1V is introduced
by the wave generator. An inverter configuration is necessary (Fig. 2.5).

Figure 2.5: Inverter simplified circuits for voltage mode (circuit in the top) and current mode
(circuit bellow).

The signal expected for the MI is

Vou = Vin X = 29
with gain %, and for the MV is
Vou = Vin X 2.9
with gain %

The R in these equations stands for an internal equivalent resistance positioned
as shown in Fig. 2.5, while Z represents the impedance of the test object which is
measured between two electrodes. The minus signal ”-" arises due to the converter

12
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configuration. The input and the output have to be in phase opposition. The
internal resistance can be chosen by the user between 8 different resistors from 510
Ohm to 390 kOhm. This choice is important because the gain must not generate
an output higher than 15V which is where signal saturation occurs. The frequencies
where chosen with the intent to induce an output signal between 0.2V and 5V [25].

Several plots are going to be made such as impedance amplitude |Z| and phase
shift angle value variation with the logarithm of the frequency, log(f).

It is relevant to highlight that since there are moving charges in the sample, four
main physical processes will have influence on the data:

e bulk resistive-capacitive and generation-recombination effects;
e adsorption in the electrodes;

e reactions with the electrodes;

e diffusion [25].

The parasitic impedance may also influence the results. The parasitic impedance
is unavoidable, but it can be ignored if the frequency is higher than 10 kHz and the
clectrodes area is over lem? [25].

2.3.2 Equivalent circuits

The core of sine-driven impedance meter is the bridge circuit. This circuit includes
the unknown impedance to be measured and allows to subject it to voltage and cur-
rent conditions from which its impedance can be determined. The most recent cir-
cuits used, do not need accurate capacitators and inductors to be built in the brigde
and used as references, because by measuring both voltage and current through the
unknown impedance and knowing the frequency of the sine-wave excitation, it is
possible to calculate the reactance [44].

Vix Zx
Rg
‘ .‘~I Load wvirtual ground
y ) .,—_. Vv
e
1 oA
Zx
Rg
I - Load wvirtual ground
o ik
l oA

Figure 2.6: Equivalent Circuits for impedance meter birgde circuits adapted from [44]. Rg is the
internal resistance, ahead represent by Rint. Vyx translates the amplified voltage and Vy; results
from Vy; =i x Rg, with i as the source current.

In Fig. 2.6, the first and second circuits are the ones used in the present study,
for MI and MV, respectively. In the circuits presented in this study, a load virtual
ground is used.
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Chapter 3

Materials and Methods

In this chapter, the materials and methods used are going to be revealed. In the
first section the chosen materials are described including Hardware, Software and
Test Object. The second section will address the methods used in this study. As
said before, this project is a continuation of a previous work, thus some hardware
and software used in this project are equal to that previous work. The differences
and its reasons are going to be explained in this chapter.

3.1 DMaterials

3.1.1 Hardware

The hardware consists in the power supply, a wave generator (Digilent), an impedance
meter circuit and the electrodes which are attached to the sample holders. A block
diagram of the hardware is shown in Fig. 3.1.

Figure 3.1: Hardware block diagram representation.

3.1.1.1 Power Supply

The power supply is made with the USB port from a computer to the Analog
Discovery 2 (Digilent). Then, the Analog Discovery 2 works as a power supply to
the impendace meter. This is one of the differences from the previous project in
which the impedance meter and the Digilent had an independent power supply. The
goal is to reduce the electrical power needed so, in the future, it can work through
a battery.
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3.1.1.2 Analog Discovery 2, Digilent

This device from Analog Devices Inc. has the ability to generate, measure and record
analogue and digital signals. It works as several electronic instruments, therefore
reducing the complexity of the data acquisition.

Figure 3.2: Digilent Analog Discovery 2 system from Analog Devices Inc. adapted from [45]

Analog Discovery 2 (Fig. 3.2) most important features are:

Sampling rate of 10 MS/s;

5V DC Power Supplies;

Requires low power supply;

e Inexpensive;

Portable and small [25].

3.1.1.3 Impedance meter

In order to measure the impedance in a circuit, the impedance meter represented in
Fig. 3.3 was built. This component is connected to the Analog Discovery 2, so that
the signal can be read and recorded after going trough the impedance meter.

This circuit was made in order to facilitate the parameters changing. Therefore,
an ADG1409 is used allowing the user to control the system’s internal resistance in
the computer interface and an ADG1408 which enables switching between current
mode (MI) and voltage mode (MV) also in the computer interface. Using the mul-
tiplexer ADG1408 to automatically change the internal resistance was an upgrade
made comparing to the previous project in which the internal resisntance had to
be changed manually. During the construction of this component, several eletrical
tests were made with a multimeter and a oscilloscope to verify if all the components
were properly welded.

3.1.1.4 Sample holders

The sample holders (Fig. 3.4) are composed by three components: a cuvette of
polystirene, a 3D printed structure of Polylactic acid (PLA) and the stainless steel
electrodes.

The materials used are biocompatible which is crucial since blood tests are being
made. The space between the PLA blocks has a volume of 1 mL and that is where
the sample is set with the help of a needle that goes through the upper block. It
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Figure 3.3: Impedance meter circuit schematic.

is important to have a small amount of blood need to make this diagnostic device
as less intrusive as possible. This configuration allows the detection of bubbles
formation when the sample is injected [25].

3.1.1.5 Electrodes

Meanwhile the developing of the device, the electrodes used were the represented in
the Fig. 3.5. Their composition is based in stainless steel material which is cheap
and allows the disposability of the container.

The electrodes were partially isolated to maintain constant the contact area and
different colours were used to ease their distinction. In order to use smaller sample
holders, the need of smaller electrodes emerged. In the blood tests, the electrodes
used were made of stainless steel wire, as shown previously in Fig. 3.4. Furthermore,
the shorter area of the wire will increase the impedance values which is primordial
because blood samples are very ionic whereby having very low impedances [25].

3.1.2 Software

To allow data exchange between the Analog Discovery 2 and the computer, a soft-
ware development kit (SDK) was installed. The main software used was MATLAB
R2017a which can be downloaded in Matlab’s website [47, 48]. The user controls
the device through the interface shown in Fig. 3.6. In order to start the acquisition
of the impedance values, the button ”On” in ”Data Acquisition System” must be
selected and then, the data type ”"Impedance”. After that, is possible to choose the
voltage or current mode (voltage mode and current mode respectively), the inter-
nal resistance, the type of the acquisition and others parameters. When ”Repeat
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Figure 3.5: Electrodes used for water tests.

Single” is selected, it is also possible to chose time (in seconds) and the number of
acquisitions.

The MATLAB code used in the previous work was adapted in order to work
correctly with the device used in this project. Firstly, the power supply in this
device is made from the Digilent, so the Digilent was programmed to function as a
power supply. The multiplexer ADG1409 also needed changes in its code because
the configuration used was different. Lastly, a multiplexer was added - ADG1408
- in order to change automatically the internal resistance, thus code was added to
this multiplexer’s configuration.

3.1.3 Test objects
3.1.3.1 Blood

The blood was collected by a specialist from a volunteer and it was diluted with
PBS (Phosphate Buffered Saline) with pH = 7. Used PBS was composed of distilled
water (2L), potassium chloride (400mg), sodium chloride (16mg), potassium dihy-
drogen phosphate (400mg), sodium dihydrogen phosphate (2.3g) and phosphoric
acid (8.5%). Two dilutions were made, as seen in Table 3.1, in order to determine
the least amount of blood needed for this test. For both dilutions, tests with healthy
blood and infected blood were made. Since the diagnostic technique is based on the
study of the quantization of Hemozoin (Hz), an approximation is made between the
amout of parasites and the amount of Hz present in blood. According to Grimberg

[46):
1pgofHz/mgofblood = 0, 33 parasites/uLofblood
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Figure 3.6: MATLAB interface

From this, we infer that 330 parasites produce approximately 1ng of Hz, thus one
parasitemia level to use was
0.2%, which is the threshold where immune patients present symptons, the concen-

parasite produces 3pg of Hz. Since that the intended

tration of HzS per mL used was 0.03 mg/mL [47, 25].

3.1.3.2 Synthetic Hemozoin

Synthetic Hemozoin (HzS) was used to simulate the presence of malaria in the blood

samples. HzS used and its final appearance are shown

in Fig. 3.7.

Table 3.1: Dilution of the blood used for the tests

Dilution  Blood Concentration Steps to follow

control 100% PBS 1 ml PBS
Dilution 1 5 pl/ml 1 drop of blood + 995ul of PBS
Dilution 2 500 pl/ml 0.5 ml of blood + 05 ml of PBS
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Table 3.2: Human blood samples details

Sample Origin  Age Genre

1 Center 22 Male
Center 20 Female
Center 23 Male
Center 27 Male
Center 22 Female
Center 30 Male
Center 23 Female
Center 22 Female

COI | O UY =] W DN

(a) Box containing hemozoin unprepared. (b) Hemozoin ready to use

Figure 3.7: Synthetic Hemozoin

20



Chapter 3. Materials and Methods

3.2 Methods

Two methods are used in this study: Standard Sweep and Single Frequency. For
each method, two different magnitudes are calculated:

e Z modulus (in Ohm)
e Z phase (in degrees)

The Standard Sweep method, the magnitudes are plotted with the variance of
the frequency, whilst in the Single Frequency method, only the impedance modulus
is plotted with the variation of time [25].

3.2.1 Standard Sweep

Standard Sweep uses a frequency list (from 1Hz up to IMHz) and calculates impedance
modulus and phase for each frequency.

3.2.2 Single Frequency

The frequency between a minimum measurable signal and a threshold before sig-
nal saturation, seen in the method previously described, is the frequency used in
the Single Frequency tests. This test allows the understanding of the variation of
impedance modulus with time.
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Chapter 4

Results

The results obtained from the methods previously described are shown in this chap-
ter. In order to replicate lower clinical conditions and to this device to be as cheap
as possible, anti-coagulant was not used. Thus, the tests were made only until after
30 minutes of the blood extraction. In some samples, were not made all the intended
tests because the lack of time. All the results will be shown in this chapter.

4.1 Initial Tests

The first blood tests were made in order to determine which mode, current mode
(MI) or voltage mode (MV), and internal resistance were more appropriate to the
posterior tests. Thus, several internal resistances were tested in MV (Fig. 4.1) and
in MI (Fig. 4.2). A non-infected sample with 50% PBS was used.

In both MV and MI, the internal resistor that is better is the 8,200 €2. The
less resistive options showed instability and the higher are less likely to detect small
changes in the impedance. In the MI, all the plots demonstrate more stability.
Hereupon, the standard blood tests were made with the current mode and an internal
resistor of 8,200 €.

4.2 Standard Sweep

The Standard Sweeps obtained for each dilution were compared between infected,
i.e. healthy blood with synthetic hemozoin, and non-infected samples of the same
blood. The results are shown in Tables 4.1 to 4.8.

Through data observation, it can be seen that, in all the cases, the infected sam-
ple showed a significantly higher impedance modulus. No pattern in the impedance
phase was identified. It is also possible to observe that the differences between
infected and non-infected samples are more accentuated in the lower frequencies.
Thus, Single Frequency acquisition was made with a 5.371 Hz wave signal. The
time between acquisitions and number of acquisitions chosen were 5 seconds and 50,
respectively. Theoretically, a smaller wave frequency should be chosen. Altought,
that would be unpratical because it would be too much time consuming. Besides the
graphic representation, an histogram was made in order to find out which sample
(infected or non-infected) as a faster stabilization.
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Figure 4.1: Test results using voltage mode. The number in the description corresponds to the
internal resistance in € (Ohm).
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Table 4.1: Comparison between impedance modulus and phase from infected and non-infected
blood from sample 1 obtained with Standard Sweep for 1/1 and 1/100, Blood/PBS dilutions.

4.3 Single Frequency

The results obtained in Single Frequency acquisitions for each dilution are repre-
sented in Fig 4.3 to 4.7. Note that, for the histograms present in these tables, the
blue columns stand for the infected data while the red columns for the non-infected
data. Through observation of these Figures it is possible to conclude that infected
and non-infected samples have a similar variation of the impedance modulus trough
time.
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Figure 4.3: Comparison between impedance modulus plot and histogram through time from in-
fected and non-infected blood from sample 2 obtained with Single Frequency for 1/100 Blood/PBS
dilution.
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Table 4.2: Comparison between impedance modulus and phase from infected and non-infected
blood from sample 2 obtained with Standard Sweep for 1/100, Blood/PBS dilution.
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Table 4.3: Comparison between impedance modulus and phase from infected and non-infected
blood from sample 3 obtained with Standard Sweep for 1/100, Blood/PBS dilution.
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Table 4.4: Comparison between impedance modulus and phase from infected and non-infected
blood from sample 4 obtained with Standard Sweep for 1/1 and 1/100, Blood/PBS dilutions.
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Table 4.5: Comparison between impedance modulus and phase from infected and non-infected
blood from sample 5 obtained with Standard Sweep for 1/1 and 1/100, Blood/PBS dilutions.
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Table 4.6: Comparison between impedance modulus and phase from infected and non-infected
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Table 4.7: Comparison between impedance modulus and phase from infected and non-infected
blood from sample 7 obtained with Standard Sweep for 1/1 and 1/100, Blood/PBS dilutions.
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Dilution 1 - Blood/PBS (1/100)

Dilution 2 - Blood/PBS (1/1)
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Table 4.8: Comparison between impedance modulus and phase from infected and non-infected
blood from sample 8 obtained with Standard Sweep for 1/1 and 1/100, Blood/PBS dilutions.
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Figure 4.4: Comparison between impedance modulus plot and histogram through time from in-
fected and non-infected blood from sample 3 obtained with Single Frequency for 1/100 Blood/PBS

dilution.
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Chapter 5

Discussion

In this chapter an interpretation of the results will be made. First, the Standard
Sweep results will be addressed, followed by the Single Frequency results discussion.

5.1 Standard Sweep

Through observation of the Tables from the previous chapter, it is possible to con-
clude that the presence of hemozoin always corresponds to a higher impedance
modulus. In all cases, the highest value occurred for the wave signal frequencies
of 2.075 or 2.686 Hz. Considering only the peaks obtained for each sample, a plot
was made to check for the possibility of the presence of a impedance modulus peak
threshold for the distinction between infected and non-infected blood (Fig. 5.1 and
Fig. 5.2).

9000

8000

7000 . ]
. .
. Threshold line
6000 L] L 6091 <y < 6429
= * ¢
E ° °
=
= 5000 . L]
=
E * Infected
g 4000
B * Non-infected
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I 3000 Diagnosis error
2000
1000
0
0 1 2 3 4 5 6 7 8 9
Sample

Figure 5.1: Comparison between impedance modulus peaks from all samples obtained with
Standard Sweep for 1/100 Blood/PBS dilution.

For the 1/100 Blood/PBS dilution (Dilution 1), it is possible to consider a diag-
nosis threshold value for the impedance modulus peak between 6,091 and 6,429 (2.
The confusion matrix for that diagnosis method is presented in Table 5.1. For the
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Figure 5.2: Comparison between impedance modulus peaks from all samples obtained with
Standard Sweep for 1/1 Blood/PBS dilution.

1/1 Blood/PBS dilution (Dilution 2) the threshold considered was between 6,429
and 6,919 €2 (Table 5.2).

‘ Condition Absent Condition Present
Negative Result | True Negative (TN) = 7 False Negative (FN) =1
Positive Result | False Positive (FP) =1  True Positive (TP) =7

Table 5.1: Truth table for diagnosis based on a impedance modulus peak threshold for 1/100
Blood/PBS dilution

‘ Condition Absent Condition Present
Negative Result | True Negative (TN) = 6 False Negative (FN) = 0
Positive Result | False Positive (FP) =0  True Positive (TP) = 6

Table 5.2: Confusion matrix for diagnosis based on a impedance modulus peak threshold for 1/1
Blood/PBS dilution

Therefore, the accuaracy (ACC), sensitivity (SNS) and specificity (SPC) of this
method can be calculated with the Equations 5.1, 5.2 and 5.3, respectively.

TP +TN

ACC = TP + FP + TN + FN (5-1)
TP

Ng— -5 92

SNS = 75 7 Fp (5:2)
TN

SPC = T+ TN (5:3)
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Thus, for the results with 1/100 Blood/PBS dilution the accuaracy is 0.875 or
87.5%, the sensitivity is 0.875 or 87.5% and the specificity is 0.875 or 87.5%. For
the results with 1/1 Blood/PBS dilution the accuaracy is 1 or 100%, the sensitivity
is 1 or 100% and the specificity is 1 or 100%.

According to the results of studies performed with the impedance spectroscopy
technique, the impedance increases with increasing parasitemia [23, 48], which sup-
ports the results obtained in this project. As expected, since the HzS has lower abil-
ity to disperse electric charge from the applied alternating current than the blood
and PBS, the impedance is greater in the infected samples. The greater accuaracy
in the 1/1 Blood/PBS dilution was also expected because in those samples there is
a higher percentage of HzS. Nevertheless, there is the possibility of these increase
in the impedance modulus is only due to the presence of an added less conductive
substance which, in this case, is the synthetic hemozoin. Future tests using blood
samples from infected patients should be made to rule out this hypothesis. In these
future tests it is also important to expand the population under study and to use
blood samples from people from the regions where this device is most needed, since
that was verified that impedance modulus values are significantly different between
individuals. Lastly, in future tests, some higher frequencies should be excluded in
order to focus on the frequencies where the distinction is most visible.

Whereas the impedance phase, in theory it should only have 0° or 90° values
when the frequency values are close to zero. However, in a real circuit the resistances,
capacitances and inductances are not perfect. Thus, a constant phase element (CPE)
appears, which explains the obtained results. No pattern for infected or non-infected
samples was identified, thus the impedance phase values are not an appropriate data
to use as a diagnosis method.

5.2 Single Frequency

Through analysis of the data obtained with Single Frequency acquisitions it is ob-
served that after a small initial period of time, the impedance modulus is constant
over time. In any event, the behavior of the curve is the same for infected and
non-infected samples, which confirms the feasibility of the results obtained with
Standard Sweep Frequency tests. The reasons why the impedance modulus begins
with a higher value than it is supposed are not yet understood. Altought, it is likely
because the formation of a double layer. A double layer is a structure that appears
on the surface of a material when exposed to a fluid. The first layer comprises ions
adsorbed onto the object due to chemical interactions while the second layer is made
of free ions that move in the fluid under the influence of electric attraction and ther-
mal motion [49]. This phenomen could explain the initial higher impedance since
a less organized fluid has lower ability to disperse electric charge from the applied
alternating current.
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Chapter 6

Conclusions

In this chapter, some final notes of this master degree study on a malaria diagnosis
system based on electric impedance spectroscopy are made. This malaria diagnosis
system proved to be a great solution to the needs of malaria management. It is cheap,
robust and easy to use. EIS revealed to be an accurate method to detect hemozoin
in blood samples with a 0.2% level of parasitemia diluted with PBS. Therefore, more
investigation is recommended.

6.1 Future work

In order to determine the capacity of this device detecting several cases of malaria,

more tests should be made in order to determine the device sensibility. After that,

the final goal is to make a fully portable device, as less invasise as it can be.
Furthermore, some upgrades should be considered:

e Shorter analysis time: The analysis time in the final prototype should be
5 minutes or less;

e Autonomy: The power supply must be a battery so the device becomes fully
portable;

e Creation of a mobile interface: The portability of the device is crucial
to its applications. Thus the first tests are using Matlab although later an
independent format can be used;

e Less electric comsuption: A single battery must be able to perform several
acquisitions;

e Low cost of operation: The total process, including the device production
and maintenance and the disposable components, must be as cheap as possible.

In order to do so, the following improvements are suggested.

6.1.1 Hardware improvement

e Optimization of the circuit power supply in order to power it with a battery,
thus getting fully portable properties. It is also important to get high time
autonomy;
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e A commercial device must be produced in order to replace the usage of the
personal computer as the interface and go on to have a device with all the
embedded processing: development of an interface and independent controller;

e Input mode of the fluid in the container should be more practical and adapted
to the user’s needs - larger aperture above and adaptable to pipettes.

6.1.2 Software improvement

e More user friendly software. Software must present only final veredict to the
user: infected or non-infected sample;

e Change the frequency range in order to focus on the lower frequencies, taking
into account that the test should be as fast as possible.

6.1.3 Future tests

e Tests with a smaller amount of hemozoin should be made in order to find out
the device sensibility;

e Tests with smaller Blood/PBS dilution ratio so it can be determined the least
amount of blood needed for this test;

e Testing the device with samples from blood from an infected patient with
natural hemozoin;

e Expanding the experience to a bigger population and, preferably, to people
from the regions where this device is most needed.
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1 Introduction

The present experimental protocol aims to get together all the informations taken into account
when HzS (Synthetic Hemozoin) was produced and handled for Matibabu experiments.

1.1 HzS

Hemozoin (Hz) is a Heme crystal resulting from the metabolism of the parasite Plasmodium,
which causes malaria. HzS has chemical and physical properties similar to Hz. Its properties
may vary depending on the method of compound synthesis. In this protocol HzS of acidic
origin is used, coming from the supplier InvivoGen.

1.2 Parasites and Hz in Blood

Some important information to better understand the reason of this protocol organization
are presented here. The relationships of parasitemia are presented in Table 1 and later the
equivalent of concentrations between the parasites in the blood and its metabolic product,
hemozoin, is explained [1].

Table 1: Parasite relations [1]

Degree Parasite (%) Parasites/uL Notes
1 0.0001 - 0.0004 5-20 Film sensitivity
2 0.002 100 Paciente presents symptoms - typically seasonal
3 0.2 10 Threshold where immune patients presents symptoms
4 2 100 Maximum parasite of P Vivax and P Ovale
5 2-5 100000 - 250000 Hiperparasitemy/ severe malaria - high mortality
6 10 500 Requires blood transfusion - high mortality.

It is expected that in diagnosis, the patient will be in one of the first 2 incubation stages of
the parasite, i.e. between 5 and 100 parasites. The diagnostic technique used is based on the
study of the quantization of the original product of the metabolism of the parasites. For this
reason an approximation is made between the amount of parasites and the amount of Hz
present in the blood.

According to Grimberg [2]:

1pg/mgHz=0.33parasites/ul

From this, we infer that 330 parasites produce approximately 1ng Hz. By the same reasoning,
each parasite produces 3pg of Hz. Thus, the device must be capable of detecting the disease
between the sensitivity and severity parameters, and for this, it must operate in the range of

15pg/ugHz =750ng/ul




2 HzS Production

The production of HzS is based in a dilution of the InvivoGen pill according to the protocol.

2.1 Reagents and Materials

* HzS InvivoGen
e PBS,pH7.4

¢ Vortex
 Ultrasonic tub

¢ Precision balance

2.2 HzS Preparation
e Produce 1/ of PBS

* Add one portion (tablet) of Sigma-Aldrich preparation to 1/ of distilled / deionized water.
* Weigh HzS InvivoGen
* Must be weighed 1mg of HzS for future preparation of concentration 1mg/ml

* Mix 1mg of HzS in 1m! of PBS (note that the HzS is immiscible, so it will give a suspen-
sion - colloid mixture - of brownish hue)



3 Materials

The knowledge about the materials used is truly important to understand some results. Thus
some details about the materials and respective providers are presented in this chapter.

3.1 Prototype

The overall skeleton is produced by a 3D printer using PLA (for better mechanic properties) and
PBS (for better thermal resistance). The skeleton is constructed in pieces, and it is important
to refer:

e main structure
e main cover

e circuit box

3.2 Materials

The sample holder is an adapted bucket composed by three main elements:
* Polystyrene bucket
* 3D printed support structure

¢ electrodes

3.2.1 Polystyrene bucket

1st demand of two types o polystyrene buckets with 4.5mIfrom Labbox (catalogue is available
in https://www.labbox.com/descargables/3.pdf - page 141 of 2017 version) wuth references
MAPS-010-100 and MAPS-F10-100.

3.2.2 3D printed support structure

Composed by 3 main pieces:
* base
* top
* cover

This structures aim to fill the empty space of the bucket in order to reduce the liquid volume
needed.



3.2.3 Electrodes

The electrodes are included in the 3D printed support structure. Two stainless steel wires
are used. The stainless steel wires are provided by Two Medical through the shop website "
http://ecxshop.com/pt/ " to a professional. The wire choose was " Fio em Rolo-CrNi duro
elast .036" 50g " with reference " M05501590 ".

3.3 Important Notes

Be careful with the bucket holder:
* The bucket must be completely clean;
» The wires for impedance acquisition must be well attached before starting acquisitions;

* The sample must fulfil the whole cavity. Otherwise the tests will be counterfeit.



4 Tests

After getting the concentrations tubes ready and well conserved, the tests may be carried out
within a month. The diagnosis tests described bellow must be performed for each tube follow-
ing the Table ?2. The resultant documents’ name must be clear and contain the information of
the number of the tube, the modus operandi, EIST - Electrical Impedance Spectroscopy. EIST
can perform sweep standard (frequency sweep) and single frequency (one frequency only is
used and applied during a time interval).

4.1 Using Matlab®

In order to further future acquisitions, all the steps will be described since you run RDT.m in
Matlab®. The GUI (Guide User Interface) used is represented in the Figure 22.

4.1.1 EIST - Sweep Standard

Sweep standard uses a frequency list (from 1Hz up to 1MHz) and calculates impedance
modulus, phase and Cole-Cole Diagram for each frequency.

4.1.2 EIST - Single Frequency

The best frequency is selected by observing the output signal (output signal framed between a
minimum measurable signal and a threshold before signal saturation). This is observed by
performing a sweep study.

4.2 IBILI protocol

The presented section was created to standardize the test’'s modus operandi. All the investiga-
tors must follow the present protocol for data acquisition and file saving.

4.2.1 Standard tests

Attending to the different test duration it is suitable to follow the test order presented here:

* Perform EIS Sweep Standard (observe signal saturations and adapt the system in the
first acquisition - keep the internal resistance constant to allow data comparison);

* Perform a single frequency - short acquisition 50 * 5s .

4.2.2 Standard file saving methodology

Folder title: sample number — gender(M/F) — disease status (disease/nodisease)

EIST files: SW_dilutionName_InternalResistance



4.2.3 Environmental observations

¢ The tests must be performed in a controlled environment (temperature, pressure, radi-
ation, light...).

* The test must be performed in the first 30 minutes after blood collection to avoid blood
coagulation.

* Data must be treated and carefully observed after each acquisition in order to avoid
systematic/random errors.



5 Appendix
Crucial Notes

* Dating the tubes containing the various concentrations
¢ Indicate the tubes’ HzS concentration
e HzS has a term of 1 month

* Keep the tubes in the refrigerator (among 4 — 6 degrees)
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