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Abstract

Despite millions of people are infected by malaria every year, there is still a
strong need of compact, low-cost and easy to use diagnosis system, allowing
for a rapid and specific disease detection. This need is also reported in the
guidelines of the World Health Organization (WHO) for malaria diagnosis:
“WHO recommends prompt parasite-based diagnosis in all patients suspected
of malaria before treatment is administered. Malaria rapid diagnostic tests
have the potential to greatly improve the quality of management of malaria
infections, especially in remote areas with limited access to good quality
microscopy services.”

This thesis project deals with the development of a lab-on-chip diag-
nostic test for malaria that combines magnetic separation and electrical
impedance detection. Malaria parasite modifies the magnetic properties of
infected red blood cells (RBCs) and produces characteristic hemozoin nano-
crystals. These malaria biomarkers exhibit paramagnetic properties, allow-
ing for magnetophoretic separation, both of isolated crystals and infected
RBCs containing them, from the other blood components. The concept of
the proposed diagnostic test is based on the specific attraction of hemozoin
crystals and infected RBCs towards a chip surface, where they are detected
by an electrical measurement. Long-range attraction is achieved with exter-
nal permanent magnets, while a concentration on the electrodes occurs due
to micrometric nickel pillars fabricated underneath. Then, since the pres-
ence of particles within a solution modifies its conductivity, the amount of
hemozoin crystals and infected RBCs in the analyzed blood sample can be
quantified through an impedance variation detection.

During this thesis, the feasibility of this detection device has been demon-
strated. After an initial design and optimization phase, carried out with
numerical simulations, a fabrication process for the device has been devel-
oped. Moreover, magnetic and electrical properties of hemozoin crystals have
been characterized. Finally, preliminary magnetic capture experiments, per-
formed on hemozoin crystals and modified red blood cells displaying a para-
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magnetic behavior similar to that of infected ones, confirmed the possibility
to efficiently capture and concentrate targeted particles. During another
thesis project running in parallel, the feasibility of the impedance detection
has been also experimentally demonstrated, down to the targeted limit of
detection, for infected RBCs.

This thesis work is part of the TID MEKII project and has been realized
under the supervision of Prof. Riccardo Bertacco, head of the Nanomag-
netism group of the Department of Physics. Most of the experimental work
has been carried out at Polifab, the micro- and nano-fabrication facility of
Politecnico di Milano. The detection platform has been developed in col-
laboration with the I 3N group of Politecnico di Milano leaded by Prof.
Marco Sampietro, that performed design, fabrication and characterization
of the electrical part. The bovine blood samples used in the experiments
were provided and treated by uBS Lab of Politecnico di Milano, leaded by
Prof. Gianfranco B. Fiore.



Sommario

Nonostante milioni di persone vengano infettate ogni anno dalla malaria,
tuttora c’é una forte necessita di sistemi diagnostici compatti, a basso costo
e facili da utilizzare, in grado di rilevare in modo rapido e specifico la malat-
tia. Tale necessita ¢ riportata nelle linee guida per la diagnosi della malaria
fornite dall’Organizzazione Mondiale della Sanita (OMS): “L’OMS racco-
manda una diagnosi tempestiva e mirata per tutti i pazienti in cui si sospetta
I'infezione malarica prima della somministrazione del trattamento. I test
diagnostici rapidi per la malaria hanno il potenziale per migliorare notevol-
mente il modo in cui vengono gestite le infezioni legate a questa malattia,
specialmente nelle aree isolate con accesso limitato a microscopi di buona
qualita.”

Questo progetto di tesi si occupa dello sviluppo di un test diagnostico
miniaturizzato per la malaria, in cui si combinano separazione magnetica
e rilevazione tramite una misura di impedenza elettrica. Il parassita re-
sponsabile la malaria modifica le proprieta magnetiche dei globuli rossi in-
fetti a causa della formazione di un nano-cristallo caratteristico, I’emozoina,
che funge da indicatore della malaria. L’emozoina mostra proprietd param-
agnetiche, rendendo possibile una separazione magnetoforetica dei cristalli
stessi o dei globuli rossi infetti che li contengono dagli altri componenti del
sangue. L’idea del sistema diagnostico proposto ¢ basata su un’attrazione
specifica di cristalli di emozoina e globuli rossi infetti verso la superficie di
un chip, su cui vengono rilevati con degli elettrodi. L’attrazione a lungo
raggio ¢ ottenuta con magneti permanenti esterni, mentre la concentrazione
sugli elettrodi avviene grazie a dei pilastri micrometrici di nichel fabbricati
al di sotto dei contatti elettrici. La presenza di particelle all’interno di una
soluzione ne modifica la conducibilitd, rendendo possibile la misura della
quantita di cristalli di emozoina e globuli rossi infetti presenti nel campione
di sangue analizzato, attraverso una misura della variazione di impedenza
elettrica.
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Durante il lavoro di tesi é stata dimostrata la possibilita di realizzare
un dispositivo diagnostico di questo tipo. Dopo una fase iniziale di proget-
tazione e ottimizzazione, svolta con I’ausilio di simulazioni numeriche, & stato
sviluppato un processo di fabbricazione per realizzare il dispositivo. Inoltre,
sono state caratterizzate le proprietd magnetiche ed elettriche dei cristalli di
emozoina. Infine, sono stati svolti esperimenti preliminari di cattura magnet-
ica, utilizzando sia cristalli di emozoina che globuli rossi trattati in modo da
mostrare un comportamento paramagnetico simile a quello delle cellule in-
fette. I risultati sperimentali hanno confermato la capacita del dispositivo di
catturare e concentrare efficacemente le cellule modificate e i nano-cristalli.
Durante un altro progetto di tesi svolto in parallelo, é stata dimostrata la
capacita del dispositivo di svolgere un’efficace rilevazione elettrica, raggiun-
gendo il livello di sensibilita prefissato, per quanto riguarda i globuli rossi
infetti.

Questa tesi é parte del progetto TID MEKII ed ¢ stata realizzata sotto la
supervisione del Prof. Riccardo Bertacco, responsabile del gruppo di Nano-
magnetismo del Dipartimento di Fisica. La maggior parte del lavoro speri-
mentale € stata svolta presso Polifab, la facility di micro- e nano-fabbricazione
del Politecnico di Milano. La piattaforma di rilevazione & stata sviluppata
in collaborazione con il gruppo I 3N del Politecnico di Milano, guidato dal
Prof. Marco Sampietro, che si & occupato di progettare, fabbricare e caratter-
izzare le componenti elettriche del dispositivo. I campioni di sangue bovino
usati durante gli esperimenti sono stati forniti e trattati dal uBS Lab del
Politecnico di Milano, guidato dal Prof. Gianfranco B. Fiore.
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Chapter 1

Introduction

1.1 Malaria: pathogenesis and social impact

Malaria is a life-threatening disease caused by protozoan parasites of the
genus Plasmodium that are transmitted to people through the bites of in-
fected female Anopheles mosquitoes!™2. Five parasite species are reported
for their infections in humans, namely, Plasmodium falciparum (the most
virulent and fatal species), Plasmodium vivaz, Plasmodium malariae, Plas-
modium ovale and Plasmodium knowlesiM. According to World Health Or-
ganization (WHO), 3.2 billion people are at risk for malaria and among them
1.2 billion are at high risk[24. In 2015, 212 million new cases and 429000

23], Approximately 90% of these deaths occurred in

deaths were estimated
sub-Saharan Africa and over 70% were of children under 5 years!®3. Malaria
distribution around the world according to data presented in WHO World
Malaria Report 2014 is show in Figure 1.1.

However, increased efforts are dramatically reducing the disease burden
in many places. Between 2010 and 2015, the rate of new cases among pop-
ulations at risk fell by 21% globally!?l. In that same period, mortality rates
among populations at risk fell by 29% globally among all age groups and
by 35% among children under 5 years[?l. Unfortunately, despite these im-
provements malaria still remains endemic in 91 countries and territories 21,
Great efforts need to be done not only to prevent disease diffusion and treat
infected people, but also to develop proper diagnostic systems. Indeed, treat-
ment in the early stage of the disease is usually very effective, but diagnostic
tests currently available are not able to guarantee a completely successful
screening of the population. On the other hand, the over-treatment of the
disease due to false positives in some diagnostic tests (especially RDTs, see
section 1.2.1) may increase the risk of drug resistance of the parasite.
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Figure 1.1: Map that shows the distribution of malaria around the world, accord-
ing to the data presented in World Malaria Report 201415

1.1.1 Disease development and treatment

Human malaria occurs by transmission of Plasmodium sporozoites via a bite
from an infected Anopheline mosquito. The sporozoites travel in the blood-
stream, moving from the salivary glands of the mosquito to the liver of the
host, where they invade hepatocytes. Within these cells the sporozoites
transform and multiply via asexual reproduction (hepatic schizogony) until
mature tissue schizonts are formed, each containing thousands of daughter
merozoites. This initial stage is asymptomatic. After 6-8 days of develop-
ment, depending on the Plasmodium species, fully mature liver schizonts
rupture their host hepatocytes to release merozoites into the bloodstream.

Then, merozoites invade red blood cells (RBCs) to perpetuate the asexual
life cycle (erythrocytic schizogony or asexual stage). This phase of the infec-
tion lasts 24—72 hours depending on the parasite species and is characterized
by three stages: ring form (due to the characteristic appearance of the para-
site), trophozoite and schizont. In this period the first symptoms associated
with the malaria attack (such as fever, headache and chills) appear. During
the intra-erythrocytic development, the parasite degrades hemoglobin (the
principal component of red blood cells) inside its digestive vacuole. This
process leads to parasite growth and asexual replication, while accumulating
free heme. This molecule, highly toxic to the parasite, is converted in an in-
soluble form, known as hemozoin or malaria pigment. Actually, the parasite
digests the erythrocyte hemoglobin not only for nutrition or detoxification
purposes, but also in order to prevent RBCs from early lysis, which could
take place if the parasite did not offset the increase in cells volume!©l,
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Figure 1.2: Main steps of the malaria parasite evolution inside humans and
mosquitoes 0]

Many merozoites accumulate inside an infected RBC and, when it ul-
timately ruptures, they are released into the bloodstream and infect other
erythrocytes. Some of the merozoites circulating in the blood will develop
into male and female gametocytes, that can be ingested by a female mosquito
during a blood meal on the infected human. Gametocytes enable sexual re-
production to occur in the mosquito midgut, producing sporozoites that
accumulate in the mosquito salivary glands (sporogonic cycle) (4691 The
main steps of the parasite evolution are represented in Figure 1.2.

Since the disease is spread by mosquitoes, the main approach used to
prevent and reduce malaria transmission is vector control, whose most ef-
fective forms are the use of insecticide-treated mosquito nets and indoor
residual spraying of insecticides. In addition, preventive treatment strategies
with some antimalarial drugs are advisable for the most vulnerable groups,
i.e. pregnant women, infants and children under 5 years!?l. Nowadays the
best available therapy, particularly for P. falciparum malaria, is artemisinin-
based combination therapy (ACT); it replaced the previous generations of
medicines, such as chloroquine and sulfadoxine-pyrimethamine (SP), after a
resistance of the parasites to these drugs spread in the 1950s/2l. Unfortu-
nately, resistance to antimalarial medicines is a recurring problem. Indeed,
in recent years, parasite resistance to artemisinin has been detected in five
countries of the Greater Mekong subregion!?11]. Therefore, research efforts
are needed to find alternative treatments for malaria that avoid the prob-
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lem of drug resistance altogether. One approach for the development of new
treatments against malaria is to study the Plasmodium distinctive molecule
hemozoin. Indeed, since sequestration of heme into hemozoin is an essential
process in the malaria Plasmodium lifecycle, this molecule has become an at-
tractive target for new drugs that could interfere with the biocrystallization

of hemozoin and would help fighting the disease!!2:13].

1.1.2 Malaria pigment

Because of its importance to the parasite survival inside the erythrocyte,
hemozoin has been the subject of intensive physico-chemical and crystal
studies. Hemozoin, which appears as a set of rod-like shaped black-brown
crystals, has a crystal structure identical to that of a synthetic biomineral,
B-hematin, as indicated by spectroscopic and crystallographic analyses 4.
However, there are differences between synthetic and natural hemozoin:
while natural hemozoin is composed of smaller crystals measuring 50-500 nm,
synthetic S-hematin crystals can range from 50 nm to 20 pum, depending on
the solvent used to form them[l. SEM images of natural hemozoin and (-
hematin crystals are shown in Figure 1.3, together with a scheme of hemozoin

chemical structure.

=" | Heme
- | dimer

Figure 1.3: a. SEM picture of purified natural hemozoin crystals from

P.falciparum. b. SEM picture of synthetic S-hematin crystals, purified from ultra-

pure hemin chloride. ¢. Chemical structure of hemozoin crystals!*].
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Hemozoin consists of a polymer of heme groups linked by bonds between
the oxygen from the carboxylate (RCOO™) of one heme and the central fer-
ric ion (Fe3T) of the next heme; these dimers are then aggregated into an

ordered insoluble crystal by hydrogen bonds!6:16l,

The process that yields to
hemozoin production modifies the valence of Fe atoms, thus causing a rele-
vant change in magnetic properties. Indeed, Fe?t present in oxyhemoglobin
has no unpaired electrons and is diamagnetic!’”, while Fe** in hemozoin
has five unpaired electrons per heme group and is paramagnetic(6:16:18-20]
So a transformation of Fe atoms from a low-spin state (S=0) to a high-spin
state (S=5/2) occurs. Hemozoin crystals exhibit also optical dichroism, i.e.
they absorb light more strongly along their length than across their width.
Indeed, the anisotropic crystal structure of hematin leads to anisotropy in its
refractive index, causing light to propagate differently through the crystal,
depending on the propagation direction relative to the crystal lattice6l.

As mentioned in section 1.1.1, during the intra-erythrocyte phase an in-
creasing fraction of hemoglobin is converted to hemozoin, with a maximum

[9.16] " Number and size of the hemozoin crystals in-

final value around 80%
side a red blood cell depend on the stage of the parasite development, with
the least amount detected in the ring stage and the highest in the schizont
stagel?). The presence of hemozoin crystals inside the erythrocyte not only
modifies many of its chemical and mechanical properties (e.g. they reduce
RBC cell membrane deformability [7]), but it also affects magnetic properties
of the infected cell. Indeed, due to the presence of paramagnetic particles
inside them, also erythrocytes containing parasites will have a paramagnetic
behavior, more intense in the late-stage (trophozoites and schizonts) with
respect to the early-stage (ring-stage) due to the different hemozoin con-
tent 19211,

Magnetic properties of hemozoin crystals and infected RBCs (i-RBCs),
which will be analyzed in more detail in section 2.2.2, have been and can
be further exploited to separate these particles and concentrate them in a
specific region, thus favoring a diagnosis of the disease, as discussed in the
following section.

1.2 Methods for malaria diagnosis

Transmission prevention and disease treatment are not the only tools avail-
able against malaria, also an early and accurate diagnosis is fundamental.
Available methods for disease detection involve the identification of malaria
parasites or their antigens in patient blood. Although this may seem sim-
ple, the diagnostic efficacy is subjected to many factors, e.g. different forms
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of the five Plasmodium species, different stages of erythrocytic schizogony,
persisting viable or non-viable parasitemia (common mainly in endemic re-
gions) and sequestration of the parasites in the deeper tissues (i.e. they
accumulate in organs tissue and are not present in the peripheral blood nor-

mally tested) [,

Moreover, the first symptoms of the disease usually appear
10-15 days after the infective mosquito bite and may be mild and difficult
to recognize as due to malaria. Additionally, in areas where the disease is
endemic, even asymptomatic infections can occur, since people may develop
partial immunity. Detecting the disease can be difficult also where malaria is
no longer endemic, since clinicians may be not familiar with it and forget to
consider it among the potential diagnosis[2l. Thus, the nonspecific nature
of its clinical signs and symptoms may result in over-treatment of malaria or
non-treatment of other diseases in malaria-endemic areas, and misdiagnosis
in non-endemic areas. However, if not treated in a short time, malaria (in
particular if caused by P. falciparum) can progress to severe illness, often
leading to death. Therefore, it is crucial to administer antimalarial drugs as
soon as possible, but only if the disease is actually present. Despite WHO
recommends that all cases of suspected malaria should be confirmed using
parasite-based diagnostic tests before administering treatment, national sur-
veys between 2013 and 2015 suggest approximately 31% of suspected malaria
cases in sub-Saharan Africa were not verified with such tests, resulting in
over-use of antimalarial drugs and poor disease monitoring[3l.

Being able to perform an accurate, possibly pan-plasmodic and rapid
detection would be a great improvement for this problem. Furthermore,
considering the main malaria diffusion areas (Africa and tropical regions),
where medical staff is often undertrained and underequipped, diagnostic sys-
tems should be also easy to use and low-cost in order to have the possibility
of a widespread distribution. The conventional techniques currently in use
for malaria diagnosis are microscopic detection using stained blood smears
(the gold standard), Rapid Diagnostic Tests (RDTs) and Polymerase Chain
Reaction (PCR). They will be presented in the next section, together with
recently developed methods that exploit magnetic and optical properties of
hemozoin crystals and infected erythrocytes to design different detection sys-
tems. Then, the new idea for a detection platform related to the TiD MEKII
project will be illustrated.
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Figure 1.4: Examples of malaria diagnostic techniques. a. Optical microscope
images of Giemsa-stained infected RBCs at different stages!'l. b. Photo of some
real RDTs with different outcomes and a sketch of the working principle of the

test[?3l. c. General scheme of operation of PCR?4. d. Schematic diagram of

i-RBC separation with a HGMS technique[?!].

1.2.1 State of the art and gold standard
Microscope detection

The gold standard for malaria diagnosis is the examination with an opti-

s[25:26]  ysually coming from fingers

cal microscope of stained blood sample
or earlobes since parasite density is greater in capillary-rich areas[?”l. Two
different kinds of samples can be analyzed, thick and thin blood smears.
The former provides enhanced sensitivity and is useful for quantification of
malaria parasites, the latter is less sensitive but allows a much easier morpho-
logical identification of the species that are present [22.27] Therefore, due to
the different information provided by the two blood films, most laboratories
involved in the quantification and identification of malaria parasites by mi-
croscopy analyze both of them!?7l. The staining process, usually performed
with Giemsa stain, can be complex and require up to 60 minutes!?7); stained
i-RBCs at different stages are shown in Figure 1.4a. Then, diagnosis is per-
formed counting parasites in different areas of the sample, although there is
no accepted single standard method in current use by all investigators for

the quantification 2728,
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Microscopic analysis is widely used because of its ability to diagnose and
differentiate each species of malaria with a good sensitivity and in a rela-
tively low-cost way, but it suffers from many drawbacks. Staining process
and interpretation of the results are labor intensive, time consuming, and
require considerable expertise and skillful well-trained healthcare workers,
particularly for an accurate parasite identification at low parasitemia or in
mixed malarial infections*22. Low parasitemia can occur in the early stages
of the disease development but also in later stages in case of P.falciparum
infection, since parasites may be sequestered in deep capillaries (spleen, liver,
bone marrow) and thus their equivalent number in the analyzed peripheral
blood is reduced. Additionally, some Plasmodium species have a similar mor-
phology, so a clear distinction may be difficult even for specialists. An expert
microscopist with a proper equipment can detect up to 5-10 parasites/pul,
but typically only 50-100 parasites/ul are detected, even less in limited re-
source settings!®?2l. Recently, some researchers??3% have introduced an
image processing technique for microscopy that quantifies and classifies in-
fected erythrocytes, to avoid human error. However, the main cause of error,
that is due to a low parasite density, was not resolved by this approach.

In an attempt to enhance the detection of malaria parasites in blood
films with a microscope, alternative methods have been introduced. Stain-
ing parasites with fluorescent dyes that have an affinity for the nucleic acid
in their nucleus and illuminating with a proper light will make the nucleus
strongly fluorescent, thus parasite presence (but not their species) can be de-

el2227l However, such an instrument

tected using a fluorescence microscop
can be not easily available in many areas and an adeguate training is needed
anyway. Other microscopy techniques used for malaria diagnosis have in-
cluded cross-polarization microscopy and dark-field microscopy 28311, that
exploit imaging contrast enhancement due to hemozoin to improve diagnos-
tic capability of blood smear observation. Indeed, since hemozoin crystals
are optically birefringent (i.e. they cause a rotation of the plane of polarized
light that pass through the crystals based on the anisotropies), it is much
easier to observe them under polarized light microscopy as compared to tra-
ditional white light microscopy. However, implementation of this kind of
microscopy lacks widespread adoption because of complexity and high-cost
of the setup, which is usually bulky as well. Trying to overcome these limi-
tations, Pirnstill et al. developed a cell-phone based transmission polarized
light microscope system 31,
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Rapid Diagnostic Tests (RDTs)

Rapid Diagnostic Test (RDTs) for malaria are fast (5-20 minutes), easy
to perform and do not require electricity or specific laboratory equipment.
They detect malaria antigen in a small amount of blood (usually 5-15 ul),

2227 Blood migrates along a test strip,

exploiting immunochromatography
impregnated with monoclonal antibodies directed against the target para-
site antigen; when an antigen is captured by the corresponding antibody, a
visible colored line is produced on the strip. Commercial tests are manufac-
tured with different combinations of target antigens to suit the local malaria
epidemiology. The most currently targeted are HRP-2, a P. falciparum-
specific protein, and some enzymes related to the parasite, like pLDH and

aldolasel?2:27,32]

Some real RDTs and a sketch of the immunochromatogra-
phy working principle are shown in Figure 1.4b.

Limits of detection of these tests rely on an amount of antigen equivalent
to 200 parasites/ ul of blood 42832 Most RDTs have achieved goods sensitiv-
ities (>95%) for P. falciparum, but not for other parasite species and not in
low parasitemia. Additionally, several factors in the manufacturing process
as well as environmental conditions may affect performance and sensitivity,
e.g. manufacturers usually recommend 4°-30°C as the optimal temperature
range, but in practice exposure to higher temperatures frequently occurs
in tropical regions. Furthermore, RDTs are relatively expensive and prone
to false-positive responses due to the persistence of malaria antigens in the
blood for up to 2 weeks after the parasite has been cleared from the patient’s
circulation®28. Thus, despite being really easy to use and fast, their use is
limited, mainly due to their low sensitivity. Trying to improve it, in the past
few years WHO has encouraged the development of new RDTs with more
accurate detection capabilities/3!.

Polymerase Chain Reaction (PCR)

PCR-based techniques, a relatively recent development in the molecular di-
agnosis of malaria, have proven to be among the most specific and sensitive
diagnostic methods, particularly for malaria cases with low parasitemia or
mixed infection. Indeed, the limit of detection is 1-5 parasites/ul of blood
for all five human infecting Plasmodium species, the best sensitivity value
currently achieved in malaria detection; also specificity (i.e. the ability to

4.22,27] " Polymerase chain reaction

distinguish different species) is really high
is a technique commonly used in molecular biology to amplify a single copy
or a few copies of a segment of DNA, generating thousands to millions of

copies of that particular sequence. A DNA polymerase (the origin of the
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technique’s name) and primers (short DNA fragments) containing sequences
complementary to the target region enable selective and repeated amplifi-
cation. As PCR progresses, the DNA generated is itself used as a template
for replication, thus setting in motion a chain reaction. The basic operating
principles of this technique are illustrated in Figure 1.4c. The most widely
used target for malaria detection is the small subunit 18S ribosomal RNA
gene (18S rDNA) M.

Due to their relation with parasite DNA, PCR-based methods are par-
ticularly useful also for studies of mutations and parasite genes involved in
drug resistance!?”l. Although PCR appears to have overcome the two major
problems of malaria diagnosis (i.e. sensitivity and specificity), its diffusion
is limited by complex methodologies, high cost, and the need for specially
trained technicians [4:22:27:33,34]

Many on-field tests[32:35-39 of these conventional techniques (microscopy,
RDTs and PCR) in regions where malaria is endemic are reported and their
results are in agreement with the previous analysis.

Magnetic techniques

A magnetic object inside a non uniform magnetic field experiences a force,
as explained in detail in section 2.3. This property can be exploited to move
magnetic particles suspended in a fluid, with a technique called high gradient
magnetic separation (HGMS). This kind of magnetophoretic manipulation
has been used for externally controlling matter inside microfluidic channels,
through the use of an external permanent magnet that magnetizes a mi-
crometric ferromagnetic component (e.g. nickel or permalloy wire) placed
close or inside the channel, thus creating an intense magnetic field gradi-
ent %0, There are different cases of application of this method for trapping
or separation of superparamagnetic beads! 4144l cells labeled with magnetic
tags[446] or blood cells[*™ 49, For example, Han et al.[*349 showed how to
separate red blood cells (treated to become paramagnetic) from white blood
cells (diamagnetic), using an external permanent magnet and a nickel wire.

Due to the magnetic properties of hemozoin crystals and infected red
blood cells, a label-free magnetophoretic separation can be exploited also in

59 Since detection is difficult mainly in low parasitemia

malaria diagnosi
cases, improvements can be achieved by separating 2151 hemozoin and i-
RBCs and concentrating®?54 them in a small area, where they can be
more easily examined under an optical microscope. Nam et al.[2!l were able
to separate late-stage i-RBCs (trophozoites and schizonts) with a recovery

rate of approximately 98.3% and early-stage (ring-stage) i-RBCs, less para-
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magnetic, with a recovery rate of 73%. They used a PDMS microfluidic
channel integrated with a ferromagnetic wire fixed on a glass slide, as shown
in Figure 1.4d. Even though the design by Nam et al. separates the para-
sites, it does not concentrate them on a slide for easier examination under
the microscope, so further steps would be needed. As an alternative, Vyas et
al. 53] used a microfluidic channel with multiple iron wires positioned on top
of and underneath it, at a small angle with respect to its axis. The strong
magnetic field gradient produced by the wires allows not only to separate
i-RBCs, but also to concentrate them in a specific region, small enough to
fit within the microscope field of view at magnifications typically required
to identify malaria parasites. Simulations show that it is possible to sepa-
rate and concentrate i-RBCs in less than 5 minutes, even in cases of very
low parasitemia (1-10 parasites/ul of blood) using blood sample volumes
around 3 pl. Magnetophoretic concentration is more efficient and less ag-
gressive with respect to the conventional separation techniques, that typically
expose RBCs to chemicals and osmotic stress. Also dielectrophoretic separa-
tion has been investigated as a possible solutions, but with poor results due
to the slight difference in electrical properties of infected and not infected
RBCsl4. Despite the improvements provided by magnetic concentration,
an optical microscope is still required to detect and count the parasites. In
addition to the drawbacks related to microscopic detection previously exam-
ined, complexity and relatively high cost of microfluidic systems need to be
considered.

Also some magneto-optic methods20:55-57 for detecting malaria exploit-
ing birefringence and anisotropy of hemozoin crystals have been developed,
reaching in some cases rapidity and sensitivity levels comparable with the
conventional techniques. However, experimental setup is usually really com-
plex and expensive, since lasers and/or intense oscillating fields are required.
Thus, an on-field application of these techniques does not seem feasible.

None of the currently used malaria detection method is optimal, many
drawbacks are still present even in the gold standard. Exploiting magnetic
properties of hemozoin and infected RBCs could lead to more effective di-
agnostic systems, possibly using a device able to reduce or eliminate the
complexity related to microfluidics and visual counting through optical mi-
croscopy. Following this principle, a new device has been designed and par-
tially implemented during this thesis work, as described in the next section.
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1.2.2 The concept of TiD MEKII project

The idea of the TID MEKII project is to develop a compact, low-cost and
easy to use diagnostic system, which allows a pan-plasmodic and rapid de-
tection, as sensitive and accurate as the gold standard. The device combines
magnetic separation and electrical impedance detection. Indeed, thanks to
their paramagnetic properties, infected RBCs and hemozoin crystals can be
attracted using a magnetic field gradient and concentrated close to the sur-
face of measurement electrodes; then, impedance variation caused by the
particles can be detected. Following a lab-on-chip approach, all the diagno-
sis operations should be performed thanks to a disposable chip, composed by
an array of micrometric nickel pillars with gold electrodes above. The blood
drop that needs to be tested is placed on a glass substrate, which is then
put in close contact to the chip surface, at a distance defined by an outer
ring; this ring identifies also the blood volume where detection takes place.
The chip is placed face-down, so that magnetic attraction towards the nickel
pillars opposes the gravity. The required magnetic field gradient is provided
macroscopically by a system of permanent magnets and microscopically by
the nickel pillars, magnetized due to the external field. In the reversed con-
figuration, i-RBCs and hemozoin crystals are attracted upwards towards the
electrodes, while non-infected erythrocytes and the other blood cells (i.e.
white blood cells and platelets) sediment towards the glass substrate, as
shown in Figure 1.5. When the attracted particles reach the electrodes on
the chip surface, they cause an electrical impedance variation, that can be
detected through the electronic reading module (transimpedance amplifier
and lock-in amplifier, see section 2.4), USB-connected to the chip.

Figure 1.5: Scheme of the separation process: i-RBCs (pink) and hemozoin crys-
tals (black) are attracted towards the chip, while non-infected RBCs (red) sediment.
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This device can be used to identify the presence of both infected red blood
cells, with hemozoin crystals inside, and free hemozoin crystals. Detecting
i-RBCs allows a direct evaluation of the parasitemia (the number of infected
erythrocytes) and can be performed also in the early phase of the disease,
before the first asexual reproductive cycle is concluded and RBCs rupture,
releasing hemozoin crystals. An earlier detection would be preferable but the
attraction of infected RBCs is more challenging because they are less para-
magnetic than isolated hemozoin crystals (see section 2.2.2), particularly in
the first stages of the intra-erythrocytic development, when the fraction of
hemoglobin already transformed in hemozoin is reduced. Moreover, people
usually go to the hospital only after the first symptoms appeared, so when
hemozoin crystals are already spread in the bloodstream. On the other hand,
hemozoin crystals are present in a larger number (about 20 per i-RBC) and
are more easily captured, but their reduced dimensions make the impedance
detection harder. Therefore, the device should be properly designed to op-
timize both magnetic capture and impedance detection, achieving the best
possible diagnosis conditions.

The aim of the project is to reach a sensitivity level up to 10 i-RBC/ul
in the early stage of the disease and up to 5 pg/ul of hemozoin crystals after
the rupture of the first RBCs’ membrane, comparable with the one theo-
retically achieved with the gold standard. The analysis should also be fast
(on the order of 10 minutes) and with a low cost, <1€ per disposable chip
and around 100 <€ for the electronic reading module, exploiting a connection
with an external laptop to visualize datas. Since the device is intended for
an use in tropical areas with no skilled staff, it must be easy to use: al-
most everything should be automatic, the operator needs only to put the
blood drop on the chip. The proposed design makes it possible to satisfy
this requirement. Indeed, nor microfluidic channels (used in the majority of
concentration methods) nor intense oscillating magnetic fields are required,
and the electronic setup allows to reach high sensitivity with a relatively
simple and low cost detection system. A patent has been recently deposited
for the concept of the diagnostic device developed in the aforementioned TIiD
MEKII project58],

1.3 Summary and outlook of the thesis

This thesis work is part of the TiD MEKII project, which aims at the devel-
opment of an accurate, rapid, easy to use and low-cost detection system for
malaria Plasmodium, as described in the previous section. The experimental
activity has been performed in PoliFab laboratory under the supervision of
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Prof. Riccardo Bertacco, head of the Nanomagnetism group of the Depart-
ment of Physics. The detection platform has been developed in collaboration
with the I 3N group of Politecnico di Milano, leaded by Prof. Marco Sampi-
etro, that designed, fabricated and characterized the electrical part of the
device. The bovine blood samples used in the experiments were provided and
treated by puBS Lab of Politecnico di Milano, leaded by Prof. Gianfranco B.
Fiore.

Despite the complexity of the presented work, involving different areas
of knowledge and competences, during this thesis the feasibility of the TIiD
MEKII concept has been demonstrated. In particular, after an initial design
and optimization phase carried out with simulations performed in COMSOL

591 the device fabrication process was developed. Moreover,

Multiphysics
magnetic and electrical properties of hemozoin crystals were characterized.
Finally, preliminary magnetic capture experiments on hemozoin crystals and
red blood cells have been carried out. These experiments confirm the pos-
sibility to efficiently capture and concentrate targeted particles, i.e. both
i-RBCs and hemozoin, on top of nickel concentrators. At the same time, the
capability to detect the desired concentration of i-RBCs and hemozoin by
electrical impedance measurements has been demonstrated in the framework
of another thesis work, by the group of Prof. Marco Sampietro. These results
constitute the basis for the next step: the design and realization of the first
chips, integrating both concentrators and electrodes, for the validation of the
TiD MEKII concept with bovine blood models of infected human blood.
Here an overview of the chapters is presented:

e Chapter 1: Introduction. This chapter illustrates the main aspects
of malaria, focusing also on diagnostic methods currently used, and a
summary of this thesis work.

e Chapter 2: Theory. The theoretical aspects needed to understand
the working principle of micromagnetic devices are presented, together
with a description of the forces acting on a particle in a fluid and
the basic principles of an impedance measurement, to allow a better
comprehension of the diagnosis mechanism.

e Chapter 3: Feasibility study and simulations. The main phases
of the feasibility study carried out to properly design the complete
device are presented, with a main focus on the numerical simulations
related to magnetic capture.

e Chapter 4: Experimental methods. This chapter shows the exper-
imental techniques used in this work: microfabrication methods, mag-
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netic and electrical characterization techniques, experimental setup
used for capture experiments and, finally, the protocol to treat bovine
red blood cells to produce an animal model of human blood infected
by Plasmodium.

e Chapter 5: Experimental results. In this chapter the main experi-
mental results are presented. First, a magnetic and electrical character-
ization of synthetic hemozoin crystals, to determine the real properties
to be used for the design of the diagnostic chips, is presented. Then,
the optimization of the fabrication process for the chip realization is
reported. Subsequently, magnetic capture experiments performed with
these devices and different kinds of particles, including magnetic beads,
bovine models of i-RBsC and hemozoin crystals, are described. Finally,
for the sake of completeness, the main results of impedance measure-
ments are shown.

e Chapter 6: Conclusions and Perspectives. This section summa-
rizes the main results of this thesis and outlines the future perspectives
of the TID MEKII project.



Chapter 2

Theory

This chapter presents the theoretical background needed to understand the
working principles of the detection device developed in this thesis work. In
the first part, the behavior of (ferro)magnetic materials with dimensions in
the micrometric range is illustrated. Then, the physical behavior of mag-
netic particles is considered, followed by a description of the forces acting on
them when they are in a fluid. Finally, basic concepts of an impedance mea-
surement are introduced for a better comprehension of the device detection
mechanism.

2.1 Micromagnetics

The behavior of a magnetic object is described through the relation between
the magnetization vector M(r) and the magnetic field H, i.e. M(H). Many
physical processes contribute to determine the magnetic configuration of a
certain (ferro)magnetic body, so a precise evaluation of this expression is
not simple. In a thermodynamic approach, the equilibrium configuration of
M(r) arises from the minimization of the free energy functional, in which
four energetic terms need in general to be considered: exchange interaction,
magnetostatic energy, magnetic anisotropy and Zeeman energy. The main
complication of this kind of approach is related to the dependence of each
contribution (in particular anisotropy and exchange) on the materials atomic
structure. Therefore, the energy minimization should be carried out in an
infinite dimensional space, taking into account the spatial coordinates of each
atom.

Micromagnetics is a theory developed to overcome this difficulty. It re-
lies on the idea that a magnetic material can be divided into small volume
elements AV, where the magnetization is considered uniform (%%, These vol-

16
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ume elements must be small compared to the typical length over which the
magnetization varies significantly (the so called exchange length, see sec-
tion 2.1.1) and at the same time large enough to contain a sufficient number
of atoms to be able to apply statistics and thermodynamics rules. Then,
the free energy is expressed according to the continuum approximation, i.e.
considering M(r) a smoothly varying function. In addition, the relaxation
time for reaching thermal equilibrium in each volume element is assumed
to be sensibly shorter than the relaxation time for the entire system. The
physical mechanisms involved in the magnetization process of a magnetic
object and the resulting expressions for each energetic term involved in the
free energy functional are described in the following sections.

2.1.1 Exchange energy

Exchange interaction is a quantum mechanic effect related to the interaction
between magnetic spins, which promotes parallel (in ferromagnetic materi-
als) or anti-parallel (in antiferromagnets) orientations of spins along inter-
atomic distances. It is usually expressed through the Heisenberg Hamilto-
nian:

N
ﬁewchange = - Z JijSi - S; (2.1)
i,j=1

where S; is the spin angular momentum operator of the ion located at the
i-th site of a lattice and J;; measures the strength of the exchange cou-
pling between the moments ¢ and j. Since this interaction is short-range
and decreases rapidly with increasing distance between atoms, the sum can
be calculated taking into account only the interactions between the near-
est neighbors. Replacing the quantum operators with classical vectors and
considering a small angle between neighboring spins, the exchange energy
expression can be written as:

A
Buschange = | 5 [(Vma 4 (Fm 4 (Vo2 av 22

where m is defined as the ratio between M and the saturation magnetization
Mg and A (measured in J/m) is the ezchange stiffness constant, which in-

dicates the strength of the exchange interaction. Considering a cubic lattice
A is defined as:

_ 2.JS%¢

a

A

(2.3)
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where a is the distance between nearest neighbors and c is a parameter
depending on the atomic structure of the material.

The exchange stiffness A is related to a fundamental length scale in mi-
cromagnetics called exchange length; it is defined as the shortest length scale
over which the magnetization rotates, considering only exchange and mag-
netostatic energy, and can be expressed as follows:

A
lew = | /M0 — (2.4)

2.1.2 Magnetostatic energy

Magnetostatic energy represents the dipolar energy stored in a given config-
uration M(r) of a macroscopic material. It depends on the magnetostatic
interaction between local magnetic moments, so it is essentially the dipole-
dipole interaction energy of the system. Compared to exchange, it is a long
range contribution. Considering a magnetic body in a certain region of space,
the magnetostatic energy can be expressed as:

1
Emagstat = _2/1/0/ M- Hd dav (25)
\%

where the integration is performed over the entire magnetic material. Hy
is the so called demagnetizing field, i.e. the field produced by the magnetic
body due to its magnetization. For a magnetic material with a second order
surface, it can be written as:

H,= -NM (2.6)

where N is the demagnetizing tensor, strongly affected by the shape of the
material, and M the magnetization of the object. The magnetostatic energy
is at the origin of the shape anisotropy. For a peculiar shape of the body,
analytically expressed by N, the magnetostatic energy is minimized when
the magnetization tends to stay parallel to the direction of elongation of the
body. Thus, in a thin film M tends to lie in the plane, while in a stripe it
tends to align with the major axis.

2.1.3 Magnetic anisotropy energy

Magnetic properties are direction-dependent for many magnetic materials.
A relevant cause of the so called magnetic anisotropy is the magnetocrys-
talline anisotropy, that arises as a consequence of the coupling between spin
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and orbital motion of electrons in the crystal lattice. Indeed, this produces
stable directions of spontaneous magnetization, or easy axis, along which the
magnetization preferably aligns. When M is not aligned along one of these
directions, an energy cost is present, that represents the work required to
align the magnetization along a direction different from the easy axis.

If we consider a uniform magnetization M = M,m within each volume
AV, the energy density e4ny(m) can be represented as a surface in space,
where esn(m) is the distance from the origin of the point of the surface
lying along the direction of m. In this representation, the direction of the
easy axis can be found considering the minima in the energy surface. For
uniaxial anisotropy, the anisotropy energy density can be written as a series
of trigonometric functions:

ean = Ko + K1sin?0 + Kasin0 + . .. (2.7)

where 0 is the angle between the anisotropy axis and M. Ky, K1, Ky are called
anisotropy constants and are measured in J-m~3. Usually the series is trun-
cated at sin?0 term. When K; > 0 easy axis anisotropy occurs (i.e. magne-
tization lies along a preferred axis), whereas for K;<0 easy plane anisotropy
is present (i.e. magnetization has a preferred plane). The anisotropy field,
a relevant quantity that expresses the strength of the magnetic anisotropy,
is the field required to saturate the magnetization along the hard-axis. It is
defined as:

2K
Han = !

 poMs (28)

2.1.4 Zeeman energy

Zeeman energy term describes the interaction of magnetic moments with an
external magnetic field H, applied to the system. In this situation magnetic
moments try to reduce their energy by aligning parallel to the external field.
This energy term is expressed as:

EZeeman = _MO/ M- Ha av (29)
1%

2.1.5 Final magnetic configuration

Adding up the energy contributions due to exchange interaction, demagne-
tization, magnetic anisotropy and external field, the total free energy of a
magnetic system can be written as (601
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Bror = [ {5](Tmo? + (Vg2 + (9.1 .

1
+6AN—2M0M-Hd—M0M'Ha}dV

where m = M /M, Hy and H,, are respectively the demagnetizing field and
the external magnetic field.

The local minima of this expression correspond to the equilibrium con-
figuration of a certain magnetic object, i.e. the metastable states for M. The
solution may not be straightforward because the terms that contribute to the
total energy of the system can compete towards different minima configura-
tions. Exchange coupling promotes magnetization states where M is aligned
within the entire volume; magnetocrystalline anisotropy instead favors the
alignment of M along easy axis or easy planes within the magnetic object;
magnetostatic energy promotes micromagnetic configurations in which M
follows close paths within the magnetic body in order to reduce the stray
field outside; Zeeman energy favors the alignment of M along the external
field. Thus, according to the relative weight of the contributions, differ-
ent configurations can arise, i.e. different magnetic domains (portions of the
body with uniform magnetization) can be formed. Indeed, domain formation
decreases magnetostatic energy, but it has also a cost related to exchange
and magnetic anisotropy energy. In 1935 Landau and Lifschitz showed the-
oretically that the existence of magnetic domains is a consequence of Eror
functional minimization (61,

2.2 Magnetic particles

A relevant magnetic property of a material is its volume magnetic suscep-
tibility x, which describes the material’s response to an applied magnetic
field H, i.e. its magnetization, with the relation M=yH. In presence of a
magnetic material the total flux density B results to be:

B = po(H+M) = po(1 + x)H = piop, H (2.11)

where po = 47 - 1077 Tm/A is the permeability constant in vacuum and
wr = 1+ x the relative permeability of the object.

Depending on the interaction of the material with an external magnetic
field, different magnetic behaviors can be identified. Diamagnetic materials
have a negative x (i.e. p,<1) and are repelled by external magnetic fields.
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Conversely, paramagnetic materials have a slightly positive x (i.e. p,.>1)
and are weakly attracted by the external fields. In the low field limit the
magnetic susceptibility does not depend on the applied field, but then with
increasing applied field the magnetization departs from linearity and it be-
comes a Langevin function of the applied field, reaching saturation at high
fieldsl62l. Both diamagnetic and paramagnetic materials do not possess a
permanent magnetization in the absence of an externally applied magnetic
field. Ferromagnetic materials have positive x with a much higher value
(i.e. pur >>1) but the susceptibility is not a single value function of H, due
to the phenomenon of hysteresis, leading to permanent magnetization even
without an external magnetic field. Moreover, reducing the dimensions of a
ferromagnetic body below a certain size, as in the case of nanoparticles, a
different magnetic effect called superparamagnetism can arise.

2.2.1 Superparamagnetic beads

A superparamagnetic particle behaves as a macrospin (where spins are aligned
by exchange interaction) with total magnetic moment fluctuating over time,
such that the net average magnetic moment is zero for long enough obser-
vation windows. In a small magnetic particle of volume V' with a uniaxial
anisotropy (anisotropy constant K7), thermal fluctuations can cause a con-
tinuos magnetization reversal between two different magnetization states, i.e.
parallel or antiparallel to the easy-axis. This occurs if the thermal energy
kpT, where kp is the Boltzmann constant, is larger than the activation en-
ergy K1V for flipping the magnetization from parallel to antiparallel. The
average time between two thermally activated transitions 7 is:

Klv) (2.12)

T="1p exp(kBT

where 79 ranges between ~107% s and ~10~!! s for single particles, and T is
the absolute temperature. Thus, the energy barrier (K;V) decreases with the
particle size and, conversely, an enhancement of the flipping rate occurs. Su-
perparamagnetism is a size-effect depending either on the observation time
t and on the temperature 7. Indeed, magnetic particles are blocked, i.e.
display a ferromagnetic behavior, for an observation time much smaller than
7, which corresponds to a temperature below the blocking temperature Tz,
defined as the temperature at which 7 is equal to t. Then, above Tz, the
particles are in a superparamagnetic state until the Curie temperature T is
reached, when their behavior becomes paramagnetic. In the superparamag-
netic state, in absence of external magnetic field, the resulting fluctuations in
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the direction of the magnetization cause the total magnetic moment average
to zero, which means that superparamagnetic particles have no remanent
magnetization. Conversely, when inserted in a field, the total magnetic mo-
ment of the particle will tend to align to the field lines.

The susceptibility of superparamagnetic particles is much higher than
that of a paramagnet because it is related to the magnetic moment of all
the ferromagnetic atoms aligned due to exchange interaction, while in para-
magnets only the magnetic moment of a single ion is involved. The high
susceptibility value, together with a negligible hysteresis and no remanence,
make these particles suitable for several biological applications where forma-
tion of clusters should be avoided and a prompt reaction to an applied field
is required. Indeed, they can be isolated from a solution using a magnetic
field gradient and re-suspended again when the field is removed.

A magnetic nanoparticle is usually composed by a superparamagnetic
core surrounded by a non-magnetic coating, required to allow functionaliza-
tions with biomolecules of interest. Magnetic cores made of Iron oxides such
as maghemite (FepOs) or magnetite (FesOy4) are widely used for biological
experiments, due to their reduced toxicity 3. Typically, these particles have
a size that ranges between 5 and 50 nm in diameter. However, with such
dimensions the magnetic moments are relatively small, making the appli-
cation of relevant forces extremely challenging. Additionally, manipulating
single superparamagnetic nanoparticles is complex due to thermal agitation
related to Brownian motion (see section 2.3). To preserve superparamag-
netic properties, achieving at the same time a larger magnetic moment and
volume, bigger magnetic beads (0.1 to 5 yum in diameter) are used. They are
fabricated embedding several superparamagnetic cores in a polymer matrix,
that acts as a non-magnetic shell.

In this thesis work, nanomag-CLD-redF (Micromod-Germany) super-
paramagnetic beads with a polymeric matrix of dextran were used. They
have a 300 nm diameter and are functionalized with COOH™ and a fluores-
cent marker in the far-red (excitation: 552 nm, emission: 580 nm). Accord-
ing to the data available for other superparamagnetic particles with similar
dimension and composition, a susceptibility in the order of 1 has been con-
sidered, although a specific data for the particles we used is not available.

2.2.2 Hemozoin crystals and red blood cells

The unpaired electrons (five per heme group) of the partially occupied iron

11 [6:16,18-20]

3d orbitals are responsible for hemozoin paramagnetis Despite

hemozoin magnetic behavior has been investigated, not many susceptibility
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measures are available in literature. This is one of the reasons why we per-
formed an independent characterization of synthetic crystals, as described
in section 5.1.1. The value of hemozoin volume magnetic susceptibility x
calculated by Coronado et al. l6], starting from experimental results acquired
by Hackett et al.['6l is y=320-1076. Recently, Inyushin et al.[%4 suggested
that hemozoin is superparamagnetic instead, with a much higher calculated
susceptibility value, i.e. x=3845. However, as discussed in section 5.1.1,
our independent measurements on synthetic crystals produced by the same
company do not confirm the superparamagnetic behavior reported by In-
yushin and coworkers. The susceptibility turns out to be very similar to
that reported by Coronado et al., with strong implications on the design of
the diagnostic test.

The magnetic susceptibility of red blood cells depends on the oxidation
state of the hemoglobin molecules inside them['7:65. Oxygenated erythro-
cytes (i.e. in a normal state) exhibit a weak diamagnetic behavior, as their
net magnetic susceptibility relative to plasma is Axoz— ppc=—-0.18-10~6165-68]
where plasma susceptibility is yp=-7.7-107614849 " Thus, when inserted in
a magnetic field, they experience a repulsive force form the magnet produc-
ing the field. Conversely, due to the presence of hemozoin crystals inside
them, infected RBCs have a paramagnetic behavior, with a positive Ay that
increases during the evolution of the disease!®%8l, as more hemoglobin is
converted to hemozoin (up to a maximum of 80%%). Indeed, the value of
the net magnetic susceptibility relative to plasma Ay;_rpc is 0.82-1076 in
the ring-stage!%%810.91.1076 in the trophozoite one!*%%8l and 1.80-106
in the schizont phasel49:16:64.66-68] " Thys i-RBCs are always attracted by
magnetic fields due to their paramagnetic properties, but with a different
intensity according to the infection phase.

Furthermore, hemozoin heme electron configuration with five unpaired
electrons (S=5/2) corresponds to ferri-heme, which is a part of methe-
moglobin (metHb), i.e. the oxidized form of hemoglobin. Paramagnetic
properties of this molecule are known since 19361766:69 and more recently
Moore et al.[%67 proved that cells containing sufficient metHb concentra-
tions or mature parasites have a similar behavior when inserted in a region
with a magnetic field, i.e. they migrate in the direction of increasing field
strength. Upon exposure of RBCs to particular oxidizing drugs, hemoglobin
is oxidized into metHb L7071 a5 discussed in section 4.4. Note that the net
magnetic susceptibility relative to plasma of RBCs where all the hemoglobin
has been transformed in metHb is Axmersrp—reo=3.9-10"6121671 more than
twice the tabulated value for i-RBCs, but this value can be reduced if the
treatment is not 100% effective.
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Particle Ay (-1079)
Hemozoin crystals 320
ox-RBCs -0.18
Early ring i-RBCs 0.82
Late trophozoite i-RBCs 0.91
Schizont i-RBCs 1.80
metHb-RBCs 3.90

Table 2.1: Magnetic susceptibilities relative to water of hemozoin crystals®l and
RBCsl4:9:16,21,64-68]

The net susceptibility values of hemozoin crystals and RBCs (oxygenated,
treated and infected) are summarized in Table 2.1. Magnetic and electrical
properties of synthetic hemozoin crystals (InvivoGen-USA) were character-
ized, as discussed in section 5.1 and section 5.4. Moreover, the same crystals
and bovine RBCs treated to obtain metHb, according to the protocol pre-
sented in section 4.4, were used in magnetic capture experiments described
in section 5.3.

2.3 Forces on a magnetic particle in a fluid

According to the concept of the proposed diagnostic test for malaria, mag-
netic particles are subjected to a gravitational force (partially opposed by
buoyancy force) a magnetic force and a fluid drag force.

The net contribution due to gravity and buoyancy force is:

Fa_B =V, (pp — Pfiuid) & (2.13)

where V, = %WRP?’ is the volume of the particle (modeled as a sphere of
radius R)), pp is the particle mass density, pfruiq is the mass density of the
surrounding fluid, and g is the gravity acceleration.

As discussed in section 2.2, a paramagnetic particle in a spatially varying
magnetic field will be attracted towards the region of larger field, while a dia-
magnetic one will be repelled. With the approximation that the length scale
over which the magnetic field changes is larger than the particle diameter
and assuming a linear susceptibility of the particle material, the magnetic
force can be written as:

F = %Vp Axp VH?(x,) (2.14)
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where pg is the vacum permeability constant, V), is the particle volume,
AXp=Xp— X fluid is the net magnetic susceptibility of the particle with respect
to the fluid and H(x.) is the field that would be present if the magnetic
particle was not there, evaluated in the position of the particle center x..

Considering small Reynolds numbers (Re << 1000) and assuming that
the fluids are incompressible, the drag force acting on a spherical particle of
radius R,, moving at a speed v in a fluid flowing with a certain velocity u,
can be expressed as:

Fp=6mnsiaRpy(u—v)=b(u—v) (2.15)

where 7 ¢14iq is the fluid viscosity and b is a drag coefficient, which highlights
the linear dependence between the velocity of the body and the drag force.
The system used in this project does not involve fluids in motion, thus u=0
and the drag contribution can be expressed just as Fp=-b v.

In the designed detection system a reversed configuration is considered,
i.e. magnetic particles are attracted upwards towards the nickel pillars.
Therefore, the magnetic force has to overcome the sedimentation (i.e. the net
contribution of gravity and buoyancy force) and the drag force. Conversely,
in magnetic capture experiments described in section 5.3 a direct configu-
ration is used. Since magnetic particles are attracted downwards towards
the nickel pillars, magnetic force is directed as the sedimentation. Simplified
schemes of the forces acting on a magnetic particle in both configurations
are shown in Figure 2.1. The analysis will be performed only in the reversed
configuration; analogous calculations for the direct case are straightforward.

F

magnetic Fbuoyancy Fdrag Fbuoyancv

I:drag Fgravity I:magne‘ric Fgravity

a .

Figure 2.1: Force diagrams for reversed (a.) and direct (b.) configurations. The
grey boxes represent the chip.
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Considering all contributions, it is possible to write the resulting motion
equation using Newton’s second law:

B0y, Ay V() — Vy (0 — ppwia) 8~ bV = ppVy o0 (216)
This is the equation of an accelerated motion inside a viscous medium
(V+iv=a), with 7=p,V,/b and a=(Fy — Fg_p)/pyV,. Considering the
properties of hemozoin crystals, red blood cells and blood (see section 3.2.5),
the time required to reach a steady-state situation is really small (7 <1pus).
Therefore, for uniform values of the magnetic force, i.e. for VH? slowly vary-
ing in the region of motion, it can be assumed as a good approximation that
the magnetic particles (i.e. hemozoin crystals and i-RBCs) move with their
constant steady-state velocity v. Thus, the right-hand side of the equation
becomes zero and the velocity of a magnetic particle can be expressed as:

o_Fu—Fop _ BVpdGVH(x) = Vo(pp = pruia)g _

b 671 fruialtp

2 R,” [po
=-—2 *AXpVHQ(Xc) —(pp — pfluid)g
9N fruid | 2

(2.17)

Thus, in order to make magnetic particles move towards the chip in the
reversed configuration, i.e. to have a positive v, the following condition on
VH?(x.) needs to be fulfilled:

2(pp — Pfiuid) 8
po Axp

VH?(x.) > (2.18)
Furthermore, particles in a fluid experience diffusion arising from the
random collisions with fluid molecules; the resulting random motion is called
Brownian motion. The diffusion coefficient D of a particle can be expressed
by the Stokes-Einstein relation (72
kT

D= - (2.19)

where kg is the Boltzmann constant, 71" is the absolute temperature and b is
the drag coefficient. The average distance travelled by a particle in a time ¢
due to diffusion, called diffusion length /4, is:

laiff = VDt (2.20)
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The value of the diffusion length indicates how significantly Brownian mo-
tion affects the particle position, in absence of external forces. Due to the
inverse dependance on R, and 744, this contribution increases for smaller
particles and less viscous fluids. For example, the diffusion length in water
after 1 s is ~1.2 um for 300 nm beads, ~1.1 pm for hemozoin crystals (con-
sidering an average dimension of 350 nm) and ~300 nm for red blood cells
(average radius 2.78 um); the corresponding values in a more viscous fluid
like blood are almost halved. Therefore, the effect of Brownian motion is
more relevant for hemozoin crystals and magnetic beads than for erythro-
cytes. For this reason it has been included in the initial physical model used
to describe particle motion in the feasibility study, especially for hemozoin
crystals. However, numerical simulations show that in our configuration the
final result is not strongly affected by this contribution.

2.4 Principles of impedance detection

> Transimpedance amplifier
ermanent
magnets /\/\’
— . Signal Out
¢] - . ¢ al;rc\);ﬁ_fli:r
- - - +
l |

Figure 2.2: Scheme of the main elements of the electrical circuit used to measure
impedance variation, connected with the detection device.

Electrical impedance spectroscopy (EIS) involves the electrical excitation
of a device with a subsequent measure of its response, in order to determine
its impedance, according to generalized Ohm’s first law (™7, Impedance
detection has been exploited in systems where the element under test was
trapped or moving in microfluidic channels; the possibility to use it directly
on blood samples has been also reported!™76l. This label-free, real-time
and non-invasive approach has been considered in TID MEKII project for
quantifying the concentration of malaria infection markers, i.e. hemozoin
crystals and infected red blood cells. High sensitivity and effectiveness have
been demonstrated by using interdigitated electrodes to measure the amount
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Figure 2.3: Frequency spectrum of the electrodes. Data are obtained with elec-
trical simulations in COMSOL Multiphysics.

of particles deposited on top of them. In order to characterize the elec-
trodes, an electronic system like the one depicted in Figure 2.2 has been
used. A sinusoidal voltage modulated at 2 MHz was provided with a lock-
in amplifier (HF2LI, Zurich Instruments) and the current flowing through
the electrodes was converted into a voltage with a transimpedance amplifier
(HF2TA, Zurich Instruments). The resulting signal was then demodulated
by the lock-in amplifier.

The impedance spectrum of the electrodes, represented in Figure 2.3, is
characterized by two capacitive regions, at low and high frequencies, and a
resistive plateau. The double layer capacitance Cy;, the most dominant con-
tribution at low frequencies, in related to the accumulation of two layers of
charged particles with opposing polarity at the interface between a conduc-
tive electrode and an adjacent liquid electrolyte, when a voltage is applied.
The two layers of charged particles are separated by a single layer of solvent
molecules, that adheres to the surface of the electrode and acts like a dielec-
tric in a conventional capacitor. Conversely, at high frequencies, impedance
is mainly related to the capacitance of the electrodes Cy;. Between these two
regions, a resistive plateau with an impedance corresponding to the resis-
tance of the electrodes due to the presence of the solution (Rg) is present.
The value of R, is related to the shape and size of the electrodes, as well
as, of course, the conductivity (o) of the solution on top of them. For
example, considering N interdigitated electrodes with length L, width W
and spacing S, an approximated form of Ry [™! can be obtained as:
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2 N
Roo ~ V= 2.21
o (N—1)-LVN (221)

This relation holds for 0.1<S/W <10 (i.e. in most of the currently em-
ployed geometries) and was validated with electrical simulations performed

in COMSOL Multiphysics. The simulated values are very close to those ob-
tained with Eq. (2.21) for a sufficiently high number of electrodes, i.e. N>6.
In a first phase of the project interdigitated electrodes were considered, but
then a different geometry was designed to optimize the detection, consider-
ing the actual shape of the region of the nickel concentrators where particles
are captured. Since for this new configuration of the electrodes, described
in section 5.4, there is no analytical expression for Ry, the value was cal-
culated with numerical simulations, using a model previously validated with
interdigitated electrodes.

For the quantitative estimate of the number of malaria biomarkers on
top of the electrodes, the relevant quantity to measure is not the absolute
impedance value but its variation due to the presence of magnetically cap-
tured particles (i.e. hemozoin crystals and i-RBCs) close to the electrodes.
The associated double layer capacitance variation is small and not easily
controllable, while measuring changes in the electrodes capacitance requires
very high frequencies (~ GHz), thus a much more complex and expensive
electrical setup. Therefore, detection should focus on the variation of the
resistance of the electrodes Ry, due to the captured particles, which can be
measured exciting the system with a voltage at a frequency corresponding to
the resistive plateau (i.e. around MHz). Moreover, the percentage variation
AR/ Ry should be considered instead of the absolute difference because the
noise and the minimum detectable variation depend on the value of the resis-
tance. An expression for the percentage variation can be obtained starting

from the Maxwell’s mixture equation!”” 79
V, o,—0
o= 143_pP P "M 299
Omiz = Om ( * Verop + 200 ( )

where o,,;; is the total mixture conductivity, o,, is conductivity of the
medium, o, is the conductivity of the particle, V), is the particle volume
and V,; is the sensitive volume of the electrodes. This expression is valid for
Vp«Veg. If 0, — 0, i.e. if the analyzed particles are insulating, Eq. (2.22)
becomes:

Omiz & Om <1 - ;’cb) (2.23)
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where ® = V,/V,; is the volumetric fraction. While the deeply studied
RBCs have an insulating behavior, no data are available for hemozoin crys-
tals. However, measurements performed in DC with a Current Sensing AFM
(see section 5.1.2) and at 2 MHz with the aforementioned electrical setup,
described in section 5.4, suggest that also these particles are insulating in low
frequency regime and more insulating than PBS (Phosphate Buffer Saline)
in high frequency regime, so it is possible to use the simplified version of the
formula, as a first approximation. Moreover, considering a small volumetric
fraction, it is possible to rewrite Eq. (2.23) in terms of resistivity as:

i % P <1 + 3‘1’> (2.24)

Since pmiz and py, are related to Ry, and Ry (i.e. the resistance of the
whole mixture and the initial resistance without particles) through the same
proportionality constant, resistance percentage variation can be expressed
as:

AR Rpiz—Ro 3. 3N,Vs

=-P

= = 2.25
Ry Ry 2 2 Vy ( )

where NN, is the number of particles and Vj, is the volume of a single particle.

The variation of the resistance due to the presence of the particles in the
designed detection system is low, as discussed in section 3.1, thus discerning
the actual signal from noise and external disturbs is extremely problematic
and demanding, mainly due to the medium fluctuations, such as temperature
variation and medium evaporation (leading to an increase of ions concentra-
tion). However, since these fluctuations are approximately regular across a
single droplet, they can be removed performing a differential measurement:
the signal from reference electrodes can be subtracted from the one coming
from actual measurement electrodes, thus eliminating the common contribu-
tions. To these purpose, half of the chip area is occupied by measurement
electrodes, upon which particles should be concentrated due to the nickel
microstructures fabricated underneath, while the other half is reserved to
reference electrodes, where ideally no particle should be present due to the
absence of nickel concentrators.



Chapter 3

Feasibility study and
simulations

Malaria diagnostic chip conceived in the T1iD MEKII project is based on two
physical phenomena, magnetic capture of malaria biomarkers (i.e. hemo-
zoin crystals and infected RBCs) and quantification of their concentration
through an impedance variation detection. In this chapter the main phases
of the feasibility study carried out to properly design the complete device are
presented. First, an estimate of the constrains related to the limit of detec-
tion of micrometric electrodes is illustrated. Then, the parameters and the
main results of numerical simulations performed to design the magnetic at-
traction system are described. Finally, the integration of both contributions

is considered.

3.1 Electrical detection limit

The impedance variation exploited for quantifying the concentration of hemo-
zoin crystals and i-RBCs is proportional to their volumetric fraction, as
discussed in section 2.4. The minimum possible in-liquid AR/Ry measur-
able with usual electronic systems is around 0.1%. This estimate has been
obtained for electrodes with Ry, = 100¢2, a modulation frequency around
2 MHz, a 0.5 Hz bandwidth for the low pass filter within the lock-in amplifier
and an amplification of the transimpedance amplifier around 100. Thus, con-
sidering also that the limit of detection (LOD) the TiD MEKII project aims
to achieve is ~10 i-RBC/pul, the maximum portion of the chip area that can
be occupied by the sensitive surface of active electrodes can be estimated.
The order of magnitude of the chip area is 1 cm? and with a 500 pm-
thick droplet the total analyzed blood volume is 50 pul. However, only half

31
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of it (i.e. 25 pl) will be on the actual measurement electrodes because the
remaining part of the chip surface is occupied by reference electrodes, as
discussed in section 2.4. Thus, in the conditions of the limit of detection,
the number of infected erythrocytes N;_rpc to detect is 250. Since there
are around 20 hemozoin crystals per infected erythrocyte, the corresponding
Npyc is 5000. Considering the volumes of these particles (V;_ppc=90um3,
Virc=0.022um?) and the minimum measurable AR/Rqy (i.e. ~0.1%), with
Eq. (2.25) we can estimate the maximum sensing volume of the electrodes
(Ve;) on the chip that allows to detect the number of i-RBCs correspond-
ing to the LOD. The resulting volumes are 3.38-107um? for i-RBCs and
1.65-10° um? for hemozoin crystals.

The sensitive volume is the portion of space above the electrodes where
the presence of a particle can be detected; the height of this region H is

[80] " 1f we consider circular elec-

usually similar to the electrodes width W
trodes like the one represented in Figure 3.1, with spacing S, width W and
height of the sensitive volume H all equal to 2 pm, the maximum sensitive
area of the electrodes (A.;) will be 1.69-102m? for i-RBCs and 8.25-10?m?
for hemozoin crystals. Therefore, it is fundamental to attract these particles
in localized regions, corresponding to the sensitive area of the electrodes,
represented as a shaded region in Figure 3.1. The magnetic system designed

to reach this result is presented in the following section.

Figure 3.1: Sketch of the geometry of one of the electrodes used to detect mag-
netically captured particles. The shaded region indicates the sensitive area of the
electrode.

3.2 Magnetic simulations

In the design phase of the device, simulations were performed using COM-
SOL Multiphysics 59 a cross-platform finite element analysis, solver and
multiphysics simulation software. Through numerical simulations it was pos-
sible to study different geometries and figure out which ones would better
fit the requirements we were looking for. At the beginning, the idea was
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to implement magnetic concentration and impedance detection in the same
layer, through electrodes made of a magnetic material. Then, a different de-
sign was implemented, where magnetic and electrical parts were separated.
Indeed, in this configuration a more specific optimization is possible, that
allows to obtain better results from both processes. The main results of
electrical simulations, carried out by Prof. Marco Sampietro’s group, have
been reported in section 2.4, while magnetic simulations will be described in
detail in the following sections.

3.2.1 Preliminary analysis

COMSOL Multiphysics allows to model different physical problems combin-
ing several modules. In simulations concerning magnetic attraction two of
them were used: Magnetic fields, no currents, to investigate magnetostatic
behavior of the ferromagnetic structures (i.e. nickel concentrators and ex-
ternal permanent magnets), and Particle tracing, to study the motion of
particles subjected to different forces (gravity, buoyancy, drag and magne-
tophoretic forces in this case). Brownian motion is not included in the sim-
ulation platform designed to find the optimal geometry because, according
to simulations performed with simple patterns, it does not cause relevant
changes on the motion of the analyzed particles, i.e. hemozoin crystals and
infected RBCs.

The aim of the magnetic concentrators layer is to capture on the chip
surface the magnetic particles present in the analyzed blood sample and
concentrate them in specific areas, such that their strongly increased local
number is able to cause an intense impedance variation and thus a measur-
able electrical signal. So far, a total active chip area in the order of 0.5 cm?
and a 500 pm-thick blood drop have been considered, thus a magnetic sys-
tem that allows attraction over several hundreds of pm in vertical direction
is required as well.

A sufficiently high VH?(x.) is required to attract magnetic particles,
as explained in section 2.3. The minimum value needed for lifting hemozoin
crystals is ~2-101% A2 /m3, while the minimum for i-RBCs is ~9-10' A% /m3.
Different examples of trapping and manipulation of magnetic particles can be
found in literature4042:81:82 where micro- and nano-structures are used to
produce locally-intense gradients (e.g. exploiting magnetic domain walls).
However, the effect of structures like these is localized in space and not
sufficient to interact with magnetic particles that are hundreds of um away.
Therefore, a multi-dimensional approach was considered in the proposed
device, using the VH? provided by macroscopic permanent magnets for a
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long-range attraction and the one produced by nickel microstructures for
short-range localized capture. Since magnetic field gradient increases as the
size of the magnetic source downscales, the interactions between the particles
of interest and the magnetic field can be significantly enhanced close to the
chip substrate due to the micro-concentrators. These two elements have very
different size scales (cm for permanent magnets, um for nickel concentrators),
so their magnetic properties and effects on particles motion are analyzed in
separate simulations, with some approximation for the region of space where
they coexist with comparable magnitude.

3.2.2 External permanent magnets

A finite-dimension cylindrical permanent magnet generates a slightly non-
uniform magnetic field due to edge effects, thus providing a certain VH?. To
enhance this phenomenon, a different configuration for the magnets, shown
in Figure 3.2, has been developed: a central cylinder surrounded by a polar
array of parallelepipeds, magnetized in opposite direction with respect to the
cylinder. Magnetic field lines arising from the cylinder bend and close on
parallelepipeds, thus increasing non-uniformity. According to simulations,
this new configuration lead to an almost 90% enhancement of the vertical
component of VH? provided in the region where the analyzed blood sample
is located. The obtained value using Neodymium Iron Boron (NdyFe;sB)
permanent magnets in this configuration is VH?,~2-10'* A%/m3. More-
over, the z-component is four orders of magnitude larger than the radial
one (VH?,, in the (x,%) plane), so external magnets contribute to vertical
attraction but not significantly to concentration.

b.

Figure 3.2: a. 3D Sketch of the external permanent magnets setup. Red arrows
indicate the magnetization. b. Section view of external magnets and chip. Black
dashed lines represent magnetic field lines, red arrows the magnetization.
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3.2.3 Micrometric nickel concentrators

Coming to the ferromagnetic concentrators, in section 1.2.1 different mag-
netic separation setups with ferromagnetic wires magnetized by external per-

[21,48,49.53] " Following this idea, the first in-

manent magnets were presented
vestigated geometry for the concentrators was an array of nickel bars, with
a micrometric section and a length in the order of some millimeters. Despite
this kind of structure was able to efficiently attract magnetic particles, it
could not concentrate them in sufficiently localized areas. As a matter of
fact, spatial concentration is crucial because, as discussed in section 2.4, the
impedance signal is proportional to the volumetric fraction, i.e. the ratio
between the volume of captured particles and the sensing volume above the
electrodes. Without concentration, the electrodes should be too extended
and the volumetric fraction for the same number of captured particles would
significantly decrease, with detrimental impact on the sensitivity. Thus,
concentrators with different shapes were simulated in order to obtain satis-
factory results for both attraction and localized capture. The final geometry
is an array of micrometric cylinders, with a 20 pm height and different val-
ues of diameter and spacing between them. Choosing specific geometrical
parameters is not easy, since many (sometimes competitive) factors need to
be considered. Indeed, reducing the spacing between cylinders allows a more
effective attraction, but particles are concentrated in a higher number of
points. The effective area of the electrodes needed to sense the particles on
top of each concentrator would increase, thus reducing the electrical signal
(see section 3.1). Moreover, using cylinders with higher aspect ratio (i.e. the
ratio between height and diameter), capture efficiency can be increased but
the pillars fabrication process becomes more complex (see section 5.2). Al-
though different geometries were simulated and/or tested with real devices,
the final layout will be optimized only after combined experiments of cap-
ture and detection, which are beyond the scope of this thesis. The numerical
analysis presented here will be focused on geometries similar to the patterns
of the samples used in magnetic capture experiments presented in section 5.3,
i.e. pillars with a diameter d=20 pm arranged in a hexagonal lattice with
spacing (i.e. distance between the centers of neighboring cylinders) s=60 pm
or 80 um. Also arrays of pillars with d=40 ym and s=160 pym have been
considered. For all the concentrators the height A is 20 pym.

Nickel is a very soft material, i.e. it is easily magnetized and demagne-
tized. The application of a vertical uniform 0.9 T magnetic field, provided
by external magnets, makes the magnetic moments of the nickel concentra-
tors align in the vertical direction (out of plane), until complete saturation
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Figure 3.3: Representation with 2D color plots of the norm of H (a.) and VH?
(b.) produced in an axial plane around a Ni pillar with d=h=20 pm, due to a
uniform external field and the pillar itself. The arrows indicate the direction of the
vectors and their lengths are in logarithmic proportion with the vector modulus.
The scale bars are 5 pm. Images obtained with COMSOL Multiphysics

is reached. The minimum external field required to make the magnetiza-
tion saturate along the hard axis due to shape anisotropy, i.e. pgMg, is
0.6 T for nickel 49 but, since fabricated pillars do not have a well defined
anisotropy axis, this threshold value is even lower. Thus, the applied field is
sufficiently intense to reach complete saturation. The external field due to
permanent magnets was considered uniform because, as a first approxima-
tion, its variation over the characteristic size of the concentrators (i.e. few
um) can be neglected. Although in the real field configuration produced by
the external magnets in Figure 3.2 the applied field is not the same for all the
pillars, their magnetic behavior is not strongly affected because saturation
is achieved in all the concentrators within the active area of the chip. The
total H field produced around a nickel pillar with d=h=20 pm due to the
combined action of the external uniform field and the concentrator itself is
shown in Figure 3.3a.

3.2.4 Magnetic field gradient

The purpose of the nickel microstructures and the external permanent mag-
nets is to attract magnetic particles, thus an important parameter to investi-
gate is VH?, which is proportional to the magnetic force (see Eq. (2.14)). Its
norm around a nickel concentrator is represented in Figure 3.3b. However,
not only its norm but also value and direction of its components at different
distances from the pillars are relevant quantities. A representation of how
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Figure 3.4: Variation of the components of VH? as a function of the radial
distance, calculated for a single 20 pum element(a.) and for an array of the same
elements with a 80 pum spacing (b.). The curves are plotted along horizontal lines
intersecting the cylinders axis, at a vertical distance z=30 pym from the pillars. The
gray boxes indicate the positions of the micro-concentrators.

its radial (VH?,) and vertical (VH?,) components change, moving in radial
direction from the center (r=0) of a single nickel cylinder with d=20 pm up
to r==+100 pm, at a fixed vertical distance from the chip surface (=30 pum),
is provided in Figure 3.4a. The positive z-component (blue line) indicates
an attractive force towards the pillar up to r &= 30 pm, more intense closer to
its center. The r-component (orange line) changes sign, indicating that it is
directed towards the cylinder axis; in absolute value, it is more intese closer
to the edges of the pillar. The effect of the addition of the contributions due
to different concentrators is shown in Figure 3.4b, where the same quantities
are calculated for an array of 20 pm-diameter pillars with a 80 pym spacing
(center-to-center distance).

Another useful information is provided by the trend of VH?, as a func-
tion of the vertical distance from the chip surface z, represented in Figure 3.5
considering its value along a vertical line coincident with the cylinder axis
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Figure 3.5: Variation of VH?2, as a function of the vertical distance from the chip
surface, calculated along the cylinder axis (i.e. 7=0), for an isolated element and
for pillars inside different arrays, as indicated in the legend. Data for the system of
external magnets are obtained along a direction perpendicular to the plane, at the
chip center.

(i.e. r=0). Within 100 gm from the chip surface the value of VH?, due to
the concentrators changes of almost four orders of magnitude for the 20 ym
pillars and around six orders of magnitude for the 40 pm ones; indeed, the z
component of the gradient provided by the concentrators has a relevant role
only close to the microstructures. The contribution due to a single cylinder
with d=20pum (magenta line) and the ones due to arrays of the same pillars
with a 60 pm (green line) and 80 um spacings (orange line) are similar up
to z &40 pum, then the arrays result slightly less effective. On the contrary,
the array of pillars with d=40pum and spacing 160 pum (blue line) shows a
much different behavior. Not only VH? decreases more intensely over the
analyzed region, it has also an initial value more than one order of magnitude
smaller with respect to the other structures. Indeed, these pillars have an
aspect ratio (h : d) of 1:2, which results less effective with respect to the 1:1
associated to the 20um structures.

Conversely, VH?, generated by the system of permanent magnets (dashed
red line) can be considered constant in z, as a first approximation, within a
distance form the chip surface of a few hundreds of ym. Indeed, its variation
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Properties Hemozoin i-RBCs Beads
Ax 3.20-10*  1.80-1076 ~1
Radius (pum) 0.18 2.78 0.15
Volume (pm3) 2.20-1072 90.0 1.41-102
Mass density (kg/m3) 1490 1125 1490
Mass (pg) 3.28-1072 101 2.11-1072

Table 3.1: Magnetic, geometrical and physical properties of hemozoin crystals,
red blood cells and superparamagnetic beads considered in COMSOL Multiphysics
simulations.

is extremely small if compared to the concentrators’, as the order of magni-
tude does not change. This consideration is valid not only for the vertical
distances examined in Figure 3.5, but in the whole region of interest for the
detection, i.e. z—0-500 pum from the chip surface. Moreover, VH?, ~ VH?
because the radial component (not represented), basically constant as well,
is four orders of magnitude smaller. Therefore, the magnetic force due to
permanent magnets F»;%*® acting on particles inside the blood sample can
be considered constant, due to its relation with VH? (see Eq. (2.14)).

The value of magnetic force is largely dependent on the properties of the
targets, while VH? is a more objective parameter that can be used to quan-
tify the attraction capabilities of different magnetic structures. For example,
Chen et al.|l used a system similar to ours, with a permanent magnet and
an array of nickel microstructures (200 nm-thick parallelepipeds), to sepa-
rate cancer cells labeled with superparamagnetic particles. The maximum
VH?, they achieved at z=5 um from the surface is ~ 102 A%/m3, more
than four orders of magnitudes lower with respect to the one provided by
our system, and nearly null for larger distances. Thus, the magnetic struc-
ture we designed can be of great interest not only for malaria detection, but
also for other devices where magnetic separation is required.

3.2.5 Magnetic force

On the other hand, calculating the magnetic force may be useful in order
to compare it with other contributions, like gravity and drag forces. Thus,
using Eq. (2.14), we calculated the vertical component of the magnetic force
provided by micrometric concentrators and external magnets simply multi-
plying VH?, (Figure 3.5) by a factor BV, Axp, depending on geometric and
magnetic properties of the particles. These properties are summarized in
Table 3.1, together with others that may be relevant when comparing mag-
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Figure 3.6: Magnetic force variation as a function of the vertical distance from the
chip surface for hemozoin crystals, infected red blood cells and superparamagnetic
beads. Continuous curves refer to a pillar inside an array (d=20 pm, s=60 pm)
and are plotted along a vertical line coincident with the cylinder axis; values were
calculated starting from of VH?, represented in Figure 3.5. Dashed lines refer to
the force produces by the external gradient used in simulations, i.e. 2-10'% A%/m3.

netic force with other contributions. Besides hemozoin crystals and infected
red blood cells, the particles of interest for the detection systems, magnetic
force was calculated also for 300 nm superparamagnetic beads because they
were used in capture experiments to study the magnetic attraction capabil-
ity of the designed system, as described in section 5.3. The variation of the
magnetic force produced by a micrometric concentrator (continuos lines) on
these three kinds of particles as a function of the vertical distance from the
chip surface z is represented in Figure 3.6. Magnetic force on the considered
superparamagnetic beads is more than a thousand times higher than the
force on hemozoin crystals and almost a hundred times higher than the one
on i-RBCs.

Micrometric concentrators contribute in a negligible way to the magnetic
force at large distances from the chip, so in this region magnetic force due
to external magnets (F;°*!) alone must be sufficiently intense to make the
particles move towards the chip. Then, once close enough to be affected
by the presence of nickel microstructures, they should be concentrated and
captured in specific areas of the pillars. In section 2.3 a condition for the
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minimum VH? needed to have a positive velocity of the particles in the
upward direction was calculated (Eq. (2.18)). Since this condition should
be valid for all the particles in the region of the analyzed samples, i.e. up
to a distance of 500 pum from the chip surface, it results in a requirement
for the minimum VH? that needs to be provided by the external magnets.
The system of permanent magnets used in capture experiments is able to
create a gradient of ~2-10'* A2 /m3, higher than the minimum required for
lifting hemozoin crystals (~2-10'3 A2/m3) but lower than the minimum for
i-RBCs (~9-10'* A2 /m?). Therefore, a different external system of magnets
should be designed to achieve sufficiently intense values of VH?. In the
simulations performed to investigate the feasibility of the capture system in
reverse configuration a higher VH?, i.e. 2:10' A2 /m3, was used. This value,
which is about double with respect to the minimum needed for i-RBCs, allows
to obtain also reasonable times (around 10 minutes) for the lifting of the most
distant particles up to a region where the nickel concentrators contribute
in a relevant way to attraction (~50um). The horizontal dashed lines in
Figure 3.6 correspond to the magnetic force generated on hemozoin crystals,
RBCs and beads considering the external gradient value used in simulations.
According to this graph, the magnetic force due to the concentrators at 50 ym
is less that 10% of the one related to the gradient provided by the external
magnets and even lower at further distances, thus the action of nickel pillars
can be considered negligible, as a first approximation, for z>50 pm.

3.2.6 Particles motion

The 500 pm-height sample can be separated in two different areas, rep-
resented in Figure 3.7: a region extending up to z=50 pum from the chip
surface, with a relevant contribution due to nickel pillars, and the remain-
ing volume, where only the other forces (i.e. Fp%' Fg_p and Fp) can
be considered. While the magnetic force produced by the nickel microstruc-
tures is strongly dependent on z, the other terms are basically constant in
the whole volume. Therefore, the dynamic problem in the region far from
the pillars (i.e. z=50-500 pum) can be solved analytically, as a first approx-
imation, considering a constant value of VH2=2-10'> A2 /m? in Eq. (2.16).
Under these assumptions and with a sufficiently high external VH?, mag-
netic particles (i.e. hemozoin crystals and i-RBCs) are lifted up, moving at
their steady-state velocity v until the contribution of nickel pillars becomes
relevant.

Conversely, numerical simulations are required to analyze in detail the
particle trajectories close to the chip surface (i.e. 2=0-50 um). Due to the
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Figure 3.7: Sketch of the two regions considered within the blood sample. Light
blue and dark blue arrows indicate the net force acting on hemozoin crystals and
i-RBCs, respectively far from the chip and in its proximity. Dimensions are not in
scale.

periodicity of the nickel pillars array, it is possible to understand the behavior
of the system studying just a portion of it instead of the whole chip area, i.e.
considering a reduced number of cylinders. Thus, simulation environment
can have micrometric dimension. Also the effects of the other constant forces
need to be taken into account inside the Particle tracing simulations. There
is a specific section for drag force, while the net contribution of the magnetic

t and Fg_p can be considered through

force due to external magnets F ;%"
a constant acceleration apor, used instead of g in the gravitational force

section. It can be expressed as:

t
Fror Fy“™' —Fg_p

aror — (3.1)

P mp
where Fror is the net force acting on a magnetic particle with mass m,,
due to gravity, buoyancy and magnetic force provided by external magnets.
The value aror depends on VH? and it will be much higher for hemozoin
crystals because their sedimentation contribution Fg_p is a thousand times
smaller than the one of RBCs.

At the beginning of the analysis, i-RBCs and hemozoin crystals are dis-
persed inside the whole blood sample volume, i.e. some close and other dis-
tant from the surface. Using the model previously described and illustrated
in Figure 3.7, we were able to simulate the behavior of both categories of
particles, considering their trajectory from z=50 pum up to the chip surface.
For particles already in the proximity of the chip surfaces (i.e. z<50 pm)
at the beginning of the test a null initial velocity was considered, while for
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the more distant ones, lifted up due to the contribution of external magnets,
an initial velocity v was assumed. The results of the simulations performed
under these conditions (i.e. initial velocity equals to 0 or to v) for hemozoin
crystals and i-RBCs are shown in Figure 3.8a and Figure 3.8b, respectively.
The analyzed structure is a HCP (hexagonal close packed) array of 20 pm
diameter pillars with a 60 pm spacing. The condition on the initial velocity
does not affect significantly the attraction mechanism or its timing, indeed
in both situations almost all hemozoin crystals are captured within 5 min-
utes and almost all i-RBCs in less than 10 minutes. Considering also the
lifting time required to attract the distant particles in the proximity of the
concentrators (i.e. ~10 minutes), the maximum capture time is in the order
of 15-20 minutes.

JH 'lll'|| ,’

Figure 3.8: Representation of the trajectories of hemozoin crystals (a.) and
infected red blood cells (b.), released at z=50 pm from the chip surface. Figures
on the left present a 3D view, figures on the right a detail of a pillar top view. The
scale bars are 10 um; particle dimensions are not in scale. Images obtained with
COMSOL Multiphysics.
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The simulation platform used to study the feasibility of the capture sys-
tem was validated by simulating structures used in real experiments, consid-
ering a direct geometry (chip and external magnets below the blood sample)

ext

and a value for F ;%" corresponding to the VH? actually provided by the
system of external magnets currently in use (i.e. 2-10'* A% /m?). This second

set of simulations is discussed in more details in section 5.3.

3.3 Design of the chip layout

In the final device, magnetic capture elements and electrodes are integrated
to allow the detection of hemozoin crystals and infected erythrocytes. As
discusses in section 3.1, the maximum sensing area of the electrodes on the
chip that allows to detect the number of malaria biomarkers correspond-
ing to the limit of detection is 1.69-10?m? for i-RBCs and 8.25-10%um? for
hemozoin crystals. In order to attract and concentrate these particles in
specific areas, the external system of permanent magnets (for long-distance
attraction) and the micrometrical nickel concentrators (to create an intense
and directional VH? in the proximity of the surface) are used, as described
in section 3.2. The sensing area of the electrodes must correspond to the
region where hemozoin crystals and i-RBCs are magnetically concentrated.
According to the simulations, particles are attracted in the center of the pil-
lars, therefore in the initial phase interdigitated electrodes with a sensitive
area corresponding to these regions were considered. However, since tests on
real devices showed a preferential capture localized mainly along the edges
of the pillars, the design of the electrodes geometry has been changed ac-
cordingly. Indeed, circular electrodes like the one represented in Figure 3.1
were adopted.

The constrain on the maximum sensing area of the electrodes is closely
related to magnetic capture, mainly to number and dimension of the attrac-
tion regions. Indeed, the total dimension of the nickel concentrators and
the extent of their surface upon which particles are captured determine the
geometrical parameters of the electrodes, which are located along the pillars
edges. Furthermore, arrays with different spacings between the pillars can
be considered. To guarantee an attraction of all the particles, the spacing
must be less or equal to the double of the capture radius of the concentrators,
i.e. the maximum distance in the horizontal plane starting from their center
within which all particle are captured. Thus, the total number of attraction
spots (i.e. Ni pillars) changes according to the distance between the array
elements. Many dependent parameters can be modified, thus different design
solutions respecting the constrains on maximum sensing area can be found.
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Figure 3.9: View of the radial capture efficiency of a Ni pillar for hemozoin
crystals (a.) and infected red blood cells (b.) released at z=50 pm from the chip
surface. The images are radial sections of the 3D structures and are obtained with
COMSOL Multiphysics.

In one of these possible solutions, a total chip sensing area of 0.5 cm?
(i.e. total area 1 cm?) and a 500 ym-thick blood drop are considered, thus
resulting in 25 pul of volume above actual measurement electrodes. For nickel
cylinders with a 20 ym diameter, the sensing area of circular electrodes with
W=S=H=2 pum, located along the pillars edges, is 264 um?. Moreover, the
maximum capture radius of pillars with this diameter and a 20 pm height
is around 40 pm from the cylinder axis for hemozoin crystals and around
80 pum for i-RBCs, as results from simulations showed in Figure 3.9. Thus,
the maximum period of the array that guarantees a complete particle capture
is ~80 pum for hemozoin crystals and ~160 um for i-RBCs. Capture radius
is reduced for hemozoin crystals due to the intense almost uniform magnetic
force provided by the external magnets. Despite even a lower gradient would
allow to move these particles upwards, the associated time required for the
lifting of hemozoin crystals far from the chip surface would be too long.

The minimum number of concentrators required to have a 100% capture
is obtained dividing the total chip sensing area by the area of the cell associ-
ated to each pillar. Thus, at least 9.02-10% and 2.26-103 nickel concentrators
must be present to capture all hemozoin crystals and i-RBCs, respectively.
Multiplying this value by the sensing area of each pillar, total electrodes
sensing areas of 2.38-10%um? for hemozoin crystals and of 5.95-10%um? for
i-RBCs are obtained. Using Eq. (2.25), the resulting AR/Ry is 0.003% for
hemozoin crystals and 2.8% for i-RBCs. Unfortunately, an amount of hemo-
zoin crystals corresponding to the limit of detection cannot be measured in
these conditions, as the estimated AR/Ry is lower than the minimum value
that can be obtained with the experimental conditions used so far (~0.1%).
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Thus, capture and electrical systems need to be further optimized in order
to reach the minimum detectable signal also for hemozoin crystals. Indeed,
some geometrical parameters can be varied, as electrodes geometry, nickel
concentrators dimension and spacing. Moreover, also the magnetic capture
mechanism can be improved, e.g by using an additional in-plane magnetic
field to further concentrate particles in two spots located at the opposite
sides of the pillar diameter. This configuration would result in a different
shape of the electrodes, with a reduced sensitive area. Therefore, the next
steps of the TID MEKII project are related to the investigation of the feasi-
bility of these alternative solutions with the developed simulation platforms
and tests on fabricated devices.



Chapter 4

Experimental techniques

In this chapter an overview of the experimental techniques exploited for
the microfabrication of the devices developed in this thesis is presented,
together with the characterization techniques used to analyze the properties
of hemozoin crystals. In addition, the experimental setup and the treatment
protocol for red blood cells used in capture experiments are described.

4.1 Microfabrication techniques

This section presents the microfabrication techniques exploited in the de-
velopment phase of the device: optical lithography to properly pattern the
sample, reactive ion etching to create deep cavities, electron beam evapora-
tion to deposit nickel and silicon dioxide, electroplating to grow nickel pillars
and sputtering to deposit gold electrodes.

4.1.1 Photolithography

Photolithography or optical lithography is a microfabrication method that
allows to pattern a sample, exploiting the change in solubility of a suitable
polymer, called photoresist, when it is exposed to UV light. Images on the
sample can be created using a photomask or a maskless system. Photomasks
are typically fabricated from a chromium film on a transparent quartz sub-
strate. The desired pattern is defined because the resist areas below Cr
are protected from the UV light, while the others are exposed. Instead of
masking the areas that must not be exposed, a focused laser beam with
proper wavelength can be exploited to directly write the image into the pho-
toresist. This kind of maskless lithography allows to change patterns in a
more flexible way, without the cost of generating a new photomask, but can
be much slower if large areas need to be exposed. In both cases, after UV

47
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Figure 4.1: a. Optical lithography steps for positive and negative photoresists.
b. Pattern transfer processes.

irradiation the resist presents soluble and non-soluble areas. In the devel-
opment step, a suitable solvent called developer removes the soluble zones
without affecting the non-soluble ones, thus reproducing the pattern on the
sample. Finally, to efficiently fabricate a structure with the desired pattern,
the areas unprotected by the resist can be covered with additional material
(additive process) or etched away (subtractive process). The main steps of
a lithographic process and the following pattern transfer are represented in
Figure 4.1.

Sample cleaning. It is fundamental to have a clean surface, otherwise
quality of the pattern and photoresist adhesion can be negatively af-
fected. The standard cleaning procedure consists in an ultrasonic bath
in acetone and a subsequent isopropyl alcohol rinsing.

Photoresist spin-coating. To properly spread the photoresist on the
whole sample and produce a uniform layer, spin coating is used. Then,
to allow the complete evaporation of the solvent containing the polymer
and the enhancement of resist adhesion on the sample surface, a soft
baking is performed.

The devices presented in this thesis have been fabricated exploiting
three photoresists: AZ5214E (Microchemicals-USA), a fluid resist with
image reversal capability, AZ40XT (Microchemicals-USA), a viscous

thick positive resist, and SU8 2005, a permanent negative epoxy resist.
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AZ5214E is spin coated at 6000 rpm for 60 s and baked at 110°C
for 90 s; the resist thickness obtained with this procedure is 1.2 pm.
AZ40XT is spin coated at 2750 rpm for 45 s and baked at 120°C for
7 minutes, thus obtaining a thickness around 20 ym. Baking is a critical
step for thick photoresists. Heating has to be gradual otherwise too
strong temperature gradients would imply the creation of bubbles or
cracks in the resist; for the same reason a 10-15 minutes rest is required
after each baking. Finally, SU8 2005 is spin coated at 4000 rpm for
30 s and baked at 95°C for 3 minutes; the resist thickness obtained is
5 pm. To improve the resist adhesion to the substrate, a primer can be
previously applied. For AZ40XT on nickel surface, we used a Ti prime
primer (Microchemicals-USA), deposited on the sample surface with
spin coating at 4500 rpm for 45 s and then baked for 120 s at 120°C.

Exposure. UV radiation alters the photoresist chemical properties, result-
ing in a different solubility of the exposed and non-exposed areas. Two
different kinds of photoresists can be distinguished: positive resists,
where exposed zones are made more soluble and can be removed us-
ing a proper developer, and negative resists, where the areas the mask
lets exposed are made less soluble and will be preserved. However,
some resists may have image reversal capability, i.e. they can behave
as positive or negative resists according to the performed process/®3l,
For positive resists the UV light provides the energy required to break
the polymeric chains, enhancing the solubility of the photoresist in the
exposed area and consequently favoring its removal during the devel-
opment step. Conversely, in negative resists exposure to UV radiation
initiates a chemical cross-linking reaction (i.e. polymerization), that
requires also a subsequent baking to be concluded. As a result, the ex-
posed cross-linked areas become less soluble in developer with respect
to the unexposed ones. To obtain the same result with image rever-
sal resists, a flood exposure (without a mask) is required before the
development. Light that penetrates through the resist layer is atten-
uated due to the absorption of the photoactive compound; the result
is a higher intensity at the top and a lower one at the bottom of the
resist. Thus, a positive photoresist profile usually has a positive slope
of 75-85°, only sub-micron resists get close to 90°. For negative resists
(or image reversal resist properly processed), the process is inverted, as
higher exposed areas will be cross-linked to a higher degree than those
with lower dose; thus, the final result will be a negative wall profile
ideally suited for lift-off(83].



CHAPTER 4. EXPERIMENTAL TECHNIQUES 50

AZ5214E can show image reversal capability, with exposure dose 23
mJ/cm?, reversal bake (most critical step) at 115°C for 90 s and a
flood exposure of 500 mJ/cm? (uncritical). AZ40XT has an exposure
dose of 369 mJ/cm? and requires also a post exposure bake at 105°C
for 100 s to complete the photoreaction and make the resit developable.
Also in this case the heating needs to be gradual and the cooling in
air must be sufficiently long, otherwise the resist would crack com-
ing in contact with the developer. SU8 2005 has an exposure dose of
700 mJ /cm? and requires also a post exposure bake at 95°C for 2 min-
utes to allow cross-linking.

The machines employed in this work are Karl Suss Mask Aligner MAG,
where UV radiation is provided by the I-line (at 365 nm) of a mercury
lamp with an intensity around 5 mW /cm?, and Heidelberg Instruments
Maskless Aligner MLA100, that has a LED source with a power of
10 W at 365 nm. They both allow for the exposure of wafers up to
6 inches diameter.

Development. An appropriate solvent, called developer, is used to re-
move the soluble part of resist, without affecting the non-soluble ares.
For positive resist the exposed areas are dissolved, while the zones pro-
tected by the mask during exposure remain on the substrate; for a nega-
tive resist the mechanism is the opposite (non-exposed areas are more
soluble). Both AZ5214E and AZ40XT are developed in AZ726MIF
(Microchemicals-USA), respectively for 90 s and 35 s, and subsequently
rinsed in water. SU8 2005 development phase is peculiar, since there
is not a specific duration of the procedure: after an actual few-seconds
development phase, the sample should be rinsed with isopropyl alcohol
and then developed again if it shows a white film due to the presence
of underdeveloped unexposed photoresist. This operation must be re-
peated until the white film is not produced any more.

Pattern transfer. After the development, the pattern can be fixed on
the sample through the removal (etching procedures) or addition (de-
position) of material on the areas not covered by the photoresist. Fi-
nally, the resist is completely removed from the sample; this procedure
is called lift-off if it follows an additive process. Resist removal is
performed in acetone or in different solutions (e.g. AZ100 remover,
Microchemicals-USA) for AZ photoresists. Conversely, SU8 2005 is
really difficult to remove, thus it is particularly suited for permanent
applications.
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4.1.2 Reactive Ion Etching

Substrate holder

Figure 4.2: Sketch of a Reactive Ion Etching machine[®4l.

Reactive-ion etching (RIE) is a dry etching technology that uses chemically
reactive plasma, generated in vacuum by an electromagnetic field, to remove
material from a sample. Unlike wet etching, this process is very directional, it
is strongly performed in the vertical direction (downward) and purposefully
minimized in the horizontal one to leave clean accurate corners.

In a typical RIE system (Figure 4.2) a wafer is situated in the bottom
portion of a cylindrical vacuum chamber and it is electrically insulated from
the chamber itself. Gas enters through small inlets in the top of the chamber
and exits to the vacuum pump system through the bottom. Different types
and amounts of gas are used according to the process, while the pressure
is typically maintained in a range between a few mtorr and a few hundred
mtorr. Plasma is initiated in the system by applying a strong RF (radio
frequency) electromagnetic field to the wafer platter, usually with a frequency
of 13.56 MHz and a power of a few hundred W. The oscillating electric field
ionizes the gas molecules by stripping them of electrons, thus creating a
plasma. In each field cycle electrons are electrically accelerated up and down
in the chamber, while the movement of much more massive ions is relatively
little influenced by the RF electric field. Electrons that are absorbed into
the chamber walls are fed out to ground and so removed from the system:;
conversely, the ones that impinge on the wafer platter cause it to build up
charge due to its DC isolation and so a large negative voltage is developed
on the platter. Therefore, since the plasma itself develops a slightly positive
charge due to the higher concentration of positive ions compared to free
electrons, a large voltage difference arises. This voltage difference makes
the positive ions drift toward the wafer platter, where they collide with the
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sample surface and etch it. This process combines a physical etching (high-
energy ions can transfer some of their kinetic energy to the surface atoms
and sputter them) with a chemical etching, i.e a selective erosion caused by
the chemical interaction between the ions in the plasma and the surface to
be etched. Indeed, according to the gas used in the process, reactive ions
of different species are accelerated towards the sample and etch its surface
at different rates according to the materials present. Usually the portion of
the sample that doesn’t need to be etched is masked with a material with a
much smaller etching rate, like metals or photoresists.

When deep steep-sided holes and trenches, typically with high aspect ra-
tios, need to be created inside substrates, a highly anisotropic etch process
called deep reactive-ion etching (DRIE) is required. One of the possible tech-
nologies to perform DRIE is the so-called Bosch process, where a standard
nearly isotropic plasma etch is alternated with the deposition of a chemically
inert passivation layer, that protects the entire substrate from further chem-
ical attack and prevents further etching. However, during the etching phase,
the directional ions that bombard the substrate attack the passivation layer
at the bottom of the trench (but not along the sides), colliding with it and
sputtering it off, thus exposing the substrate to the chemical etchant. These
etch/deposit steps last for several seconds and are repeated many times, re-
sulting in a large number of very small isotropic etch steps taking place only
at the bottom of the etched pits.

Reactive Ion Etching processes on the samples used to fabricate the
devices described in section 5.2.3 were performed at INtegrated PHOtonic
TEchnologies Center (INPHOTEC) in Pisa. Cylindrical holes, with 20 pum
depth and different diameters (20-30-40 pm), have been etched, while the
rest of the sample surface was masked using a 20 pm layer of AZ40XT pho-
toresist. Erosion on the resist surface was not so intense, indeed a 15 um
layer was left at the end of the process.

4.1.3 Electron beam evaporation

Electron beam evaporation is a physical vapor deposition (PVD) technique
used to grow different materials. The process is illustrated in Figure 4.3.
The material of interest is heated thanks to the energy transferred by a fo-
cused electron beam, which causes it to start evaporating once the required
vapor pressure is reached. Atoms in gas phase travel from a crucible, con-
taining the material, to the sample surface, where they deposit to form a
solid coating. The process needs to be performed in a high-vacuum chamber
to let the atoms of the evaporated material follow an almost linear trajec-
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tory, without undergoing collisions. This technique is strongly directional
with low capacity of step coverage. These features make it an ideal process
for the deposition of a material only in regions not covered by photoresist.

The machine used for this kind of deposition in PoliFab is an FEvatec
BAK 640 evaporator, equipped with a six-pocket revolving crucible holder
that allows multilayer deposition. To maintain the desired evaporation rate,
strongly connected with the quality of the evaporated layer, the electron
beam power needs to be controlled with a feedback system, that checks the
current evaporation rate through the deposited thickness. For this purpose, a
system of microbalances measures the increase in weight related to the grow-
ing film’s thickness, monitoring the oscillation frequency of a quartz crystal
exposed to evaporation flux; the feedback loop allows almost instantaneous
adjustments, thus it is possible to regulate the speed of evaporation and the
vapor tension in real time. During the fabrication of the devices presented
in this work, two materials were deposited with this technique:

e Nickel (Ni), with a deposition rate of 0.1 nm/s and a power of 9% of
the full scale;

e Silicon Dioxide (Si02), with a deposition rate of 0.3 nm/s and a power
of 5% of the full scale.

For both of them, the starting pressure of the deposition was 2-10~% mbar.
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4.1.4 Electroplating
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| 1
L
fe ¢l

Anode Cathode

Figure 4.4: Sketch of an electrolytic cell.

Electrochemical deposition is a growth process which consists in the forma-
tion of a metallic coating onto a substrate occurring through the electrochem-
ical reduction of metal ions from an electrolyte. The corresponding technol-
ogy is often called electroplating. To perform this process an electrolytic cell
is required; it is an electrochemical cell that drives a non-spontaneous redox
reaction through the application of electrical energy, analogous to a galvanic
cell acting in reverse.

The main components of the cell, represented in Figure 4.4, are two elec-
trodes, a cathode (or working electrode) and an anode (or counter electrode),
and an electrolyte, a solution which can conduct electricity due to the pres-
ence of positive and negative ions. To allow the current flow in the circuit,
the two electrodes are connected to a power supply: the anode is connected
to the positive terminal, while the cathode is connected to the negative one.
When a voltage is applied across the cell, the negatively charged ions migrate
to the anode and the positively charged ions migrate to the cathode. At the
interface between the solution and the cathode the metal ions are reduced to
metal atoms, which eventually form the deposit on the surface. The general
reaction occurring at the cathode is:

M" +ne” — M (4.1)

where n is the number of electrons involved. Metal ions can be provided by
the anodic dissolution of the so called sacrificial anodes (made of the same
metal to deposit on the cathode), due to the oxidation of metal atoms. Al-
ternatively, they can derive from metal salts added to the electrolyte solution
when non-consumable anodes are used; in this situation, ions of the metal
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to be plated must be periodically replenished in the bath as they are drawn
out of the solution 36,

In the typical electroplating process, current is supplied to the bath as
straight DC current, but is also possible to use a pulsed current, i.e. a se-
ries of short pulses (typically with frequencies from 500 to 10000 Hz). This
deposition method, called pulse plating, favors the initiation of grain nu-
clei and greatly increases the number of grains per unit area, resulting in a
finer-grained deposit with improved properties with respect to convention-
ally plated films. Indeed, typical advantages of pulse plating include better
distribution, lower porosity, higher density, greater throwing power (i.e. uni-
formity), improved hardness and less metal usage.

Not only the quality of the plated material, but also its thickness is a
crucial parameter. According to a law formulated by Michael Faraday (86,
thickness of the deposited material, current and time are related according
to the following equation:

At A "
anS_an‘]

where T is the thickness of deposited metal, i is the current, ¢ is the time,

(4.2)

S is the surface area of the deposit, j is the current density, p is its density,
A is the atomic weight,n is the valence of the dissolved metal in solution ex-
presses in eq/mol and F' is Faraday’s constant (i.e. 96485.309 C/eq). Once
a specific reaction is considered, A/(nF'p) has a fixed value, so thickness of
the deposited material is directly proportional to current density and depo-
sition time. In the case of nickel this constant is 3.4-107 cm?/C, considering
A=58.6934 g/mol, n=2 eq/mol and p=8.908 g/cm>. Thus, expressing the
current density j in mA /cm?, the resulting deposition rate 7'/t in gm/hour
is:

T
S =122 (4.3)

Electroplating is primarily used to cover objects to change their sur-
face properties (such as abrasion and wear resistance, corrosion protection,
lubricity, aesthetic qualities), but can be exploited also for micro- and nano-
structures growth!8%l. During this thesis work this deposition process was
exploited to grow nickel pillars in cylindrical cavities of micrometrical dimen-
sions, obtained inside a thick photoresist suitable for electroplating (AZ40XT)
or inside a doped silicon substrate etched with Reactive Ion Etching. Thus,
different cathodes were used: silicon substrates uniformly coated with 20 nm
of nickel, patterned with AZ40XT to mask a portion of the surface, and
highly p+ doped silicon substrates (p=0.005-0.025 Qcm) with 20 pm deep
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cylindrical cavities obtained with RIE. The anode was an AISI316 stainless
steel slab (with typical dimension of around 3 cm x 5 cm) and the electrolyte
a nickel sulfate bath. Both standard electroplating and pulse plating were
performed. Details of the optimization process and main growth parameters
are discussed in section 5.2.

4.1.5 Magnetron Sputtering
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Figure 4.5: Scheme of operation of a magnetron sputtering system (871,
Sputtering is a physical vapor deposition technique used to deposit thin films
on a surface, i.e. the substrate. A gaseous plasma is created and ions from
this plasma are accelerated onto a a source material, called target, which
is eroded by the incoming ions due to energy transfer. Neutral particles
(individual atoms, clusters of atoms or molecules) are thus ejected and effuse
towards the substrate, which is then coated with a thin film of the source
material. To create the plasma, atoms of an inert gas (typically argon) are
introduced into the high vacuum chamber and a negative bias voltage is
applied to the target (cathode). Free electrons are immediately accelerated
by the electric field in proximity to the target and ionize by collision the Ar
atoms, leaving Ar™ ions. Plasma is ignited thanks to this cascade process.
Then, positively charged Ar™ ions are accelerated towards the negatively
biased electrode (target), striking the surface and releasing source material
and more free electrons by energy transfer. To sustain a situation like this,
an energy source is required. A DC bias can be used for metals, while a RF
networks is required for insulators, otherwise the cathode etching would stop
due to target charging; RF is also used for some metals, where it provides a
better deposition with respect to DC sputtering.
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In magnetron sputtering (Figure 4.5), permanent magnets are located
behind the target in order to confine the free electrons in a magnetic field
directly above the cathode surface. This configuration is advantageous be-
cause it prevents the free electrons from bombarding the substrate, which
would cause overheating and structural damage. At the same time, the cir-
cuitous path carved by these same electrons when trapped in the magnetic
field enhances their probability of ionizing neutral Ar atoms by several or-
ders of magnitude. This increment in available ions significantly increases
the rate at which target material is eroded and subsequently deposited onto
the substrate. A magnetron sputtering source consists of a water cooled
target holder with an embedded magnet array and appropriate grounded
shielding.

During the fabrication of the devices described in section 5.4, a Leybold-
Heraeus LH Z400 MS system was used to deposit a 30 nm Cr adesive layer
and 100 nm of Aw for the electrical contacts, with a base pressure below
2.107% mbar. Argon flow during Cr sputtering is 70 SCCM (Standard Cubic
Centimeters per Minute), which corresponds to 20 nm/min, so the sample
must be left over the C'r target for 1 minute and 20 seconds. The flow for Au
deposition is 50 SCCM instead, resulting in a deposition rate of 26 nm/min
and a 4 minutes deposition to get the desired 100 nm. Before the sputtering
deposition, the sample surface was treated with monoatomic oxygen plasma,
created by exposing oxygen gas at a low pressure (typically 0.5-1.5 mbar) to
high power radio-frequency, which ionizes it. This operation was performed
in vacuum with a Plasma Asher PVA Tepla 200, kept for 8 minutes at
200 W. Thanks to this pretreatment, which should be performed right before
the deposition, the surface bonds breaks and the Cr adhesion to the clean
substrate improves.

4.2 Characterization

This section presents the main techniques used to characterize hemozoin
crystals from a magnetic and electrical point of view.

4.2.1 Vibrating Sample Magnetometer

A Vibrating Sample Magnetometer (VSM) is an instrument able to measures
magnetic properties of materials in an external magnetic field. The sample
under study is introduced between the poles of an electromagnet and two
pick-up coils (Figure 4.6a). First it is magnetized inside a uniform field
Hj and then is sinusoidally vibrated (thanks to piezoelectric materials or
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Figure 4.6: a. Sketch of the Vibrating Sample Magnetometer working principle
b. Microsense EZ9 Vibrating Sample Magnetometer 88,

modified audio speakers), introducing perturbations in the external magnetic
field. The magnetic flux density near the sample is B = pg (Ho + M) and its
flux across the pickup coils changes in time due to the vibration. Therefore,
according to Faraday’s law of induction, a sinusoidal electromotive force is
induced in detection coils:

V:_d<I>B:_dffSB~dS (4.4)

dt dt

where dS = ndS and n is the vector normal to the surface S. Considering

the relation between magnetic flux density, magnetization and external mag-
netic field and exploiting the linearity of integral and differential operators,
Eq. (4.4) can be written as:

dM
S — - dS 4.
Vv //SMO I (4.5)

where Hy doesn’t appear because it is uniform.

If sample dimensions are small compared to the distances between the
sample and the detection coils, magnetized sample can be approximated with
a magnetic dipole with a uniform magnetic moment (and so magnetization).
Thus, the amplitude of the electromotive force generated in the detection
coils is proportional to the magnetization of the sample and, due to the
scalar product with a vector normal to the surface S, only the component
along the field is selected; so the magnetic moment of the sample along the
field direction can be measured. The induced voltage is measured with a
lock-in amplifier, using the sinusoidal vibration signal as reference.
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The instrument used to measure magnetic properties of hemozoin crystals
in this thesis work (see section 5.1.1) is a Microsense EZ9 Vibrating Sample
Magnetometer (Figure 4.6b), that can reach fields up to 2.25 T and measure
magnetic moments down to 1 pemu. This model can measure liquid, powder,
solid, bulk and thin film samples, in a temperature range from 4.2 K to
1050 K. VSM is controlled by a software, that sets a constant magnitude
of the uniform magnetic field applied by the poles to the vibrating sample,
measures the signal, averages and translates it into a value for the magnetic
moment. This procedure is repeated for different values of the field, thus it
is possible to record magnetization curves of materials.

4.2.2 Conductive Atomic Force Microscopy

Atomic force microscopy (AFM) is a very-high-resolution type of scanning
probe microscopy (SPM), with lateral resolution up to fractions of a nanome-
ter (depending on the tip dimensions and the scanning mode) and vertical
resolution that can reach picometer in optimal conditions. A cantilever with
a sharp tip (probe) at its end is used to scan the specimen surface such
that the interaction between tip and sample, an atomic scale phenomenon,
is transduced into changes of the motion of cantilever, a macro scale phe-
nomenon. A laser beam is directed on the backside of the cantilever and
reflected onto a position sensitive photodetector; thus, when the bending of
the cantilever changes, the laser spot on the detector moves, allowing to con-
vert the deflection into an electrical signal. A feedback loop keeps tip-sample
interaction force or distance constant, acting on piezoelectric elements con-
nected to the cantilever and/or the sample. AFM can operate in different
modes, depending on the application. In general, possible imaging modes
are divided into static (also called contact) modes and a variety of dynamic
(non-contact or tapping) modes, where the cantilever is vibrated or oscillated
at a given frequency.

Conductive atomic force microscopy (C-AFM) or current sensing atomic
force microscopy (CS-AFM) is an AFM mode that allow to simultaneously
measure the topography of a material (operating in contact mode) and the
electric current that flows at the contact point of the tip with the sample sur-
face when a voltage difference between them is present. It is also possible to
keep the tip fixed in a certain position on the sample and study how the cur-
rent changes when different voltages are applied, collecting I-V curves. The
topography is acquired using the deflection signal of the cantilever, while the
electric signal is measured through a current-to-voltage preamplifier. Indeed,
the analogical current signal due to the imposed voltage difference needs to
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Figure 4.7: Scheme of operation of a CS-AFM.

be converted into a digital voltage that can be read by the data acquisi-
tion card of the computer. A sketch of the described CS-AFM system is
represented in Figure 4.7.

To operate an AFM in the current sensing mode, the probe tip must
be conductive. Usually, standard silicon nanoprobes (as those used in to-
pographic AFM measurements) coated with thin metallic films are used.
The metallic coating should be thick enough to withstand the large current
densities and frictions and at the same time thin enough to not increase
significantly the radius of the tip apex, maintaining its sharpness and ensur-
ing a high lateral resolution. The lifetime of the metal-coated tips used for
CS-AFM is much shorter than in any other AFM mode. Indeed, the high
current densities flowing through the tip/sample nanojunction and the lat-
eral frictions may damage the tip (metal layer melting or partial wear-off),
affecting its conductive properties. In practical measurements, the sample
is usually fixed on its holder using a conductive tape or paste (silver paint)
and is isolated from external electrical interferences with a Faraday cage.

A Keysight 5600LS AFM system with PtIr-coated silicon tips (ANSCN-
PT, AppNano-USA) was used to characterize hemozoin crystals dispersed on
a gold coated substrate, as discussed in section 5.1.1.

4.3 Experimental setup for capture experiments

The ability of the devices developed in this thesis work to capture hemozoin
crystals, red blood cells and superparamagnetic beads was tested in magnetic
capture experiments, described in detail in section 5.3. The setup used for
these tests is represented in Figure 4.8.
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Figure 4.8: Setup used in magnetic capture experiments: a Nikon ECLIPSE
optical microscope equipped with a 60x water immersion objective and an EM-
CCD camera, the designed system of magnets and a sample support endowed with
micromanipulators.

The aim of these experiments was to see if, where, according to which
mechanism and timing particles are attracted towards the ferromagnetic con-
centrators, when an external field is applied. To provide the required external
magnetic field, the system of Neodymium Iron Boron (NdsFe14B) permanent
magnets described in section 3.2.2 was used; it is located underneath the
Petri dish containing the chip and the solution with the particles to analyze.
All the Neodymium Iron Boron magnets are inserted in a support made by
3D printing of PLA (polylactic acid); to keep them in position a thin copper
sheet is used, patterned to allow a proper alignment of the Petri dish with
respect to the system of permanent magnets.

The experiments were monitored using a Nikon ECLIPSE optical mi-
croscope, equipped with a 60x water immersion objective and an EMCCD
camera. Two additional filters are installed in the light pathway of this
microscope: FITC (Fluorescine IsoThio-Cyanate), with an excitation band-
pass of 465-495 nm (blue spectral region) and an absorption bandpass in
the green spectral region from 515 nm to 555 nm, and TRITC (Tetram-
ethyl Rhodamine Iso-Thiocyanate), that has an excitation bandpass of 525—
540 nm (green spectral region) and absorbs in the red spectral region from
605 nm to 655 nm. Fluorescence has been employed in capture experiments
to identify the position of magnetic nanoparticles and red blood cells, both
functionalized with TRITC markers.
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4.4 Red Blood Cells treatment protocol

In 1936 Pauling et al.l'”l discovered that oxyhemoglobin (oxyHb) is dia-
magnetic, while deoxygenated hemoglobin (deoxyHb) and methemoglobin
(metHb, the oxidized form of hemoglobin) are paramagnetic. Exposing
RBCs to particular oxidizing drugs leads to an oxidation of their hemoglobin
into metHb 217071 indeed, the ferrous ions (Fe?*) are converted to the fer-
ric (Fe3t) state. As discussed in section section 2.2.2, the hemozoin heme
electron configuration corresponds to the one present in metHb!®l. Thus,
the conversion from diamagnetic oxyHb to paramagnetic metHb in treated
RBCs (t-RBCs) can be regarded in the same way as the one that occurs in
infected RBCs (i-RBCs) due to malaria parasite[?!]. To obtain RBCs with
magnetic properties similar to infected ones, a treatment with a solution of
NaNOg was performed on bovine blood, according to the protocol described
below. Blood samples were provided and treated by Annalisa Dimasi, Marco
Piola and Prof. Gianfranco B. Fiore from puBS Lab of Politecnico di Milano.

Figure 4.9: Solution of treated (a.) and untreated (b.) RBCs suspended in PBS.

Bovine blood, mixed with 5000 ul/ml of sodium heparin as an antico-
agulant, is centrifuged such that red blood cells (RBCs) are separated from
plasma and other blood components. Once insulated, they are resuspended
in PBS (phosphate buffered saline) to reach a hematocrit around 45%. This
solution must be conserved at 4°C; if it is not used just after the resuspension,
a washing treatment to remove hemolized RBCs is required. After a 20 min-
utes oxygenation with a peristaltic pump, the suspension is divided in two
samples: a negative control (untreated RBCs, ut-RBCs) and a positive one
(treated RBCs, t-RBCs). The latter is treated with a 30 mg/ml NaNOg solu-
tion, such that a NaNOg concentration of 840 pg/ml (NaNOg mass/RBC sus-
pension volume) is obtained. The suspension is stirred for 30 minutes and
needs to be used within the day, because the treatment effectiveness de-
creases in timel™. The two samples exhibit very different colors, as showed
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in Figure 4.9: the untreated sample has the typical bright red color of oxy-
genated blood, while the treated sample is dark red since metHb cannot
carry oxygen. Note that metHb forms in low level also in vivo due to natu-
ral oxidative mechanisms!®%9 thus a low but not null percentage of metHb
can be present also in the untreated sample. Then, both RBCs solutions
were stained with a fluorescent marker CellTracker™™ Red CMTPX Dye
(Thermo Fisher Scientific-USA), with maxima of excitation and emission
at 577 nm and 602 nm, respectively. They were used to perform magnetic
capture experiments, as described in section 5.3.3.



Chapter 5

Experimental results

The main experimental results obtained during this thesis work are presented
in this chapter. First, a characterization of magnetic and electric properties
of hemozoin crystals is reported. Subsequently, the fabrication process for
the chip realization is described, with a focus on the optimization of nickel
electroplating. Then, an application of the fabricated devices in magnetic
capture experiments, performed with magnetic beads, hemozoin crystals and
bovine RBCs treated to model infected RBCs, is shown. Finally, for the sake
of completeness, the main results of impedance measurements performed by

Prof. Marco Sampietro’s group are presented.

5.1 Characterization of hemozoin crystals

Magnetic and electric properties of hemozoin crystals were characterized to
determine the real parameters to be used for the design of the diagnostic

cl6:16,18-20] " byt recently

chips. Hemozoin has been considered paramagneti
Inyushin et al.[%¥ proposed that it has a superparamagnetic behavior in-
stead. Since hemozoin magnetic response to an applied H field, i.e. its
magnetic susceptibility y, is a crucial parameter in the design of the di-
agnostic test, we performed independent VSM measurement on the same
synthetic crystal used by Inyushin and coworkers. Furthermore, no informa-
tion about hemozoin conductivity can be found in literature, thus an elec-
trical characterization was fundamental, since this is a central property in
impedance detection. A low frequency (DC) characterization was performed
with CS-AFM, while high frequency properties were analyzed in impedance

measurements, as described in section 5.4.

64
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Figure 5.1: Magnetization curve of hemozoin crystals measured with a Microsense
EZ9 Vibrating Sample Magnetometer. m represents the total magnetic moment of
the sample.

5.1.1 Magnetic characterization

Volume magnetic susceptibility x of synthetic hemozoin crystals (InvivoGen-
USA) was evaluated measuring their magnetization curve (i.e. m vs H) with
a Vibrating Sample Magnetometer (VSM). Hemozoin, provided as a black
powder, was inserted in a plastic cuvette, fixed to a quartz stick connected
to the oscillating system. A (3.3 + 0.2) mg hemozoin sample was tested,
varying the external field H between -1.5-10* Oe and 1.5-10* Oe. The average
net signal resulting from three measurements, after the subtraction of the
background signal arising from the sample support (i.e. cuvette, stick and
tape to fix them), is shown in Figure 5.1. Blue points are the measured
data, denser close to the origin to investigate the behavior in a more precise
way, while the interpolating curve is a straight line with angular coefficient
6.2234-10~° memu,/Oe.

The straight line with positive angular coefficient and passing through
the origin indicates a paramagnetic behavior; saturation is not achieved in
the analyzed H field interval. Starting from the relation M = yH and con-
sidering that magnetization M is the magnetic moment m per unit volume,

the volume magnetic susceptibility x can be calculated as:

Am

= AEi (5.1)

X
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where Am/AH is the angular coefficient of the straight line interpolating the
measured point and Ve = 2.21-1072 cm? is the analyzed hemozoin volume.
Considering the proper conversion factors to express all the measured quan-
tity in SI units, the obtained volumetric susceptibility for hemozoin crystals
is (3.5 £ 0.2)-107%.

This value is very close to the one calculated by Coronado et al.l6l,
starting from experimental results acquired by Hackett et al.['6l ie. y =
3.20 - 10~%. Conversely, measuring synthetic crystals produced by the same
company we used as a supplier, Inyushin et al.l5% obtained a much larger
value, i.e. xy = 3845. Thus, due to the high value of susceptibility, Inyushin
and coworkers suggested that hemozoin crystals have a superparamagnetic
behavior. However, our independent VSM measurements do not confirm
this conclusion. Moreover, magnetic capture experiments of superparam-
agnetic beads (x ~ 1) and hemozoin crystals with similar dimensions (i.e.
200-300 nm) were performed, as discussed in detail in section 5.3. While
for beads an almost instantaneous capture was observed, the dynamics of
hemozoin crystals was much slower. Therefore, according to our results, it
is unlikely that hemozoin may have a susceptibility more than one thousand
times higher than magnetic beads. Additional measurements to check our
results on a different batch of hemozoin crystals have been planned, but these
data are not available at the time of writing of this thesis.

5.1.2 Electrical characterization

Hemozoin DC conductivity was measured by Current Sensing Atomic Force
Microscopy (CS-AFM). As described in section 4.2.2, with CS-AFM allows
to acquire both topographic images of the sample and I-V curves in specific
points. Topography was used to identify the position of hemozoin crystals,
while their conductivity was measured thanks to I-V curves. To spread the
particles to analyze on a proper support, a few pl of a solution of hemozoin
crystals in deionized water were poured on a gold-coated silicon substrate,
which was left on a hot plate until complete water evaporation. Measure-
ments of I-V curves were performed on several points of the surface, both on
the gold substrate and on hemozoin crystals, applying to the PtIr-coated
S tip a voltage bias up to + 10 V, by performing a sweep from 0 V to 10 V,
then to -10 V and finally again to 10 V. During tests on hemozoin crystals,
a current lower than a few pA was recorded, thus indicating an insulating
behavior. Conversely, on the Au substrate, as soon as the applied tension
reached a few mV, the current flowing between the tip and the conductive
substrate saturated to 10 nA (the maximum readable value). I-V curves
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on gold were taken before and after measurements on hemozoin crystals, to
check the tip status, i.e. if it was still conductive or not due to a partial
removal of the metallic coating (i.e. wear off). I-V curves recorded on the
gold layer and a hemozoin crystal are showed in Figure 5.2.
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Figure 5.2: I-V curves of gold and hemozoin crystals.

5.2 Optimization of the electrodeposition process

The purpose of the detection system developed in the T1D MEKII project is to
attract hemozoin crystals and infected red blood cells exploiting their para-
magnetic properties, concentrate them in specific areas and quantify their
number through an impedance detection. To achieve this result, a system
made of an array of nickel concentrators with gold electrodes above them has
been designed, taking into account the results of the simulations described
in section 3.2. Then, a suitable fabrication process has been implemented for
the two components, i.e. the magnetic pillars and the electrodes, while their
integration on the real chip is still under development. A partial integra-
tion of the two parts for preliminary experiment of capture and detection is
presented in section 5.4. As far as device fabrication is concerned, the focus
in this thesis work has been mainly on the magnetic layer, whose central
process is the growth of 20 pm-height nickel pillars via electroplating. The
optimization of this technique is described in detail in the following sections.
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5.2.1 General parameters

Nickel electroplating is typically used to deposit thin films on macroscopic
metal objects to provide corrosion and mechanical resistance or for decorative
purposes. However, this technique is applied also in microfabrication, mainly
for coatings depositions!?1"98l: there are just a few examples of electroplat-
ing for the growth of structures inside pattens [99-103] " ysually defined by a
photoresist mask. In case of non-metallic substrates (e.g. silicon wafers),
a seed layer with a thickness of few nm is typically evaporated before the
electrochemical process, to provide a uniform current to the sample and im-
prove the adhesion of electrodeposited nickel, usually not optimal on silicon.
Although electrodeposition is a relatively low cost and in principle simple
technique, it has many parameters that need to be controlled. Indeed, the
deposition rate and the quality of the plated material are strongly dependent
not only on the composition of the plating bath and the conditions used for
the deposition (i.e. temperature, stirring, pH, anode), but also on the cur-
rent provided to the circuit (absolute value and type, i.e. DC or pulsed).
The choice of these parameters is crucial for the growth of microstructures
like the ones designed for the magnetic layer of the detection device. During
my thesis I developed from scratch the process of nickel electroplating within
micrometric patterned cavities in silicon wafers. This is the first example of
growth by electroplating performed in the Polifab cleanroom. The magnetic
attraction capabilities of the deposited Ni microstructures have been proved
in capture experiments, as described in section 5.3.

A Watts bath (ASTRO ROTO PLUS, Tecnochimica-Italy), containing
nickel sulfate (180-200 g/1) together with nickel chloride (70-90 g/1) and
boric acid (40-45 g/1), has been used for Ni electroplating. The solution
was agitated with a magnetic stirrer and kept at a temperature around 55°C
during the process. The anode mainly used for the process was an AISI316
stainless steel slab, with dimensions around 3 cm x 5 cm. Some tests were
performed using a grid of MMO (mixed metal oxides), but its discontinuous
shape strongly affected the uniformity of the deposited material inside the
pattern. Two different kinds of cathodes were used, as discussed afterwards,
with dimensions around 2.5 cm x 3.5 cm. They were bigger than the final
chip area (1 cm x 1 cm) because an electrical contact between the sample
and the circuit needs to be established (through silver paste and a metallic
clamp); in addition, sample dimensions must be sufficient to allow a proper
immersion in the plating bath. Moreover, kapton tape was used to cover
the edges of the sample, to prevent unwanted Ni deposition in these areas,
originating from tip effect.
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Electrodepositions with DC current were performed using a current gen-
erator, monitoring the constant applied current with an amperometer. More-
over, the corresponding voltage drop, measured by the generator itself, was
kept under observation because a too intense increase of its value would
damage both the cathode and the plating solution. The applied current was
~1 mA and the measured voltage around 1 V, so the resistance of the plating
bath R, was ~1 k(). Conversely, for pulse plating a voltage generator was
used. In order to provide a constant current to the circuit, despite the varia-
tions of the plating bath resistance, a 8.2 k{2 resistor was connected in series
with the electrochemical cell. In this configuration the current was mainly
determined by the external resistor and only slightly influenced by the small
variations of R,;. Moreover, a 0.1 uF was connected in parallel to the 8.2 kf)
resistor, to eliminate the effect of the capacitive component of the solution.
Since the total resistance was in the order of 10 k€2 and the required current
~1 mA, 10 V were applied for a 400 ms pulse, followed by 100 ms at 0 V. An
oscilloscope was used to monitor the current flowing in the circuit. It was
connected in series with the other elements of the circuit and a 50 {2 input
impedance was set, such that it did not modify the current flow in a relevant
way. A scheme of the total electrical circuit used for deposition with pulsed
current is shown in Figure 5.3.

R=8.2kQ

Oscilloscope
—/\/\/— Anode Cathode

\ C=0.1pF

Figure 5.3: Scheme of the electrical circuit used to provide current during pulsed
depositions.

5.2.2 Initial process

At first, electroplating has been performed with DC current on a silicon sub-
strate with a continuos 20 nm nickel layer evaporated on the whole sample.
To properly define the areas of pillar growth, a 20 um layer of AZ40XT resist
was patterned via photolithography, creating an array of cylindrical holes.
Nickel was electrodeposited only inside these cavities, since the insulating
resist layer prevented its growth in different areas. Then, the photoresist
was removed in acetone, leaving nickel pillars above the uniform Ni seed

layer.
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Figure 5.4: SEM images of nickel pillars with different dimensions. a. Cylinder
with d=20 pm and h~20 pm. b. Cylinder with d=20 pym and h~4 pm. c. Detail
of the upper surface of a 20 pm-diameter cylinder. d. Array of cylinders with

d=20 pm and h~8 um, arranged in a hexagonal close-packed structure with a
80 pum spacing. The scale bars are 5 pm.

Since depositions on samples with different patterns have been performed,
the relevant parameter used to compare them is not the current but the cur-
rent density j, i.e. the current provided per unit surface. The typical DC
currents we used (from 0.5 to about 1.5 mA) correspond to densities between
10 and 20 mA /cm?. According to Eq. (4.3) presented in section 4.1.4, the
deposition rate 7'/t is proportional to the current density j, with a propor-
tionality constant of 1.22, considering j in mA/cm? and T/t in ym/hour.
Thus, for the deposition conditions we used the rate should be around 12—
24 pm per hour. Results slightly lower with respect to these values (i.e.
~10 pm/h with j = 10 mA/cm?) were obtained for deposition on unpat-
terned samples, while an accurate calibration for patterned samples was not
achieved due to non-uniformity of the deposited cylinders. Indeed, the ob-
tained wide distribution of the pillars height, due to a preferential growth
in some regions, made impossible to properly determine the deposited thick-
ness. In some cases the electroplated pillars became even higher than the
20 pm-thick resist, thus creating preferential spots for a more rapid further
growth outside the cavities.
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In Figure 5.4 some examples of microstructures fabricated with Ni elec-
troplating are represented. As it can be noticed, both in the overview (Fig-
ure 5.4d) and in a zoom of the upper surface (Figure 5.4c), the deposited
material is not perfectly uniform and planar, with some preferential growth
closer to the edges. Apart from the unavoidable electrostatic edge effects,
most of the height variability can be attributed to variability in the quality
of the Ni seed layer surface prior to the electroplating process. Although
AZ40XT is a photoresist suitable for electroplating!®3, many problems re-
lated to sample surface cleaning arise, before and after the deposition. In-
deed, the presence of the resist mask prevents the use of typical organic
solvents (i.e. acetone and isopropyl alcohol) to remove impurities from the
surface before the deposition. Additionally, the photoresist is affected by
temperature variations when the sample is inserted in and extracted from
the electrodeposition bath. These thermal gradients result in the creation
of cracks in the resist mask, that prevent redeposition on the same sample
(required when the deposited thickness is not enough); moreover, they make
resist removal harder after the deposition.

5.2.3 Improved process

Using a Ni seed layer and a photoresist mask we were able to fabricate mi-
crometric nickel pillars, tested in preliminary magnetic capture experiments
after removal of the photoresist mask. However, this configuration cannot be
applied in the final device because a planar surface is needed to fabricate the
electrical layer (i.e. electrodes and electrical connections) above the mag-
netic one. Since a 20 pum planarisation is really hard to achieve, a different
strategy was adopted. Instead of growing pillars above the surface in cavities
defined with a photoresist, the Si substrate was etched to create 20 pm-deep
cylindrical cavities, inside which Ni can be grown by electroplating. Thus,
filling the cavities with nickel, a planar surface can be obtained.

The main steps of this new fabrication process are represented in Fig-
ure 5.5. Firstly a pattern is defined through photolithography with AZ40XT
photoresist. Then the regions not covered by the resist are etched away by
Reactive Ton Etching, that creates cylindrical cavities with a 20 ym depth.
Without removing the photoresist, 15 nm of nickel are evaporated on the
whole sample, but only the layer on the bottom of the cavities is left after
resist lift-off. Subsequently, 20 pm of nichel are grown by electroplating in-
side the cavities, thus filling them up to the sample surface level. Finally,
100 nm of S04 are evaporated as insulating layer.
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Figure 5.5: Sketch of the main fabrication step of the magnetic layer.

To allow a current flow across the whole sample without the need of a
continuous metallic seed layer, a different substrate was used, i.e. highly
p+ doped silicon with a resistivity p = 0.005 — —0.025 Qcm. A thin nickel
seed layer was evaporated on the bottom of the cavities before electroplating
because the adhesion of electrodeposited Ni on S% was poor. Due to the
high directionality of RIE and e-beam evaporation, this thin layer was not
deposited on the lateral surfaces of the holes but only on their bases, thus
resulting in an improved adhesion of the electroplated material and in the
promotion of a growth starting from the bottom of the cavity. Furthermore,
in this new configuration the photoresist can be removed after the seed layer
deposition, as its role of insulating mask during deposition is no more needed.
Indeed, the difference between the top Si surface and the bottom of the
cavities covered by the Ni seed layer is enough to promote the selective
growth in the cavities. Being able not to use the resist is a great advantage
as far as sample cleaning is concerned.

As a consequence of the very directional etching performed with RIE,
sharp edges were created on the substrate surface in correspondence of the
deep cavities. The tip effect arising from these areas, together with the dif-
ficult penetration of the ions in the solution inside the holes, led to the for-
mation of toroidal structures around the upper circumference of the cavities,
as shown in Figure 5.6a. This problem was solved by using pulsed current
instead of DC current. In samples deposited using current pulses, like the
one illustrated in Figure 5.6b, initial nucleation occurred on the bottom of
the holes and the further growth allowed to fill the cavities in a relatively
uniform way. Additionally, to make the surface more hydrophilic and favor
the penetration of the solution within the cavities, samples were treated with
ethyl alcohol just before the deposition. Although it has been extremely re-
duced, an influence due the edge effect is still present; indeed, some pillars
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Figure 5.6: Top-view SEM images of Ni pillars deposited with DC (a.) and
pulsed current (b.). Diameters are 30 pum and 25 pm, respectively, and both pillars
grew in 20 pm-depth cavities. The scale bars are 5 pm.

grow preferentially closer to the lateral surface of the cavities, thus creating
sometimes a slight depression in the central part of the cylinder.

As previously mentioned, current was applied with 400 ms pulses, fol-
lowed by 100 ms intervals where no tension was provided by the genera-
tor. A proper correlation between the deposition time and the electroplated
thickness has not been established so far, due to uniformity and repeatability
problems. Nevertheless, pulsed current allowed to obtain a growth proceed-
ing from top to bottom, as clearly visible in Figure 5.7, where a cavity inside
the substrate, partially filled with electroplated nickel, is represented. Next
step will be the control of the deposition conditions in order to improve the
reproducibility and tune the deposition time to obtain the complete filling of
the cavities over the whole chip. Indeed, a good surface planarity is needed
to fabricate the electrodes on top of the pillars.

Electroplating was performed on arrays of circles with different diame-
ters (from 20 to 40 pm) and spacings (from 60 to 160 pum). As expected,
considering the same parameters and deposition conditions, better results
were obtained for cavities with a larger diameter and thus a reduced aspect
ratio. A portion of the three patterns used to test the influence of geometry
on magnetic capture efficiency is shown in Figure 5.8. In the first pattern
(Figure 5.8a) the cavities are not completely filled, while in the other two
(Figure 5.8b,c) a slightly excessive growth led to the formation of a portion
of Ni structure also outside the cavities. Indeed, the effective diameters of
the deposited pillars on the sample surface is higher that the dimensions of
the filled cavities. Note that, for all these samples, a hexagonal close packed
(HCP) structure was chosen to maximize packing and improve capture effi-

ciency.
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Figure 5.7: Cross-section SEM image of a Ni pillar grown inside a 20 pm-deep
cavity with a 25 pym diameter. The scale bar is 5 pm.

To summarize, the best results obtained so far have been achieved by
adopting the following procedures:

e Use a pulsed current;

e Promote the growth from the bottom of the cavities with a metallic
seed layer;

e Cover the edges of the sample with kapton tape to avoid unwanted
deposition of Ni outside the pattern;

e Do not use a photoresist mask during electroplating;

e Increase surface wettability with a treatment in ethyl alcohol just be-
fore the deposition, to favor the penetration of the ions in the bath
within the cavities;

e Use silver paste to establish a more stable contact between the sample
(cathode) and the rest of the electric circuit.

Despite the progresses reached so far, electroplating process has not been
fully optimized yet. The major problems are related to the lack of complete
repeatability in different depositions performed with the same nominal con-
ditions and to the non-uniformity of the nickel pillars within the same sam-
ples. Indeed, good quality pillars have been fabricated, but not always on
the whole pattern. Furthermore, efforts are still needed to obtain a planar
surface to allow electrodes fabrication. Nevertheless, nickel pillars fabricated
so far have shown good magnetic attraction capabilities, as described in the
next section, thus allowing to demonstrate the feasibility of the diagnostic
test proposed within the TID MEKII project.
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Figure 5.8: SEM images of the Ni pillars arrays used in capture experiments. a.
Tilted view of a HCP array with d=25 pm and s=60 um. b. Top view of a HCP
array with d=30 pm and s=80 um. c. Tilted view of a HCP array with d=45 ym
and s=160 pym. The scale bars are 20 pm.
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5.3 Magnetic capture experiments

The designed detection device should operate in reversed configuration, i.e.
with magnetic force opposing gravity. Indeed, in this situation i-RBCs and
hemozoin crystals are attracted upwards towards the electrodes, while non-
infected erythrocytes and the other blood cells (i.e. white blood cells and
platelets) sediment, as discussed in section 1.2.2. So far, preliminary experi-
ments have been carried out in direct configuration (i.e. with magnetic force
directed as gravity) to test the capture efficiency of the fabricated nickel
concentrators and the magnetic properties of hemozoin crystals and RBCs
treated to assume a behavior similar to the infected ones. Thanks to these
experiments it was possible not only to test magnetic objects fabricated by
electroplating, but also to verify the effectiveness of the treatment on RBCs
and to acquire additional information on the magnetic properties of hemo-
zoin crystals. Surely an important step in the next phase of the TID MEKII
project will be to repeat the tests in reversed configuration, but the results
acquired so far have been extremely useful.

Nickel concentrators fabricated according to the processes described in
the previous section proved their capability to attract and concentrate mag-
netic particles in tests carried out on superparamagnetic beads, hemozoin
crystals and red blood cells. During the experiments, each sample with
electroplated magnetic concentrators was placed in a Petri dish above (i.e.
in direct configuration) the permanent magnets system described in sec-
tion 3.2.2, able to provide a ~2-10'* A?/m? gradient in the region around
the sample. After pouring a solution with magnetic particles on the sample
surface, capture mechanism was monitored with a Nikon ECLIPSE optical
microscope, equipped with a 60x water immersion objective and a TRITC
filter. The main results of these experiments, performed on the three samples
represented in Figure 5.8, will be presented in the following sections.

5.3.1 Fluorescent superparamagnetic beads

Magnetic properties of the nickel pillars were first tested in capture exper-
iments with magnetic nanoparticles (nanomag-CLD-redF, Micromod), even
though they are not involved in malaria diagnosis. Indeed, as mentioned in
section 3.2.4, the magnetic attraction system developed for malaria detection
may be applied also to trapping or separation of magnetic particles for other
purposes. Magnetic beads were considered for the experiments because they
are typically used as label for other non-magnetic particles. Furthermore,
they constitute well known and characterized magnetic particles, ideal for
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assessing the capture capability of fabricated chips.

A solution of magnetic beads dispersed in PBS with a 5 ug/ml con-
centration was used. These particles are functionalized with a fluorescent
marker in the far-red, thus they can be observed both in bright field and
with the fluorescence signal acquired thanks to a TRITC filter. Since they
have a high susceptibility (x ~ 1), magnetic force towards the Ni pillars (see
Eq. (2.14)) is really intense, while the contribution of the forces acting in
the opposite direction (i.e. drag and buoyancy forces) is weak due to the
reduced dimensions of the particles (i.e. 300 nm). The resulting capture was
basically instantaneous, thus in Figure 5.9 we present images of the samples
before (tp) and right after (t¢) the pouring of the solution of magnetic beads.
The control tests were performed in the same way in absence of the external
magnet.

All tested patterns had HCP structures, but pillars with different di-
ameters and spacings (i.e. center-to-center distance) were considered, to
study the influence of these geometrical parameters on capture efficiency.
Each column in Figure 5.9 represents a sample with a different pattern:
25 pm-diameter pillars with 60 pm spacing in the left column (Figure 5.9a),
30 pm-diameter pillars with 80 pum spacing in the central one (Figure 5.9b)
and 45 pm-diameter pillars with 160 pym spacing in the column on the right
(Figure 5.9¢). The number of pillars in the microscope field of view depends
mainly on the spacing between the elements of the arrays. Therefore, many
concentrators can be seen in Figure 5.9a and Figure 5.9b, while a single one
is present in Figure 5.9c because its distance with the nearest neighbors is
160 pm.

Beads position can be identified thanks to the red fluorescence signal they
emit when properly excited. In presence of the external magnet, a complete
capture of the beads is obtained for all three pattern, due to the intense mag-
netic force particles are subjected to. Indeed, in Figure 5.9a-c(ii) there are
no beads on the sample surface outside the patterns. Conversely, in absence
of the external magnets (i.e. for the control samples), there is no magnetic
force able to attract the beads, thus they can reach the sample surface only
through sedimentation. This phenomenon is slow due to beads reduced diam-
eter (i.e. 300 nm), so there are no particles visible in Figure 5.9a(iii),b(iii)
and only a few of them floating in solution in Figure 5.9¢(iii). However,
pillars irregularities cause some unexpected fluorescence signals, mainly in
correspondence of the external edges (Figure 5.9b) and the slight depressions
in the central part of the cylinder upper base (Figure 5.9a,c). In particular,
around the pillars in the control sample in Figure 5.9b(iii) a fluorescence sig-
nal not visible in the sample without beads (Figure 5.9b(i)) is present. It may
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Control

Figure 5.9: Results of the magnetic capture experiments performed on fluorescent
magnetic beads, obtained as a superposition of bright field and TRITC images.
Each column corresponds to a sample with a different pattern, while the first two
rows indicate the observation time: before (ty) and right after (¢;) the pouring of
the beads solution. The last row presents the control samples after the pouring of
the beads solution. Scale bars are 20 pm.

be due to pillars irregularities, as previously discussed, or a weak attraction
may result from the remanence magnetization present in Ni concentrators
after the removal of the external magnet.

While for the pattern in Figure 5.9b(ii) the particles are almost uniformly
captured on the whole pillar (mainly on the edges), for the other two (i.e.
Figure 5.9a(ii),c(ii)) they are localized in specific regions close to the edges.
This asymmetry may result from non uniformities of the pillar surface or of
the local magnetic field gradient. Additionally, many particles accumulate
on top of the capture areas, forming three-dimensional structures. Thus, it
is not possible to have a clear estimate of the amount of beads captured on
each pillar considering just the area. It is not possible to count them neither,
since single particles cannot be differentiated when gathered. Nevertheless,
the almost total absence of beads on the sample surface outside the pillars
is a clear indication of the capture efficiency of the tested structures.
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5.3.2 Hemozoin crystals

Hemozoin crystals are among the particles that the designed malaria de-
tection device aims to capture. Therefore, test the developed magnetic at-
traction system on these objects is fundamental. Magnetic properties of
the synthetic hemozoin crystals (InvivoGen-USA) used in capture experi-
ments have been characterized via VSM measurements, as described in sec-
tion 5.1.1. The obtained susceptibility value is 3.5-107%, i.e. four orders
of magnitudes lower than the superparamagnetic beads considered in the
previous section. Since the dimensions of these two particles (i.e. hemo-
zoin crystals and beads) are similar, sedimentation and drag contribution
are almost the same, while the magnetic force is around 10 times higher for
magnetic beads due to the larger x. Thus, since magnetic force is much less
intense, attraction of hemozoin crystals is not instantaneous like for beads,
longer times are required. Capture dynamics was monitored for around
60 minutes from the pouring of the solution of hemozoin crystals in PBS
(concentration ~100ug/ml). Images of the samples at the beginning of the
observation and after 30 and 60 minutes are shown in Figure 5.10. As for
magnetic beads, control tests were performed in the same conditions but in
absence of the system of permanent magnets; observation time was reduced
to 30 minutes because the behavior of the tested particles was clear. As in
the previous section, each column in Figure 5.10 represents a sample with
a different pattern: 25 pum-diameter pillars with 60 pm spacing in the left
column (Figure 5.10a), 30 pum-diameter pillars with 80 pum spacing in the
central one (Figure 5.10b) and 45 pm-diameter pillars with 160 pum spacing
in the column on the right (Figure 5.10c¢).

Magnetic concentrators result to be good attractors also for hemozoin
crystals, even though with a slower dynamic with respect to superparamag-
netic particles. Indeed, after 60 minutes all the particles are captured on the
Ni pillars in the 60 pm-spaced array (Figure 5.10a(iii)) and an almost com-
plete capture is achieved also for the other patterns (Figure 5.10b(iii),c(iii)).
Furthermore, even after 30 minutes (Figure 5.10a-c(ii)) there are nearly no
hemozoin crystals on the sample surface outside the concentrators. Thus,
the vast majority of the particles that reach the proximity of the sample
surface is captured and, as the time goes on, more hemozoin crystals are in
this condition. Indeed, the time required to reach this situation is longer
for more distant particles. However, note that the solution volume needed
to observe the system with the immersion objective (~300ul) and so the
thickness of the droplet are much larger than the ones we planned to use
in the designed malaria detection device. Therefore, in the final device all
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Figure 5.10: Results of the magnetic capture experiments performed on hemozoin
crystals. Each column corresponds to a sample with a different pattern, while
the first three rows indicate the observation time, i.e.0-30-60 minutes from the
beginning of the experiment monitoring. The last row presents the control samples
after 30 minutes from the beginning of the observation in absence of the magnet.
Scale bars are 20 pm.

the hemozoin crystals in the analyzed blood sample (i.e. ~50 ul) should be
captured in a shorter time.

Observation time does not start as soon as the solution is poured on the
sample, because some operations need to be performed to properly visualize
it, i.e. insert the immersion objective in the solution and focus on the sample
surface. Some hemozoin crystals can be seen also in the images at t=0 min-
utes (Figure 5.10a-c(i)) because they have been captured in this short time
interval. Moreover, as observed for magnetic beads, capture seems to occur
preferentially along the edges of the pillar surface also for hemozoin crystals.
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Similarly to beads, in absence of the permanent magnets system hemozoin
crystals move downwards only due to sedimentation. The monitoring time
is long enough to observe a uniform sedimentation of the particles on the
whole sample surface, without any specific attraction towards the pillars.

The simulation platform developed in COMSOL Multiphysics to study
the feasibility of the detection device, described in section 3.2, has been val-
idated considering the conditions of real experiments on hemozoin crystals,
i.e. with the system of permanent magnets underneath the sample provid-
ing VH? ~ 210" A?2/m3. A HCP array of 20 pum-diameter Ni cylinder
with a 60 pm spacing has been simulated, considering particles released at
50 pm from the sample surface. The result of the Particle tracing simulation
after 30 minutes is shown in Figure 5.11. Almost all the particles released
at 50 pum from the surface are captured within this amount of time. De-
spite an accurate comparison of the capture times between simulation and
tests on real devices cannot be performed because in the latter particles are
dispersed at different distances from the sample surface, the order of magni-
tude of the capture mechanism duration is the same. Furthermore, almost
all particles are captured in both cases. However, in simulations particles
are attracted in the center of the surface of the pillars, while in tests on real
devices capture occurred preferentially close to the edges. Although addi-
tional tests on pillars with a more regular surface are required, also some
simulation conditions should be reconsidered. Indeed, as a first approxima-
tion it was imposed that the particles stop when reaching the sample surface.
Removing this constrain and giving them the possibility to move may result
in different outcomes, considering the contribution of the radial force due
to the magnetic field gradient produced due to the Ni microstructures (see
section 3.2.4).

Figure 5.11: 3D view representation of the trajectories of hemozoin crystals,
released at z=50 um from the chip surface. Scale bar is 10 um; particle dimensions
are not in scale. Image obtained with COMSOL Multiphysics.
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5.3.3 Treated and untreated red blood cells

Magnetic capture experiments have been carried out also on red blood cells,
treated according to the protocol described in section 4.4 to become para-
magnetic and stained with a TRITC marker (CellTracker™ Red CMTPX
Dye, Thermo Fisher Scientific). The relative susceptibility of RBCs whose
hemoglobin has been completely converted in metHb is 3.9-10~° 21671 Hut a
quantification of the extent of the conversion within the samples we tested
has not been possible so far. Capture dynamics is slower with respect to
beads but faster than hemozoin crystals, indeed the magnetic force is lower
but the contribution related to sedimentation is much more relevant, con-
sidering RBCs micrometric dimensions. Therefore, capture dynamics was
monitored for a shorter time, i.e. around 20 minutes from the pouring of
the solution of RBCs in PBS (concentration 0.012%). A longer observation
is not required, since within this period of time all erythrocyte have reached
the sample surface. Experiments were carried out both on treated RBCs (t-
RBCs) and untreated ones (ut-RBCs), in order to check the effectiveness of
the treatment. In addition, control tests in absence of the system of perma-
nent magnets were performed for both particles (i.e. t-RBCs and ut-RBCs),
using the sample with the closest pillars (i.e. spacing 60 um) because it
proved to have the highest attraction capabilities in the experiments carried
out with the other particles (i.e. magnetic beads and hemozoin crystals).

The examined patterns are the same considered in the previous sec-
tions, i.e. 25 pm-diameter pillars with 60 pm spacing (Figure 5.12), 30 pum-
diameter pillars with 80 pm spacing (Figure 5.13) and 45 pm-diameter pillars
with 160 pm spacing (Figure 5.14). For each pattern, images of the sam-
ple during the capture experiments with t-RBCs and ut-RBCs are shown
respectively in the first and second rows, at the beginning of the observation
and after 10 and 20 minutes. Moreover, for the sample with a spacing 60 pm
images of the tests performed in absence of the external magnets are shown
in the last two rows (Figure 5.12). Some RBCs are present also in the images
at t=0 minutes due to sedimentation or magnetic capture that occurred in
the short amount of time during which the operations needed to properly
visualize the sample after the pouring of the solution were performed, as it
happened for hemozoin crystals.

In the samples with closer pillars, i.e. the ones in Figure 5.12 and Fig-
ure 5.13, all the treated RBCs are captured on the concentrators in presence
of the external field, while a uniform sedimentation occurs for ut-RBCs. In
addition, a uniform sedimentation, with no significant differences between
treated and untreated RBCs, is present also in the control tests carried out
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Figure 5.12: Results of the RBCs magnetic capture experiments carried out on the
HCP array with d=25pm and s=60pm. Rows correspond to the different tested
particles, i.e. t-RBCs and ut-RBCs; NM indicates the control tests without the
external magnets. Each column represents a different time, i.e.0-10-20 minutes
from the beginning of the observation. Scale bars are 20 pm.

in absence of the external magnets (Figure 5.12c-d). However, the presence
of clusters of particles, like the ones in Figure 5.12d(ii) and Figure 5.13b(iii),
can affect uniformity. Cluster formation might be a consequence of the stain-
ing with the fluorescent marker, since this phenomenon was not present when
unmarked RBCs were tested in preliminary experiments.

Conversely, the capture efficiency of t-RBCs in the 160 pm-spaced array
with 45 pm diameter pillars (Figure 5.14) is slightly lower. Indeed, some t-
RBCs outside the concentrator can be seen in Figure 5.14a(iii). Nevertheless,
there is a clear difference with the uniform distribution that results from the
test on ut-RBCs (Figure 5.14b(iii)). Also in this case a preferential capture
of t-RBCs along the edges occurs, similarly to beads and hemozoin crystals.
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Figure 5.13: Results of the RBCs magnetic capture experiments carried out on
the HCP array with d=30pm and s=80um. Rows correspond to the different tested
particles, i.e. t-RBCs and ut-RBCs. Each column represents a different time, i.e.0-
10-20 minutes from the beginning of the observation. Scale bars are 20 pm.
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Figure 5.14: Results of the RBCs magnetic capture experiments carried out on
the HCP array with d=45pum and s=160pum. Rows correspond to the different
tested particles, i.e. t-RBCs and ut-RBCs. Each column represents a different
time, i.e.0-10-20 minutes from the beginning of the observation. Scale bars are

20 pm.
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d (pm) s (um) Magnet 9 _rpc Nuw-rBC AN/M

25 60 Yes 100% 31% 5%
25 60 No 33% 17% 5%
30 80 Yes 100% 37% 5%
45 160 Yes 55% 0% 20%

Table 5.1: Capture efficiency of t-RBCs and ut-RBCs for different patterns, in
presence or in absence of the system of permanent magnets.

Contrary to beads and hemozoin crystals, red blood cells can be distin-
guished and counted. Thus, considering the number of RBCs captured (n¢)
or not captured (ny¢) by nickel pillars in the field of view of the analyzed
optical microscopy image, it is possible to estimate capture efficiency 7 of
the microstructures, defined as:

g = 1€~ AuuAin (5.2)
ne +nyc '

where Ajy is the area of the cylinder base and Apyr is the bare substrate
area outside the pillars. This definition allows to subtract the contribution
related to the natural sedimentation of the cells. Indeed, sedimentation is
supposed to give a uniform density of particles over the entire chip, which is
estimated as nyc/Aout, i.6. the number of RBCs not captured divided by
the area surrounding the pillars.

The amount of RBCs on the samples used in capture experiments was
evaluated at the end of observations, i.e. after 20 minutes. An estimate
of the capture efficiency for the different analyzed samples is indicated in
Table 5.1, together with the uncertainty arising from the unavoidable error
in the count of the number of RBCs. A complete capture, corresponding
to 100% capture efficiency, is achieved for the patterns where Ni pillars
are more packed and have an aspect ratio closer to 1 (i.e. samples with
d=25pm, s=60pum and d=30um, s=80um ), while it is only partial for the
45 pm-diameter concentrator in the pattern with 160 pm spacing, leading
to a capture efficiency on the order of 55%. Indeed, a lower efficiency was
expected for the latter pattern, considering the reduced aspect ratio and the
larger spacing. On the other hand, the larger relative uncertainty for this
sample is simply due to the reduced number of pillars (just one) in the field
of view, thus worsening the statistical quality of data. In agreement with
the behavior of the patterns in tests with treated RBCs, when the untreated
sample was analyzed no capture occurred for the 45 pum-pillars sample but,
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Figure 5.15: Temporal evolution of the the number of RBCs on top of a 45 yum-
diameter Ne pillar.

surprisingly, a capture efficiency >30% resulted for the other two. This
unspecific attraction of untreated RBCs may be related to the operations
required for the blood sample preparation (i.e. resuspension and staining),
as well as the presence of clusters. Note also that, even in absence of the
external magnets, the capture efficiency is non null and higher for the treated
blood sample. As a matter of fact, weak attraction of t-RBCs may results
from the remanence magnetization present in Ni concentrators even after
the removal of the external magnet. Finally, the variability on the number
of RBCs captured by different concentrators is high, due to irregularities of
the pillar surface and possibly to non uniformity of the biological sample.
Thus, a further optimization both on blood sample preparation and pillars
fabrication is required to improve the repeatability of the experiments.

The temporal evolution of the number of RBCs on top of a 45 um-
diameter Ni pillar for both treated and untreated blood samples is shown
in Figure 5.15. Despite a contribution related to sedimentation is present in
both cases, for the treated sample the increase is steeper and the reached
value higher. This definitely confirms the selective capture of t-RBCs by
magnetic pillars.

Also in the case of treated erythrocytes, some simulations of capture
experiments in the direct geometry compatible with optical microscopy ob-
servation, i.e. with the external magnets underneath the chip, have been
carried out. A HCP array of 20 pm-diameter Ni cylinder with a 60 pum
spacing has been simulated, reproducing a situation similar to the case of
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Figure 5.12. As observed in experiments, RBCs have a capture dynamics
that is much faster with respect to that of hemozoin crystals. This is par-
tially due to a more relevant sedimentation, but also to the fact that bigger
particles move faster in the same field of forces. This is evident, for instance,
considering that the steady state velocity (see Eq. (2.17) in section 2.3) is
proportional to the square of the particle radius. Simulation result, shown
in Figure 5.16, indicates that all the particles released at 50 pym from the
sample surface are captured on the pillars. Capture time is on the order
of 5 minutes, much shorter than that observed in experiments on fabricated
devices. This can be easily explained, because RBCs are dispersed in a larger
volume with a few mm thickness.

Figure 5.16: 3D view representation of the trajectories of t-RBCs, released at
2z=50 pum from the chip surface. Scale bar is 10 pum; particle dimensions are not in
scale. Image obtained with COMSOL Multiphysics.

5.4 Impedance detection measurements

The designed diagnostic device combines magnetic capture and electrical
impedance detection. Thus, for the sake of completeness, the main results
of electrical tests, performed to measure the impedance variation caused by
the presence of particles on top of micrometric gold electrodes, are presented.
These tests were carried out by Prof. Marco Sampietro’s group; I contributed
to the fabrication of simplified test devices integrating nickel microstructures
and electrodes, as described afterwards.

Preliminary measurements were carried out on the deeply studied inter-
digitated electrodes, then also circular electrodes like the ones described
in section 3.1 have been used used. Different particles were tested, i.e.
1 pm magnetic beads (MyOne-Dynabeads, Thermo Fisher Scientific-USA),
red blood cells and hemozoin crystals, all dispersed in a PBS solution. Be-
fore electrical tests, preliminary operations were carried out on the device. A
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tank in PDMS (Polydimethylsiloxane), a silicon-based organic polymer, was
bonded on the sample surface to allow the pouring in a limited region above
the electrodes of the solutions containing the particles to test. Moreover,
an electrical contact between the device and the electronic setup was set up
by welding copper cables to electrodes pads with silver paste. During tests,
a sinusoidal voltage with a frequency of 2 MHz was provided with a lock-
in amplifier and then the current flowing through device under test (DUT)
was measured, both in presence and in absence of the particles, after being
converted into a voltage with a transimpedance amplifier.

Different strategies were adopted to measure the impedance of the solu-
tion with and without particles in the proximity of the electrodes. A possible
way is to measure first the buffer solution (PBS for these tests) and only af-
ter some time inject the particles with a micropipette. However, particle
injection itself causes an impedance variation, thus its contribution needs to
be removed from the total signal to calculate only the variation related to
the particles. Alternatively, a PBS solution already containing the particles
can be poured on the electrodes. At the beginning of the test the system is
in reversed configuration (i.e. with electrodes above the solution), such that
particles sediment in the opposite direction with respect to the electrodes,
thus allowing a measure of the solution resistance alone. Once a stable signal
is reached, the system can be turned in direct configuration (i.e. with elec-
trodes below the solution), this time favoring particle sedimentation towards
the electrodes to measure their contribution. This technique was used in
measurement performed on red blood cells and hemozoin crystals, with the
additional contribution of a permanent magnet for the latter.

A similar strategy can be adopted also to measure magnetic particles,
exploiting magnetic force instead of sedimentation. Indeed, by keeping the
system in reversed configuration for the whole test and inserting a permanent
magnet when PBS impedance is sufficiently stable, magnetic particles can
be attracted upwards towards the electrode, thus allowing to measure how
their presence affects the impedance. These detection conditions are similar
to the one designed for the final device, but so far they have been used
only on magnetic beads because the currently used permanent magnet is not
sufficiently strong to attract hemozoin crystals and treated RBCs. Moreover,
a complete integration with nickel concentrators has not been achieved yet
because, currently, electrodeposition is not able to guarantee a sufficiently
planar and smooth surface to allow a precise definition of the micrometric
features of the electrodes.

To achieve a first integration of magnetic capture and electrical detection,
simplified test devices were fabricated, where much thinner (50 nm) Ni pillars
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were grown by electron-beam evaporation instead of electroplating. The
main steps involved in the fabrication of the simplified test device are the
following:

e Direct photolithography with AZ5214E to define the circles pattern;
e E-beam evaporation of a 50 nm N: layer on the whole sample;

e Lift off of the photoresist, such that 50 nm-height N: pillars are left;
e E-beam evaporation of 100 nm of §iO2 as capping layer;

e Inverse photolithography with AZ5214E to pattern the electrodes;

e Magneton sputtering of a 30 nm Cr adesive layer and a 100 nm Au
layer;

e Lift off of the photoresist, such that Au electrodes are left;

e Direct photolithography with SU8-2005 to mask electrical connections.

Since the reduced thickness of the evaporated nickel concentrators is not
sufficient to attract and concentrate hemozoin crystals or infected red blood
cells, electrical tests were performed using 1 pm superparamagnetic beads.
Indeed, with N¢ pillars below the circular electrodes magnetic capture should
be more localized in the sensing volume of the electrodes, i.e. close to the
cylinder edges. In Figure 5.17 some Ni pillars with electrodes on top are
shown, as they appear at the end of an electrical test in which magnetic beads
have been attracted towards the electrodes with a magnet. Unfortunately,
magnetic particles were not completely concentrated in the sensing area of
the electrodes, due to reduced height of Ni concentrators.

Figure 5.17: Portion of a simplified test device with Ni pillars fabricated below
circular electrodes, at the end of an electrical test in which magnetic beads have
been attracted towards the electrodes with a magnet. Scale bar is 10 pm.
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Figure 5.18: Temporal evolution of the resistance variation in a solution contain-
ing hemozoin crystals (a.) or RBCs (b.).

No matter the mechanism used to bring tested particles on top of the
electrodes, every time they were in the sensing volume of the electrodes a
lower current (and so a higher impedance) was measured. Therefore, all the
tested particles (i.e. beads, RBCs and hemozoin crystals) have a conductivity
lower than PBS (i.e. 1.5 S/m at room temperature). However, the time
required to detect an impedance variation was very different according to
the analyzed particle. For magnetic beads 5 minutes-tests were sufficient,
while around 1 hour and 2 hours-lasting measurements were needed for RBCs
and hemozoin crystals. Indeed, a long period of time was required to have
complete sedimentation of these particles due to the thickness (i.e. a few
mm) of the tested solution droplet. Temporal evolution of the resistance
variation in solutions containing of hemozoin crystals or RBCs is shown in
Figure 5.18a and Figure 5.18b, respectively.

The number of hemozoin crystals, RBCs and 1 pm beads in the sensing
area of the electrodes could be estimated by observing the sample surface
at the end of the tests, using a Nikon FCLIPSE optical microscope with a
60x water immersion objective (the same exploited in capture experiments).
Considering the sensing volume of the electrodes, the number of particles
was converted in volumetric fraction (®). Then, the relative impedance
variation caused by the presence of these particles with respect to the initial
PBS solution (i.e. AR/Ry) was plotted as a function of the volumetric frac-
tion. The points obtained considering the results of different experiments
performed using circular electrodes (with and without Ni concentrators be-
low) are shown in Figure 5.19. The red dashed line is the theoretical curve
arising from Eq. (2.25), AR/Ry = 3/2®, which can be derived assuming
that particles have null conductivity. Since the behavior of beads and RBCs
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Figure 5.19: Relative impedance variation caused by the presence of different
particles in PBS solution as a function of the volumetric fraction ®.

follows the same trend, our data confirm the insulating behavior of these
particles.

Conversely, an accurate estimate of the number of particles was not feasible
for hemozoin crystals because single crystals could not be distinguished in
the images acquired with the optical microscope. Therefore, with these tests
it was not possible to state that hemozoin is insulating, but only that it
has a conductivity lower than PBS. As discussed in section 5.1.2, hemozoin
crystals show an insulating behavior for a DC current but tests at higher
frequencies (like the 2 MHz used in impedance measurements) have not been
performed yet. Thus, a further analysis is still required to reach a complete
characterization of the electrical properties of hemozoin crystals.

5.5 Summary of the main results and future steps

In conclusion, the feasibility of the project has been validated by the ob-
tained experimental results. The evaluation of hemozoin crystals magnetic
susceptibility confirmed the paramagnetic behavior of the particles, in dis-
agreement with the recent idea of a superparamagnetic character, proposed

1.1641 Additional measurements to check our result on a

by Inyushin et a
different batch of hemozoin crystals have been planned, but the absence of a
superparamagnetic behavior would have strong implication on the design of
the diagnostic test. In addition, with the investigation of hemozoin electri-
cal conductivity it has been possible to establish its insulating behavior at

low frequency, even though a complete characterization in various frequency
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ranges has not been performed so far. This is a very important result, as
it makes feasible a quantification of red blood cells and possibly hemozoin
crystals with an electrical impedance measurement.

Moreover, the fabrication process of micrometric nickel concentrators has
been developed, with a particular focus on the growth by electroplating. The
fabricated microstructures proved their magnetic attraction capabilities, that
can be exploited also in different systems where a magnetic separation is re-
quired. The next step is a further optimization of the electrodeposition pro-
cess, required in order to obtain a planar surface that allows the integration
of gold electrodes with the magnetic microstructures.

It has been demonstrated that the external permanent magnets and the
micrometric nickel concentrators are able to attract and concentrate mag-
netic particles in specific areas. Indeed, in magnetic capture experiments
performed with superparamagnetic beads, hemozoin crystals and treated red
blood cells, a 100% capture efficiency has been achieved for some patterns.
A fundamental step in the future phase of the project is the development of
an experimental setup to monitor capture tests carried out in reversed con-
figuration (i.e. with external magnets above the chip), thus exploiting the
competition between gravity ad magnetic force to specifically attract hemo-
zoin crystals and infected RBCs towards the chip with sensing electrodes. In
addition, a system of external magnets, able to provide a 10 times more in-
tense field gradient with respect to the prototype realized in this thesis work,
is required to attract the targeted particles towards the sensing electrodes,
within a 500 p-thick blood drop and in a reasonable time, on the order of
10-20 minutes.

Finally, preliminary experiments performed in cooperation with the group
headed by Prof. Marco Sampietro have shown the feasibility of a combined
magnetophoretic attraction and impedance detection on chip, at least in the
case of synthetic magnetic beads.



Chapter 6

Conclusions and perspectives

The TID MEKII project aims at the development of an accurate, rapid,
easy to use and low-cost detection system for malaria, exploiting magnetic
capture of hemozoin crystals and infected red blood cells and a quantification
of their concentration via an electrical impedance variation measurement.
During this thesis work, the feasibility of the diagnostic device has been
demonstrated with numerical simulations and preliminary experiments on
test devices.

First, a multiphysics simulation platform has been developed, to study
magnetic properties of both micrometric nickel structures and macroscopic
permanent magnets, together with the effect of the magnetic force they pro-
duce on magnetic particles moving inside a fluid. Different geometries for the
micrometric concentrators have been simulated, but the final layout will be
optimized only after combined experiments of capture and detection, which
will be performed in the next phase of the project. Nevertheless, attraction
of hemozoin crystals and infected red blood cells at a distance up to 500 ym
from the chip surface and concentration of these particles in localized areas
have been proved. In addition, considering the main results of magnetic and
electrical simulations, a suitable layout for a chip able to detect the amount
of red blood cells corresponding to the targeted limit of detection has been
designed. Conversely, a further optimization is still required to obtain a de-
tectable signal also for a concentration of hemozoin crystals corresponding
to the targeted limit of detection. A possible solution to reduce the sens-
ing area of the electrodes, thus increasing the impedance variation, could be
the use of an additional in-plane magnetic field to concentrate the captured
particles in more localized spots. Another possibility would be to improve
the electronic sensitivity, by increasing the integration time during measure-
ments (i.e. reducing the low-pass filter band of the lock-in amplifier), as the

93
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capture process is definitely slow.

Furthermore, a fabrication process able to create the designed micromet-
ric nickel structures has been implemented. In particular, the growth by
electroplating of nickel micrometric pillars has been developed. Despite a
further optimization is still needed in order to obtain a planar surface that
allows the fabrication of the electrodes on top of the concentrators, many
progresses have been achieved so far. Indeed, this is the first example of
microfabrication by electroplating performed in the Polifab cleanroom. The
magnetic capture efficiency of these structures has been demonstrated in
tests performed with hemozoin crystals, red blood cells and superparamag-
netic beads. So far these tests have been carried out in direct configuration,
i.e. with the external magnets underneath the sample. Since in the de-
signed device a separation of malaria biomarkers from the other blood cells
is obtained with magnetic force opposing sedimentation, tests in reverses
configuration (i.e. with the external magnets above the sample) are fun-
damental. Therefore, a proper setup that allows to monitor experiments
performed in this configuration and a different system of external magnets
able to provide a more intense magnetic field gradient are required.

Moreover, capture experiments provided an additional tool to charac-
terize the magnetic properties of hemozoin, thus confirming the order of
magnitude of the magnetic susceptibility evaluated with a Vibrating Sam-
ple Magnetometer. In addition, they allowed to test the effectiveness of the
erythrocytes treatment protocol developed by the uBS Lab, leaded by Prof.
Gianfranco B. Fiore. Indeed, preliminary tests on a bovine blood model of
infected erythrocytes are the first steps towards the analysis of human blood
samples.

Finally, preliminary electrical tests carried out by the I 3N group, leaded
by Prof. Marco Sampietro, proved that red blood cells are insulating and
can be detected with an impedance variation. A complete characterization
of hemozoin crystals in various frequency ranges has not been performed so
far, but conductive AFM measurements proved that they show an insulating
behavior in low frequency.

The next step is definitely the integration of the two processes for the
fabrication of nickel concentrators and gold electrodes on the same chip. This
is crucial to perform detection experiments of hemozoin crystals and infected
RBCs, first in model bovine blood samples and then on human samples.
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