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ABSTRACT

Micro/nano robots are considered a promising ambroto conduct minimally invasive

interventions. We have proposed to embed magnetioparticles in therapeutic or diagnostic
agents in order to magnetically control them. A rhed clinical Magnetic Resonance Imaging
(MRI) scanner is used to provide the driving fotbat allows these magnetically embedded
microcarriers to navigate the vascular human ndwBy using specific Magnetic Resonance

(MR) gradient sequences this method has been wadida previous research works.

Magnetophoresis is the term used to describe thetfeat a magnetic particle changes its
trajectory under the influence of a magnetic fovdale being carried by a fluid flow. This
movement depends on the particle’s magnetic chexratits, the particle’s geometric shape, the
fluid flow’s attributes and other factors. In quoposed method, magnetic microcarriers can be
produced in several different ways, and so theipoese will differ to the same magnetic force
and fluid flow conditions. The outcome of the thgatic treatment using our method depends on
the adequate selection of the therapeutic and/agndisis agents to be used. The selected
therapeutic and/or diagnosis magnetic microcaraiso influences the selection of the MR

gradient sequence that best fit for a given treatme

This master’s thesis presents the design of a demitended to assess the magnetophoretic
properties of magnetic therapeutic microcarrierd/@ndiagnostic agents. Such characterization
is essential for determining the optimal sequeméesagnetic gradients to deflect their trajectory
through relatively complex vascular networks in esrdo reach a pre-defined target. A
microfluidic device was fabricated to validate tkesign. Magnetophoretic velocities are
measured and a simple tracking method is propo$kd. preliminary experimental results
indicate that, despite some limitations, the prego®chnique has the potential to be appropriate
to characterize any drug and/or diagnosis magmetococarrier containing different magnetic

nanoparticle content.
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RESUME

Des micro/nano-robots sont considérés comme uneocpg prometteuse pour mener des
interventions minimalement invasives. Nous avonsppsé d'intégrer des nanoparticules
magnétiques dans des agents thérapeutiques ou algodiic afin de les controler

magnétiquement. Un scanner d’'imagerie par résonaragmetique (IRM) clinigue modifié est

utilisé afin de fournir la force motrice qui pertréeces microporteurs magnétiques a naviguer
dans le réseau vasculaire humain. En utilisant sEgiences spécifigues des gradients de
résonance magnétique (MR) cette méthode a étéeatidns des travaux de recherche antérieurs.

Magnétophorése est le terme utilisé pour décrifaitequ'une particule magnétique modifie sa
trajectoire sous l'influence d'une force magnétitpug en étant portée par un flux de fluide. Ce
mouvement dépend des caractéristiques de la dartitagnétique, de sa forme géométrique, des
attributs de I'écoulement de fluide et d'autrestefas. Dans notre méthode proposée, les
microporteurs magneétiques peuvent étre realisédiftirentes maniéres, et donc leur réponse
sera difféerente a la méme force magnétique et @snmémes conditions d'écoulement de fluide.
Le résultat du traitement thérapeutique utilisantren méthode dépend de la sélection adéquate
des agents thérapeutiques et/ou de diagnostic léseuti Le microporteur magnétique
thérapeutique et /ou de diagnostic choisi influalément sur le choix de la séquence des

gradients magnétiques que meilleur se ajustememtiypotraitement donné.

Ce mémoire de maitrise présente la conception dispositif destiné a évaluer les propriétés
magnétophorétiques des agents microporteurs mggestithérapeutiques et/ou de diagnostic.
Une telle caractérisation est essentielle pourra@ter les séquences optimales des gradients
magneétiques pour dévier leur trajectoire a tradessréseaux vasculaires relativement complexes
dans le but d'atteindre un objectif prédéfini. Uspdsitif microfluidique est fabriqué pour valider
la conception. Las vitesses magnétophorétiquesrsestirées et une méthode de suivi simple est
proposee. Les résultats des experiences préliragaidiquent que, malgré certaines limitations,
la technique proposée a le potentiel d’étre appEogrour caractériser n'importe quel
microporteur magnétique thérapeutique et/ou de ndistic contenant différents taux de

nanoparticules magnétiques.
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CHAPTER 1 INTRODUCTION

1.1 Background and motivation

Minimally invasive interventions are attractinga of interest in the research community,
mainly due to the advantages of this kind of iné@tions: reduced patient recovery time, shorter
stay in the hospital and fewer complications. I tbontext of the Magnetic Resonance
Submarine (MR-Sub) project a new minimally invasieehnique for cancer treatment and
diagnosis, called Magnetic Resonance Navigation l)JlRas been proposed. This technique is
based on the use of the main magnetic homogeneeldsaind the magnetic gradients of an
upgraded Magnetic Resonance Imaging (MRI) scanneorder to navigate therapeutic or
diagnostic agents with embedded magnetic nanofestio target specific locations in the

vascular human network.

Most of current cancer treatments involving drughadstration are systemic, which means
that the drugs are delivered in the bloodstreansinguhem to affect cells all over the organism
with just around 1% or less destroying tumor cglls2]. The MRN technique is expected to
produce a significant increase in targeting efficie and the feasibility of this method has

already been demonstrated [3] by our research group

A major challenge faced in this technique is thet that the human vasculature is very
complex and heterogeneous with vessels ranging $ame millimeters (major arteries) to a few
micrometers (arterioles, capillaries) in diametéo accommodate the smaller human body
vessels, the drug carrier size must be reducedhathiturn reduces the amount of drug that can
be transported. On the other hand, smaller caraeranore difficult to be navigated due to its

reduced magnetic volume.

In [4, 5] it was demonstrated that it is possililgotoduce a drug carrier of about | in
diameter size to target a tumor deep inside the/.bHdwever, in [6] the authors noticed that
normal MRI gradient coils were not sufficient tdoa steering of magnetic microcarriers in a Y-
shaped bifurcation, then upgraded gradient coileeviested and validated. In this last study it

was also stated that, in order to improve steeeiffigiency, it could be exploited the fact that



magnetic microcarriers tend to agglomerate whemgeised as therapeutic and/or diagnosis

vectors.

For improving targeting efficiency by using the eggption of magnetic microcarriers we
are obligated to understand and evaluate the respohthese aggregations when subjected to
magnetic gradients. In different given conditiorfsflaid flow and magnetic force, magnetic
microparticle aggregations show different deflectmatterns. Thus the study of this deflection
patterns gives clues on the magnetic responseeai.thience, by evaluating deflection patterns
the magnetophoretic velocity of these entities lvarestimated and used to predict their behavior

in treatment conditions.

Moreover, in [7] it has been published that evamfiagnetic microspheres of the same size
prepared under the same conditions, magnetopharekicities can differ by a factor of 4 or
more. This emphasizes the need for an instrumessgtimate magnetic microcarriers response to
magnetic gradients when designed to be used ireteatgdrug delivery and/or diagnosis
applications in the context of MRN treatments.

1.2 Problem statement

The main goal of the MR-Sub project is to developlatform capable of navigating

magnetic microcarriers in the human cardiovascsyyatem according to a pre-defined pathway.

1.2.1 Thesis objectives

The objective of this thesis is to design a dewrcerder to collect data on the magnetic
response of the microcarriers when used in MRN.aftain this objective the main goal is

divided in the following sub-goals:

» design a microfluidic chamber in order to allow thagnetic microcarriers to move

while following the fluid flow,

* record microparticles’ course when subjected to agmetic steering force

perpendicular to the direction of the flow.



» estimate the magnetophoretic velocity of magnetctiges, that in turn, should
allow estimating the trajectory that a microcarrigould follow under similar

circumstances.

Main contributions of the work for this thesis are:

a conference paper presented in the 3M-NANO 20l1afé€ence (International
Conference on Manipulation, Manufacturing and Measient on the Nanoscale) in
Xi'an, China under the title’Characterization by magnetophoresis of therapeutic
microcarriers relying on embedded nanoparticlesiow navigation in the vascular

network” [70]; this work was selected as a Best ConferermgePAward Finalist.

e ajournal paper published in 2013 in the JourndWladfro-Bio Robotics as: G. Vidal
and S. Martel, Measuring the magnetophoretic characteristics ofgneic agents

for targeted diagnostic or therapeutic intervensadn the vascular netwot§10] .
* a microfluidics chamber design for magnetophoretigeriences.

* a basic software tracking tool tailored for the ditions of the magnetophoretic

experiences performed.

Unless the contrary is indicated, the developmgmésented in this document are the
contribution of the author. Exceptions are indidad®@d mainly are: OpenCV blobtrack modified
application that was adapted by Behnam Izadi fgeeences in Ke Peng’s master thesis work
[8] and Joerg Buchholz's Particle System Toolbo} {ed for magnetic microparticles

movement simulations.

1.3 Overview of the thesis

The thesis organization is as follows: in the fitkBpter the background, motivation and
problem statement are presented; in Chapter 2 theréterature review on the way in which the
trajectory of magnetic particles has been studefdre and its previous applications; in Chapter
3 the approach used in this work is presented;hapr 4 the published paper [10] showing the
preliminary results of the selected design in itfginal version is introduced; Chapter 5

introduces the proposed tracking method based radinfy presented in Chapter 4; Chapter 6



presents a general discussion of this work; fin@lhapter 7 summarizes the project and presents
future perspectives for it.



CHAPTER 2 LITERATURE REVIEW

Retrieving data on the reactivity shown by MR nablg microcarriers seems to be
fundamental in order to determine optimal contrefjieences during MRN treatments. This
chapter focuses on providing an overview of presiowrk on the techniques for observing
magnetic microparticles' trajectories, on the int@ace of aggregations in the context of MRN
and the need for a method to estimate compared/diaggosis magnetic microcarriers

performance. On the basis of this review the médiraaces in the area are highlighted.

2.1 Magnetophoresis

The study of the movement of magnetic particles iituid induced by the influence of a
magnetic field (termed as magnetophoresis) has theeabject of research in several works. As
early as in 1960, an apparatus was proposed toumedise magnetic susceptibility of single
particles by determining the velocity that partsctget when in an inhomogeneous magnetic field
[11]. This apparatus used a microscope to obsepagtecle’s trajectory and a stop watch to time

the movement and then estimate the particle’s asdwmlocity.

2.1.1 Magnetism basic concepts

In order to understand magnetophoresis, some Mdailmitions on magnetism in materials

are required.

The magnetic inductiorB?, is the response of a given material to an appignetic
field, H. The relationship betwedhandH is given by (in Sl units):

! In this document bold letters indicate vectorsr:éxampleA is a vector and\ is a scalar indicating the magnitude
of vectorA.



where |4 is the permeability in free space avidis the magnetization induced inside the material
and is dependent on the characteristics of it. fitagnetization is defined as the magnetic

moment per unit volume

m 2-2

wherem is the dipole magnetic moment akd is the volume of the magnetic material. The
magnetic moment relates to the torque that is edeyh a magnet dipole or a current loop when a
magnetic field is applied. The dipole magnetic mote a material depends mainly on orbital

and spin magnetic moments of the electrons in dinstduent atoms of it.

The magnetic susceptibility of a material is dedirty

=4 2-3

The susceptibility is an indication of the respopsess of a material to an applied magnetic
field. Magnetization curves are built by plottifg versusH (or B versusH), and are used to

identify the magnetic type of material.
The magnetic permeability is defined by

B
u=ﬁ 2-4

and indicates how permeable a material is to tipiepmagnetic field.

Permeability p and susceptibilip(in Sl units) are related by

L= po(1+ x) 2-5
with po the permeability in free space.

Materials are classified as diamagnetic, paramagreeitiferromagnetic, ferrimagnetic and
ferromagnetic depending on their magnetic charsties. For diamagnetic, paramagnetic and
antiferromagnetic materials, magnetization curves lmear; a relatively large applied field is
required to produce changes in magnetization aedetis no remanent magnetization if the
applied field is removed. For ferrimagnetic andrderagnetic materials, magnetization curves
have the typical hysteresis loop form; there is agnetization saturation point after which



negligible change is produced in magnetizationriwyaasing the applied field and removing the
applied field does not reduce magnetization to gésaturation has been reached), this remanent

magnetization has several technological applicat[ag].

2.1.2 Magnetic force

When an inhomogeneous magnetic field is applieal particle, this magnetic field exerts a

force on the patrticle given by:

Figg = (m-V)B 2-6
wherem is the dipole magnetic moment af8 is the external magnetic field gradient. By using
Eq. 2-2, we obtain the usual magnetic force expyasassed in this work:

Fag =Vy(M-V)B 2-7
whereV; is the volume of the magnetic content [13].

On the other hand, in order to obtain magnetic eqisiuility data from magnetophoretic
experiments, it is usual to assume that the magmetuctionB and the magnetic applied fietdl

are just related by permeability in free spacelawting the effect of the magnetizatibh
B == HoH 2-8

By combining Eq. 2-3 and Eq. 2-8 we obtain:

M=4%<p 2-9
Ho
Then Eq. 2-7 becomes:
Frag = Vs 2 (B-V)B 2-10
9 Ho

Additionally as the moving particle displaces adluolume, it is also usual to take into account

the magnetic force exerted on the medium, whictid¢a:

Finag = —V; ﬁ—’:(B ‘V)B 2.11



with ym the susceptibility of the fluid medium, and thenos sign indicates that this force is
opposed td-mag. Then, the usual expression for the net force oragnetic particle exerted by a
magnetic inhomogeneous field is expressed in texhibe difference in susceptibility between

the particle and the fluid:
F =V £X (B-V)B 2-12
mag—-n f ™

with Ay =y - xm.

Finally, by applying a mathematical idenfitgnd the fact that there are no electric currents

involved in the discussed setup, we obtain:

2
B

I 2-13
2,

Fmag—n = A)(va(

which is the other usual form encountered in aficklated to magnetophoresis [13, 14, 15]. It is
commonly supposed that the inhomogeneous magnelicviaries only in one of the coordinate
axes, then the magnitude of the force can be wréte
B2
Fnag-—n = AXVfV(Z_Ho) 2-14

where the operatdr is the standard derivative in the selected dioacsindB is the magnitude of

the magnetic field in that direction.

2.1.3 Microfluidics basics

A microfluidics is a device that deals with fluidow in channels with at least one
dimension between 1 mm toydn. When at least one of the dimensions of the atlaisnless
than 1um, it is called nanofluidics.

Among the main advantages of microfluidics are: I[ss@ample quantities needed, high

portability, fast and reliable results, and easydficontrol is possible.

2 V(B-B) =2Bx (VxB)+ 2(B-V)B, as there are no electric currei®B = 0



Fluid flows are characterized by the Reynolds numaealimensionless parameter defined

as:

_ UflowL
Y

Re 2-15

where Wow IS the average velocity of the flow, L is the @weristic or most relevant length
scale and is the kinematic viscosity of the fluid (defined #he dynamic viscosity divided by
the density of the fluigh). This parameter describes the ratio betweeniahemd viscous forces

in a fluid. The characteristic lengthin channels is the hydraulic diameky defined by:

_ 44

Dp = 2-16

with A the channel’s cross-sectional area Britle channel’s wetted perimeter.

Dimensions in microfluidics are small, which medhat the Reynolds number is usually
low, typically much less than 2100. This means tmatmicrofluidics the flow regime is
commonly considered as laminar flow. In this casest flow patterns are simple, and are even

expected to closely follow the geometry of the wileridic channel [16].

When a rigid sphere moves in a microchannel andRézaolds number for it is very low,

the Stokes drag force formula is used:
Firqg = —6mury 2-17

wherer is the radius of the sphenmg,is the viscosity of the fluid and is the microparticle’s

velocity.

By using Eq. 2-16 and Eq. 2-12 (or Eq. 2-13), amhsaering steady-state (no
acceleration, i.e., drag and magnetic forces balarids possible to obtain an estimate of the

magnetic susceptibility of magnetic micropartidilgsmeasuring their magnetophoretic velocity.

2.1.4 Magnetophoretic trajectory observation

Video imaging based analysis of particles trajgctoas proposed in [17] to determine the
magnetic susceptibility of large numbers of induadl particles. This study utilized particle
tracking velocimetry (PTV) on videotaped sequen€®BV is a technique intended to analyze
complex fluid fields by tracking individual seedscalating with the fluid. This technique was
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first proposed with this name in [18]. In [19] tR&V’s most recent algorithm version at the time
iIs used. As PTV function is to visualize the flumhrticles are not individualized through the

sequence of frames, which is a drawback in theqseq technique.

In [19, 20, 21] an instrument named as cell tnagkielocimetry (CTV) was proposed for
allowing the determination of the velocity of labél cells and paramagnetic particles
simultaneously by using microscopic video imagingd &a computer algorithm, in a well-
characterized magnetic energy gradient. The CTVthadbjective of providing better insights
for the outcomes to be expected in the magneticseparation process. The CTV is based on
PTV, mainly solving the problem of particle’s iddéation through video frames. CTV has been
also used to investigate magnetophoretic mobilitgnges produced in human blood cells by
some infections [22].

In the context of drug delivery mediated by the ofdreatment vectors with embedded
magnetic particles, an optical method to measuee rttagnetic response, in some way a
simplified CTV setup, is proposed in [23]. The mdifferences with the CTV technique are a
reduced setup size, and the use of a commerciargmo for particle tracking and video

acquisition (CTV used videotaped sequences).

Recently a method called magnetophoretic trajedi@gking magnetometry (MTTM) has
been presented [24] with the aim of measuring antifyadefined as relative specific magnetic
susceptibility by fitting the particle’'s observemdjéctories with theoretical curves. The main
difference of this method with CTV is the fact thadrticle's recorded trajectories are long

compared with particle size.

All techniques presented hitherto study magnetidigd@s or cells in a still fluid. A
technique referred as magnetophoretic velocimeay proposed in [25, 26, 27, 28] to determine
paramagnetic species adsorbed by single dropletsugh the analysis of the acquired
magnetophoretic velocity under a high gradient neéigriield. The magnetic susceptibility of the
droplets was expected to change according to teerption and be reflected by a change in their
magnetophoretic velocity. In this technique theiliy contains a fluid that is moving and the

migration of species is observed as a deviatiom fitee fluid flow acquired speed.
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Magnetophoretic velocity measurements were alstoégd to evaluate the particle uptake

in magnetic labeling of cells [29, 30, 31]; in [#)e measured magnetophoretic velocity of

magnetically coated microspheres roughly scalet thié surface area.

2.2 Magnetic Manipulation

Basic magnetic manipulation of particles in mianidics is classified, according to Gijs

[32], in:

Retention and separation: usually magnetic pagtiale immobilized by using a magnet,
the magnetic material is separated from the solutiothis way and can be analyzed a
posteriori. Several other alternatives exist, fearaple continuous flow separation by

Pamme’s group [39].

Magnetic transport: In this approach, instead dfedéng the particles’ trajectory while
moving with flow, magnetic particles move becaus¢he action of magnetic actuation.

This kind of manipulation is difficult due to thanticles’ usual reduced magnetic volume.

Magnetic labeling for detection: In this case, agnwtic label is attached to an entity of

interest, and then detection devices are used &sune the produced magnetic field.

Bead-flow interaction and mixing: magnetic partsckend to form chain-like aggregates
due to dipole-dipole interactions. These aggregatas be used as plugs in certain
applications, and by dynamically manipulating mdgneaggregations fluid mixing is

possible in others.

One possible application of magnetophoresis is m@gnmManipulation of magnetic

particles as in separation, sorting and capture BB}. For example, high gradient magnetic

separation (HGMS) systems are used [34, 35, 3@&ritwve magnetic particles from a fluid flow.

HGMS consists basically of a matrix of ferromagoetaterial (wires or filaments) that captures

magnetic particles as fluid flow passes througthile a high magnetic field is applied. After

filtration has finished, the magnetic material iashed out as the magnetic field is turned off. The

advantage of HGMS, to previous techniques of magyseparation, is that allowed the trapping

of relatively weak magnetic particles, which makesiitable for biological applications [15].
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As described in [37, 38], the relationship betwaegnetic manipulation and microfluidics
is relatively recent. Pamme's group has developedtaique called free-flow magnetophoresis,
a form of continuous flow separation that uses matigrforce to deflect the entities of interest
[39, 40, 41, 42]. In this technique, magnetic e are decoupled and deviated from their initial
movement in a specific region of a magnetophomimmber. By these means, magnetic labeled
particles exit the chip at specific positions defirg on their magnetic properties. These outputs,
with magnetic particles separated and sorted, @amged as inputs for other stages in more
complex microfluidics applications. It is a contous flow technique because magnetic particles
are not trapped at certain regions of the micrditd as in most other retention-separation
methods. On the other hand, Furlani’'s group hassed in developing models for predicting

magnetic separation in different microfluidics st and applications [43, 44, 45, 46].

In [47] a microfluidic device was designed for matio bead immunoassays. The main
focus in this work is to automate as much as ptessite assay by incubating the microparticles
in the reagent while in continuous flow. The miadgxles are moved from sample flow to

reagent flow by using a magnetic translationaldorc

Examples as the above ones show the potential fuee anagnetophoresis jointly with

microfluidics to manipulate magnetic or magnetigdlinctionalized particles.

2.3 Magnetic Resonance Navigation

The concept of MRN (Magnetic Resonance Navigatisnjefined in [48] and it can be
summarized as a method in which magnetically loatiedapeutic/diagnosis microcarriers are
propelled and navigated by using gradient magnfetids while inside the bore of an MRI
scanner. In the first attempts to use MRN, the igradmagnetic forces were produced by the
standard imaging coils of a MRI scanner. Since éhmdtial experiences with MRN using
millimetric sized cores as proof of concept [3, 49)], it was clear that magnetic propulsion
forces produced by imaging coils of a standard MB&anner were not suitable to navigate
micro/nano sized carriers. In [51] it was showrt tlegperform navigation of micron sized agents
in the form of a suspension, the use of enhancegheta& gradient coils is needed and it was
clear that the magnetic aggregation between pastidue to dipole-dipole interaction could

influence targeting efficiency. In [6, 52] aggregas were studied more deeply and it was
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suggested that, due to its increased magnetic \@luhey could be used to compensate the
reduction of the propulsion force acting on indiwadl magnetic particles.

The potential use of magnetic aggregation to im@rtherapeutic effectiveness has been
pondered by research groups that intend to use KbRNther applications. The use of MRN for
lung treatment by using aerosol drug delivery wgsaged in [53]; they conclude that the use of
magnetic agglomerations is needed in order to attfmevnavigation of magnetic loaded aerosol
drugs in the lungs. The size of the agents usddng treatment means that enhanced gradient
coils, as those proposed in [51], are not ableetoegate the forces needed to steer the magnetic
agents. Then, the only way to overcome this prolkeityy exploiting magnetic agglomerations.
In other studies, they proposed a detailed matheatahodel [54, 55] for the forces involved in
the magnetic aggregation process. The expectechtdye of this theoretical framework is the
possibility for assessing the steering efficiencythaut the need of performing actual
experiments. They compared simulation results wWithexperiences performed in [6], and they
argued that the simulation framework agreed witlpegiences. However they get 100%
efficiency in the same situation as the experienbes in the experimental setup it was not
observed. On the other hand due to the non-slimdeny condition, they expected 0% efficiency
when needle-like aggregations were parallel taraen flow, which seems unlikely.

Another possible application for MRN is the celnsplantation therapy. In [56] it was
shown that MRN could be suitable for cell transpdéion therapies, and in [57] the effect of
magnetic cell aggregation was studied as an impbfa&tor to increase targeting efficiency. The
improvement in targeting efficiency was attributedthe fact that cell aggregations show a
higher magnetophoretic velocity.

In the context of MRN, all the presented works doded that the steering ratio could be
enhanced by exploiting magnetic aggregation. Orother hand, therapeutic agents are expected
to be synthesized in several ways depending om éxgected usage. For example, some could
contain higher quantities of embedded magnetic paricles while other could contain more
therapeutic drug. This diversity is expected to/@aole also in the therapeutic agents’ response
to the exerted magnetic force produced by the gradioils. For example, in [7] it was found that
magnetic microspheres of the same size, preparaderusimilar conditions, presented

magnetophoretic velocities differing by up to atfemf 4. Each one of the different therapeutic
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agents could produce magnetic aggregations diffenm size, stiffness, geometry, etc., and,
therefore, behave differently in similar flow cotidnhs and under the influence of the same
magnetic gradient field. Moreover, in real treattneimcumstances, physiological parameters
could change unexpectedly. Additionally, in MRNidulow velocities are the ones found in
human vascularity, which are relatively high wheampared with fluid flow in experimental
conditions in other applications.

To the best of our knowledge, there have been Iner @ttempts to experimentally measure
the trajectory of magnetic microcarriers in thetesthof MRN. In CTV and similar studies, there
was no fluid flow involved; vertical and horizontalovements are due to gravity and magnetic
force, respectively. The magnetic gradient was lhspaoduced by a magnetic dipole, while in
MRN it is produced by enhanced magnetic gradieits.cBinally, in our experimental conditions
the magnetic micro-entities are inside the bora MRI scanner, therefore they are magnetized
by the MRI's magnetic homogeneous field, and there dipole-dipole interactions between
them. All of these conditions justify the design afmagnetophoretic testbench to study the
trajectories of magnetic microcarriers to be usadMRN treatments in order to quantify their

response to a given magnetic gradient in termbief tleflection patterns.

2.4 Object tracking

Observation of magnetic microcarriers’ trajectorgans that software for their detection
and tracking is needed. Object tracking has beenstlbject of a large amount of studies in
computer vision and image processing [58] and hgdications in many different areas as
biology [59] and video surveillance [60]. The trauk problem can be defined as the survey of

the movement that an object (or objects) followa sequence of frames of a video.

The first question to answer in this kind of apation is to define the object to track. The
answer to this question constitutes the way in twiihe object of interest is to be detected and
represented. According to [58], the main objectedi&bn mechanisms are point detectors,
background subtraction, segmentation, and supehlesning. In point detectors the aim is to
find points in the object that are invariant to mges in illumination and camera viewpoint.
Background subtraction uses a model for the statkground and moving objects are frame

regions that differ from this stationary backgrountbdel (pixels that deviate from the
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background model are marked for processing anthbheted as foreground pixels). Segmentation
divides the image in partitions with similar chaeatstics. Finally, in supervised learning a
training set is used to provide a model of the cbje be detected. Once the object has been
detected there are many ways of representingriteXample using geometric shapes, contours,
points, etc. Usually this depends on the charastiesi of the object being tracked. For example,
for using in confocal microscopy, recently a newttmoe for particle detection has been presented
in [61] by exploiting radial symmetry of particledout its center. Particles' centers are located
and represented as points. The algorithm deterntmegoint of maximal radial symmetry by
calculating the intensity gradient that it is exgecto point towards the origins (particles’

centers).

The next step in object tracking is to define thaywn which the features selected
representing the object are going to be locatedemext frame given its position in the previous
one. In this case, a displacement model is neededdier to define a search area. Some popular
models used are deterministic translational mo@i2] pnd Kalman filter method that uses the
state space approach. It is intended to deal waitberand random perturbations that usually occur

in real video data [58].

Finally, once the search area has been determinedeeded to locate the object in it and
a matching criterion is needed. One of the mostnaommatching criteria is template matching
in which a representative instance (template) efabject is defined in previous frames, then this
template is compared within defined search regioribe current frame by evaluating similarity
functions. This approach is usually a brute forethad, exhaustive in nature. Another common
matching criterion is the brightness constancy useaxptical flow that is based in the assumption

that corresponding pixels in consecutive frameshavbrightness change [58].

As pointed out in [59], it seems that automatickmag results are still rarely perfect and
experimental conditions usually produce problemsdoking tools in most of the cases, due to

the fact that these applications are usually tiglmiked to their specific application.
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2.4.1 Particle Tracking

Object tracking applied to motion of particles useveral specific approaches and the
literature on the subject is extensive. Only somgerahms used in particle tracking that are of
interest for this project are presented here.

Micro Particle Image Velocimetry (uPIV): this technique is an adaptation of the Particlage
Velocimetry (PIV) technique for use in microfluidiclt was introduced by Santiago al [63].
PIV techniques are intended to measure instantandloid velocities. Usually fluorescent
particles are seeded into the fluid flow and thetiglas’ displacement is evaluated by image

treatment techniques.

The typical PIV algorithm uses correlation to ewuparticles’ displacement. Frames are
divided into areas; these areas are called intatimy areas or windows. Mathematical
correlation calculation gives a measurement of lanity between interrogation windows. The
Fast Fourier Transform (FFT) is often used to obtae correlation, then the peak location is

estimated and the displacement is derived.

Correlation is usually calculated by using crosgation, but auto-correlation has also
been used. In auto-correlation one frame contaidsuble exposure recording. The drawback
with auto-correlation is that flow direction must known prior to apply it, because it results in
more than one correlation peaks (typically thrée)cross-correlation method, each exposure
corresponds to an individual frame, the correlatialtulation results in a single correlation peak

that contains velocity information [64].

Particle Tracking Velocimetry (PTV): the aim of this method is mainly the one of th€.Prhe
main difference is that in this technique few pes are tracked, compared with high particle

densities used in PIV. In fact, is often called {omage-density PIV.

In PTV, seeded particles are identified and trackethe frame sequence. As mentioned
before, one of the first introductions of PTV isnéan [18]. A typical PTV algorithm consists of
two main steps: particle identification to locateticles in a given frame and matching algorithm
to evaluate the position of the identified partiatedifferent times. Most of the research effort f
this method has focused on improving the matcheajure algorithm used to track particles in

frame sequences.



17

Some of the best known PTV matching methods arareséneighbor search with
geometrical constraints, cross correlation betw®en frames, relaxation methods that analyze

the probability of particle matching and genetigasithms [65].

Computer vision designed techniques have been edidpt PTV. For example, Ruhnati
al. [65] use optical flow to track particles, andestty in [66] a computer vision based approach
has been proposed to deal with particles’ overtagpproblem in frame sequences.

Cdl Tracking Velocimetry (CTV): this technique is a modified version of the PT¥thod used
and developed in the Ohio State University [19]isTtechnique uses an image enhancement step
prior to identification and tracking stages. Thega enhancement steps are: histogramming used
to find the range of the gray level present in image, stretching used to improve contrast
between particles and background, low-pass spéttaling to remove noise, background

subtraction and a final filtering step based ongat to reconstruct incomplete cell images.

After image enhancement, the cell tracking algarmitis applied. This algorithm has two
steps. The first step is cell location, which isdxhon a threshold level comparison to deduce if a
given pixel is part of a particle (higher intensthyan the threshold) or not. Once particles are
located, a tracking module is used to establistbst probable path by using a sequence of five
frames. The concept of path coherence is used teyndime the particles’ paths. This concept
supposes that object trajectory should be smoath-igure 2-1 the method is shown; cells
positions for each of the five consecutive framesta t, t3, t, and ¢. Using the cell position in
the first frame () as center, a search area is determined by radius the second frame. The
determination of this radius depends on severatidenations, usually ranges between 1 to 3
times the cell diameter. Once the position in theosd frame §) is established, the direction of
movement and distance between them can be esw&l{sbd line). From this information the
location of the cell in the next frame is predic(edll tagged as “p” near tg in this example).
The error between real and predicted locationssexiun a penalty function used to determine
path coherence; the smaller the value of the pehatiction, the greater the path coherence. The
penalty function is used when more than one celtiéntified in the search area of the next
frame; the path with the smallest penalty functi@iue is selected as the correct path. The

procedure is repeated for frames 4 and 5. Finhllyprocess is reversed, that is, the analysis is



18

done starting with frame 5 and ending with framelflpenalty function values have large
differences in forward and reverse directions, tthenpaths are defined as not reliable [67].

Figure 2-1 CTV method schematics. Cells identifindthe five consecutive
frames are named to t respectively. The search area between frames is
determined by radius A predicted location of the cell in frame 3 iglicated as

p. The real cell path is depicted in green.

A multiple-frame PTV approach has been recenths@néed [68]. The main modification
focuses in the way in which the prediction of paetiposition and velocity estimate is used to
determine the radius of the search area in the fin@xte. It is expected that this method would
improve the robustness and accuracy of PTV forlitigheded flows.

To summarize, to our best knowledge, the technigouesack moving particles have been
adapted from methods used to study fluid flow barawIV technique is commonly intended to
provide information on the average fluid flow vatgcand PTV technique identifies and tracks
individual particles. Given a specific problem, fpae tracking approaches have been developed

tailored to the specificities of the experimentahditions.
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CHAPTER 3 OVERVIEW OF THE APPROACH

The aim of this thesis is to design a testbenclicdeto characterize the microcarriers to be
used as therapeutic/diagnosis carriers in ordeletber predict targeting efficiency in MRN
treatments. The general goal of the MR-Sub projecio develop a navigation method for
medical microcarriers to target deep regions in bhenan body by using an upgraded MRI

system. This method has been demonstrated inaiiidn vivo [3, 4, 51].

In his Ph.D. thesis, J.B. Mathieu investigated tmethods for navigating several
microparticles as carriers for cancer treatmeni,[6®ncluding that magnetic aggregation of
microparticles modifies their response significgntdut they were not completely characterized.
The current work tries to build an incremental siepthis subject by following some of the
suggestions in J.B. Mathieu’s work, focusing on #tedy of the deflection trajectories, i.e.,

magnetophoretic velocities of aggregations to akboletter treatment prediction.

In order to do so, first of all it was needed tove&lep a microfluidic device allowing
measurements of magnetophoretic response of magraeticles and aggregations. As exposed
in the literature review, magnetophoresis has el for sorting and separation purposes, then
a microfluidic chamber inspired in these applicasiowas designed and tested to record
microparticle aggregation movements. This desiga pr@sented as a conference paper in [70].

This work is a proof of concept of the magnetophorehamber.

After having been able to record and estimate tagrmatophoretic velocity of microparticle
aggregations by hand, the paper presented in titechapter addresses the problem of automatic
data gathering. The main focus of the paper iot@cinitial results using the sample application
called blobtrack [71] from OpenCV for tracking ofaroparticle aggregations. The idea with this
work is to explore improvements to the device armtqrol designed and tested in [70]; and to
provide the start point for the design of trackisgftware tailored for characterization of

microcarriers intended to be used in MRN.
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3.1 Microfluidic design

In order to understand the importance of the magphetretic velocity in the MRN it is
necessary to return to physical features that n\R& possible. These physical features will

guide the design decisions used to fabricate tlveaffuidics magnetophoretic chamber.

A general procedure in MRN can be summarized dewist magnetic microcarriers are
released in some predetermined point of the hunagowlar network (by using a catheter), then
microcarriers are magnetically navigated througésee bifurcations to reach the target location.
The navigation is done following a predefined pathschematic representation of a MRN

procedure is shown in Figure 3-1.

Predefined
path

Fluid flow "

Catheter N ,="
ti 7 .
P ///// Blood
vessels

Applied
magnetic
gradient

Figure 3-1 Schematic diagram of a general MRN pooe

3.1.1 Relevant physics principles

As has been discussed in the precedent sectiomction force used in MRN is due to a

controlled magnetic spatial variation and is gibgnEq. 2-7):

Funag = Vs (M- V)B 31
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with M (A/m) the magnetization, ang (m®) the volume of the microcarrier’'s magnetic content
B (T/m) is the magnetic gradient applied. Inside blore of the MRI scanner there is a constant
field denoted B, usually big enough (1.5 T in the case of thigguot) to produce values close to

saturation magnetization in the microcarrier’'s metgncontent.
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Figure 3-2 Free body diagram. Forces on a magpatiecle (green sphere in the
center) in the magnetophoretic chamber are depidibd fluid flow is inx
direction. Magnetic force is applied ydirection. Inz direction acts gravity and
buoyancy. Drag force resist movement in all ditdi

Figure 3-2 gives a general outline of the involNeaes when a microparticle is moving in

fluid flow. By applying the Newton’s second law mbtion we obtain that:
ma=Fmag+deg+ Fg+ Fb 3-2

wherem is the mass of the particle andhe acceleratiorf nyg is the magnetic force applied in
they axis,Fgrag IS composed b gragx, Faragy aNdF gragz indicating fluid resistance to movement
in all directions, finallyF is gravitational force anBy, is buoyancy. In the context of this work,
magnetic microparticles are supposed moving as#me speed of the fluid flow in theaxis,
and then we consider thafagx is zero. On the other hand, movement alongtives is usually

neglected. The net effect of this movement inzlagis is sedimentation (when the density of the
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magnetic microparticle is large). Sedimentationingortant because it causes the magnetic
microparticles to touch the surface of the wallshaf magnetophoretic chamber, and in that case,
friction must be considered in the motion equatidhe new simplified motion equation along

they axis is then:
ma = Fmag + Fdrag—y 3-3

By using the simplifications exposed above, theyamvolved forces are the magnetic and
the drag force along theaxis. Moreover, when particles are moving in adfl@an equilibrium
state is reached such that the net force is zeoelgration becomes zero).

0 = Fiag + Farag-y 3-4

When the Reynolds number is very low (much less tha we have mentioned that the
drag forceFgagy IS given by Stokes’ drag force formula (Eq. 2-1At equilibrium the

magnetophoretic velocity is given by the balandsvben drag and magnetic forces, leading to:
Frag = Farag—y = 6murU = Vf(M- V)B 3-5

with p the viscosity of the fluid, the particle’s radius and the speed of the particle with respect

to the fluid flow. The volume of the magnetic cantt¥; is related to the particle’s radiudy:

4 3

Vf = gnr 3-6

By solving Eq. 3-5 for speed and using Eq. 3-6,dh#icle’s magnetophoretic velocity is
then given by:

2r2(M - V)B

o 3-7

Umag =

From Eqg. 3-7 is clear that this magnetophoretiosigy can be adjusted by changing the
size of the magnetic microcarrier? (term), by altering the magnetic gradient®) or by

adjusting the magnetic magnetizatidu)(of the magnetic microcarrier.

This magnetophoretic velocity is a terminal steaeélpcity. It is important then to study the
acceleration of the magnetic microcarrier as itrapphes the steady-state to understand when it

is possible to consider that the microcarrier lmsstant magnetophoretic velocity.
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By using simplified relations in Eq. 3-5 and wrdieqg. 3-3 in terms of the velocity we
obtain the following expression:

dv
m— = Ve (M-V)B — 6murv 3-8

assuming the magnetic force is applied only inytdeection, the solution to this equation is:

m

ViMVB ( 6ﬂurt)

v(t) = 3-9

6mur

in which I7 is the derivative in thg axis; andM andB are the magnitudes of the magnetization

and the inhomogeneous magnetic field

From Eg. 3-9, the characteristic time scale in sitigation is:

T = 3-10
6mur

This characteristic time scale has been usuallgidered very small [16]. The assumption that
the magnetophoretic velocity is the one given by &q is safe in that case. However, when
magnetic particle aggregations are being invesitjathe size of the new “equivalent”

microcarrier could increase the relaxation time tlué&q. 3-10 dependence on the mass of the

new magnetic microcarriers aggregation.

3.1.2 Biological considerations

Blood flow velocity is usually very high in humamsculature. Common medium arteries
in human are 2 mm to 6 mm in diameter, and flovoeiles can range from 10 cm/s to 60 cm/s
[72, 73, 74]. Figure 3-3 shows typical sizes andodl flow velocities in the human vascular
system. In his work, Pouponneaual. [5] used a bifurcation with a width of 2.5 mm t@del a
hepatic rabbit artery to test the feasibility offelient ways to produce TMMCs to target liver
cancer. In this work, it is also stated that thenimum size for microparticles used in liver

embolization (in terms of their diameter) is 40 um.

Due to the fact that Eq. 3-10 indicates that thaxagion time for this kind of experiments
can be usually considered negligible, the magneiicroparticles and magnetic aggregations
inside the magnetophoretic chamber are consider@dngn with the terminal magnetophoretic

velocity when the magnetic gradient is applied.
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Medium Small Capillary
Aorta artery arteriole sphincter
25 mm 4 mm 30 pm 35 pm
400 mm/s 100-400 mm/s 1-100 mm/s
3000 500 0.7
Heart
Vena Cava Vein Venule Capillary
30 mm 5mm 20 pm 8um
50-300 mm/s 3-50 mm/s <3 mm/s <1 mm/s
3000 150 0.01 0.002

Figure 3-3 Schematic representation of human caeadimular system vessels.

Vessels’ main parameters depicted are inner diamneterage blood flow speed

and Reynolds number adapted from [72].

Based on the above information, the magnetophocbtienber was designed to be 6 mm

wide in order to simulate most of the distances mhagnetic microcarriers are expected to cross.

Plexiglas (PMMA) was selected as the material fyricating the magnetophoretic chamber.

Among its advantages one can mention low cost ajidthansparency (vital for magnetophoretic

experiences) [75].

In MRN treatments, magnetic microcarriers are ndgnizeing injected in a vessel close to

the targeted area by using a catheter. In [4] laetat with a lumehof 0.7 mm (700 um) is used

to perform the experiments. This diameter was safebecause it did not cause the magnetic

microparticles aggregations to clog when the inpectvas performed. This information is used

to decide the size of the channel that transpdnes inagnetic microparticles into the

magnetophoretic chamber. In order to allow sintlanditions as the ones expected in real MRN

experiences, the width of the entrance channd@lected as 500 pm.

In the same study [4], the designed TMMC partices released between 20 and 30 mm

from the bifurcation. In [76] the injection poim isimulations is situated at 15 mm from the

® Lumen: size of the inside space of the tubularcstire of the catheter.
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bifurcation. This data is used to estimate thatntlagnetophoretic chamber should be about 15 to
20 mm long in order to emulate previously used arpental conditions.

As has been mentioned above, blood flow speedthéosizes considered are quite large
(between 10 cm/s to 60 cm/s). For a typical bldod fof 15 cm/s, the time to travel the expected
15 mm long chamber would be 10 ms. For a frameaffb frames/s (which is the typical rate
obtained with the MRI compatible camera), one framtaken every 66 ms; then one could not
be able to record the movement. In order to okit&iframes to analyze the deflection movement
of a magnetic particle or a magnetic aggregati@@Olframes/s would be needed. The video
output signals of the MRI compatible camera are §T@® PAL video signals, which gives a
maximum of 30 frames/s (for NTSC). With this in mhjnn order to obtain several frames to
analyze deflection patterns, fluid flow speed mustreduced. Then in order to obtain at least 7

frames to analyze, the fluid flow should be no ntbian 30 mm/s.

3.1.3 Chamber

The initial chamber design was inspired by Pamrde&gn used for continuous fluid flow
separation [39]. In this design the magnetophorgti@mber is 6 mm by 6 mm with 16 plus 1
inlets of 100 um wide evenly spaced and 16 outdeiD0 um wide evenly spaced also, designed
as a tree like succession of bifurcations. The &hijabricated in glass, and the flow is produced
by a syringe pump in withdrawal mode connectedhim output. As pointed out before, the
injection point in previous experiences was plaaed5 mm or more from the point of interest
(bifurcation in this case). Then the design was ifremti to fit with the size of interest in our
application. The number of inputs and outputs vealsiced from 16 to 8 (plus the extra one in the
input side).

Because of the use of PMMA instead of glass andliaenber’s aspect ratio, the chamber
was not at all functional due to deformations ie thiddle of the channel. Even using the pillars
described in Pamme’s work [39], it was not possibleavoid this bending. In Figure 3-4 the
deformation problem is schematically shown. Fldahf moves in thec axis, the magnetic force
is applied in they axis and the deformation of the channel is inzlaxis (not indicated). The
resulting deformation in theaxis reduced the depth of the chamber in its certesuch a case,
the fluid flow tended to move around the bendingem the microfluidic chamber as depicted in
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Figure 3-4. In addition, the negative pressure pced by the use of the syringe pump in
withdrawal mode increased the bending effect incrger of the magnetophoretic chamber.

Yy microparticles Bending Flow direction
i '
/
¥, = *
0 ] Q [ ] [ ] [}
[ ] o
. 0 0
0 (]
[ ] ° ° L J
0 ° =
0 °
°
° ' —o
0
x (a)
Y . . Bending Flow direction
microparticle zone
| ] Magnetic
force
(4

x (b)

Figure 3-4 Bending problem in the initial chambesign. (a) Without magnetic
steering force applied. Magnetic microparticles r@gresented in blue. Stream-
lines are represented by blue arrows crossing lthenber. The bending zone is
indicated in the middle of the chamber. (b) Expeceéfect on a magnetic
aggregation when the magnetic force is applied. Ewpected deflection
trajectory is shown in red; the effect of the bexgdzone on deflection pattern is

shown in green.

Another difficulty found with this initial approachas the tree like design of the input and

output channels. This design was supposed to egpnbad the fluid flow in the chamber. Initial
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tests proved that this design decision was a pmoble our case, mainly because of the air
bubbles. In any symmetric bifurcation, any perttidoacan destroy the symmetry of the flow.
The air bubbles tended to clog the branches wihenedtay, avoiding the liquid to flow, and then

perturbations were produced in the flow insidechamber.

Based on these initial tests, the microfluidic dasivas modified to try to avoid as much as
possible the problems found. The size of the magtetretic chamber area was reduced to 6 mm
wide by 7 mm long. The microfluidic device is desg to measure and record microparticle
trajectories, and not to collect them accordinth&r magnetophoretic velocity. Accordingly, the
input and output networks were transformed int@lsichannels. The connection between input
and output channels is performed in angle (Figufe (8)). The design is done taking into
account that a right angle can produce turbulencése fluid flow (Figure 3-5 (a)), and then the
entrance and exit from the chamber are done mid®rder to avoid this effect and obtain a
smoother fluid flow (Figure 3-5 (b)).

Figure 3-5 Schematics of fluid flow streamlines dhannel connections. (a)
Schematics of fluid flow streamlines for right amgthannel connection with
vortex roll forming at the entrance of the magnatmetic chamber (adapted
from [16]). (b) Schematic of smoothed fluid flow bging angle connection.
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The input inlet for microparticles was moved to tenter of the chamber in order to
imitate the usual situation in the treatment whbeecatheter is expected to release the diagnosis
or therapeutic magnetic microcarrier around thdezeof the selected vessel. The microparticles
inlet is designed to be 500 um in accordance wiéhihner diameter of catheters and to avoid

clogging due to microparticle aggregations.

The main fluid channel is designed as a bifurcatmallow the use of one syringe pump to
produce the main fluid flow. The microfluidic deeican be used in negative (syringe pump
connected at the exit of the microfluidics in withhal mode) or positive pressure (syringe pump
connected in the main flow inlet in normal modgjinge. Due to the lessons learned during the
tests of the initial chamber design, the syringenpus used in normal mode to alleviate the

bending in the center of the chamber.

In order to deal with the bending of the centethaf chamber, various bonding techniques
were tried. Bonding of PMMA plates is done usingoaen, where the pressure and temperature
can be controlled. The right balance between pressod temperature allows the minimization
of the deformation effect in the microfluidic degicThe glass transition temperature for PMMA
is around 105 °C. At this temperature, PMMA sténtsoften, if pressure is then applied to the
PMMA substrates, they affix together. The problenthat as PMMA softens, the substrate can
change its geometric properties during the bongnogess.

The following PMMA bonding techniques were tried:

* Low pressure, high temperature bonding: a relatingyh temperature of 165 °C is used,
and in order to avoid channel deformations, venry fjaressures are needed [77]. The
results when using this technique were worse thhaatwas obtained with the typical

configuration of the oven usually used in the Nabotics Lab.

* Low temperature, high pressure bonding: the iddhigicase is that the PMMA substrate
is kept below the glass transition temperature @5nhich ensures its rigidity during
bonding [75]. Again results when using this teclieigvere worse than what was obtained

with the typical configuration of the oven usualised in the Nanorobotics Lab.
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« Thermal bonding in water: in this technique PMMAbsuiates are clamped together and
immersed in boiling water during 1 hour [78]. Thesults were even worst with this

technique. The PMMA plates were completely deformiedng the process.

In the end, the bonding method used in this work tased on the previous settings of the
oven with some slight variations in order to deseethe bonding temperature and pressures such
that the geometry of the chamber was better maiedai

Figure 3-6 Flow pattern in the magnetophoretic dmmFlow observed in the
magnetophoretic chamber when ink is pumped in ticeoparticles inlet and DI

water in the main flow inlet.

In order to verify that the chamber was going teech particles to the center of the
magnetophoretic chamber and to calibrate the osiship between syringe pump speeds,
experiments were performed by injecting ink in theroparticles inlet, while DI water was
pumped in the main flow inlet. Once calibrated, dbserved flow pattern is shown in Figure 3-6,
it can be noticed that ink flow goes straight forav#éo the outlet of the chamber. It can also be
noticed that laminar flow has been achieved assite of the ink flow has a relatively constant

width, which indicates that no turbulences are plesk
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3.2 Micropatrticles

As mentioned before, TMMC have been designed inlahoratory and have been already
demonstrated [4]. The obvious choice for magneticroparticles to try the magnetophoretic
chamber was to use TMMC, however these were noilabl@ These microparticles were
produced in limited quantities to demonstrate thet possible to produce magnetic loaded drug
carriers for use in MRN tretaments. Then it wasdeeeo select ones with similar characteristics
to the TMMC used in [4]. TMMC have a mean diameteb3 um, are polydisperse and have a

magnetization of 250 kA/m.

PS-MAG-S1986 microparticles from Microparticles GtBerlin, Germany) were used
in this project. These microparticles have a meamdter of 41.13um, are monodisperse, and
have a magnetization of 36 kA/m in a field of 1.a&typical found in clinical MRI scannérs

These microparticles exhibit a diameter almost vjant to the TMMC that have been
successfully navigated in the hepatic artery ofbralnodels with controlled release of the
therapeutic agent in specific locations in thedif#. Moreover, in [5] it is established that 40
um is the minimum average diameter for embolizatiban even if there are other commercially
available magnetic microparticles with a magnetiwatalues closer to the TMMC ones, their

diameter was much lower than 40 um, then PS-MAGBB IBicroparticles were preferred.

3.3 Simulations

Based on Eg. 3-3 and Eq. 3-8, a simulation framkweas designed to evaluate the
possible outcomes of the experiences using the etaghoretic chamber described in the

previous section. The simulations were done usiagjdi.

The simulation is a very simplified version of Jpé3uchholz’s Particle System Toolbox
[9]. Basically time is divided into steps that arged to evaluate the acceleration inyhaxis as
expected from Eq. 3-8. Then velocity and positiorthey andx axis are evaluated by using the
following relationships:

* Monodisperse: particles have uniform size distitiou Polydisperse: particles have varied sizesibligtion
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Vy_next = Vy—prev T ACy_prey * time_step 3-11
. 1 , 2
Ynext = Yprev T Vy—prev * time_step + > ACy—prev * time_step 3-12
Xnext = Xprev T Uy * time_step 3-13

As can be seen, the velocity in thaxis is assumed to be constant because it comdspo fluid
flow acquired velocity. The simulation starts whigne particle arrives at the magnetophoretic

chamber, and so, the initiabxis velocity is assumed to be zero.

Simulation results were used to compare experirhdéin@dings with theoretical ones in a
conference paper [70]. There is no study on tHeentce of the initial position in this simulation.
Microparticles are supposed to be perfect spheres/aluate the drag force. Possible existing
friction forces and gravity have been neglectedth® purpose of this initial screening of the
expected results by using the magnetophoretic caamb

Due to the reasons exposed before, 4 fluid flovedpdnave been selected with a maximum
of 20.8 mm/s. The other 3 fluid flow velocities werhosen to be successive speed halves (i.e.,
10.4 mm/s, 5.2 mm/s and 2.6 mm/s). In this wag &4pected to be able to study the effect of the
fluid flow on deflection patterns of magnetic pelds and magnetic aggregations when a

magnetic gradient is applied.

Simulation results are shown in Figure 3-7. The lowagnetization of the magnetic
microparticles used could explain that it is notpested that they will be able to cover
individually the 3 mm trajectory in thg axis for any of the flow velocities considered.eTh

simulation parameters used in this simulation b in Table 3-1.

The resulting individual microparticle magnetophmreelocities (measured as the distance
reached in thg axis while 7mm have been reached in xhexis, divided by the time that this
takes) are: 69 um/s at a fluid flow of 20.8 mm/S83 lum/s at 10.4 mm/s; 304 pum/s at 5.2 mm/s
and finally 534 um/s at 2.6 mm/s.

If real human flow speeds are considered, it isexptected that individual microparticles
are going to be able to travel the 3 mm distancéheny direction due to the action of the
magnetic force. Initial simulation results show tth& using the magnetic microparticles

considered here, the blood flow should be slowedrddthis has been done before using
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catheters with a ballon on its end). However 3 mroansidered the worst case scenario. What is

really needed is that the magnetic microcarriemukhreach the fluid flow streamlines that are

going to permit them to enter the expected bifuocabranch, then most of the distances that they

have to traverse are much less than the worstscasario.

Fluid flow
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Figure 3-7 Simulated individual microparticle’s Weftion patterns. Flow
velocities considered are 20.8, 10.4, 5.2 and Zrisnffrom top to bottom in the

graphic).

Table 3-1 Simulation parameters
Name Units Value
Microparticle diameter m 41.13 x 10
Microparticle mass kg 9.035 x 10
Microparticle magnetization A/m 36 x 16
Magnetic gradient T/m 0.4
Water viscocity Pa-s 0.001
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The next question to respond by simulation waseffect of magnetic aggregation on the
trajectories of the magnetic microcarriers. Accogdio [79], 280 magnetic microparticles can be
safely used in the form of bolus injections allogvinot blocking the tip of the catheter. The
theoretical therapeutic treatment followed in thiay would last around 30 minutes with the
injection of about 380 of such boluses every 5 sdsaapproximately. In such case, the total
mass using data inTable 3-1 would be 2.53 % i@ and an equivalent sphere with the same
volume as 280 microparticles in chain like aggriegatvould be 308.0 x 10m (the derivation of
this diameter value can be found in the Appendix ThHe resulting expected trajectories for

magnetic aggregations of 280 magnetic micropadiale shown in Figure 3-8.
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Figure 3-8 Simulated microparticles aggregationflediéon patterns. Flow

velocities considered are 20.8, 10.4, 5.2 and Zrisnffrom top to bottom in the
graphic).

The resulting final magnetophoretic velocities at87.34 um/s at a fluid flow of 20.8
mm/s; 251.25 pum/s at 10.4 mm/s; 541.21 um/s atbr2s and 1.11 mm/s at 2.6 mm/s. In this
case one should expect that magnetic aggregatfdhs size as the ones proposed in [79] should

traverse the entingaxis of the chamber only in the case of the lovlaat flow velocity.
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3.4 Experiments

The experiments were designed to test the vialolitthe magnetophoretic chamber as the
base for future developments to study the deflacti@havior of magnetic microparticles
subjected to a magnetic force. One of the mainatives of the experiences is to study magnetic
microcarriers aggregation by evaluating their resgoto a magnetic gradient. From simulations
shown before, it seems clear that, even if the gizBe magnetic material is increased (by using
dipole-dipole interaction between magnetic micréipkss), the main obstacle to control magnetic

microcarriers is the fluid flow speed in the hunferdly.

3.4.1 General setup

The experimental setup consist of a PMMA phantoesighed following the process
mentioned before, positioned in the center of aarusbuilt Maxwell pair coil generating the
magnetic gradients. The whole system is placetienntiddle of the bore of a commercial MRI

scanner providing the constant 1.5 T main magiedid.

Two syringe pumps are used to control the mainraagnetic microparticles fluid flows.
Magnetic microparticles are introduced in the fléimv by using a 3-way switch placed inside
the MRI scanner bore. This way of injection wagestld instead of pumping microparticles from
outside the MRI scanner bore; because in the wciof the entrance to the MRI bore the
magnetic field is not constant, then magnetic aggfiens tend to move in an uncontrollable
fashion. Moreover, syringe pumps must be placedrat® m far away to avoid the magnetic
force in the vicinity of the MRI bore act on thethen magnetic microparticles tend to sediment
in the tubing before reaching the PMMA microfluislicThis procedure is based on the
methodologies described by J.B. Mathieu in hisigh9].

The Maxwell pair coil is able to produce 22.15 mTion each A, at 18.05 A produces
approximately 400 mT/m. It has a rise time of 1Q Each coil has a diameter of 12 cm and the
space between them is 10 cm. The Maxwell coil igadiriven by a KIKUSHI PBX 20-10 bipolar
power supply manually controlled. The microfluidievice is oriented perpendicular to the main
static field B of the MRI scanner. The magnetic gradient gendrate the Maxwell pair is

oriented parallel to the main static field.
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3.4.2 Experimental results

The initial experiences showed good agreement thighexpected results for aggregations.
At lower flow speeds (2.6 and 5.2 mm/s) simulatresults seem to fit relatively well with
experiments. Supposing rod-like aggregations d&3gare 3-8, for a flow speed of 5.2 mm/s the
experimental magnetophoretic velocity was 44% fasien simulated one, and in the case of 2.6
mm/s experimental magnetophoretic velocity was Xd8%ter than simulation result. The results
were presented in a conference paper in the Irttena Conference on Manipulation,
Manufacturing and Measurement on the Nanoscale NZWIO 2012). The deflection patterns
were similar to the ones shown in Figure 3-8. Apested from simulations, the only case in
which the aggregations were able to cover the 3distance was for a fluid flow velocity of 2.6

mm/s.

The main problem with this initial setup is the tfabat magnetic microparticles are
relatively heavy, and then sedimentation cannotsagely neglected, which could explain
differences with simulations. Another problem ise tjection methodology, the control of
aggregates dimensions and shapes is not the salbjus investigation, but a better controlled
way to inject and produce magnetic microparticlgragations could certainly be beneficial in
magnetophoretic experiences.

Initial magnetophoretic velocities for magnetic eggations were estimated as 0.95 mm/s
in a fluid flow speed of 2.6 mm/s, 0.78 mm/s inid flow speed of 5.2 mm/s, 0.90 mm/s in a
fluid flow of 10.4 mm/s, and 0.92 mm/s in a fluidw of 20.8 mm/s. These measurements were
done by hand counting the number of frames anddta distance that the aggregations have
travelled from the first frame magnetic force igpkgd through the end of its deflection trip.
These results compare relatively well with simaatresults shown for rod like aggregations,
especially for the fluid flow speed of 2.6 mm/s wheimulations indicate 1.11 mm/s and

experimental results show 0.95 mm/s.

3.5 Tracking tool

After promising results from the magnetophoretiarober, it was decided to investigate
the feasibility of using a software tracking tool ibtegrate with the magnetophoretic chamber,

then creating a complete magnetophoretic behagsibénch.
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The paper presented in the following chapter shtvesresults of applying a modified
version of the OpenCV blobtrack [71] sample appiccato track magnetic particle aggregations
in the magnetophoretic chamber. This tracking teak used in Peng’s thesis [8] to track

aggregations when using a fuzzy controller.

After these tests it was decided to develop a swé&wool specific for magnetophoretic
experiments. The software tool is designed to prteaesolution to the goal of identify moving
particles in digital videos taken from magnetopkioreexperiences and to obtain the
magnetophoretic velocity by following their movemetaking into account the specificities of
the magnetophoretic experiences instead of usiggneral tracking tool as the blobtrack one.
The initial step was to decide the adequate dewedop platform and tools to develop it.

The tool is developed in C++ because it has tHeviohg advantages:
e itis alanguage that has good support for mathiealatnd graphics processing,

* it allows good modularity which allows better compension of the software and makes

it easier to change, and
* it provides high and low level programming options.

In order to get the image processing tools, it alagsen to continue using OpenCV due to

the following characteristics of it:

» as indicated before, there is some exposition o d@ther projects, then this knowledge

can be used in this project,
* itis a mature open source initiative (more tharydérs of development),
e itincludes several image processing tools provethods for object tracking,

e itis compatible with C++ programing language, ddigion with Python support for rapid
prototyping,
e it has an active internet community allowing easgess to support and examples, and

* itis a cross-platform tool (supports Windows, LintOS and Android).

Finally in order to develop a GUI for the trackisgftware tool, Qt was selected due to:

its integration with OpenCV,



it is an open source framework,
it provides a comprehensive set of tools for GUledepment, and

it is cross-platform.
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4.2 Abstract

An experimental setup for characterizing the magplebretic properties of magnetic
therapeutic microcarriers and/or diagnostic agentkescribed. Such characterization is essential
for determining the optimal sequences of magnetadignts to deflect its trajectory through
relatively complex vascular networks in order t@aale a predetermined target. The recorded
magnetophoretic data can be used to predict theqiahe agents when submitted to directional
gradient fields and under different fluid flow veitles. Automatic extraction of these data is

performed using a tracking method.

4.3 Introduction

Minimally invasive cancer treatments have recergtpused much interest. Magnetic
Resonance Navigation (MRN) is a technique aimeghaigating magnetic microcarriers [3, 50,
51] such as Therapeutic Magnetic Micro Carriers M®) [4, 5] for drug delivery in cancer
therapy. This drug delivery system promises impnosets in therapeutic and diagnosis by
increasing targeting efficacy while avoiding orlaast minimizing systemic circulation often

causing added toxicity in healthy organs.

The basis of this method consists in the use ofntlgnetic homogenous field and the
magnetic gradients of an upgraded clinical Magn&e&sonance Imaging (MRI) scanner to
magnetize the soft magnetic nanoparticles insidarittrocarriers and to steer them respectively
along a planned trajectory in the vasculature tdwartargeted destination. This method has been
validated in-vivo in [3, 4].

With a reduction of the size of the magnetic dragiers to accommodate narrower blood
vessels, the amount of therapeutics being delivesreeduced as well. To compensate, magnetic
aggregations of MR-navigable therapeutic microessrare used. Such magnetic aggregations of
microcarriers will be characterized with magnetaetio velocities [6, 52] which differ from

single microcarriers.

As a consequence, collecting reliable data suckvits an optical method [23] on the
magnetic responsiveness in term of deflection patef such magnetic microcarriers is critical
for determining the optimal control sequences duMRN in order to achieve a higher Magnetic
Resonance Targeting (MRT) efficacy with a givenetypf MRN-compatible agent during
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targeted medical interventions. Indeed, severaksypf such therapeutic agents could be
synthesized with various sizes, while embeddingrgdr quantity of magnetic nanopatrticles to
enhance responsiveness to magnetic gradients brless magnetic nanoparticles to allow a
higher density of therapeutics to be delivered.tum, a higher or lower concentration of
magnetic nanoparticles within each microcarriefl aifect the dipole-dipole interactive forces
among neighbored microcarriers which would havedaogond impact on the overall magnetic

response of the aggregates to specific magnetitegrizs.

The importance of aggregation has been addressssl/eral works. In [53], Vartholomeos
et al argue that magnetic aggregation could be usedd®ase therapeutic effectiveness of
aerosol drug delivery for lung treatment while 57| Riegleret al explore the aggregation of
labeled cells for use in cell transplantation tpgra References [6, 52] suggest that
magnetophoretic velocity of aggregations and tlaetion of aggregated versus non-aggregated
particles needs to be precisely estimated in otdeget better targeting predictions prior to
conduct MRN.

The goal of this study is to design and test a ratgghoretic testbench. The initial results

with the testbench were presented in [70].

In order to build a useful tool for characterizatiof new therapeutic/diagnostic
microcarriers, the testbench must include some doautomatic tools. As has been discussed
above, the range of variability between magneticragarriers can be very large. On the other
hand, the statistical meaning of the measuremeng®verned by the capacity to manage a big
enough amount of runs each time a new microagesntakiated. As pointed out in [70], a major
drawback of the current design is the need to sgmire the magnetic gradient with the entrance
of particles in the magnetic chamber. It is alseaclthat, even if another chamber design solves
this inconvenient, software for detection and tmagkof the microparticles aggregations is

needed. An initial evaluation of the feasibilitytbe detection and tracking is discussed here.

The testbench is experimentally tested by measthn@gnagnetophoretic velocity of MRN
microcarriers relying on embedded nanoparticleshimm bore of a clinical MRI scanner; and
evaluating the effect of the flow rate on the deiten of these magnetic micro-entities. The
results presented in [70] are used to evaluatetrheking method for data detection and

acquisition.
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4.4 Theoretical background

4.4.1 Particle movement

The magnetic propulsion force induced by a magrgraclientVB on a magnetic particle

or magnetic aggregation is:
Fmag = V¢ (M . V)B 4-1

whereFnag is the magnetic force (NM is the magnetization of the material (A/m);, i¥ the

volume of the magnetic entity @randVB is the spatial variation of the magnetic fieldr(ij/

The laminar flow in a pipe is characterized by BReynolds number that can be computed
as

— UflowD

Re
\Y

4-2

where Yow (M/s) is the fluid flow velocity in the main dirian, D is the diameter of the pipe
(m) andv (m?/s) is the kinematic viscosity of the fluid. In tltase of a rectangular pipe, the

equivalent diameter is the hydraulic diameter dsfiby
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4-3
where A (nf) represents the cross sectional area and P (m)etied perimeter. If R< 2,100 the
flow in the pipe is considered laminar [80].

In addition, the viscous drag force that acts @plaerical particle is governed by Stokes'
law when the spherical object is moving in a flaidd it is characterized by a low Reynolds

number (< 1)

Rep = UDpv! = 2Urv1 4-4
where Q) = 2r is the diameter of the particle (m) and U is i$oeity. Then the Stokes drag
force is

Fa= 6mturu 4-5

wherep is the dynamic viscosity of the fluid.
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In the case of a particle moving in a liquid, thagnetic force balances with the drag force
[81] leading to the magnetically induced velocity

Umag = Fmag (611L7) 4-6
Replacing Eg. 4-1 in Eq. 4-6 leads to:
Umag: Vf (M'V)B (61Tl,lr)-1 4-7

if all parameters are left constant with the eximepibf the size of the particle, the velocity
acquired by the particle from the magnetic forcéuimction of its radius is

Umag = KI‘Z 4-8
with
K = 2MVB(9p)"! 4-9

which clearly shows that increasing the size of nieggnetic entity leads to an increase in the

magnetic induced velocity proportional to the sguairthe radius of the particle [23].

On the other hand, we can state that the velo€itymarticle in a flow and under the effect
of a magnetic gradient is given by

Ugefi = Umag + Ufiow 4-10

where Uhagis given by Eq. 4-1 andkly is the velocity acquired by the particle due te fact
that is moving with the flow [39]. From Eqg. 4-10adkear that, if all other parameters are constant,
the deflection pattern is governed by the fluidvieelocity.

Then, if Eq. 4-8 is re-arranged

2
Upegpi= 262MTE 1

the product of the magnetophoretic velocity by viszosity of the fluid is constant for a given
particle in a given gradient. With which, by knogirthe magnetophoretic velocity of the
microparticle in water, there is a way to rough$timate the magnetophoretic velocity of the
particle in other non-agueous media (e.g. bloothefviscosity of the new fluid media is known

Unew_media = Umag_water U-water/ Unew_media 4-12
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4.4.2 Particle tracking algorithm

Tracking is a non-trivial task, even in controlledvironments. In order to evaluate the
automatic detection and tracking of magnetic miaroer aggregations, the OpenCV [82] library
is used. The OpenCV library comes with a sampldiegton called blobtrack [71] designed to
track objects moving with respect to a static baskgd. The general algorithm is described in

[83], basically it performs a video frame segmentgtmotion detection and trajectory update.

The input video frame is used to estimate the backyl. The background is then
subtracted from the video frame. The resultingdovend frame is divided into regions that are
grouped into connected components. By analyzing dbenected components, it can be
determined if each the region is: an existing dbjacnew object, there is a merge detected

between objects, or there is a split detectedriavtgect [84].

4.5 Experiments

4.5.1 Microparticles for magnetophoresis measurements

To characterize and validate the method and theosex system, PS-MAG-S1986
microparticles from Microparticles GmbH (Berlin, @eny) were used in this study. These
microparticles have a mean diameter of 41148 are monodisperse, and have a magnetization of
36 KA/m in a field of 1.5 T as typical found in mital MRI scanners. Although not quite at
saturation, the microparticles are considered @trg@on magnetization for the purposes of this
report.

These micropatrticles were also selected becaugeettiebit a diameter almost equivalent
to the TMMC that have been successfully navigatethe hepatic artery of rabbit models with

controlled release of the therapeutic agent inifipdocations in the liver [4].

4.5.2 Microfluidic design and fabrication

The microfluidic chamber as depicted in Figure -tlesigned to be 6 mm wide by 7 mm
long with a depth of 20@m. It has two inlet channels and one outlet char@ak of the inlet

channels is used to inject microparticles and hasdgh of 500um; the other inlet is used to
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provide the main flow, and it has a width of 1 nifhe main flow channel is bifurcated into two
branches of 50Q0m in order to allow injection of microparticles tihe middle of the main flow.
Then two main flow branches of 5@®n are combined with the microparticles inlet charine
produce an input channel of 2 mm. The output chlawitth is 2 mm. The entrance and exit to
the magnetophoretic chamber are done by wideningnamrowing the channel width. All the

system has rectangular cross section with a dé@a@um.

Magnetophoretic :
o Chamber ,./ﬂ 1(mm) ——
3t == S N X TN
7777777777 ’Ou,t—x—let\‘"iwWW; ;'—i-'\\—l = [ Paricles !/
. — i DN T # | Main Eloh
‘ D A Main Flow

2mm) — Inlet

Figure 4-1 Schematic of the microfluidic deviceigas The complete device is
200 um deep. Magnetophoretic chamber is 7 mim6 mm. Main flow and

microparticles flow meet in the 2 mm entrance clehnn

The microfluidic device was fabricated by millingpet channels in a 1.5 mm thick
poly(methyl methacrylate) (PMMA) sheet; the coviate is another 1.5 mm thick PMMA sheet
with access holes drilled on it. Both sheets agentially bonded to form the microfluidic device.

The dimensions of the microfluidic chamber wereesd such that a low Reynolds
number is obtained for the fluid flow velocitiesedsin the experiences. The hydraulic diameter
Dh for the chamber is 387dm, the maximum fluid speed used to perform the expnts is
20.8 mm/s, and the kinematic viscosity of watek(s6(m2/s). By putting these values in Eq. 4-2,
the maximum Reynolds number for the chamber is R05 < 2,100, which ensures laminar
flow inside the microfluidic chamber for all theuitl speeds considered. The laminar
characteristic of the flow was anyway investigabgdnjecting ink in the microparticles inlet as
explained in [70]. The Reynolds number for a miemigle moving in the flow is Re_p = 0.05,

which means that the Stokes law can be safely fasete case of individual particles.



45

4.5.3 Experimental setup

The magnetic suspension of microparticles has aeadmation of 0.83 mg/ml and the
suspending fluid is deionized (DI) water. The milktnalic device is placed in the center of the
bore of a 1.5 T Siemens Avanto MRI scanner (SiemEnsngen, Germany) (Figure 4-2). A
custom built Maxwell pair gradient coil is usedgenerate magnetic gradients. In this work, the
gradient amplitude is always 400 mT/m. An MRI-cottiipa camera (MRC Systems GmbH,
Heidelberg, Germany) is used to record the movemoérthe microparticles. The camera is
located above the magnetophoretic chamber to atlowitoring the entrance of microparticles in
the magnetophoretic chamber and records video aaftes/s.

Two syringe pumps are used to control the microglag flows. The experiment is done by
observing the deflection patterns at flow velositief 2.6, 5.2, 10.4, and 20.8 mm/s. The
microparticles are carried by the flow; therefafeno magnetic gradient is applied, they travel in
a straight line to the outlet. The microfluidic d=vis oriented such that the flow is perpendicular
to the main static field BO of the MRI scanner. Thagnetic gradient is oriented parallel to the

main static field.

The experimental protocol is as follows: start widecording, apply flow with the syringe
pumps, as the microparticles are detected arritonipe magnetophoretic chamber turns on the
magnetic gradient and when the microparticles fiinis traveling through the magnetophoretic
chamber, it turns off the gradient. The gradierdapplied each time new microparticles arrive to

the chamber.
4.6 Results

4.6.1 Experiments results

As mentioned above, the microfluidic chamber wasetd in order to verify that at the fluid
flow speeds considered, steady flow is expectegurEi 4-3 shows typical deflection patterns
observed in each one of the flow velocities inggged. Each one of the inserted figures shown is
formed by superposition of frames taken from thaews. For trajectories shown in Figure 4-3 the
estimated magnetophoretic velocities are: for Fegar3a: 0.92 mm/s, for Figure 4-3b: 0.90

mm/s, for Figure 4-3c: 0.78 mm/s, and for Figuréd4-0.95 mm/s. For more details refer to [70].
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Figure 4-2 Schematic of the experimental setuppR2oil 1 and Prop Coil 2
refer to the custom Maxwell pair coils. It is sebat the fluid flow and magnetic
gradient are intended to be orthogonal. Then alfen@ent perpendicular to the

flow is solely produced by the magnetic gradieatfrthe propulsion coils.
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Figure 4-3 Effect of the fluid flow velocity on trdeflection pattern of magnetic
microparticles aggregations moving along the magpteiretic chamber, in (a)
the fluid velocity is 20.8 mm/s and it is difficuto notice the deflection of
microparticles; in (b) the fluid velocity is 10.4nms; in (c) fluid velocity is 5.2

mm/s, and in (d) it is set to 2.6 mm/s
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e e

Figure 4-4 Comparison between the tracking softveg@ied to raw video (left
side) and to filtered frames video (right side).\Oor the slower fluid velocity
is possible to extract directly from raw video th@jectory of magnetic

microparticle aggregations

4.6.2 Tracking experiments

The movies obtained in [70], used to initially estite the magnetophoretic velocities of the
magnetic aggregations, are used as a starting foexaluate the option of using the OpenCV
library to track and to compute automatically thagmetophoretic velocities of the microcarrier
aggregations. Figure 4-4 shows the initial attempith the raw videos obtained in the
experiments, compared with the tracking done tcstiree videos but filtered before being treated

for tracking and detection.
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4.7 Discussion

As shown, the microfluidic device accomplished tdwk of allowing the observation of the
magnetophoretic mobility for magnetic micropartgleggregations. However some limitations
have emerged from the experiences. For instanean#gnetic gradient needs to be applied at the
entrance of the magnetophoretic chamber othenhisenagnetic aggregations tend to follow the
direction of the main flow. This means that if motiean one aggregation reaches the
microparticles inlet channel, those aggregatiorst thave not reached the magnetophoretic
chamber show a pronounced deflection pattern, bigt behavior is due to the fact that
microparticles aggregations get to the vicinitytioé walls of the inlet channel and therefore

follow the lines of flow from the main stream.

Another limitation of this setup is the fact thatgty is being neglected. The effect of
gravity is not taken into account because the nmagheretic chamber is studied from the top
and vertical movements are not recorded. This &itiwih affects measurements especially at low
flow speeds, because the more time the aggregasian: the magnetophoretic chamber, the
more likely is that they are going to settle.

The mentioned limitations have not prevented usgéd data on the way in which
aggregations behave under different flow speeds. fentioned above, we assume that
aggregations are around the same size in eacle sh#asurements done. The optical equipment
used allows us to estimate aggregation sizes ab@9em, but on the other hand, the size of

aggregations seems to be limited by the size oinfleé used to inject them.

The initial results with the OpenCV library estahliclearly the need of a calibration
protocol before each one of the experiences in hvlulcaracterization data is going to be
gathered. The adjustment of contrast and brightnmesst be performed initially, followed by a
step to learn the background such that the redognitf the moving objects that are going to be
tracked and that belong to the foreground become® reasy and accurate. This background
learning process seems clear from the first cooplanages in Figure 4-4 in which becomes
apparent a spatial regular noise that the softwaregnizes as particles someway appearing in
vertical positions, which could be attenuated vaithappropriated spatial low pass filter. It seems
clear also that a higher speed video camera wowduge much better results, even though it

could mean process the video data sometime afezad of in an immediately manner. As the
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testbench is intended to evaluate the magnetiactetrstics of the micro-entities before they are
to be used as treatment and/or diagnostic vedioissJast limitation appears to be minor. It is

more important to get the right data than to getifier.

Another way to cope with the problems of the vidp@lity could be to use lower fluid
flow velocities in order to detect and track they@gations safely. Considering that fluid flow
velocities less than 2.6 mm/s are far from blo@ivflvelocities in some of the more important
arteries [73], this last option needs to be evaldiatarefully. The importance of the testbench
protocol design is to reflect as closer as possib&e deflection patterns that the magnetic

microcarriers are going to show inside real vasoethwironments in patients.

4.8 Conclusions and future work

In this study, a microfluidic device has been desdyto evaluate the effect of the fluid
flow velocity on the deflection pattern of magnegiggregations. Preliminary results show that
this device allows magnetophoretic velocity estiora at different fluid flows, and thus, allows
characterizing drug or diagnosis magnetic microeesr containing different magnetic
nanoparticle content. Even though the detectionteauking of the microparticle aggregations in
situ is still challenging, post processing of tlaadcould cope with this limitation. Fundamental
investigations on this specific subject are usutilBoretical and experimental data could lead to
new applications of microcarriers. This is thetfgtep in the direction to produce a testbench for
micro-entities to be used in MRN. The knowledgeuwdbuicrocarriers' deflection patterns should

allow better predictions of targeting efficacy.

Future work includes other magnetophoretic chamdlesigns with the microparticles' inlet
being positioned such the magnetic gradient doese@ed to be synchronized with the entrance
of particles or aggregations to the magnetic chapdelesign inspired from the work done in
[39]. Another interesting chamber design to trpme based on the work from Catral [85], in
which the microfluidic chamber is positioned veatlg instead of horizontally, a way in which

friction forces with the walls of the microfluidieslated to settling of particles is avoided.

It is necessary also to verify the behavior of neignaggregations when the gradient force
is applied perpendicular to the main field. Sonmaudation studies suggest that the angle of the

chain like aggregation with respect to the gradiemtld play an important role in targeting
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efficiency [76]. As microfluidic magnetophoretic amnbers are used for separation and sorting
purposes, the next generation of devices will idelseveral outlets to estimate the fraction of

aggregated versus non aggregated microparticles.

In parallel the detection and tracking system,udtig the software tools and experiences
protocol, must be refined to allow improved datéhgeng on the deflection trajectories. Finally
for the tool to fully accomplish its use, a magaetiicrocarriers’ database must be designed to
collect the data obtained. In this respect a mhali database design (SQLite
[http://mvww.sqlite.org/]) and object-oriented appob (db4o [http://www.db4o.com]) are under

consideration due to the requirements of the system
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CHAPTER 5 PROPOSED TRACKING METHOD

As the OpenCV blobtrack application was alreadyduseother project in the laboratory,
initially it was reused as the data gathering tadlen tracking microparticle aggregation
movements in the magnetophoretic chamber. In thepter the blobtrack application initial trial
usage is described. Then, taking into account éssons learned, a new tailored tracking tool

based in a translational model is proposed anidlimésults of its use are presented.

5.1 Tracking using OpenCV blobtrack

As mentioned in Chapter 3, the blobtrack applicafimm OpenCV was used to evaluate
the automatic detection and tracking of magneticrowarrier aggregations. The general
algorithm is described in [83], basically it perftg a video frame segmentation, motion detection
and trajectory update. The input video frame isduse estimate the background. The
foreground/background differentiation algorithm dise the blobtrack application is the one
presented in [86]. This method is based on a Bdgession rule applied to probability density
functions assigned to the pixel values. The baakgidmage is updated gradually from the input
image sequence by assuming that pixel values helsively few changes for stationary
backgrounds and that pixel value changes for mokisxckground are similar and happen in the
same place of the image [86]. The background ia thedtracted from the video frame. The
resulting foreground frame is divided into regidhat are grouped into connected components.
By analyzing the connected components, it can lbermiéned if each the region is: an existing
object, a new object, there is a merge detectaaldaet objects, or there is a split detected for an
object [84]. The algorithm used for foreground segtation is described in [84] and is
implemented using the OpenCV contour finding fumttibased on [87]. A contours list is
generated, according to size too small blobs ameoved, others are removed if there is
intersection between them (the track is done tbque of them until they separate enough) and
the same distance measure is used to detect nest®f$4]. The distance measurements used to
detect intersection between blobs are represemdgigure 5-1. If the distance between the
centroids of the blobs is less than the sum ofhthiges of their widths and heights, then they

intersect. Finally the list of blobs is bubble sorand only the first 10 biggest blobs are kept.
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Figure 5-1 Distance measurement to detect blobsettion. The quantities &

X, - X, and d =y, - y; are horizontal and vertical distances betweenroelst of
the blobs, w, w, are the widths and hh, are the heights of the blobs
respectively. If d< (Wi/2 + w/2) A & < (/2 + h/2) the blobs are considered
merged.

By default, the blobtrack application uses two mdthto track object position and size: a
simple connected-component tracker and a more @mptacker based on a hybrid
implementation of a particle filter weighted by meshift measurements. Mean Shift algorithm
is an iterative procedure that looks for maximizesimilarity metric, which usually is the
Bhattacharryya coefficient [88]. In patrticle filteg the objects are represented as state variables,
the aim of the algorithm is to estimate the stditine object given previous state measurements, a

weighted sample set is used to represent conjectbject states [89].

In Figure 5-2, the detected aggregations in diffefeames alongside with the calculated
foreground (resulted from subtracting the backgdotm the current frame) are shown for the
fluid velocity. In this figure it can be noticedathsome illumination problems caused noise that
could result in spurious detected particles. Thara® for the illumination problem can be
attributed to the fact that inside the bore of Bl scanner some vibration is induced by the
cooling system of it. This vibration caused thariination slightly and periodically change, and
these changes were interpreted by the trackingvaodtas new objects. In Figure 5-2 there was
two chain like aggregations, one moving from leftright (the highlighted one) and another one
at a standstill positioned left from the first ofidne tracking software is expected to detect only
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the moving chain like aggregation, and maybe, thadsstill one. All other detected objects are

due to noise.

rrrnnen
.

Figure 5-2 Detected aggregations in different fram&ccumulated detected
particles at different points in time are shownledt. Foreground resulted by
background subtraction from current frame is shaivthe right. The video used
is the one at which the fluid velocity is 2.6 mmRarticles detected are

highlighted with a circle surrounding them.

The blobtrack application is primarily intended tgeneral surveillance applications. Then
it contains several modules with algorithms thatemeot used for this project. In order to get
better results in identifying chain like micropalé aggregations a prefiltering process was
designed. The process followed in a frame basiglésrease brightness (by using cvAddS
function), increase contrast (by using cvScale tiong, simple mean filter smoothing (cvSmooth
with CV_BLUR option) and binary thresholding (cvEshold with CV_THRESH_BINARY).
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Blur smoothing is used to reduce the effect of @amsimages, and thresholding is used in order
to eliminate, as much as possible, image artifthetscould be interpreted as patrticles. In the case
of higher fluid flow speeds, the software is noflealto track the magnetic microparticles
aggregations, even when the human eye is capablistioguish their movement. In this case the
microparticles were marked by hand. The resultsshosvn in Figure 5-3 for the same frames as
in Figure 5-2. The first column shows the resulreducing brightness in frames 7, 13 and 20.
The second column shows the result of increasiegctimtrast in frames 7, 13 and 20; it is
interesting to note that chain like aggregationsnsdess visible in this step. The next step
applied to mentioned frames is shown in Blur coluwith the smoothing process intended to
enhance chain like aggregation appearance by makioig uniform the regions of relative
similar color. The final column shows the threskmddprocess by which chain like aggregations

are more easily highlighted.

Frame Brightness Contrast Blur Threshold

- -

V & | gu

—_— e

T nnn (RINNI]]]

13

20

Figure 5-3 Filtering process example applied ondhme frames as in Figure
5-2. The tracked aggregation is highlighted by etiag it to show the effect of
each filter step.
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Based on the results obtained and the knowledgédirady a new graphics interface for data
acquisition was designed. This tracking applicat®developed using Qt [90] for user interface
design and OpenCV [82] for image processing. Agdaguantities of data are expected to be
collected from each of the magnetophoretic charaeti@on experiences, more tailoring is added

to the tracking process.

5.2 Tracking tool description

The new object detection and tracking software enm@ntation is designed to be simple,
and then some assumptions are made. The first asismms that the user of the tracking
software knows a priori the fluid flow speed at @thithe magnetophoretic experience has been
made. This information is key for the well-functing of it, because it is used to estimate the
motion of magnetic aggregates. The second assumpgigdhat the user knows or is able to
indicate to the software a region of known phys&aé. This information is used to estimate the

magnetophoretic velocity in terms of real physppadntities.

In the new software implementation, in the firgpsthe user can select and open the file
containing the video with the recorded experiemceghe next step the user must enter the fluid
flow speed used to perform the experiment as shiowfigure 5-4. During the opening of the

video file, the frame rate is automatically savgddpenCV opening video function.

5] Tracking App =B8] R

Magnetophoretic Trajectory Track App

5] Flowspeed  [BcnlilS) u-é&u]
Enter speed in mms]

Ver: 0.1
Author:Guillermo Vidal

Figure 5-4 Window to enter fluid flow speed usedha opened video.
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The following step allows the spatial scaling ofges. In the current software version it is
assumed that pixels have a square shape, and tneorital and vertical sizes are the same.
Spatial calibration is used to calculate the cosioer factor between pixel dimensions and
physical real-world ones. In order to do so, therusas to define an area of known horizontal
size; as shown in Figure 5-5. The vertical blaclkesi shown in Figure 5-5 were designed with
spatial calibration in mind; these lines are evesggced, separated by 1 mm between each other.
Therefore they represent the length of the maghet@bic chamber, i.e., 7 mm. These lines
belong to a paper sheet that is placed below tleeoftuidic device. In Figure 5-5 a) is shown the
message presented to the user to ask for drawtangbe with known horizontal size. In Figure
5-5 b) the rectangle has been drawn over the $galtibration black vertical lines and the user is
asked to enter the horizontal size of it (in mm)this case 7 mm. In Figure 5-5 c), the user is
shown with the resulting conversion factor, whiahthis case is 27 pixels/mm (or equivalently
37 um/pixel).By having this conversion factor is pos$silio calculate velocities and other

quantities in physical units in the next steps.

a) ! 57 Size setting || Lo e v b)
'

RERERRA HHHHH

B First Frame = =
f ] Entered size scale data =

Ending size setting. Next step: define tracking region.

Calculated size scale = 27pxls/mm

Figure 5-5 Spatial calibration. Selection of a oegof known horizontal size that
is used to calculate the equivalent size in pixglsthis case the result is 27

pixels/mm.
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The user is then prompted to select the trackiggpne in this way it is possible to save
computing resources; this step is shown in Figu&@ B Figure 5-6 a) the user is shown a
message indicating that he has to select the trgaiegion. In Figure 5-6 b) the user is asked to
confirm that the tracking region is correct. Thispsallows the user to change the tracking region
if it has not been selected properly. Once thekingcregion is selected, the video is loaded and
the tracking process starts.

Magnetophoretic Trajectory Track App

i First Frame [=E T First Frame = =
v ~

| Select the region in which track particles § &

\-J T \
e REREEERR!
a) b)

Figure 5-6 Tracking region selection. The user dafine the region in which
the tracking is to be performed.

5.2.1 Frame processing

The flowchart of the preliminary tracking process summarized in Figure 5-7. As
indicated in Chapter 2, the first step is to detdgjects in each frame. As mentioned in Chapter 3,

the recorded videos have illumination problems.

The video is accessed frame by frame in a loop #émals when no more frames are
available. Frames are imported using the OpenC\ygframe functionality. The frames are
stored as an Iplimage structure. It is possiblesi® a camera to feed a videostream instead of just

opening a saved video file.
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Flowchart Tracking Software

Edge detection Area calculation

Dilation )
Estimate movement

Scaling

Plot trajectories

Thresholding

L

Contour finding

Figure 5-7 Simple flowchart of the preliminary tkatg software.

Due to the fact that magnetic microparticle aggtiega have chain-like shapes, a Sobel
filter is applied to detect vertical edges in tledested tracking region (Figure 5-8a) ). One the
effects of using this filter is that horizontal éis: are eliminated. In Figure 5-8a) is shown the
result of using this filtering step on a regionidedl in the previous step that included the black
horizontal drawn line used to better visualize #uges of the magnetophoretic chamber. This
horizontal line is not present in Figure 5-8a), daexe the filtering process has eliminated it. In
this way fewer false positive objects are detecldwk resulting image includes a long diagonal
line in the right-bottom corner, which correspotals black drawn line used to delimit the edges
of the microfluidic chamber. It also includes a tmmr of the corresponding diagonal line
delimiting the other part of the magnetophoretiarober, which is seen in the left bottom corner.
The chain like microparticle aggregation is thetieat line in the right-top corner in Figure
5-8a).



59

Figure 5-8 Image processing prior to tracking.

In order to remove noise, the function cvSmoothsed to perform a median filter (Figure
5-8b)). The smooth process using the median fileggends on the selection of the appropriate
filter window size. For the frames shown here thedian filter window size selected is 3x3. In
future evolutions of the tracking tool, the sizetlo¢ window used for the median filter is to be
adjustable. The window size affects the qualityhaf smoothing process. The use of the median
filter for the smoothing process was due to the flaat has the ability to usually preserve edges

better than other smoothing techniques.

The resulting image is dilated in order to incretisesize of the zone where aggregations
are (Figure 5-8c)). As at this time the actual sizaggregations is not being determined, dilation
can be safely used because the centroid of théedilamagnetic microparticle aggregations is
conserved. As we are interested in calculatingnilagnetophoretic velocity, the centroid of the
aggregation is used to estimate the magnetoph@pdied. The dilation process is done 3 times

with a 3x3 structure element.
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In the next step the resulting image is re-scatechdke the aggregations easier to identify
(Figure 5-8d)). The re-scale process is simplyrthatiplication of each pixel in the image by 2
(in our case). In this way, the contrast in thegmas incremented by making the aggregations
and other elements in the frame brighter than #ukd@round. One problem generated in this step

is that the noise also gets and increased contrast.

In order to eliminate noise generated in the preoedtep, thresholding is applied. After
some tests it was found that making O to everylpiatie less than 50 produced the best result
for the video sequences discussed here (Figurg)bifiethe sense of preserving microparticle

aggregations while making other artifacts be pathe background.

The process described here is repeated with eaatefin the video to be processed. The
final result includes the drawn diagonal lines usethark the edges of the microfluidic chamber

(bottom portion in Figure 5-8e)) and the micropaetiaggregation (top portion in Figure 5-8e)).

In the next step the object detection is perfortmgdsing the function cvFindContours that
returns the number of retrieved contours and ateoto the first one. The retrieved contours are
processed by calculating their area; each contoatr helongs to a window of permitted area
values is saved in an array. This array contaiastntours that are the moving object candidates
for tracking. The Figure 5-8f) shows the possiblevmg objects detected in the first frame for
the 2.6 mm/s movie used in Chapter 3.

5.2.2 Motion estimation

In the final step the movement of the magnetic aparticle aggregations is estimated by
using the flow speed that the user has enteredftneda search window in the sense of the flow.
To do so a simple deterministic translational modelsed, in which ifi, and I, are the

horizontal positions of the object in the frameanal n - 1 respectively they are related by:
[n= [n-] + 6 5-1

whered is the displacement that defines the position rdowrhich the search area is set in the

next frame, and can be computed as:

_ Utow Scale

0 FR

5-2
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where Yo is the user-entered fluid flow speesigaleis the calculated equivalence between
distance and pixels, and FR is the automaticaltgiobd frame rate of the video sequence.

Another common displacement model is given by tladm&n filter method that uses the
state space approach; it is intended to deal vaibenand random perturbations that usually occur
in real video data. This method is more accuratérabust than the translational one, but uses
more computational power. The goal of this projischot to provide a way to estimate all
possible particle movements and a simple detertignisanslational model can be safely used
due to the fact that microparticle aggregations expected to follow fluid flow lines in its
horizontal displacement. It is also supposed tinét one object is moving between frames. The
control of bolus injection goes beyond the bouretadf this thesis.

If a particle is found inside the search windowve trertical position is verified to eliminate
the possibility of noise being detected as a partiar another particle being confused with the
tracked one. The results obtained with this apgraae shown in Figure 5-9 for the 2.6 mm/s
video in which 2 particles are detected and theedpeare calculated. In this case the second
particle is just noise, while the first particlette main magnetic aggregation that is moving in
this sequence. One thing to notice is the spedchastd by the software. The fluid flow is
expected to be 2.6 mm/s, but the calculations basddacking of the aggregations results in 3.3
mm/s. On the other hand, the magnetophoretic spstadated in this case is 0.7 mm/s, which is
much less than the initially estimated one. Onéhefreasons for this could be the fact that the
speed is being estimated by calculating the togatical distance traveled during the entire
tracking time. In this specific case, the aggregetiare moving in several frames only due to the
fluid flow, then after some frames the magneticdgrat is applied. Then the magnetophoretic
velocity could be under-estimated in this case. fHsalt of applying the tracking software to the

movie in which the fluid flow is 5.2 mm/s is shownFigure 5-10.

Following up of the movement of magnetic aggregegiby human eye was possible in the
videos collected during experiences, but automatcking proven to be difficult as the
aggregations were clear only at the lowest speddss preliminary tracking software
development shows that the magnetophoretic chamdsgned can be useful to characterize
magnetic microentities intended for the use in MRN.course more work needs to be done in

order to get a fully working testbench. One of thain limitations of the set-up is the low-speed
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camera used (15 frames/s with a higher limit offfd®nes/s). A higher-speed higher-resolution

camera should produce videos easier to track, imgpiyat more data needs to be treated.

Figure 5-9 Deflection pattern of aggregations & @m/s movie.

Figure 5-10 Deflection pattern of aggregations.2&fim/s movie.

Finally, as mentioned in [59], there are a lotraicking tools available commercially and
freeware, but often image data must satisfy coonktithat are usually violated in experimental
environments, which in turn provoke the trackindaib. Next generation of the tracking software
for measuring magnetophoretic attributes must oheldools to allow the modification of
obtained images (image preprocessing could besictige) and trajectories.
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5.2.3 Location accuracy

In order to assess the accuracy of the trackindnodeproposed here for magnetophoretic

experiences, simulated videos were generated in MBTwith known trajectory data.

The videos were generated assuming that the magaggregations have a spheroid shape.
The speeds in X range from 1 to 20 pixels/framé, iarY a constant velocity of 2 pixels/frame is
used. In order to investigate the effects of nois¢he performance of the tracking software, new
videos were generated starting from the basicaingne. The first source of noise is a spatial
illumination variation; this variation is, by novanly in terms of columns in the generated
images. Starting from these 2 videos, Gaussianewivise with knowrny is added in order to
generate image sequences with predefined signabige ratio (SNR). The SNR used in this
project is defined by

2
SNR = 10log; =% -35

with o4 anda,” the varianzas of the image without noise and efrtbise itself. Eq. 5-11 is used

to compute the varianza strating from a known SNR.

The SNR range was logarithmic with 10 steps stgmtith a value of 0.1 dB up to 39.8 dB.
For the case of videos without spatial illuminatioaise, in all cases the maximum error in
determining the centroid of the ellipsoid was legbixa thex andy axis. However when the
spatial illumination noise was added, only in tlase of SNR bigger than 20 dB, the tracking

software is capable of correctly determine the rcgahiof the simulated aggregation.

These experiences indicate that with good qualig sequences, it is possible to obtain
accurate data on the movement of magnetic aggosgain the magnetophoretic chamber. The
spatial illumination variation can be attenuatedusing the appropriate filter prior to the tracking

process.

The long term goal of these measurements it igdwige the data to populate a database
containing main magnetic microcarrier charactassstirhis database is expected to be accessed
by the MRN core software to provide the medicalntewith suggestions about the better

magnetic navigable entity to be used in a spesifiation.
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This data could also provide the means to estiti@utcome of the MRN treatment. For
instance, in [91] a stochastic model is proposedptedict the behavior of a system of
microrobots powered by bacteria. The stochastic ehatkfines a series of macroscopic
parameters that are determined by using movemegeriexental data. Then, if a similar model is
defined for MRN treatments, the outcome of magm#tocetic experiences could be used to
estimate similar macroscopic parameters and theshgirthe targeting efficiency.
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CHAPTER 6 GENERAL DISCUSSION

This chapter includes a discussion on the methggalsed and possible improvements at

experimental and software levels.

6.1 Experimental setup

As usual in microfluidics, in the project it wassamed the non-slip boundary condition,
which states that a fluid in contact with a stagignboundary has zero velocity. This implies that
when particles settle they should stop moving &ee should not contribute to the calculation of
the magnetophoretic velocity, then if micropartickggregations are moving, we are assuming
that they have not settled yet. However, it is mieely that settled microparticles will roll due
to the force exerted by the fluid, and this effesctifficult to compute. In order to avoid this
effect, some solutions exist. One way to avoidisgteffects is by changing the viscosity of the
fluid in order to increase the settling time. Ifstisolution is used, it is necessary to study the
validity of Eq. 4-12, but in the case of chain-lixggregations.

Usually the magnetic chain like aggregation shapeapproximated by cylindrical or
ellipsoid geometries [55, 76]. If the ellipsoid geetry and low particle Reynolds number for
magnetic particle aggregation chain like are assiitie drag force on it can be written in terms
of a correction factor [92] for the drag force onexjuivalent sphere

Fd_agg = 61‘];] T[I.lreU 6-1

wherefg is the Stokes correction coefficient ands the radius of the equivalent sphere with the
same volume as the ellipsoid. The correction coieffit fr depends on the aspect ratio E of a
spheroid given by

= du
E= - 6-2

with dy the length of the semi-axis parallel andtlde length of the semi-axis perpendicular to the
symmetry axis of the spheroid, in Figure 6-1 thmisaxis are schematically represented for a
prolate ellipsoid case. The values for the coedfitfe in function of E can be found elsewhere
[92].
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Figure 6-1 Prolate ellipsoid representing magnetain-like aggregation shape.

As mentioned before, the Reynolds number for a ngpparticle (or aggregation) in a fluid

flow is given by:
Re-p = U])epv-1 = ZUTepV-l 6-3

with Dep = 2Iep the diameter of the equivalent sphere particle. &4 is only valid if R, « 1,
then if we suppose thatepis 300 pm and if the fluid has the kinematic vitp of water

(1 x 10° m?/s), the translational speed of the aggregationtduke applied magnetic force must
be much less than 3 mm/s (which is the case inegperiences). If the kinematic viscosity is
augmented, the maximum deflection speed of magmpetiticle aggregation also increases. For
example, if the kinematic viscosity of the fluiddesigned to be the one of blood: 3.3 £ /s,

the magnetic particle aggregation must reach acitglonuch less than 11 mm/s, which is the
case in our experiments.

Again magnetic and drag forces balance, so the et@gily induced velocity on the

aggregation is:

Vf_agg(M'V) B
6 frTt UTre

Unag agg = 6-4
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where V 44 is the volume of the ellipsoid shaped aggregatiearranging Eq. 5-4 we could

estimate that

2

Umag_aggp- = 21.(39% 6-5
Is constant for a given aggregation in a given igratd if the Reynolds number of the magnetic
microparticle aggregation is low. Usually glycevedter mixtures are used to get higher
viscosities while keeping a density similar to wd@8] (e.g., a mixture with 60% of pure water

and 40% of glycerol is usually used to simulateoblgiscosity).

Neutrally buoyant microparticles can be used tanmege the coefficient of friction
experienced by magnetic particles by comparingnidagation of both specimens without the
influence of the magnetic force. Neutrally buoyaritroparticles are expected to not sediment
and follow the streamlines of fluid flow. This alsan be used to better calibrate the fluid flow

speed and to investigate the laminarity of thedfflow in the magnetophoretic chamber.

On the other hand, it is also possible to perfotme experiences by placing the
microfluidics device with fluid flow and gravity iparallel; in this case the effect of gravity must
be included in the deflection equation. The agdgiega and microparticles should never interact
directly with the wall surfaces in this case. Téadution is relatively simple but does not allow an
easy study of the effect of the angle between clignaggregations and magnetic field gradient

in the magnetophoretic response.

As mentioned in [10, 70] the microfluidics desigancbe improved to facilitate the
repeatability of experiences. In the current desijthe magnetic force is turned on before the
magnetic aggregations have reached the magnetaghohamber, the trajectory followed by
them is too pronounced; this situation is represgi Figure 6-2 in which green aggregations

have been propelled too early.

It is also desirable that the new design has skwmmets. The process of magnetic
aggregation is complicated and depends on sevactbrE as magnetic particle concentration,
magnetic content in the microcarriers to mentiomeaolt is expected that most of the magnetic
microcarriers should aggregate, but some of theraldvoemain unaggregated. The ratio of
aggregated and unaggregated magnetic microcadirexsly influences the targeting effieciency.

It is more likely that aggregated microparticles going to respond as expected to the applied



68

magnetic gradient. With a multiple outlet magnetagtic chamber it could be possible to
estimate the fraction of aggregated magnetic pestifor given experimental conditions. By
knowing this ratio, it is possible to better estiembow much of the therapeutic agent could reach

the tumor in similar conditions and the treatmdahping could be done accordingly.

|
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Figure 6-2 Current chamber design problem. Aggregatrepresented in blue

are subjected to the magnetic gradient at the tigig. In green is represented

the situation when the magnetic gradient is turmedoo early.

Due to the size of the magnetic microparticles usethis experience, Brownian motion
induced by thermal energy can be safely ignoredeffact, the dimensionless Péclet number
measures the relative importance of diffusive fpans (due to Brownian motion) versus

convective transport

UtiowD
Pe= — 55— 6-6
with the diffusion coefficient D given by Stokesristein's expression:
D= 6‘1‘BT 6-7
eivg

wherekg is the Boltzmann’s constant and T is the absdienteperature. If Pe> 1, diffusion is
considered absent and microparticles follow flome$ [94]. In our case supposing a temperature

of 20°C, and using the particles radius of g and the minimum flow speed of 2.6 mm/s, the
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Péclet number results in 9:8 10" as worst case, which indicates that Brownian nmofi®
negligible compared with convective transport anaignetic microparticles can be considered

following fluid flow streamlines.

In [95] it is mentioned that the distortion in #tuiflow caused by the movement of a
microparticle can induce a drag force into otheesgrand so affecting their trajectories. This

effect has been neglected but maybe it could beitapt to asses it in future developments.

As it has been mentioned before, one of the mablpms of the current setup is the fact
that the effect of gravity is being neglected. Tise of higher viscosity fluids is discussed as a
possible solution. A different disposition of thetp such the movement of the magnetic
aggregations could be parallel to the gravity sbaliscussed to avoid this problem; however the
influence of chain like aggregation angle with esto the magnetic gradient is more difficult to

assess when using this disposition.

6.2 Data acquisition software

The tracking software presented here can be usedtimate the response of the magnetic
microcarriers when used in conjunction with the nmetgphoretic chamber described. There is
room for improvement in the pre-filtering processdain the tracking process. The motion
estimation model used for tracking magnetic microea aggregations is very simple, but
performs its task of allowing the estimation of theflection pattern. The use of contextual
information allows a better performance than the aisthe general purpose tracking application

used initially.

The initial established problem for this projectsasta design a device capable of allowing
the collection of data on the magnetic responséhefapeutic and/or diagnostic microcarriers
when used in MRN. The first step to propose a swiuto an engineering problem is to
understand the nature of it. When the nature optbblem is clear, it is possible to decide if the
use of computer science tools is useful to itstemiuor not. The screening work presented up to
this point has allowed us to better understand ithplications of the measurement of

magnetophoretic attributes of therapeutic and/agostic microcarriers.

The MRN system is expected to be composed basiogltiifree main data source modules,
plus a core software module [48]. The first datarse is the physiological data, including blood
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flows, pre-recorded images of the vasculature sundong the target zone, etc. The second source
of data is the system data related mainly to pipnlcapacities of the system. Finally, the third

source of data is the magnetic microcarriers dambahe MRN system is expected to operate
accessing this data sources to provide the mediaai with all the resources needed to perform a

MRN intervention.

This project can provide insights on the way in ebhthe magnetic therapeutic/diagnostic
microcarriers database can be designed and poguldext generation of the data acquisition
software developed for this thesis must includetep g0 retrieve information on magnetic
navigable entities as: microcarrier identificatianjcrocarrier magnetic content, microcarrier
therapeutic agent identification, microcarrier #pgutic content and microcarrier size among
others. After performing magnetophoretic experisndde data acquisition software should
generate data on magnetophoretic velocity, andr#te® of aggregated and unaggregated
magnetic microparticles, as a very minimum. Alstmformation is to be saved in a database and
could be used to feed a theoretical model to detertime best route to reach the target, estimate
the MRN intervention expected efficiency and hdle medical team in selecting the appropriate
therapeutic entity for a given patient. The preseoitk can be used as the base for building such

a complete platform to characterize any potentiatdpeutic and/or diagnostic microentity.
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CHAPTER 7 CONCLUSION

The aim of this project was to design and test\acdeto allow the characterization of the
deflection patterns of magnetic microentities ileth for diagnostic and/or therapeutic targeted
interventions. A microfluidic chamber was desigred preliminary results were presented. The
magnetophoretic chamber designed allowed the oasenv of the movement of chain-like

magnetic microparticle aggregations of around 2®0in size.

In Chapter 2 the literature review is presented.b@dsic theoretical background on
magnetophoresis and the application of magnetoplsoie magnetic manipulation is initially
presented. Next the MRN technique as a novel caneatment alternative is presented, putting
emphasis on the fact that magnetic microcarrieagdtory experimental studies, to our best
knowledge, have not been performed up to now. Kindde common techniques used for

tracking particles while moving in a flow are pretsl.

In Chapter 3 the methodology used in this reseprofect is outlined. The microfluidics
design is presented with some details; the sinmratiamework is explained jointly with the
expected results from magnetophoretic experienassdion its results. Experimental results that
are part of a conference paper are summarizedllf-tha reasons for use OpenCV and Qt are

explained.

A preliminary framework for tracking and data aguon of magnetophoretic attributes is
presented in Chapter 4. The initial explorationtled OpenCV blobtrack application, used in
other project in the laboratory, is the main subgcthis chapter. The results were promissory,

even though there are problems with this trackoad. t

Taking into account the results obtained with thebtvack application, a simple tracking
software based in a translational model is propasedl applied to videos used in [10]. This
simple tracking program shows better performancenmompared with the OpenCV blobtrack

sample application and is presented in Chapter 5.

In Chapter 6 the possible improvements at the éxyatal setup level are discussed. Some
of the design decisions presented in Chapter 3esiewed, mainly regarding the positioning of
the input inlet and the use of several outputss lalso discussed the use of higher viscosity
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liquids as transport fluid in order to avoid sedmation. The validity of the assumption that
using magnetphoretic velocity results in fluid fla known viscosity can be used to estimate
magnetophoretic velocity in blood is investigatéd.the software level, this chapter puts the

developed software in perspective with respedhéothole MRN system.
The work of this project could be extended in saldirections:

* Repeating the experiences presented in [10] bygulsigher viscosity fluid and
lower fluid flow speeds. By using neutrally buoygmdrticles it could be possible to

evaluate the accuracy of fluid flow speeds and tamity of the flow.

» Performing deflection experiences using the upgtalRN platform [96] to

generate propulsion forces in different angles waipect to the chain-like aggregations.

» Performing experiences with a magnetophoretic clearhlving several outputs in

order to estimate aggregation size distributions.
» Improving the tracking tool to detect individualrpeles.

This work is inserted in the MR Sub project, andthe broader goal of it is to provide the
basis for future developments allowing the desigd enplementation of a magnetic navigable
microentities database. The use of the magnetopb@teamber design and the development of
improvements in the data acquisition software cayvide a way to characterize any potential
therapeutic microcarrier. We expect this work vk useful to open new ways for future
investigations of magnetic response of therapelitighosis microagents in order to better plan

future MRN interventions.
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APPENDIX 1- Rod model for chain-like magnetic aggrgations

One of the ways in which chain-like magnetic aggtems is approximated is by using a

rod like representation.

In the figure shown at the side the chain-like neignaggregation of n
equal size particles is represented. Due to theé tfeet we know that all

particles have the same size, we get:
h =nd Annl-1

The volume of a cylinder (a rod) is:

V = nrh Annl-2

with r = d/2. Then the volume of the chain-like aggregatiortérms of the

I diameter of their constituent particles is:
M V= nd® Ann1-3

A sphere with an equivalent volume is

4
V= gTL’Teq3 nxL-4
andreq = def2 We have that
V= =mdeg® nrl-5

eq

By equalizing Eq. Annl1l-3 and Eg. Annl-5, the dianetf the equivalent sphere is

og = 3/§n d Ann1-6

In the simulation cas&, = 280 and d = 41.13 x fan with which we obtain an equivalent
diameter of g, = 308.017x 16 m.

obtained:



