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Abstract

Daniel Kirby - Centrifugal Magnetophoresis

Cancer is one of the primary causes of death and long-term illness in
the developed world. Early detection before noticeable symptoms appear,
or cheap options for population screening and ongoing patient analysis are
equally as important as advancements in treatment.

Currently, cancer detection and prognosis happens for the most part via
a scan or biopsy. If this information could instead be obtained from a simple
blood sample the world of cancer treatment and detection would be revo-
lutionised. To that end, this thesis outlines the work undertaken towards
completion of a PhD on the topic of magnetophoretic cell handling on a cen-
trifugal microfluidic platform for rare cancer cell detection in blood. This
resulted in first using “bio-mimetic” microbeads to prove the physical princi-
ple and then using magnetically tagged MCF'7 breast cancer cells spiked into
a blood sample to simulate circulating tumour cells (CTC’s). This strategy
proved successful and resulted in detecting magnetically tagged cancer cells
in a blood background at a concentration of as low as 1 cell/ul and with a
sensitivity of over 80%.

On completion of this phase in the research, the usability of the device
using patient blood samples was investigated through a collaboration with
pathologists at St. James’ Hospital, Dublin. The first step in this phase was
to redesign the system to process clinically relevant volumes which, due to
the rarity of CTC’s in the circulatory system, were on the millilitre scale, as
opposed to the microlitre scale. After the redesign it was now possible to
successfully analyse 0.2ml of blood and detect cancer cells at a concentration
of as low as 0.1 cells/pul.

As well as focusing on the main topic, the author has also investigated
various other methods of magnetic and stopped flow particle control for other
purposes and all of these also-explored areas of stopped-flow microfluidics fit
in well with the broader picture of creating low-cost, easy to use lab-on-a-
disc technologies that utilise stopped-flow microfluidic systems and magnetic

forces to enable detection of specific cells in blood.
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Chapter 1

General Introduction

1.1 Motivation

For a disease which will effect one in three people at some stage in their life
[1], cancer diagnosis has yet to leverage many of the advances made in the
most modern of newer engineering and microfluidic technologies. Diagnosis
often happens when the patient’s cancer is already significantly advanced,
despite the fact that time is one of the major factors in determining a pa-
tient’s outcome. This diagnosis is also typically performed at a very large
cost of both capital equipment and man-power. The possibility of reduc-
ing costs, reducing waiting times and enabling earlier detection of cancer by
creating a method of detecting circulating tumour cells (CTC’s) in a blood
sample has been a goal of biomedical research for quite a long time. However,
the isolation and identification of unique biological cells of interest from a
large population of background blood cells remains a challenge in biomedical
diagnostics and analysis [2-5]. CTC’s may be present in concentrations of
anywhere from one cell to a several thousand cells in a few mililiters of blood
[6-8]. If the current hurdles to creating a point-of-care CTC detection device
can be overcome there is an obvious application potential towards cancer
screening and treatment [5, 9]. To that end, a lab-on-a-disc magnetophoretic

device to detect the presence of CTC’s was envisaged.
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The initial concept of on-disc magnetophoresis for particle separation was
presented in the conference proceedings of MEMS 2011 [10] and MicroTAS
2011 [11] by Siegrist et al.. Based on the success of this work, it was proposed
that a device that could utilise the strengths of lab-on-a-disc magnetophoretic
technology could be used to detect circulating tumour cells in a blood sample,
and the advancement of this concept towards fruition is presented in the
upcoming chapters of this document. Credit must be given to Jonathan

Siegrist for initial work done on chapter two, in tandem with the author.

1.2 Cancer diagnostics

The field of cancer diagnostics has been at the forefront of biomedical re-
search for many years and is a constant focus of new diagnostic devices and
technologies. Currently, the most common way for a patient to be diagnosed
with cancer of any type is to present to a doctor with physical symptoms.
A positive diagnosis is usually only confirmed by either a biopsy or a scan,
both of which are invasive and costly procedures (usually with long wait-
ing lists) which often only diagnose the cancer too late to enable successful
treatment. These procedures also require highly trained clinicians and tech-
nicians, which adds to the cost and time constraints accrued. A more recent
addition to the cancer diagnostics field has been the area of circulating tu-
mour cell detection. Circulating tumour cells have been known to exist since
the late 1800s [12] and their responsibility for spreading cancer throughout
the body via the circulatory system and causing metastases has been high-
lighted many times [13-15]. However, due to their incredibly high rarity in
the blood [7, 8, 16], CTCs have not been accessible for diagnosis or prognosis
until the advent of the Cellsearch system (Cellsearch, Veridax) in 2004, still
the only FDA approved system for CTC detection. As well as costing many
hundreds of thousands of dollars, the Cellsearch system has been shown to
be very limited in its ability to reliably find and detect CTCs [16, 17]. There
is therefore a gap in the market to develop a more reliable and financially
agreeable CTC detection system that doesn’t require a team of highly trained

staff and a high-tech laboratory environment. If a patient could have a blood
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sample taken and analysed in a point-of-care device in their doctor’s office
to show the presence of CTC’s, then precious time and resources could be
saved. Screening of the general public would be a far more realistic possibil-
ity and treatment outcomes could be determined by a blood sample. This

would revolutionise cancer treatment.

1.3 The lab-on-a-disc platform

The field of centrifugal microfluidic or “lab-on-a-disc” platforms has been
growing significantly in recent years and Ducrée, Burger, Stroheimer and
Gorkin have all published excellent review articles on the topic [18-21]. The
lab-on-a-disc platform enables liquids and particles to be controlled by the
centrifugal force which is created by rotating the platform at the desired
speed. The centrifugal force is a pseudo force that acts outwards from centre
to edge from the frame of reference of the rotating disc [18].

While there have been numerous novel publications in the field of lab-on-
a~disc platforms [18, 21, 22], this work focuses on the area of cell and particle
control. The many advantages of the lab-on-a-disc platform for cell/particle
analysis include precise control of sedimentation rates of cells or particles in
liquid suspension by merely varying the centrifugal force through control of
the rotation speed of the disc. The review by Burger et al. [19] focuses on
this area in particular.

To enable rotation and visualisation of the microfluidic discs, a “spin-
stand” instrument was used that allowed visualisation during rotation by
means of a strobe light timed to the motor and optical setup [23] (Fig. 1.1).

This setup allowed for real time video of particle trajectories on the cel-
lular level to be captured, which enabled a thorough analysis of cells or
biomimetic polystyrene microparticles as they passed through the various
microchannels on-disc. This process is outlined in greater detail along with
an analysis of the various forces present for biomimetic particles in chapter
two, while chapter three deals with advancing the work to enable using real

cancer cells and blood on the platform.
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Figure 1.1: Schematic of the basic concept of the spin-stand. As the lab-on-
a-disc platform spins, a strobe light is triggered once every rotation which
allows the optical setup to obtain an image of the area under illumination.
This enables real time visualisation of the disc during rotation.

1.4 Stopped-flow microfluidics

All microfluidic systems in this body of work are based on “stopped-flow
microfluidics”. Stopped-flow microfluidics consists of a microchannel filled
with a stationary carrier fluid, through which particles or cells are sedimented
by an external force.

This force could be gravity or the magnetic force. However, a unique ad-
vantage of centrifugal microfluidics is the fact that this force can be delivered
and precisely controlled via the “artifical gravity” of the centrifugal force.
This area of stopped-flow microfluidics on a centrifugal platform is almost
completely unexplored. There are no papers more than ten years old in the
literature on this topic. The first mention of a stopped flow system on a cen-
trifugal platform is by Grumman et al.[25] and the only other published work
which covered the area since then was by Burger et al. [24, 26, 27]. When
trying to create new diagnostic platforms that analyse cells, bacteria, or any
particulates that will sediment in a liquid, the stopped-flow centrifugal mi-

crofluidic platform offers many unique advantages (Fig. 1.2). These include,
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Figure 1.2: A comparison of the behaviour of a particle in a pressure driven
flow-based system (left) and centrifugal stopped-flow system (right). a) A
particle travelling in a moving liquid (due to a pressure difference AP) from
a narrow channel into a wide channel will undergo a changing velocity profile
depending on the channel width and will also follow the flow lines towards
the centre of the channel (Comsol, USA). b) Whereas a particle sedimenting
through a stationary fluid via the Centrifugal force (F,) will travel radially
outwards, unaffected by the channel geometry. ¢) A flow-based system will
cause most particles to follow the flow lines and travel around obstacles like
the ones shown here [24]. d) Whereas in a stopped-flow system there are no
flow lines and particles will merely sediment in a radially outward direction
irrespective of any obstacles in their path [24].

but are not limited to, highly ordered particle motion (a unobstructed par-
ticle with a density greater than the liquid suspension will merely sediment
radially outward in a straight line), precise velocity control by controlling spin

rate, low-shear transport of cells due to the absence of fluid flow, uniform
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velocity across a channel (parabolic flow profiles are not present), unique
interaction parameters with obstacles in a chamber figl.2 c& d , varying sed-
imentation rates depending on particle size and density for sorting purposes
ete. etc.

While there are certainly caveats associated with stopped-flow microflu-
idics such as limitations on sample volume and loading difficulties (see chap-
ter 5.2.4), it is an area of microfluidic research that should be thoroughly
investigated to enable the exploitation of its unique parameters to create
novel biomedical devices that will advance the field of lab-on-a-chip and

point-of-care technologies.

1.5 Magnetic Particle Control

The majority of work presented in this thesis concerns the magnetic control
of micro-particles or magnetically tagged cells on a rotating microfluidic plat-
form. The field of magnetic particle control has been around for quite some
time and has been reviewed extensively by Gijs et al. [28, 29] and Pamme et
al. [4] and a very thorough and in depth analysis of all aspects of magnetic
particle control, including particle manufacturing, an analysis of all forces
present and a range of different magnetic particle handling platforms present
in the literature can be found therein. These particles are also referred to
as “beads” due to their spherical nature. The forces governing the motion
of these magnetic (and non-magnetic) beads are dealt with in more detail in
chapter two. However, a brief explaination will now be given.

One of the core principles of the centrifugo-magnetophoretic principle
which is explored in this work is the separation of particles (cells or beads) of
varying size, density and magnetic susceptibility. The three main categories
are large non-magnetic particles (10 — 20um), large magnetic particles (10 —
40pm) and small magnetic particles (1 — 2um), represented in fig 1.3,

Under application of the centrifugal force on a microparticle suspended
in a stationary fluid, particles will undergo sedimentation at a particular ve-
locity. This velocity is dependent on many factors, the speed of rotation, the

mass of the particle, the size and shape of the particle, the density difference
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Figure 1.3: Under application of the centrifugal force on a microparticle
suspended in a stationary fluid, those particles will undergo sedimentation.
The relative velocities of three types of particles is indicated above. Non-
magnetic polystyrene 20um beads (blue) were the slowest, followed by the
1pm magnetic beads and finally the 20pum magnetic beads. The reason for
this velocity difference is outlined in chapter 2.3.1.2

between the particle and fluid, and the viscosity of the fluid, to name but
a few. These factors are all collected together to determine the three main
forces which govern the particle motion. These are the centrifugal force (F,,),
the drag force (F;) and, for magnetic particles, the magnetic force (F,,). A

more in-depth analysis of these forces is given in chapter 2.3.1.

1.5.1 Superparamagnetic polymer beads

Superparamagnetic particles are single domain ferromagnetic nanoparticles
which have zero magnetisation in the absence of a magnetic field due to their
small size which allows their direction of magnetisation to flip randomly due
to normal temperature fluctuations [30]. This gives the particles an overall
average magnetisation of zero, unless an external magnetic field is present.
The magnetic micro-beads used in this work are all of the superparamag-
netic variety, that is, they are polystyrene micro-beads throughout which a
dispersion of superparamagnetic nanoparticles are to be found (Fig. 1.4).

The specific details of each type of particle used are given in the materials
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and methods sections of the upcoming chapters. However, being superpara-
magnetic, the basic structure of the beads are all the same. For simplicity,
superparamagnetic beads are simply referred to as “magnetic beads” in most

of this work.

Ferrous Polystyrene shell

nanoparticles

Figure 1.4: Superparamagnetic beads consist of a polystyrene bead through-
out which a number of single domain superparamagnetic nanoparticles are
dispersed. This allows the superparamagnetic effect to be created for a par-
ticle much greater in size than the typical superparamagnetic nanoparticle

1.6 Pseudo cells

Throughout this work, polystyrene microbeads were used as “pseudo cells” in
order to prove the physical principle of cell separation and detection on the
various platforms here-discussed before actual blood and cancer cells were
then used. These polystyrene microparticles provide an excellent approxi-
mation of the behavious of cells in suspension on a centrifugal microfluidic
platform. The polystyrene microparticles used for this work have a density
of (1050Kg/m?) which is very close to that of an actual blood cell or can-
cer cell in blood 1080 £+ 5Kg/m? [31]. And a superparamagnetic microbead
of 10-20pum very closely approximates the behaviour of a cell that has been

tagged with numerous 1pm magnetic beads (Fig 1.5).
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Figure 1.5: a) Microscope image of a cluster of MCF7 breast cancer cells that
are coated with many 1pxm magnetic beads, resulting in the dark black/brown
colour. b) A schematic of a superparamagnetic polystyrene microparticle of
the same size as the cell cluster. The black dots represent the magnetic
nanoparticles within the microparticle. ¢) The red dots represent the un-
bound 1pm beads that can be seem in the background of (a). They are
composed of the same nanoparticle interior as the larger particle in (b).

A calculation of the iron content of a 20m magnetic bead (Microparticles,
GmbH) and an MCF7 cell coated with 200 1um magnetic beads (Micropar-
ticles GmbH) was undertaken to determine how accurate this approximation
was. Based on the percentage of ferrous content (20% by volume) given by the
supplier, a 20um magnetic bead was found to have a mass of 3.12x107?Kg
of ferrous material in each bead. When compared to a MCF7 cell cluster in
fig 1.5 with approximately 200 1um magnetic beads on its surface, the total
mass of ferrous material on the surface of the “tagged cell” was found to be
4.81x1071¥Kg. It was felt that this was close enough to assume that a 20um
magnetic bead would provide a reasonable approximation of the behaviour
of a magnetically tagged MCF7 cell.

The beads also had the advantage of having highly homogeneous proper-
ties and being very easy to visualise on the spinstand and microscope. This
enabled quick and accurate tests and calculations to be carried out before

moving on to the more complex biological samples of blood and cancer cells.
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Chapter 2

Centrifugo-Magnetophoretic

Particle Separation

This chapter is based on the following publication:
Centrifugo-magnetophoretic particle separation,

Daniel Kirby, Jonathan Siegrist, Gregor Kijanka, Laetitia Zavattoni, Orla
Sheils, John OLeary, Robert Burger and Jens Ducrée,

Microfluidics and nanofluidics 13.6 (2012): 899-908.
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Before a fully functional CTC detection device with integrated sample-
prep, cell isolation and on-board detection could be envisaged, it was nec-
essary to first prove the physical principle of centrifugal-magnetophoresis.
Once this was done, the door would be opened for the manifold poten-
tial applications for stopped-flow magnetophoretic separations of cells, pro-
teins, and nucleic acids in bioanalytics, cell biology, and clinical diagnos-
tics. To ensure stable hydrodynamic conditions and thus reproducible sep-
aration, state-of-the-art magnetophoretic lab-on-a-chip systems have been
based on pressure-driven flow [2-4], which involves rather bulky and costly
instrumentation. In a flow-based system, suspended particles are following
the liquid phase as a result of the Stokes drag, thus being fully exposed
to divergent flow lines around obstacles and pump-induced pressure fluc-
tuations. In order to eventually achieve more stable hydrodynamic con-
ditions, improved control of magnetic particles, a more compact instru-
mentation footprint, and integration of high-performance upstream sample
preparation, this chapter introduces the novel 2 dimensional particle separa-
tion principle (centrifugal-magnetophoresis) by combining magnetic deflec-
tion with centrifugal sedimentation in a stopped-flow mode (i.e., mere parti-
cle sedimentation). The experimental parameters governing our centrifugo-
magnetophoretic system are the strength and orientation of the co-rotating
magnetic field, the rotationally-induced centrifugal field, and the size-dependent
Stokes drag of the various particles with respect to the (residual) liquid phase.
In this work, the following set of basic functional modes is demonstrated as
proof-of-concept: separation of magnetic from non-magnetic particles, rout-
ing of magnetic particles based on control of the spin speed, and size separa-
tion of various magnetic particles. Finally, a biomimetic application involving
the separation of particles representing healthy cells from a very small con-
centration of magnetic particles of a similar size, mass and magnetization as

a immuno-magnetically tagged target cell.
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2.1 Introduction

While large, automated systems, such as fluorescence and magnetically-
assisted cell sorters (FACS and MACS, respectively), have been successful
in analysis of cells, their associated instrumentation and operation proves
to be bulky, complex, and expensive [5]. Thus, the development of smaller-
scale, microfluidic cell capture and isolation systems remains of high inter-
est. Such systems would benefit from the commonly quoted advantages of
microfluidics (e.g., high amenability to automation, process integration, mul-
tiplexing and parallelization, substantially reduced sample and reagent vol-
umes, smaller instrument footprint, portability, low costs of ownership) while
possibly gaining additional functionality over current macrofluidic systems
[32, 33]. However, proof-of-concept of such a system will only transfer into
useful applications if it can be integrated with upstream sample preparation
[34] to form a full-fledged sample-to-answer technology. In the case of rare
cell detection from whole blood, the platform utilized must also be able to
process and handle the comparatively large blood-sample volumes in a low-
loss fashion to obtain statistically representative counts of these bioparticles
[9]. A common, general method for biological separation is the linking of
analytes with particles/beads, followed by the subsequent control and sep-
aration. This continues to be a feasible approach to the problem, and has
already found widespread commercial applications using magnetic particles
[2, 5]. Smaller-scale systems have also been developed, including microfluidic
continuous-flow and magnetophoretic systems [2, 3, 35, 36]. To date, prac-
tically all continuous, microfluidic separation systems have been flow-based,
pressure-driven systems. However, such implementations exhibit inherent
disadvantages. Initial particle focusing is an issue, as the microparticles
tend to follow divergent flow lines to compromise resolution [37]. Moreover,
pressure-driven systems, while providing good control at larger flow rates,
tend to be difficult to manage at low flow rates, which are required for mi-
croparticle control and focusing [18, 21, 38, 39]. In an effort to overcome these
disadvantages, this work adapts a magnetophoretic system onto a rotational

lab-on-a-disc platform operating in stopped-flow mode. The centrifugal, ar-
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tificial gravity force propels particles through a stagnant carrier fluid and
separates/routes them according to their density, size, and magnetic prop-
erties in the presence of a co-rotating, permanent magnet polarized in a di-
rection perpendicular to the centrifugal force. Apart from the elimination of
(divergent) flow lines, obvious advantages are gained with the centrifugal sys-
tem as compared to common pressure-driven schemes, including the simple,
cost-efficient, low-maintenance instrumental setup (CD player), the ease-of-
handling of the disc-shaped substrates (CDs or “discs”) that do not require
tubing interconnects, and the freely-programmable and inertially-stabilized,
jitter-free centrifugal actuation mechanism that features a large force range

and a rotationally-symmetric field for facile parallelisation [18, 21, 39, 40].

2.1.1 System concept, design, and advantages

In this chapter, we describe a magnetophoretic system inspired by the con-
cepts of Pamme and Manz [3] that was for the first time adapted onto a
centrifugal microfluidic platform towards cell separation applications. The
device works by centrifugally sedimenting particles in a stagnant carrier fluid
through a magnetic field generated by disc based permanent magnets (Fig.
2.1).

The novel, 2-dimensional, centrifugo-magnetophoretic system is governed
by the interplay of several experimental control parameters and forces as
follows: rotational spin-speed (controls centrifugal field), particle size and
viscosity of the carrier fluid (affects Stokes drag), particle density (impacts
sedimentation rate), and the geometry of the separation chamber (controls,
for instance, particle residence time and magnetic field distribution). More-
over, the strength, position, and orientation of the co-rotating permanent
magnet can also be customized. The entire system (Fig. 2.2) is first primed
with liquid. Next, a particle suspension is introduced to the loading chamber.
After mounting of the on-chip permanent magnet, the hybrid, microfluidic
disc is placed on a spin-stand motor and rotated at various speeds to centrifu-
gally sediment and separate/route the particles. The particles first enter the

focusing channel where they are aligned along the wall distant to the magnet
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Figure 2.1: a) Photograph of a single centrifugo-magnetophoretic separation
device on the disc with relevant features labeled. b) Schematic and magnetic
model showing the separation forces present in the system with calculated
trajectories and destinations of 3 different particles. The centrifugal force Fw
and the magnetic force Fm are also displayed, with magnetic field intensity
being represented by a colour gradient. Magnetic modeling was done with
the program FEMM-finite element method magnetics. ¢) Image of three-way
separation of beads at the opening of the separation chamber as outlined in
the schematic. 1pm particles have formed trains along the field lines and are
therefore visible as long streaks, not individual spheres.

(Fig. 2.1). Upon leaving the focusing channel, magnetic particles are imme-
diately deflected towards the permanent magnet near the opposite sidewall
of the separation chamber. Depending on the spin speed and their size, the
magnetic particles either arrive in the capture notch A or the collection reser-
voir C. In contrast, all non-magnetic particles sediment on straight, radial
trajectories through the separation chamber into reservoir B (Fig. 2.1).

It is worth emphasizing again that sedimentation occurs without flow;
particles merely sediment through the stationary carrier fluid, therefore elim-
inating impairment of the separation resolution caused by divergent flow lines
and hydrodynamic instabilities. Thus, if these magnetic and non-magnetic

particles are mixed and introduced simultaneously, they can easily be spa-
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Figure 2.2: Photograph of entire disc, showing six microfluidic chambers
with three magnets parallel to each chamber. The magnified views of the
individual chambers can be seen in Fig. 2.1.

tially separated, even under low hydrodynamic or mechanical stress (e.g.
compared to just holding a permanent magnet against the outer wall of the
vessel). Within the wide spectrum of possible system designs and operational
parameters, this proof-of-concept strategy reports on a specific geometrical
layout that was chosen to display several basic functional modes of the cen-
trifugal magnetophoretic system. In this work, silicone discs are fabricated
and tested to first show separation of magnetic from non-magnetic particles.
Next, separation of different sizes of magnetic particles is shown, followed
by routing of a fixed type of magnetic particle to a designated location con-
trolled by the rotational spin-speed. Finally, we present a 3-fold differential
separation of a mixture of non-magnetic particles and magnetic particles of
different sizes. This particle separation may be regarded as biomimetic of an
actual sample of untagged cells, magnetically tagged cells and excess tagging

particles.
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2.2 Materials and Methods

2.2.1 Device fabrication

The microfluidic devices were designed in AutoCAD (Autodesk, Inc., CA,
USA) and fabricated out of polydimethylsiloxane (PDMS) (Sylgard 184, Dow
Corning; #101697, Farnell, UK) using standard SU-8 soft-lithography pro-
cesses [41, 42]. A two-level, SU-8 mold was created on a bare, 4 inch Si
wafer by first spinning on SU-8 3050 (Microchem, MA, USA) to a thickness
of 100um; this first layer formed the focusing channels and separation cham-
bers (Fig. 2.2). The second SU-8 layer was spun on to a thickness of 150um
and formed the loading chambers. Baking, UV exposure, and developing
steps were performed separately for each layer according to the manufactur-
ers recommendations. Note that each disk contains 6 identical separation
structures. After creation of the SU-8 mold, it was cleaned using UV /ozone
for 5 minutes and then silanized using octadecyltrichlorosilane (#O5877,
Sigma-Aldrich, IE) vapors for at least 4 hours to promote PDMS release. To
prepare the PDMS, Sylgard 184 curing agent and base were mixed in a ratio
of 1:5 by weight, degased, poured over the SU-8 mold, degased again until all
bubbles were eliminated, and then cured in an oven at 70°C for 1 hour. The
PDMS part was removed from the mold, and holes, including the center hole,
loading holes, and permanent magnet holes, were punched and cut out from
the disc manually. Next, stock 2-mm thick polymethylmethacrylate (PMMA)
(#824-632, Radionics, IE) was laser cut into a standard CD format (10-cm
diameter) and cleaned using isopropanol and DI water. Sylgard 184 curing
agent and base, mixed this time in a mass ratio of 1:20, was mixed, degased,
and spun onto the PMMA disc at 1500 revolutions-per-minute (RPM). The
PDMS-coated disc was then cured in an oven at70°C for 1 hour. Finally,
the PDMS microfluidic device, with pre-cut holes, was manually aligned to
the PDMS-coated PMMA base. The PDMS-to-PDMS bond was enabled by
the mismatch in the concentrations of the curing agent [43], thus forming a

practically irreversible bond between the PDMS layers. Adhesion between
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the spun-on PDMS and clean PMMA disc was completely leak-proof at the

spin-speeds used in these experiments.

2.2.2 Spin-stand instrument

To run the separation experiments, a servo-motor coupled to a stroboscopic
visualization system similar to that already described in Chapter 1.3 was
used for particle flow and tracking during rotation. A servo-motor (4490
series, Faulhaber, DE) was mounted to a framed support, and a custom
chuck was machined for securely attaching standard discs to the servo-motor
shaft. A CCD camera (Sensicam series, PCO, DE) was placed directly above
the motor, and a combination of optical components (Navitar, NY, USA)
and controls for particle visualization were attached to the camera to obtain
a microscopic image; the optical setup also included a motorized zoom and
focus to allow for multi-scale imaging of features on the microfluidic device.
A linear drive was used to radially position the camera along the disc. The
camera was triggered to capture one frame per rotation, such that a movie
composed of a sequence of still images taken at the same location on the disc
could be acquired. A custom control box was fabricated to handle triggering
between the motor, camera, and stroboscopic illumination system; the trigger
box also served to control the circumferential location along the disc for
image acquisition. The combined action of the linear camera drive and the
trigger box provided full control to select the desired sector of the disc to be
investigated and imaged. The stroboscopic system (Drelloscop 3244, Drello,
DE) utilized a liquid light-conductor for illumination and was mounted above
the disc and to the side of the camera. A desktop PC (Dell, US) was used to
control the spin-speed and sequences of the motor as well as for monitoring
and image acquisition. The custom spin-stand instrument allowed for real-
time movement and magnification such that the flow of particles through
the microfluidic device could be tracked. The optical clarity of the PDMS
and PMMA device components, the bright stroboscopic illumination as well
as coloring of the particles (see figure 2.3) provided adequate contrast for

visualization.
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2.2.3 Particle separation experimental materials

Various types of particles were sourced for characterizing the centrifugal-
based magnetophoretic system. The particles used included polystyrene par-
ticles (d = 20um; p~1.1gem™3; #PS, MicroParticles, GmbH, DE), and iron-
core, paramagnetic polystyrene particles of two different sizes (d = 1.43um
and 18.8um; p~1.7gcm=3; #PS-MAG-S1792, #PS-MAG-51985, and #PS-
MAG-S1986, MicroParticles;, GmbH, DE). The polystyrene particles were
yellow and the magnetic particles were red; this allowed for easy visualiza-
tion and differentiation on the spin-stand instrument and under the bright-
light microscope. Particle sizes will be referred to as 20um (magnetic and
non-magnetic), and 1um (magnetic) for convenience. All particles arrived as
either 5% or 10% w/v solutions. After vortexing and/or sonication to ho-
mogenize the suspensions, dilutions of each particle type were made through
a 1:10 ratio of particles to medium. The dilution medium consisted of PBS
(phosphate buffered saline, 0.1 M phosphate buffer, 0.0027 M potassium chlo-
ride and 0.137 M sodium chloride, pH 7.4) with 0.1% BSA (bovine serum
albumin). All particle mixtures were vortexed briefly before introduction to
the disc.

2.2.4 Biomimetic separation experimental materials

For the biomimetic cell separation experiments (as already described in chap-
ter 1.6), red, 20um magnetic particles were used to mimic cells of a similar
size, mass and iron content which are coated with several hundred biofunc-
tionalized 1pm magnetic beads. Background, i.e. untagged blood cells were
represented by 20um polystyrene particles as they were of a similar mass
as blood cells and exhibit a different colour to the magnetic particles. Fi-
nally, a real-world analytical sample would exhibit excess tagging particles,
in this case 1.43um, magnetic iron cored polystyrene particles. These were
also included in the sample to give a more realistic biomimetic blood sam-
ple of 20pum polystyrene beads, 20um iron cored polystyrene beads and 1um

iron cored magnetic beads. This sample was then processed through the
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centrifugo-magnetophoretic system and 3-way separation was observed as

will be discussed in section 2.3.

2.2.5 Experimental protocol and data analysis

After assembly and fabrication (see section 2.1), the microfluidic disc (Fig.
2.2) was primed with an excess (50uL) of solution using degas-driven flow [44]
and then placed onto the spin-stand instrument. Nickel-plated, rod-shaped
permanent magnets made of NdFeB (3 mm diameter, 6 mm long) (S-04-10-
AN, SuperMagnete, DE) were mounted on the disc. Next, 3uL aliquots of
the various microparticle mixtures were placed in the loading chamber and
then centrifugally sedimented through the system; spin speeds in the range
of 225 RPM to 750 RPM were evaluated. A spin speed of 420 RPM (7Hz)
was found to feature optimum separation of particles. The trajectories of
the deflected particles were monitored using the stroboscopic imaging sys-
tem described above and total number of particles trapped in each area was
calculated using the theory of random loose packing [45] where the captured
number of particles was large, and counted under an optical microscope where
the number was small (roughly less than 20) and easily visible. Particle de-
flection /separation was quantified by calculating the percentage of particles
that ended up in each of the three chambers with the 1pum magnetic beads
to go in to chamber A the 20um non-magnetic beads to go into chamber B

and the 20pm magnetic beads to go into chamber C (Fig. 2.3).

2.2.6 Magnetic modeling and measurements

To initially optimize the position and properties of the on-disc permanent
magnet, we simulated the magnetic fields for various types and positions of
permanent magnets (Fig. 2.1b) with the software package FEMM (Finite
Element Method Magnetics 2010). It was found that magnets producing a
high magnetic field gradient would be needed for this system, and so NdFeB
magnets were chosen. It was also determined that 3 rod-shaped magnets
(3mm diameter, 6mm long) placed at a distance of approx. 2.5mm from the

side and staggered along the length of the separation chamber would exhibit
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a suitable magnetic flux density and field strength of 130m7. Furthermore,
the magnetic field gradient (as a gross linear approximation) amounted to

L. The positioning of the magnets was selected by edu-

roughly 50mTmm™
cated guess initially and then further optimized empirically. To validate the
simulation results, the magnetic field was also measured using a Gaussmeter
(#CYHT201, Chen Yang Technologies, DE). We measured a magnetic field
strength of 100mT and a magnetic field gradient (again as a gross linear

approximation) of 30 mTmm™!, correlating well with the modeled data.

Figure 2.3: Images of captured particles from three separate experiments
where 100% of the beads went to their intended capture areas. Capture area
A: 1um magnetic beads were deflected strongly due to their slow sedimen-
tation speed and 100% trapping was observed. Capture area B: 100% of the
20pum non-magnetic beads were recovered. Capture area C: Again, 100% of
the 20pm magnetic particles were retrieved.
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2.3 Results and discussion

The work described in this chapter focuses on the general introduction of
the fundamental concept of centrifugo-magnetophoretic separation. A pre-
liminarily optimized, fixed magneto-microfluidic system configuration was
chosen from a wide range of possible layouts to demonstrate various basic
functional modes of the system. Experimental results from the solely particle-
based experiments are first presented (Fig. 2.4), showcasing magnetophoretic
separation capabilities of our novel system along with considerations of the
relative forces involved. Finally, the results of biomimetic experiments are

highlighted, showing the high potential for real-world applications (Fig. 2.5).

2.3.1 Particle-based results and discussion

We start this section with a brief description of the forces present in this sys-
tem to leverage the interpretation of the subsequently presented experimental

results and functional modes.

2.3.1.1 Separation forces

Particle motion in the system is governed primarily by the centrifugal (F,),
magnetic (Fy) and velocity-dependent Stokes drag (Fp) forces. At elevated
particle speeds (relative to the disc), the rotational Coriolis force (F¢) also
plays a role in the particle routing mechanism. Briefly, the Coriolis force,
which acts in the same plane as the disc, forces particles in a direction per-
pendicular to that of the centrifugal force and opposite to that of the direc-
tion of rotation. In fact, for a sufficient magnitude at high sedimentation
speeds, the Coriolis force may artificially enhance or counteract the observed
magnetic deflection/routing. The relative strengths of the forces acting on
a single magnetic particle can be estimated based on known and observed
characteristics of the platform in combination with the results obtained from
the magnetic modeling and measurements. The following equations describe

the magnitudes of the four forces present in the system:
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where Ap is the density difference between the particle and the liquid,
d its distance from the particle center to the center of the disc, w is the
angular frequency of the disc rotation, Ay is the difference between yp and
X, the magnetic (volume) susceptibilities of the particle and the medium,
respectively, Vp is the volume of the particle, B is the magnetic flux density
that arises from the on-chip permanent magnet, pg is the vacuum perme-
ability constant (1.25662107%VsA~tm™1), n is the viscosity of the carrier
fluid, ry is the radius of the particle, and v is the velocity of the parti-
cle [3, 18]. Equation 2.3 is the expanded form of equation 2.2. For the
purposes of these calculations, a 20um magnetic particle with a density of
1.9gem ™3 is located at the side of the separation chamber closest to and ra-
dially aligned with the magnet (at a distance from the center of rotation of
about 35 mm). It is worth noting that a particle at this position experiences
a maximum magnetic force, and a measured magnetic flux density on the
order of 100mT with an approximate linear gradient of around 30mTmm !
which was used for the calculations. The magnetic (volume) susceptibility

of the particle is assumed to be on the order of 0.15 (dimensionless) based
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on previous publications, and water is the carrier fluid [3]. At a spin speed
of 420RPM a mean particle sedimentation velocity of 137 £ 12.6ums~! was
experimentally observed using Tracker video analysis and modeling software
(http://www.cabrillo.edu/ dbrown/tracker/) over 4 experiments. Based on
these assumptions, an estimation of the strength of the forces acting on a
single magnetic particle in the x direction (towards the magnet) is obtained
as follows: fy; = 1,500pN, f, = 480pN, fp = 26pN, and fo = 0.09pNN.
Thus, the predominant forces are the magnetic and the centrifugal forces,
while the Stokes drag and Coriolis forces are less prevalent. To better under-
stand the increased ratio between the two dominant forces (fa/f, = 3.1) in
view of the rather moderate deflection angles observed, one must consider the
transient nature of the magnetic force as experienced by the particle. While
the centrifugal force is unidirectional and high in magnitude along the entire
radial length of the separation chamber (about 20 mm), the particle experi-
ences strong, lateral magnetic-force components only when in close proximity
to the magnet; this strong magnetic force is thus experienced throughout a
radial travel distance roughly corresponding to the width of the permanent
magnets (3 mm). These crude approximations provide a 3.1-fold higher mag-
nitude and a 6.7-fold reduced interaction interval of the magnetic force with
respect to the centrifugal force. Thus, it can be concluded that in the time-
average over the two forces, their effective impact on the particle trajectory is
comparable and can therefore be utilized to fine-tune the routing of magnetic

particles through the separation chamber.

2.3.1.2 Particles’ terminal velocity

The calculations for particle velocity in the previous section were carried out
using an experimentally observed velocity to determine the drag force due to
the particle velocity at that point in time. There are inherent complications
in calculations such as these due to the velocity change of the particle with
respect to time. It was therefore thought important to carry out calcula-
tions to determine the terminal velocity of particles of two different sizes in

order to explain the velocity difference between the slow 1um beads and the
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much faster 20pum beads. This can easily be explained by the analogy of the
terminal velocity of an object falling to earth under the gravitational force.
At terminal velocity, the acceleration of the object will go to zero and the
viscous drag force from the air will be equal to the gravitational force on the
object. This analogy is precisely the same for the microparticles sedimenting
through the stagnant fluid. At terminal velocity the viscous drag force on the
microparticle fp will equal the centrifugal force f,, on the microparticle and
this allows for a calculation of the terminal velocity to be undertaken. The
terminal velocity of a 1um magnetic bead at a distance of 35mm from the
disc centre was found to be 0.22um/s and the terminal velocity for a a 20um
magnetic bead at the same location was found to be 39um/s. This clearly
explains the observed velocity difference between the particles, even though

the 1um particles were slightly more dense due to a higher iron content.

2.3.1.3 Separation of magnetic from non-magnetic particles

The fundamental capability of centrifugo-magnetic separation is first demon-
strated in its most simple variant, the capture of 20um non-magnetic beads,
20pm magnetic beads and 1pum magnetic beads in three separate capture ar-
eas at a spin rate of 420 RPM (Fig. 2.3). As already discussed, the selective
routing of the beads to designated capture zones roots in the specific inter-
play of the centrifugal force f,, magnetic force fj; and the Stokes drag fp.
The non-magnetic particles simply follow f, to sediment straight down the
channel. The 20pum magnetic beads are additionally impacted by f,; to lat-
erally deflect them into capture area C. And finally, the 1um magnetic beads
(despite having a slightly higher density than the 20um magnetic beads) sedi-
ment at a considerably lower velocity due to the ratio of centrifugal to viscous
forces being proportional to r? [29] and thus experience a greater deflection
by the lateral magnetic field f,; into the capture area “A” due to their in-
creased time in the magnetic field and slightly higher iron content(Fig. 2.3).
The next stage was the separation of magnetic from non-magnetic particles.

To this end a mixture of magnetic and non-magnetic polystyrene particles
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of similar size (=~ 20pm in diameter) were processed at a spin speed of 420
RPM for about 20 min.

Figure 2.4: After introduction of a mixture of yellow, 20um non-magnetic
beads and red, 20pum magnetic beads into the loading chamber, the system
was spun at 420 RPM. A complete, 100% separation of the beads was ob-
served.

The results in Fig. 2.4 feature an excellent degree of accuracy and exhibit
100% separation of 20um non-magnetic from 20um magnetic beads. The
next mixture of particles separated was 20pum non-magnetic beads and 1pm
magnetic beads. Both types of beads followed the same pathway as they
did when run separately through the system (Fig. 2.3) with 100% of non-
magnetic 20um beads captured ending up in capture area B and 100% of 1um
magnetic beads captured ending up in capture area A. The initial branching
of the bead trajectories upon entering the separation chamber in (Fig. 2.1c)
shows the 1um beads forming trains of beads as they line up along the
magnetic field lines [46] and deflecting to the right-hand magnets, with the

20pm non-magnetic beads continuing radially outwards.
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It should be mentioned that the Coriolis force fo may to a small extent
artificially enhance the observed magnetic separation. However, we selected
the of rotation such that fo counteracts fy,, thus preventing an enhancement
of the lateral deflection. So the experimental results obtained on the here
presented choice of the centrifugo-magnetophoretic system design with the
specified control parameters provide clear evidence for capability of particle

focusing and separation.

2.3.2 Biomimetic separation results and discussion

The final set of experiments was performed to mimic the realistic conditions
of extremely rare C'TCs suspended in the blood stream. Typically, one CTC
would be present in a background of roughly a million white blood cells and
a billion red blood cells. Our biomimetic sample consisted of a very high con-
centration of 20um polystyrene beads (“pseudo blood cells”) spiked with a
minute concentration of 20um magnetic beads (“psuedo magnetically tagged
rare cells”) and a high concentration of 1um beads (excess, i.e. unbound mag-
netic tagging beads). Note that at this pioneering stage of our research the
CTC-to-blood-cell ratio chosen is still significantly higher in our biomimetic
sample than in a patient blood to avoid problems with the otherwise required
handling of large-scale, milliliter volumes on miniaturized lab-on-a-chip sys-
tem. The final test consisted of 5 runs with an average content per run of
~ 16, 300 non-magnetic beads (20um, i.e. mimicking non-target cells), ~ 37
magnetic beads (20um, i.e. mimicking tagged target cells) and ~ 700,000
magnetic tagging beads (1pm, i.e. mimicking unbound magnetic tags).

These samples were separated with extremely high selectivity (Fig. 2.5
& table 2.1). It was observed over the 5 runs that 96.3 £ 11.2% of the
20pum magnetic particles (representing CTCs) were captured in the correct
terminus C, there were only a small fraction (3.7%) of false negatives (CTCs
in B) and less than 0.1% false positives (regular blood cells in C).

While this level of error is very small, it would be an unacceptable amount
of error if the system were scaled up to handle realistic CTC concentrations.

The reason for the error was observed to be non-specific binding of a non-
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Capture area | 20pum non-magnetic | 20um magnetic | 1um magnetic
A 3(0.02%) 0(0%) 7.1 x 10°(100%)
B 16, 344(99.93%) 1.4(3.7%) 0(0%)
C 9(0.05%) 36(96.3%) 0(0%)

Table 2.1: Statistical data from n=>5 runs of 3-way particle separation

magnetic bead (regular blood cell) to a magnetic tagging bead and its result-
ing routing into chamber C. This issue may possibly be resolved by suitable

optimization of bioanalytical immuno-binding and blocking strategies.

2.4 Conclusion and outlook

In this work, a novel centrifugo-magnetophoretic platform for particle separa-
tion was conceptually introduced and experimentally investigated. According
to their physical properties, such as size and magnetization, the distribution
of the magnetic field, and the freely-programmable spin speed, the platform
is capable of routing microparticles into one out of three available outlets.
For a chosen system configuration, a set of basic functional modes was in-
vestigated using a range of particle types and rotational frequencies. In this
proof-of-concept study, prospective cell separation capability was evaluated
by biomimetic experiments utilizing particles of similar mass, size and mag-
netization as target and background cells as well as an abundance of 1um
magnetic tagging particles. The main advantages of the simple and robust
platform are the very stable hydrodynamic conditions in the centrifugally
enabled, jitter-free, stopped-flow mode which is unique to the centrifugal
platform. The results of these tests enabled the work to move on to more
advanced biological cell separation, as show in figure 2.6 and described in the
upcoming chapters.

As established in the literature, the centrifugal microfluidic platform is

also well-amenable for powerful sample preparation, including classic meth-
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Figure 2.5: Results of biomimetic experiments with a large concentration of
20pm yellow non-magnetic beads and red 1pm magnetic beads representing
healthy cells and tagging particles respectively and a very low concentration
of red 20pum magnetic beads representing tagged cancer cells. The position of
the images (taken from one of the 5 runs) is indicated on the schematic. The
separation was done with a very high affinity, very close to 100%. Statistical
results from the five runs can be seen in table 2.1 which indicates the average
number of each particle captured in each area. Percentage values are also
given. The fact that this level of separation can be achieved from a mixed
population of three samples shows great promise for applying this system to
separate cells in a blood sample.

ods such as blood separation through centrifugation [18, 21, 39, 41, 47, 48].
This suggests great opportunity towards a full-fledged, high-performance
sample-to-answer system for a wide spectrum of applications involving a cell

separation function.
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Tagged
Cancer Cells

Blood Cells
Un-bound

Figure 2.6: Schematic of the centrifugo-magnetic principle as applied to sep-
arating magnetically tagged cancer cells from a background of healthy blood
cells and excess tagging beads. The principle is the same as the bead sepa-
ration and shows great promise as a method of separating cells, for example
CTCs from a background of healthy cells.
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Chapter 3

Cell based on-disc
magnetophoresis and

enumeration

This chapter is based on the following publication:

Rapid and Cost-Efficient Enumeration of Rare Cancer Cells from
Whole Blood by Low-Loss Centrifugo-Magnetophoretic Purifica-
tion under Stopped-Flow Conditions,

Daniel Kirby, Macdara Glynn, Gregor Kijanka, Jens Ducrée,

Cytometry Part A 87.1 (2015): 74-80.
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Following on from the results in chapter 2 where biomimetic “pseudo
cells” were used to prove the principle of centrifugal magnetophoresis, the
substantially improved design and functionality of the centrifugo-magnetophoretic
platform which integrates direct immuno-separation and cost-efficient, bright-
field detection of cancer cells in whole blood was developed. Like the earlier
device, we aimed to contain all microfluidic and magnetic components on
the convienient footprint of a common CD and the same centrifugal spin-
stand instrument was used for rotation and visualisation of the disc. In a
first step, target cells in a blood sample are specifically bound to param-
agnetic microbeads. The sample is then placed into the disc cartridge and
spun. In the second step, magnetically tagged target cells are separated by
a co-rotating, essentially lateral magnetic field from the background popu-
lation of abundant blood cells, and also from unbound magnetic beads. A
stream of target cells centrifugally sediments through a stagnant liquid phase
into a designated detection chamber. The continuous, multi-force immuno-
separation proceeds very gently, i.e. the mechanical and hydrodynamic stress
to the target cells is minimized to mitigate the risk of cell loss by collective
entrapment in the background cells or vigorous snapping against a wall. We
successfully demonstrate the extraction of MCFEF7 cancer cells at concentra-
tions as low as 1 target cell per ul from a background of whole blood, with
capture efficiencies of up to 88%. Its short time-to-answer is a notable char-
acteristic of this system, with 10% of target cells collected in the first minute
after their loading to the system, and the remainder captured within the
following ten minutes. All of the above mentioned factors synergistically
combine to leverage the development of a prospective low-cost point-of-care
device for CTC detection.

3.1 Introduction

Over the past two decades interest in the centrifugal microfluidic lab-on-a-
disc (LoaD) concept[18] has significantly increased, in particular for bioana-
lytical assays. The platform has been applied to successfully integrate liquid

handling and detection for endpoints such as sample nucleic acid amplifica-
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tion, immunoassays [49] and cell analysis [19, 40] The use of the inherent
centrifugal field to transport and manipulate (liquid) analytes and reagents
(rather than through complex actuation schemes such as pumps) makes the
LoaD platforms particularly attractive for point-of-care (PoC) settings where
both, cost-efficiency and robustness are prerequisites. Processing of the dis-
posable disc-cartridge generally requires a speed-adjustable spindle motor
as, for instance, found in conventional DVD players; indeed, such cartridges
have previously been processed by the DVD-ROM drive of a laptop [50].
Additionally, the innate ability of centrifugal sedimentation makes LoaD
platforms particularly suited to blood processing and cell handling. Very
dynamically emerging trends of personalised medicine and acute healthcare
have underpinned the need for advanced point-of-care (PoC) devices or com-
panion diagnostics which can be deployed at the bedside in hospitals, in
doctors offices and even at home for patient self-testing. Classically these
tests have been carried out in central laboratories, involving long time-to-
answer and high costs of instrumentation. Microfluidic platforms bear the
promise to enhance patient comfort through fewer visits to clinics and more
gentle blood sampling due to reduced volume requirements while alleviat-
ing the burden on health-care budgets. In addition to mobile monitoring of
disease, these devices have also become a major driver of cell-based medical
analysis in clinics and hospitals. A primary objective for such application
is in the detection of extremely rare circulating tumour cells in whole blood
samples. The field has considerably advanced in recent years, [51, 52] with a
growing number of research groups investigating a range of aspects, from bio-
logical characteristics of cancer cells [53] such as the links between CTCs and
metastases [54], to instrumentation designed for diagnostics based on count-
ing the actual CTC numbers present in the blood [6], associated prognosis
[55], methods of enumerating and detecting CTCs [51, 56, 57| and research
into developing diagnostic devices which are able to detect CTCs in typical
clinical settings [52]. Tools for CTC detection are expected to provide im-
portant, ideally patient-specific information for cancer prognosis, diagnosis,
assessment of minimal residual disease and assessment of anti-cancer drugs

[58]. Much effort is directed towards the development of microfluidic sys-
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tems for detecting CTCs [59-63]. The paramount challenge is the extreme
sparseness of such cells. While the CTC concentration in a patient sample
is known to vary greatly with cancer type and stage [56], the scientific com-
munity has not yet been able to define a gold standard experiment for the
unambiguous identification of a CTC; hence also a wide consensus on their
concentration range is notably lacking. Nevertheless, we here follow the as-
sumption of a concentration in the range of 1 cell per ul [6, 7]. However, note
that some work refers to concentrations lower than 1 cell per ml [8], a con-
centration which would require an initial enrichment on our current system,
for instance implementing RBC lysis or buffy coat extraction. Due to the
extreme paucity of these cells, an efficient and reliable diagnostic instrument

must meet particular performance criteria:

1. A capture platform must isolate the entire CTC population present

(low loss, high capture efficiency).
2. It must discard background non-target cells (high isolation purity/specificity).
3. It must perform this analysis sufficiently fast.

4. It must handle rather large volumes of sample (high system through-
put) [52].

CTCs have been distinguished based on size, deformability and density
[64-66]. However, these physical parameters may significantly vary through-
out the CTC population and thus also lead to significant overlap with normal
cells. The majority of platforms, including the first commercially available
CTC diagnostic system (Cellsearch, Veridex), therefore identifies CTCs based
primarily on their specific protein marker expression such as epithelial cell
adhesion molecule (EpCAM) via immuno-affinity binding [56] or immuno-
magnetic isolation [67-72]. In addition, negative markers, biophysical char-
acteristics (e.g. size and deformability) and morphological analysis of CTC
candidates are commonly employed. This chapter presents work on a novel
centrifugal microfluidic system that can magnetically isolate, enumerate and

detect rare cells on a low-complexity platform which is highly amenable to

o4



PoC diagnostics. The previous chapter demonstrated continuous separation
of magnetic beads of varying sizes from a large background of cell-mimicking
beads but this chapter will describe the advancement of the earlier technol-
ogy to isolate much lower, biologically relevant concentrations of cultured
MCF'7 breast cancer cells (from cell lines) spiked into a whole blood sample.
We use paramagnetic, antibody-coated microbeads which target the MCF7
cells by binding to the EpCAM epitope expressed on these cells with very
high specificity. Our continuous-mode, centrifugo-magnetophoretic system
can therefore separate the input sample into its three superordinate con-
stituents: (red and white) blood cells, magnetically tagged target (cancer)
cells and excess unbound magnetic beads. A unique feature of this multi-
force separation is the removal of unbound paramagnetic beads from tagged
magnetic cells based upon the synergistic interplay of magnetic and cen-
trifugal fields with the size-dependent Stokes drag. While many platforms
[73] have used magnetic separation, they lack the ability to reliably sep-
arate unbound magnetic beads from isolated tagged target cells. This is
because such a purification, e.g. through integrated size filtration, tends to
be prone to clogging and unspecific trapping, and may thus lead to the loss
of scarce target cells which would be prohibitive for rare cell detection. Our
filter-less, flow-less sedimentation-driven system presented here, by design,
eliminates this critical flaw. Through the continuous sedimentation scheme,
we also mitigate the risk of cell damage due to vigorous snapping of beads
against the vessel wall and the risk of collective pull of entrapped target
cells by the abundant background population into the waste; these parasitic
loss mechanisms are deemed prevalent in common batch-mode magnetostatic
separations. Alongside presenting, for the first time, isolation of EpCAM
positive cancer cells in biologically relevant concentrations using continuous
centrifugo-magnetophoresis, we also demonstrate a proof-of-concept of a sim-
ple, bight-field method to quantitate the number of isolated cells based on
their packing volume in the capture chamber. This technique is similar to
established packed-cell-volume (PCV) haematocrit measure-ment [74] and is

also being used on other diagnostics platforms [75].
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3.1.1 Working Principle

In our stopped-flow, continuous sedimentation centrifugo-magnetophoresic
device (Fig. 3.1), the three forces governing the path of the particles through
the system, as discussed in detail in chapter 2, are the centrifugal force F,,,
the essentially lateral magnetic force F,, and the hydrodynamic Stokes drag
Fp . Non-magnetic background blood cells will only experience the radial
centrifugal force F,, and the counteracting Stokes drag Fp to sediment on a
straight path towards the peripheral edge of the disc. Concurrently, magnetic
particles will additionally experience the lateral magnetic field F,,, and thus
deflect from the main stream. The separation between unbound magnetic
beads and the magnetically tagged cancer cells (Fig. 3.1c) is primarily gov-
erned by the differences of (the densities of) their magnetic momenta; the
bulk magnetized beads possess a notably larger mean magnetic momentum
than the much larger cell / bead hybrids which only exhibit a magnetization
on the surface of their biological core. The resulting differential in lateral
magnetic deflection is enhanced by the steep increase of field gradient to-
wards the co-rotating magnet, which thus amplifies the spatial separation
compared to a (hypothetical) uniform field and deflection of cells, akin to
the “pseudo cell” deflection in chapter 2 is seen.

The two other factors, the centrifugal field and the viscous Stokes drag,
are significantly smaller in magnitude and do not directly alter the deflection
of the particle, i.e. the principal discriminator of our spatial separation tech-
nique. Instead, the interplay of these two counteracting forces mainly impacts
the (radial) speed of sedimentation, which is only indirectly resolved by our
technique through the residence time of the particles within the impact zone
of magnetic deflection. However, the density differences between our types
of bioparticles are significantly less pronounced than the differences in their
magnetization, so the centrifugal field only constitutes a secondary effect
in our separation mechanism. Our stopped-flow centrifugo-magnetophoresis
therefore drives a central stream of copious background cells into the radially
aligned, main waste chamber (labelled X in Fig. 3.1c¢). The most strongly

magnetized, free beads are directed into a laterally aligned gutter chamber
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Figure 3.1: Schematic of the polymeric lab-on-a-disc with microfluidic chan-
nels, visible in green, and magnets as silver cylinders. b) Bright-field micro-
scope image of two clusters of MCF'7 cells tagged with paramagnetic beads
(background beads are visible as dark specks). ¢) Magnetic field simulation
of one of the green chambers from (a), with trajectories for blood cells, mag-
netically tagged (cancer) cells and excess magnetic beads. The directions of
the centrifugal (F) and magnetic (Fm) fields are also indicated. Blood cells,
excess beads and cancer cells are routed to the blood waste (X), bead waste
(Y) and target cell capture chamber (Z), respectively. Direction of rotation

is CCW.

(labelled Y in Fig. 3.1c) due to the balance of drag, magnetic and centrifugal
forces discussed in chapter 2.3.1. Finally, the less magnetised hybrids of the
target cells with the bead-tags are routed closer to the main sedimentation
direction into a slightly displaced, small detection chamber (labelled Z in
Fig. 3.1c). Direction of rotation is counter-clockwise (CCW), which means
any corialis effects will keep particles against the left-hand wall (Fig. 3.1c).

Due to the low speed of sedimentation of the particles in stopped-flow mode,
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the impact of the Coriolis force was found to be negligible, but the sense of
spinning direction was chosen as a precaution anyway. In this way our de-
sign provides a low-stress, three-fold spatial separation of background blood
cells, magnetically tagged cancer cells and excess tagging beads. Compared
to standard, batch-mode immunomagnetic separation with a simple mag-
net, our continuous, sedimentation-driven system separates the latter two
magnetic particles without the error-prone size filtration. Furthermore, the
novel, stopped-flow mode inherently eliminates flow-field instabilities which
tend to compromise resolution. Also, magnetostatic, batch-mode immuno-
separation often leads to collective entrapment of rare target cells in a cohort
of background cells. This loss mechanism is suppressed through the radi-
ally stretched distribution of the population of suspended cells through the

continuous sedimentation mode.

3.2 Materials and Methods

3.2.1 Disc Manufacture

The manufacture of the microfluidic discs was almost identical to the process
in chapter 2. But, in brief, the discs were formed from polydimethylsiloxane
(PDMS) (Sylgard 184, Dow Corning; #101697, Farnell, UK) by standard
soft lithography methods from a design drawn with AutoCAD (Autodesk,
Inc., CA, USA). A 100-um thick dry-film photoresist (DuPont, NC, USA)
was hot-roll laminated onto a 4 inch silicon wafer, lithographically structured
by UV exposure and developed according to the manu-facturers instructions.
The dry film structures left on the wafer define the PDMS casted channels.
The millimetre-scale indentations for magnet positioning (Fig. 3.1 a) were
engineered with a 3D-printed polymer mould (uPrint, Stratasys Ltd., MN,
USA) and aligned via guide pins to create hig