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LAY ABSTRACT

On-chip micro-electromagnetic devices are ideally suitable for manipulating
magnetic particles in an automated and fully-controlled fashion, and thus they hold great
promise for integration into miniaturized, portable and handheld lab-on-a-chip platforms
applicable to point-of-care settings. In this thesis, we use computer simulations and
benchtop fabrication methods to develop a polymer-based magnetic device, composed of
an integrated micro/nano-structured electromagnet and a ferromagnetic layer. In addition,
we seek to comprehend the mutual role of thermally generated and magnetic forces on the
motion of magnetic particles to enhance the device capability. This work aids us to develop
a thermo-magnetic system, which can thermally concentrate magnetic particles to specific
locations and magnetically capture them. Furthermore, we pursue to integrate these devices
with microfluidics to separate magnetically tagged cells in a continuous flow. Finally, we
investigate developing conductive, slippery, and self-cleaning surfaces which can be

applied for biosensing applications.



ABSTRACT

Molecular analysis for disease management is performed in equipped laboratories by
specialists. This process can be slow, costly, and inaccessible in remote rural areas. This
inspires the need for developing highly specific, and robust lab-on-a-chip (LOC) devices.
Analyte separation is an essential step for molecular diagnosis. Among micro-scale
separation techniques, magnetophoresis benefits from its high throughput, relatively non-
invasive nature, integrability, and availability of magnetic particles in variety of sizes and
coatings. Magnetic forces are applied on magnetically tagged objects using permanent
magnets, ferromagnetic micro/nano-structures (passive), or electromagnets (active). In this
thesis, we integrate active and passive elements, by coupling micro/nano-structured
electromagnets with ferromagnetic materials, to capture MPs at low currents (< 50 mA).
These active-passive devices are fabricated using benchtop techniques such as xurography,
polymer induced thin film wrinkling, spin coating, and electrodeposition.

An efficient transport of analytes inside LOC platforms is essential for reducing the
sample-to-response time and improving the limit-of-detection. Micro-electromagnetic
devices are suited for this task due to their high level of controllability over the generated
magnetic force. However, the magnetic force attenuates rapidly as we move away from the
surface of the device. Elevating the current improves the magnetic strength in expense of
destructive Joule heating and high-power consumption. In this work, we investigate the

combined role of temperature and magnetic field gradients on the motion of MPs to extent
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the capture zone of the device beyond its surface. We show that the measured terminal
velocities of particles located near the magnetic traps (~5.5 um) replicate the values
provided by the simualtions. Remarkably, we demonstrate two orders of magnitude
deviation between the experimental and simulation results for the terminal velocities of far
particles (~55.5 um). By modelling the heat transfer of the system, we demonstrate that
this inconsistency is due to the fluid movement caused by convection.

Magnetophoretic cell manipulation in a free-flow condition is beneficial in terms
of high throughput and integrability. Here, after integrating the active-passive device with
microfluidic channels, we successfully capture and release magnetically tagged-yeasts in a
continuous flow with an applied current of 30 mA.

Micro/nanotextured lubricant-infused surfaces can be applied to LOC devices, due
to their self-cleaning, frictionless, and high surface area properties. In this thesis, we
integrate the wrinkling process and fluorosilanization to develop conductive lubricant-
infused surfaces that are electrochemically active, slippery, and anti-biofouling. Self-
assembled monolayers of fluorosilane are deposited on gold-coated shrinkable substrates.
After creating the micro-wrinkled structures by heating the substrate (160°C), a lubricant
is applied to the surfaces. High water contact (~150°) and low sliding angles (<5°), along
with manipulation of magnetic droplets in a friction-less fashion, confirm the
hydrophobicity and slipperiness of these surfaces. We demonstrate that these surfaces can

prevent non-specific adhesion of proteins, which is crucial for surface-based biosensors.
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integrated charge transferred for 10 minutes of palladium electrodeposition on bare (blue)
and fluorosilanized and lubricated (orange) wrinkled gold electrodes. SEM images of the
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following palladium electrodeposition. The scale bars represent 5 tm..........cccccevveenee. 130
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Chapter 1 Introduction

This chapter reviews the motivation to develop lab-on-a-chip (LOC) devices for point-of-
care (POC) diagnosis. It discusses different components of LOC technologies and explains
how essential it is to be able to separate bio-molecules of interest suspended in
heterogeneous biological samples. Furthermore, it reviews the current chip-based bio-
separation technologies, including their advantages and disadvantages. The motivation
behind designing, rapid prototyping, and characterization of the micro-electromagnets is

discussed. Finally, this chapter concludes with the objectives and overview of the thesis.
1.1  Background

1.1.1 Introduction to Lab-on-a-Chip Devices for Point-of-Care Diagnostics

Infectious diseases, cancers, or even a heart attack are typical situations where early
diagnosis and treatment become paramount.[1] Conventionally, patient samples are
collected and analysed in laboratories using medical diagnostic equipment. These
laboratory-scale instruments are acceptable for clinical or research applications where well-
trained technicians are readily available, their cost of operation is relatively insignificant,
and long turnaround times (for example 24 hours) are expected. However, these devices
are not suitable for healthcare systems in the developing world, remote locations, and small
laboratories due to their slow sample-to-result times, high cost, non-portability, and

requirement for highly trained personnel. Therefore, there is a high demand for affordable,
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fully automated, accurate, rapid, and portable diagnostic platforms which can be used for
POC applications.

The concept of LOC or micro-total analysis system (UTAS) was first introduced by
Manz et al. in early 1990°s.[2] It was not until mid 1990’s that commercial interest on LOC
devices started to emerge, when LOC technologies turned out to offer solutions for
genomics applications including microcapillary electrophoresis[3] and DNA
microarrays.[4] In recent years, there has been tremendous interest in developing
miniaturized LOC devices, which can bring medical diagnosis to the patient’s sites.
Generally, these LOC devices integrate multiple steps of a typical assay into a single
microfluidic chip, where the sample is delivered from one assay step to the next via
microchannels. These chips are designed to work with small volume of samples while
remaining highly sensitive, specific, fast, portable, inexpensive, easy to operate, and
environmentally friendly.[5] The LOC devices can separate, detect and analyze multiple
target bio-molecules through the integration and parallelization of LOC compartments such
as micro-channels, lysing, mixing, separation/sorting, and sensing chambers on a single
chip. On-chip high-throughput analysis can be achieved by monitoring one sample for
sensing multiple targets in parallel,[6] or by simultaneous screening of multiple samples
for detecting one specific target,[7] or by combining both of these methods.[8] In addition
to POC diagnostics, the LOC devices can be employed for water, nutrition, environmental,
and biological warfare sensing. [9] As computer chips have accelerated and automated

mathematics, LOC aims to speed up and automate biology and chemistry.[10]
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LOC devices for POC diagnostics are generally composed of two main
compartments: the sample preparation and the biosensor. A general scheme of a LOC
device and its components are shown in Figure 1.1. A biosensor is defined as a self-
sufficient integrated platform which provide specific quantitative or semi-quantitative
analytical information by bringing a biorecognition element (nucleic acids, proteins,
metabolites, etc.) in a direct contact with a transducer.[11] Bio-recognition used in bio-
sensing is divided into two main classes: bio-catalysis and bio-affinity.[12] In bio-catalysis,
one or multiple enzymes are integrated into a transducer to selectively catalyze a reaction
involving a target bio-molecule as a substrate and generate quantitative analysis. [13] Bio-
affinity is typically achieved by immobilizing capture probes onto the surface of a electrode
or other transducer , where they can bind to their specific target biomolecules.[14] This
binding event is then translated into a measurable signal using

electrical/electrochemical[15], optical[16], and piezoelectric/mechanical transducers.[17]
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Figure 1.1 General scheme of a LOC device and its compartments.
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Typical sample-preparation procedure for molecular diagnostics on a chip include
cell separation/concentration, cell lysis, molecular extraction/purification, and DNA/RNA
amplification.[18] Cell separation is a critical step when dealing with a heterogeneous
sample (e.g. blood), particularly when the target cells are rare (e.g. circulating tumor cell
(CTC)). Conventional methods used for cell separation include density gradient
centrifugation,[19] fluorescence activated cell sorting (FACS),[20] and magnetic activated
cell sorting (MACS).[21] In spite of high throughput screening offered by these
conventional techniques, their complexity and high initial cost of the systems along with
cost of operation and reagents, limit their adaption for POC settings.[22] Therefore there is
a pressing need for facile and inexpensive cell separation techniques such as affinity-
based[20], label-free [22], and on-chip magnetic separation methods. The above
approaches are explained thoroughly in sections 1.1.2 and 1.1.3. To access a target
biomolecule within a cell (e.g. nucleic acids or proteins), the separated cells need to be
broken down to release their intercellular contents. This step of sample-preparation is called
cell lysis which can be divided in four major categories: electrical, chemical, mechanical,
and thermal lysis.[23] After the cell lysis step, the target analytes can be extracted from the
rest of the sample and re-suspended in a new buffer. The molecular extraction/purification
is an essential step to reduce the effect of other cellular-contamination and enhance the
signal-to-noise ratio at the output of the transducer. Nucleic acid separation is classified
into four main categories: silica-based surface affinity, electrostatic interactions, nano-
porous membrane filtration, and functionalized micro/nano-particles.[23] In order for the

extracted target nucleic acids to fall within the limits of detection of biosensors, they may
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have to be amplified from low to higher copy numbers.[18] Among many amplification
techniques, the enzymatic polymerase chain reaction (PCR) is the most established and
commonly employed technique.[24] In PCR, typically, the temperature is raised above 92
°C to denature the complementary strands of DNA followed by decreasing the temperature
to anneal primers and their enzymatic extension. Most on-chip DNA amplification
researchers have focused on developing miniaturized PCR devices using integrated circuit
(IC) and microelectromechanical systems (MEMS) technologies.[18] In order to
effectively design the biosensing, sample preparation, and microfluidics portions of a LOC
device, three specific length-scales need to be considered: the macroscopic scale of
physiological samples, including millilitres of patient’s body fluid, and chip dimensions;
the microscopic scale of cells and biomolecular diffusion; and the nanoscale range of
biological analytes.[25]

The ability to miniaturize mechanical, fluidic, electrochemical, electrical, magnetic
and thermal systems has led to many new fields and applications including LOC and
microfluidics. The first miniaturized analytical device was introduced by Terry et al., a gas
chromatographic analyzer fabricated on a silicon substrate. By taking advantage of IC
processing technique, they were able to miniaturize the size of the sensor from a bulky
laboratory equipment to a pocket-sized device, while maintaining the same level of
performance.[26] Miniaturization of LOC devices allows multiple sample preparation and
detection systems to be integrated and operated in parallel on a single chip. In addition,
miniaturization enables portability, automation, and ease of use, reduces the manufacturing

costs, and promotes integration of the device with other electronic measurement systems.
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In terms of device functionality, miniaturized magnetic features are favorable in magnetic
separation devices where the target MPs-biomolecules/cells complex are continuously
sorted or captured.[27], [28] Sharp and narrow nano/microscale magnetic structures can
create large magnetic field gradients which results in higher capture efficiency and
throughput.[29], [30] Likewise, miniaturization greatly affects limit-of-detection and
response time of a biosensor.[12] It has been shown that reducing the dimensions of an
electric or electrochemical biosensing compartment enhances its sensitivity by improving
the system’s signal-to-noise ratio.[31] In order to exploit the enhanced signal-to-noise ratio
of these sensing platforms, several microfluidic techniques have been developed to
overcome the mass transport limitations and reduce the sample-to-response time from hours
or days to order of minutes.[12]

Microfluidics is a technology which is employed to transport, process, and
manipulate small volume (10~° to 1078 liters) of fluids, using micro-scale channels or
reservoirs. The concept was first introduced by IBM researchers in the form of truncated
pyramidal holes which were anisotropically etched in a silicon substrate.[32] The key
benefits of integrating microfluidics into POC diagnostic devices include high throughput,
rapid sample-to-response time, miniaturized sample size, and high sensitivity.[33] Since
the diffusion time for a bio-molecule to transport from one point to another in a fluid is
proportional to the square of the distance between the points,[34], [35] thus significantly
faster on-chip sample preparation and detection can be achieved by using microfluidic
systems. When designing microfluidic channels/reservoirs, special attention must be given

to the scaling law associated with surface and geometrical effects. Miniaturizing the
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dimensions of a fluidic system and high surface-to-volume ratio of micro-
channels/reservoirs, often lead to an increase in interfacial surface interactions including
capillary effect, viscous force, and electrostatic force, which are often neglected in
macroscale. In addition, the volumetric effects such as inertial and gravity forces become
insignificant as the dimensions of a channel decreases. Conventionally, transport of
analytes within a microfluidic system is done using an active pressure driven flow
generated by mechanical pumps. One drawback of the active transport mechanism is that
at higher flow rates, the fluid velocity is at its maximum in the center of the channel, which
indicates that most of the analytes practically pass through the middle of the microchannel.
This is problematic because majority of LOC components such as bio-separators and
biosensors are located on the bottom or top of the channel, or integrated within the
walls.[36] Moreover, it has been shown that miniaturized sensors with critical features
smaller than 10 um do not efficiently deal with analytes in bulk solution, therefore elevating
the analyte flux to the sensor sites by increasing the flow rate is ineffective.[37] In addition
to a pressure-driven flow, there are other driving forces which can be employed, including:
electrical  forces in  electro-osmosis, electrowetting, electrophoresis, and
dielectrophoresis;[38]-[41] acoustic force in acoustophoresis;[42] magnetic force in
magnetophoresis;[43] chemical or thermal gradients[44]-[47]; and surface tension in
droplet-based microfluidics.[35]

Generation of a steep temperature gradients within a microfluidic channel can be
used as a mechanism to transport cells, bio-molecules or particles.[45], [47], [48] This

technique takes advantage of natural convection and thermophoresis to actuate the fluid
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and move the analytes toward and away from the heat source, respectively.[12] Laser-
induced local heating[47] and Joule heating[44] have been employed for generating the
required temperature gradient. Thamdrup et al. introduced a laser-based microfluidic
system, in which a laser beam was utilized to locally heat a portion of the micro/nano-
channel to thermophoretically manipulate DNA.[47] There are many limitations and
challenges involved with this technique. One limitation is that this method is not able to
precisely control the movement of a single particle or cell. Furthermore, fabrication and
integration of heating elements into a LOC device is a complex and time-consuming

task.[12]

1.1.2 On-Chip Bio-Separation Techniques

Separation of target cells (e.g. rare CTCs) or biomolecules (e.g. nucleic acids or
proteins) from a heterogeneous physiological sample is an essential step in biomedical
applications such as diagnostics,[49] therapeutics,[50] and cell biology.[51] For example,
blood is one of the readily available and informative tissues containing a complicated
mixture of cells and proteins, from which separation of a target cell can be a tedious task.
Despite these challenges, several established laboratory-based techniques have been
developed to sort and separate specific cells or analytes. These methods often require an
intensive need for highly trained staff to perform the procedures and are not suitable for
POC application. Therefore, there has been a rising interest in development of microfluidic
bio-separator for isolation of target cells or biomolecules due to their miniaturized size,
reduced cost, and improved automation.[22] Several physical properties of cells,

molecules, or carriers (e.g. magnetic particles) are exploited for separation purposes. These
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physical properties include size[52], motility[53], electric charge[54], electric dipole
moment[55], optical[56], and magnetic properties.[43] Based on these physical properties,
on-chip bio-separation can be divided into three main subgroups: (i) affinity-based, (ii)
label-free, and (iii) magnetic separation.
1.1.2.1 Affinity-based separation: In this approach, functionalized microchannels or
micro/nanostructured materials are employed to separate cells or biomolecules of interest
while keeping the targets intact for later molecular analysis. Capture agents used for
affinity-based separation include antibodies such as epithelial-cell adhesion-molecule
antibody (anti-EpCAM) which is a predominant capture protein for CTCs separation. Other
antibodies can also be used as the capture agents which widen the applicability of these
systems to non-epithelial tumors or low-level EpCAM CTCs.[20] In addition, materials
such as silica or glass in a strong ionic solution have a large affinity for nucleic acid due to
low level of electrostatic repulsion, which can be exploited for nucleic acid extraction.[23]
One of the early microfluidic CTC affinity-based isolation system, reported by
Nagrath et al., featured micro-posts etched into a silicon wafer that were labelled with anti-
EpCAM. The device architecture was in such a way that maximize the physical contact
between the micro-posts and cells as they flow through the device. This platform was one
of the first affinity-based microfluidic device with the ability to directly process the whole
blood in one step and separate CTCs without damaging them. This technology holds a great
promise in early diagnosis and long-term screening of cancer, and provides the ability to
analyze main biological elements responsible for blood-borne metastases.[57] It has been

shown that by taking advantage of nanostructured materials, it is possible to further
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improve the capture efficiency of affinity-based devices. Wang et al. introduced
NanoVelcro chip which is based on an array of silicon nanopillars (SiNPs) functionalized
with anti-EpCAM. High surface-to-volume ratio of the nanostructures promotes the
interaction between the antibody coated SiNPs and cells, and thus enables the capture of a
single tumor cell.[58]-[60] Other nanostructured materials such as functionalized
conducting polymer nanodots[61], electrospun TiO-[62], and polymer nanofibers[63] have
been optimized and tested for cell separation.

Affinity-based separation can also be applied for nucleic acid purification. Micro-
solid phase extraction (USPE) is the typical technique used to separate nucleic acid on a
chip. The most commonly used solid supports for WSPE of nucleic acid are silica-based.
Silica has a high affinity for nucleic acid in presence of a chaotrpoic salt solution.[64] In
early stages of on-chip USPE, silica particles were maintained in a polyethylene sleeve
using two glass fiber frits, and silica capillaries were connected to act as the inlet and outlet
of the system. Testing the device with white blood cell (WBC) lysates resulted in ~ 70%
yield rate, indicating the high binding capacity of silica beads.[65] Later on, researchers
were able to maximize the capture efficiency to ~ 90% by immobilizing hybrid sol-
gel/silica bead matrices within microchannels. Drawbacks of this method include bonding
and shrinking issues between the channel walls and the matrix.[23] To enhance the surface
area within the microchannels, silica-coated microstructures such as micropillars were
fabricated in silicon wafers using reactive ion etching (RIE).[66], [67] Chen et al. reported
an integrated microfluidic platform implementing cell separation, lysis and DNA extraction

simultaneously. The nucleic acid separation module consisted of a porous silicon matrix

10



Ph.D. Thesis — A. Hosseini; McMaster University - Biomedical Engineering.

fabricated using anodizing method, followed by thermal oxidization to functionalize the
porous matrix with silanol groups. Increasing the silanol density, using both anodizing and
oxidization steps, enhanced the adsorption of the nucleic acids.[68]

Although these affinity-based methods have provided the means to isolate and study
cells and nucleic acids, there are still many challenges and limitations surrounding these
methods. For example, in case of separating CTCs, the heterogeneity of tumor cells and
their surface biomarkers put some restrains on these methods. In addition, complex
fabrication process and immobilization of micro/nanostructures within microchannels
remain as one of the major challenges.
1.1.2.2 label-free separation: Label-free techniques rely on the intrinsic physical property
of target cells or biomolecules. Some of these physical criteria include size, geometry,
density, deformability, hydrodynamic properties, magnetic susceptibility, electrical
polarizability, and impedance. These principles must be linked to an external force to re-
direct and separate the target cell or biomolecule. Due to the scale of miniaturized
separation systems, one can exploit these forces to manipulate single cells or particles in
three generalized approaches including continuous Kinetic, continuous equilibrium, and
elution methods; continuous kinetic methods rely on the rate of cell/particle deflection
perpendicular to the main flow; continuous equilibrium methods depend on transportation
of cells/particles to their equilibrium positions based on their physical properties; elution
methods rely on forces that are antiparallel to the main flow to fractionate cells/particles

based on their physical properties.[22]
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Early work with sieve like materials indicated that target cells could be isolated
from blood samples based on their sizes.[69] In general, since CTCs are significantly larger
than normal blood cells[70], [71], separation based on cell size has been achieved using
membrane microfilters. These membrane filters consist of an array of microfabricated
pores, devised to block the path of the cells above a certain size. This is an example of
simple, cost-effective, and efficient method with a high throughput of 0.75 (ml/min) and
capture efficiency of ~ 90%.[72] Despite of all the advantages that micro/nanofiltration
offer including high throughput and capture efficiency, simple and cost-effective
fabrication process, there are some limitations within this method. Although tumor cells
are generally larger than normal blood cells, there are some rare CTCs that are smaller or
the same size as WBCs.[73] Diversity of CTCs in terms of size within the same population
results in an unwanted blocking and contamination of micro-pores, which can locally
disrupt the flow and compromise the capture efficiency. At high throughput, this disruption
can cause extrusion of target cells through micro-pores which results in lost or damage of
the cells.[74]

Combination of nanoporous membranes and electrostatic interactions has shown to
enhance nucleic acids separation.[75], [76] Elgort et al. demonstrated the separation of
genomic DNA (gDNA) using nanoporous aluminium oxide membrane (AOM)-based
filtration and surface interactions.[75] Following the same technology, Kim et al. integrated
nanoporous AOM with microfluidics for nucleic acids separation.[76] The system was
tested and optimized under different ionic strength and pH conditions, in addition to various

pores sizes.[77]
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Flow regimes in microfluidic channels are mainly laminar. Exploiting this property,
microchannels architecture can be tuned to control the flow, and direct the target cells or
particles, based on their sizes, towards specific stream lines for separation.[78] Pinched
flow fractionation is a technique that relies on response of cells or particles to low Reynolds
number laminar flows. In pinched flow fractionation, two laminar streams (sample stream
with microparticles and buffer stream with no particles) are merged through a narrow
channel, known as pinched segment, and then enter a wider channel. The sample stream
contains a mixture of micro-particles with two different sizes. Flow rate of the buffer stream
is higher than the sample one, which results in microparticles being pushed against the
pinched channel wall. Within the narrow region of the channel, larger particles stay further
away from the wall while smaller particles remain closer. The laminar flow directs and
separates the particles along two different stream lines as soon as they approach the wider
channel. Tuning the dimensions of the pinched segment has a significant impact on the
device performance and size range of cells or particles that can be separated.[79] One
challenge that this method faces is the complex tuning of the pinched segment design in
order to separate submicron particles.[78] In addition, Warkiani et al. designed an ultra-
fast size-based separation platform which exploits hydrodynamic lift forces within a spiral
microfluidic channel to separate CTCs.[80] However, this system is not capable of
separating cells that are smaller than 12 um.

Physical barriers within a microchannel such as microgrooves, micro-posts,
chevrons, and ridges can be used to separate cells or nucleic acids. In this technique, the

separation process takes place by pumping a laminar flow containing the target analytes
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through an array of microstructures. For example, cells maneuver through an array of
micro-posts oriented using deterministic lateral displacement method.[52], [81] Other
researchers have developed separation systems based on physical barriers, size and
deformability of biological cells to isolate tumor cells.[82], [83] The geometry and
orientation of the micro-obstacles are the key design factors which determine the efficiency
of the device but also impose some limitations in terms of cells or particle sizes.

Field-based methods such as acoustophoresis, electrophoresis, dielectrophoresis
(DEP), dielectrophoresis field flow fractionation (depFFF), and magnetophoresis, can be
applied in microfluidic separation systems. In acoustofluidic systems, an acoustic pressure
wave is applied to sort target cells, particles, or their complex based on their sizes.[81] The
magnitude of the acoustic force relies on three properties of the target object including its
volume, density of the object relative to the fluid, and compressibility of the object relative
to the fluid.[84] The separation can be achieved by applying a stationary mechanical wave
over the cross-section of a microchannel. This method has been utilized for separating
platelets from peripheral blood progenitor cells, for concentrating cancer stem cells (CSCs)
from WBCs, and for high-throughput isolation of live cells from non-viable cells.[42], [85],
[86] In spite of all promises that acoustophoresis holds, this method is not capable of
isolating small nanoscale particles or analytes, since the acoustic force is proportional to
the volume of the target object. In addition, the fabrication and integration of an on-chip
micro-actuator at the proximity of a channel can be a tedious task.

Electric fields have been widely exploited in chip-based separation of cells or

biomolecules of interest. Huang et al. combined the physical barriers and an electric field
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in one platform to separate charged molecules such as DNA. The system was operated by
applying a DC electric field, diagonally and parallel, to an array of micro-posts. By
constantly altering between the parallel and diagonal fields, the DNA molecules were
separated based on their molecular weight.[87] Free-flow electrophoresis and isoelectric
focussing are other types of electrophoretic force-based separations. In free-flow
electrophoresis, charged analytes are exposed to a laminar flow and a homogeneous electric
field perpendicular to the flow. The electrophoretic force deflects and separate the charged
molecules, based on their charge-to-size ratio, whereas uncharged analytes continue
following the flow. In free-flow isoelectric focusing, a pH gradient is formed across the
separation chamber while a heterogeneous sample containing amphoteric molecules, such
as proteins, is pumped into the chamber perpendicular the electric field. When the target
amphoteric molecule reaches at a location where there is a difference between the pH and
its isoelectric point, it experiences a net charge, and therefore an electrophoretic force. The
target molecule moves along the electric field direction until it approaches a point where
the pH is equal to its isoelectric point. The net charge of the molecule is now zero, thus it
becomes focused at its isoelectric point, and moves in the direction of the flow.[78] The
main limitation of electrophoresis is that it can only separate charged objects due to
homogeneity of the electric field. Uncharged analytes, particles or cells can be separated
using an AC electric field (DEP).

DEP is another electric field-based separation technique. In presence of an
inhomogeneous electric field, cells or particles become polarised with one side of the dipole

experiencing different electrostatic force than the other side. This non-zero net force results
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in movement of cells or particles toward or away from the electric field maxima. Positive
DEP happens when the particle/cell is more polarised than the surrounding medium,
directing the polarized target towards the field maxima. When the cell/particle is less
polarisable than the medium (negative DEP), the target is forced away from the field
maxima towards its minima.[78] This label-free technique creates the opportunity to non-
invasively separate subpopulations of cells from other cells within a heterogeneous sample
exploiting the intrinsic dielectric differences between cell types.[81] However, the main
drawback of this technique involves its lack of practicability to be applied on a real clinical
sample where the concentration of the target cell (e.g. CTC) is low.[88] Moreover, due to
inadequate variation in cell sizes, structures, and DEP potentials, this technigue is not
sensitive enough to be applied in clinical or POC applications.[89] To overcome some of
these limitations, DEP forces have been combined with drag forces to fractionate a
heterogeneous sample. This technique is called the dielectrophoresis field flow
fractionation (depFFF). It has been shown that depFFF is able to recover up to 90% of
CTCs within blood.[90], [91] Another limitation of DEP-force based separation is related
to its complex, time-consuming, and expensive fabrication process. This issue has been
addressed using optically-induced DEP (ODEP), which provides a facile and rapid
generation of electrode layout via controlling light patterns, where optical images are
employed as virtual electrodes to generate DEP forces.[81] Chiu et.al. have exploited a
commercially available digital projector to create optical electrodes on a microfluidic
system to control and manipulate cells movement via a computer interface.[92] One general

drawback of DEP-based separation technique arises from the fact that cytoplasmic and

16



Ph.D. Thesis — A. Hosseini; McMaster University - Biomedical Engineering.

membrane conductivities and relative permittivity may change over the course of the

sorting process.

1.1.3 Introduction to On-Chip Manipulation of Magnetic Particles

Magnetic micro/nanoparticles have long been applied in bioanalysis for many
applications including cell separation, immunoassays, and nucleic acid purification. The
benefits that magnetic separation offer include: (i) selective binding of biomolecules to the
MP surface based on molecular recognition, (ii) selective separation of MPs from a
heterogeneous sample using an external magnetic force, and (iii) its non-invasive nature to
maintain cell viability for further analysis. In addition, MPs are readily available in various
size range, starting from few nanometres to tens of micrometers. The core of magnetic
particles is usually composed of polymer or silica matrix impregnated with iron oxide
nanoparticles. The surface of MPs can be activated with functional groups or biomolecules
using well-established protocols. Moreover, surface charges, ionic strength, and pH of the
sample solution do not affect the magnetic force that each particle experiences.[93], [94]
Magnetic separation can be as easy as applying a permanent magnet to the wall of a test
tube carrying MPs suspension, followed by discharging the supernatant. However, due to
the macroscale setup and relative homogeneity of the magnetic field, separation of
magnetically tagged cells or biomolecules using this technique is rather slow. Therefore, it
is preferable to miniaturize magnetic separation systems and create regions of high
magnetic field gradient, where MPs can be trapped.[95] In the past couple of decades, there
has been a rising interest in developing miniaturized on-chip magnetic separator due to the

promise they hold in terms of automation and integration with LOC devices. Several
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technologies have been developed to enhance the performance of chip-based magnetic
separation. These technologies are classified and reviewed as follows.

On-chip magnetic separation devices are typically categorised into three main
groups: (i) passive, (ii) active, and (iii) hybrid active-passive devices.[96], [97] Passive
systems employ nano/micro-structured ferromagnetic materials, which focus or direct
magnetic field lines when magnetized by an external magnet.[29], [98], [99] Active
magnetic devices generate localized magnetic field gradients by using current-carrying
electromagnets.[43], [100], [101] These active and passive platforms can be integrated into
one device, in which ferromagnetic structures are magnetised using an active
electromagnet.[97], [102], [103] In the next few paragraphs, a literature review of the
magnetic devices with specific examples will be discussed.

In general, passive devices consist of microfabricated ferromagnetic structures,
such as nickel or nickel-iron alloys. When these ferromagnetic features are exposed to an
external magnetic field, they become magnetized, which results in capturing or deflecting
target magnetic objects in a continuous flow. Inglis et al. reported a passive silicon-based
microfluidic separation platform composed of microfabricated nickel strips which apply a
lateral magnetic force on MPs in a continuous flow for cell isolation.[27] Guo et al.
integrated the patterned nickel strips with magnetic traps for highly selective separation and
on-chip detection of foodborne pathogens such as salmonella typhimurium from a
heterogeneous sample. When the complex mixture flows over the patterned nickel strips in
the separation chamber, the magnetically labeled pathogens are exposed to a lateral

magnetic force, which leads them towards the detection zone. Within the detection
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chamber, magnetically tagged pathogens move through an array of square-shaped nickel
structures, where magnetic force is much larger than the hydrodynamic drag force, and thus
they are captured between the nickel structures. Finally, other fluorescent molecules are
added to the detection chamber creating a sandwich immune complex for on-chip
fluorescent detection. This microfluidic separation system enhances the enrichment of
target pathogens, reduces the nonspecific adsorption, and the on-chip detection decreases
the sample lost, which results in high sensitivity.[28] As it was mentioned before, creating
regions of high magnetic field gradient results in generation of larger magnetic force. It has
been shown that creating high aspect ratio nano/microscale ferromagnetic structures within
a microfluidic channel can improve the magnetic field gradient.[29], [30], [104] Xia et al.
reported two different permalloy microstructures (micro-comb and micro-needle) to create
regions of high magnetic field gradient. Using this system, magnetically tagged living E.
coli bacteria were efficiently isolated from a continuous flow containing unlabelled red
blood cells. Comparing these two permalloy microstructures, micro-needles focuses the
magnetic field lines at the tip of the needles which is useful for capturing an individual MP
or magnetically labelled cell, while the micro-comb generates a broader magnetic field
gradient along the channel length and thus influences the trajectories of magnetically
tagged objects and separates them somewhere along the channel.[104] One limiting factor
of all these silicon/glass-based passive devices is their complex and expensive fabrication
process, which make them not convenient for low- and mid-volume manufacturing. To
overcome this limitation, Nawarathna et al. reported a rapid prototyping technique to

fabricate polymer-based separation system composed of integrated nanostructured nickel
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magnetic traps to isolate MPs. It was demonstrated that these passive devices could separate
target analytes at the flow rate of up to 250 pl/min.[29] This polymer-based magnetic trap
is an example of a robust, rapidly prototyped and simple passive device. Despite of
facileness in operation of miniaturized passive devices, their dependence on external
magnets makes the automation and integration process a tedious task. A programmable
magnetic separation system that can capture and release MPs in an automated fashion is an
essential component of a fully-integrated LOC device.

Miniaturized current-carrying wires can also generate regions of high magnetic
field gradient. These active devices are typically composed of planar micro-coils, that
generate localized magnetic field gradients when an electric current is applied. The
geometry of a micro-electromagnet can be as simple as a bent wire (Figure 1.2a) or a single
current loop (Figure 1.2b).[105] Dubus et al. developed a loop-shaped electromagnet to
capture 2.8 um DNA probe modified MPs by applying a current of up to 300 mA.[106]
Despite the design simplicity, in order to generate a sufficient magnetic force, this device
requires a relatively high current ( >100 mA). Therefore, this design is not an appropriate
choice to be used in a POC environment, due to its bulkiness (power supplies and cooling

system) and extreme Joule heating.
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Figure 1.2 Schematic diagrams of common micro-electromagnet designs, arrows show the
direction of the applied currents. (a) bent-wire, (b) single-loop, (c) conductor matrix, (d)
serpentine, (e) mesh-shaped meander, and (f) spiral. Reprinted from Journal of Magnetism
and Magnetic Materials, Vol. 281, Qasem Ramadan, Victor Samper, Daniel Poenar, Chen
Yu, On-chip micro-electromagnets for magnetic-based bio-molecules separation, Pages
No. 150-172, Copyright (2004), with permission from Elsevier. Adapted by permission
from Springer, Microfluidics and Nanofluidics, Customized trapping of magnetic particles,
Qasem Ramadan Daniel P. Poenar, Chen Yu), Copyright (2009). Reprinted from H. Lee,
a. M. Purdon, and R. M. Westervelt, “Manipulation of biological cells using a

microelectromagnet matrix,” Appl. Phys. Lett., vol. 85, no. 6, p. 1063, with the permission
of AIP Publishing, Copyright (2004).

Other researchers reported more complex designs, with multiple overlaid metallic
layers or more turns, to be able to generate larger magnetic field gradients at lower applied
currents. Lee et al. reported a multi-layer silicon-based micro-electromagnet matrix
composed of two arrays of conductors overlaid perpendicular to each other (Figure 1.2c)
to capture and manipulate MPs with a diameter of 1-2 um with an applied current of up to
150 mA.[107], [108] The direction of current in this design has large impact on the
magnitude of the generated magnetic field. Due to addition of magnetic field lines between

two adjacent conductors with opposite current directions, antiparallel currents through two
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neighbour wires generate a significantly larger magnetic field than parallel currents.[109]
By programming the current in each conductor, the electromagnet can generate static or
dynamic magnetic field hot spots in each square gap between the conductors to
continuously capture, separate or combine suspended MPs.[108] One drawback of this
design is its complex multilayer microfabrication process. Following the same idea of
adjacent wires with opposite direction of current, researchers have introduced other designs
consisting of only one layer of current-carrying conductor, while improving the generated
magnetic force.

Ramadan et al. performed a thorough study on planar current-carrying micro-
electromagnets, emphasizing on the effect of different geometries (e.g. serpentine and
mesh-shaped meander designs) and magnetic coupling between wires or semi-loops on the
magnetic flux density and field gradient.[103], [109], [110] A serpentine, also being
referred as straight-conductors meander micro-electromagnet, shown in Figure 1.2d was
developed from cascading an array of parallel bent conductors. This serpentine-shaped
electromagnet generates a periodic magnetic field gradient distribution profile just above
the surface, which oscillates between its maxima and minima. The reason behind this
periodic behaviour is the coupling of the magnetic field components between neighbour
conductors. However, this coupling is insignificant between the conductors that are further
away from each other, and thus extending the device does not improve the magnitude of
the magnetic force. Moreover, the magnetic field profile becomes more symmetric in case
of even number of conductors, while the magnetic profile shifts toward one side of the

device when odd number of wires are used.[109] Ramadan et al. also reported a mesh-
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shaped meandering design (Figure 1.2e), consisting of a cascaded array of semi-loops. Each
semi-loop is composed of three-conductor segments, and as the current passes through
them, magnetic field components add up constructively within each semi-loop, which
results in generation of localized magnetic potential wells. Ramadan et al. studied and
compared both the serpentine and mesh-shaped meander designs numerically and
experimentally. It was illustrated that mesh-shaped meander design generated higher
magnetic force in comparison to the serpentine-shaped device, due to the coupling of the
magnetic field lines produced by the three conductor segments in each semi-loop. Due to
its structural simplicity (only one patterned conductor layer), the mesh-shaped meander
design can be easily implemented and integrated in a microfluidic system.[110] Liu et al.
utilized a similar meander-shaped micro-electromagnet to capture and concentrate RNA-
coated MPs within a microfluidic reaction chamber with minimum applied current of 40
mA. In addition to RNA enrichment, the resultant Joule heating was exploited to enable a
reverse-transcription process at constant temperature.[111] In this thesis, we adapted the
mesh-shaped meander design as the active component of the proposed magnetic separation
device.

Spiral micro-electromagnets (Figure 1.2f), are typically composed of a curled-up
conductor with even spacing between adjacent turns.[109] The generated magnetic field,
using these devices, is distributed radially such that the magnetic force is strongest at the
center of the spiral micro-coil. Fulcrand et al. presented a silicon-based spiral micro-
electromagnet to trap a batch of 2.8 um MPs passing in the vicinity of the micro-coil with

a flow rate of 1 pL/min by applying a current of 80 mA. In addition, they were able to
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redirect MPs to a specific outlet by cascading multiple spiral micro-coils within a
microchannel.[112] In compare to mesh-shaped meander design, spiral micro-
electromagnet can generate a higher magnetic force due to spirals coupling, however its
fabrication process is more complex (requires a second metal layer).[110]

Active devices hold great promise for integration into chip-based biosensors due
to their ability to control the movement of MPs more precisely. Magnetic forces are large
in the proximity of the micro-electromagnets and decay rapidly as moving away from the
coil into the channel. One way to enhance the magnetic force at further distances from the
coil is to increase the applied current. However, since the magnetic field intensity is directly
proportional to applied current, thus magnetic field generated by an active device is limited
by Joule heating and power supplies. Joule heating can create damage to the device and
sample solution, if it is not controlled. Moreover, most of the reported active devices were
fabricated using complex and expensive lithographic techniques, which are not ideal for
low volume prototyping needed in research stages of product development.[106], [113],
[114]

Active/passive devices use combination of planar micro-electromagnet and
ferromagnetic materials isolated by insulating layers to improve the magnetic field
gradients.[97], [102], [103] Choi and Ahn have been laying down the ground work in this
field. They developed a number of silicon-based integrated micro-electromagnets including
serpentine[115] and spiral[116] micro-electromagnets semi-encapsulated with permalloy.
In case of the serpentine design, first antibody-coated MPs (with average dimeter of 1 um)

were injected through the microchannels and captured at the surface of the micro-
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electromagnets with an applied current of 30 mA. Next, a heterogeneous sample containing
target antigen was flown through the microchannel and the target protein was isolated by
specific binding with the antibody coated MPs. Once the binding event was completed, a
wash buffer was flown into the channel to clear away any free analytes. The maximum
average fluid velocity at which the micro-electromagnet could hold the MPs without losing
them in the washing solution was measured to be ~ 1 mm/s.[115] It was also shown that by
using a spiral micro-electrograms semi-encapsulated with permalloy, it is possible to
capture MPs in a continuous flow by applying a DC current of 300 mA for 10-30
seconds.[116] The fabrication of the devices presented by Choi et. al. involves complex
and time-consuming steps such as photolithography, lift-off process, and back-side silicon
etching, which are not suitable for low- and mid-volume manufacturing. In addition, to trap
the MPs in a continuous flow they had to increase the current up to 300 mA, which can be
problematic in terms of Joule heating and power supply. Song et al. demonstrated a
multilayer active-passive magnetic device to separate magnetically tagged cells while
exploiting the Joule heating to maintain the temperature of the device around the
biocompatible point (~37 °C). The device was composed of six spiral micro-
electromagnets, semi-capsulated with electroplated nickel, which were fabricated onto the
backside of a silicon wafer. Two microfluidic systems were developed for this device, one
used for magnetic cell separation and the other used to dissipate a fraction of the generated
heat by the electromagnets.[117] Despite the high capture efficiency (up to 92.4%) offered
by this platform, its high current requirement (up to 1.5 A) makes this device not suitable

for POC applications.
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1.1.4 Lubricant-Infused Slippery Surfaces

In general, when an object shrinks in size, its volume shrinks with higher rate than
its surface area. Thus, body forces such as gravity become insignificant, while surface
forces such as adhesion and friction become dominant.[118] This phenomenon applies to
miniaturized LOC devices, where surfaces come in physical contact with biological fluids
(e.g. blood) that are composed of complex matrix of cells and proteins. Therefore, for a
LOC microfluidic device to function properly in a POC diagnostic setting, these surfaces
must be physically and/or chemically modified to reduce the non-specific adhesion of cells
or proteins and consequently preventing the blockage of the microfluidic channels.
Lubricant-infused coatings, developed based on locking biocompatible lubricants onto self-
assembled monolayers (SAMSs) of hydrophobic organosilanes have shown great promise to
lessen the non-specific adhesion.[119], [120] Wong et al. introduced the first lubricant-
infused surfaces where a lubricant layer was tethered on the surface using a combination of
physical and chemical surface modification.[121] Leslie et al. developed lubricant-infused
fluorosilanized surfaces that were exclusively based on chemical modification.[122] Both
the chemical (e.g. fluorosilanization) and physical (e.g. inducing micro/nanotextures)
alterations increase the hydrophobicity of the surfaces.[123] Due to their excellent self-
cleaning properties,[124] these surfaces have been implemented in many applications such
as enhancing the mobility of droplets during acoustic actuation,[125] corrosion
protection,[126] production of slippery, ice-phobic,[127] and biofouling-resistant
surfaces.[128] In chapter 6, we present the development of micro/nano-structured

lubricant-infused gold surfaces that are conductive, electrochemically active, and slippery.
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These surfaces are capable of attenuating blood coagulation and biofouling due to their low
adhesion properties, ideal for integration with LOC devices, where non-specific adhesion

and clotting are the main challenges.

1.2  Motivation

Over the past two decades, development of fully-integrated miniaturized on-chip
magnetic devices for separation of magnetically tagged cells or biomolecules have drawn
an enormous research and commercial interest. Despite of all promises that these chip-
based magnetic systems offer, a vast majority of them require external magnets (passive)
or relatively high electric currents (active) to operate. Limited control over the manipulation
of MPs and lack of integrability are the drawbacks of using passive devices. Active devices
offer more controllability over localizing the magnetic field gradients by programing the
operational current using handheld digital systems. Combining current-carrying micro-
coils (active element) with ferromagnetic structures (passive element) on a single chip have
shown to enhance the generated magnetic force. However, this magnetic force is only
effective where MPs are at the vicinity of the device surface; it decays rapidly as we move
away from the surface of the magnetic device into the sample solution. One way to
compensate for the lost in the magnetic force is to increase the applied current; however,
high electric current requirement is problematic because it means that there are needs for
bulky power supplies and integrated cooling systems to regulate the device temperature,
which makes the design and fabrication of these active-passive devices more complex and
not suitable for POC applications. Another solution is to actively transport the suspended

MPs toward the regions of high magnetic field gradient by using microfluidic techniques,
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and magnetically capture or redirect them using a low-current operated hybrid active-
passive device. In addition to microfluidic techniques, temperature gradients have been
exploited as a transport mechanism to deliver particles or analytes to the detection sites by
means of natural advection or thermophoresis.[45], [47], [48] However, temperature
gradients have not been combined with magnetic field gradients to direct and capture MPs
using on-chip micro-electromagnets.

In addition, even though many silicon-based hybrid active-passive devices have
been developed, their complex, time consuming and expensive fabrication processes make
them not suitable for low- and mid-volume manufacturing such as research laboratories.
Rapid prototyping can provide a facile, economical, and accelerated path to prototype and
optimize these microfluidic magnetic devices in the developmental cycles. Rapid
prototyping has been used previously to prototype polymer-based passive magnetic
devices,[29] However, to my best knowledge, it never being applied for fabricating current-
controlled on-chip magnetic devices.

The main motivation behind this thesis is to conquer the drawbacks of the current
on-chip magnetic separation technologies, including the requirement for external magnets,
high applied current, and complicated, expensive, and time-consuming fabrication steps.
To achieve these goals, we aim to develop a miniaturized active-passive on-chip magnetic
separation platform on shrinkable polymeric substrates using lithography-free benchtop
techniques including xurography, wrinkling, spin coating, and electrodeposition.
Combination of wrinkled current-carrying conductors with thin film ferromagnetic

materials can enhance the generated magnetic force while keeping the applied current
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relatively low (~30 mA). Moreover, we look to understand the effect of Joule heating on
the motion of fluids and apply the generated temperature gradient to drive the suspended
MPs toward the capturing sites. Finally, we aim to integrate these rapidly prototyped
magnetic devices with microfluidics to separate magnetically tagged cells in a continuous
flow.

One of the challenges of working with body fluids is the non-specific adhesion of
cells or proteins to the device and channel surfaces. In addition, higher magnetic force is
required to separate a tagged cell from a complex sample such as blood due to its high
viscosity. We investigate different surface treatment techniques to reduce the non-specific
adhesion of cells or proteins to the surface of the magnetic device when dealing with more
complex samples such as blood. This leads us into developing conductive lubricant-infused
nanostructured surfaces (CLINS), which can be used in multi-purpose applications
including, surface-based magnetic droplet manipulation, electrochemical-based biosensors,
or other medical devices where the CLINS come in direct contact with complex biological
samples. Like the active-passive magnetic devices, we aim to fabricate the CLINS on
shrinkable polymers using techniques such as xurography, wrinkling, electrodeposition,
and chemical vapor deposition (CVD). The hydrophobic slippery properties of CLINS
come from the combination of micro/nanostructured conductive material with
perfluorinated lubricant-infused coatings. To better understand the physical and chemical
properties of CLINS, we look to characterize them using X-ray photoelectron spectroscopy

(XPS), contact and sliding angle measurements, magnetic micro-droplet manipulation, and
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electrochemical methods. Moreover, we seek to assess CLINS hemocompatibility using

human blood plasma.
1.3  Objectives
The objectives of this thesis are summarized below:

A. Rapid and inexpensive prototyping of multi-scale micro-electromagnets for capturing

MPs

Cost of fabrication and operational power must be minimized for a micro-
electromagnetic separation device to be utilised in a real-world application. By using
computer simulations and benchtop prototyping techniques, we explore the possibility to
design and fabricate micro-electromagnets on polystyrene (PS) substrates. Through a
numerical modeling software, we simulate multiple electromagnet designs and select the
best one based on the generated magnetic force, operational current, and ease of fabrication.
We also look at simulating the effect of micro/nanotextured current-carrying conductors on
the device performance. We explore benchtop fabrication techniques such as xurography,
polymer-based thin metallic film wrinkling, spin coating, and electroplating to prototype
the simulated active-passive magnetic device. To verify the functionality of the device, we
design experiments to capture suspended MPs upon application of relatively small currents
(<50 mA).

B. Device optimization and understanding the physics of operation

In general, one limitation of micro-electromagnet is that at relatively low currents,

the generated magnetic field is weak and thus the induced magnetic force attenuates quickly
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moving away from the device surface. Through numerical modeling, we explore the effects
of the conductor widths and permalloy geometry (patterned permalloy) on the generated
magnetic force and propose the optimum dimensions and geometry for fabrication.
Moreover, we study the combined effects of thermal gradients, as a result of Joule heating,
and magnetic field gradients on the movement of MPs to be able to transport and capture
MPs that are further away from the device surface. To verify the simulation results, we
design multiple experiments to measure the terminal velocities of magnetic and non-
magnetic beads at different distances from the magnetic hot spots. This study provides the
rationale behind designing a thermo-magnetic system, which applies temperature gradients
to drive MPs towards the magnetic traps and captures them using the generated magnetic

force.

C. Capture and release of magnetically labeled cells in a continuous flow using the

benchtop fabricated micro-electromagnet

Capture and release of magnetically labelled cells in a continuous flow can be used
for separation or concentration of rare cells. By electroplating the permalloy layer, with
high relative permeability and low magnetic coercivity, in the vicinity of the current-
carrying micro-electromagnet, the device can generate localized high magnetic field
gradients around the edges of the permalloy, and thus capturing the magnetically tagged

cells in a continuous flow at a relatively low current (~30 mA).

D. Development of conductive lubricant-infused frictionless surfaces to attenuate non-

specific adhesions
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Separation of magnetically labelled cells from a complex and high viscosity
physiological samples such as blood, using the benchtop fabricated magnetic device is
challenging due to non-specific adhesion and high magnetic force requirement.[129] This
lead us to explore a lubricant-infused coating which enhances the self-cleaning and
slipperiness of the device and channel surfaces. The principle of this lubricant-infused
coating is based on locking biocompatible lubricants onto self-assembled monolayers
(SAMs) of hydrophobic fluorosilane. To verify the slipperiness of these lubricant-infused
surfaces, we measure the sliding angle of these surfaces. Furthermore, by combining these
surfaces with passive magnetic actuators we manipulate superparamagnetic microdroplets
in a frictionless and open channel setting. To examine the self-cleaning property of these
surfaces, we explore their resistivity against protein adhesion using a human plasma
coagulation assay. In addition, these conductive lubricant-infused slippery surfaces are
characterized electrochemically to assess their utility in applications where charge transfer

between the surface of electrode and redox species in the solution is required.

1.4  Overview

In this thesis, the theory behind magnetic separation and associated scaling laws are
discussed. Next, it focuses on the development and characterization of benchtop fabricated
multi-scale micro-electromagnets for capturing MPs. It is demonstrated that temperature
and magnetic field gradients are responsible for transporting and trapping the MPs. It is
shown that by integrating these magnetic devices with microfluidics, one can capture and
release magnetically labelled cells in a continuous flow with an applied current of 30 mA.

Lastly, this thesis looks into development and characterization of slippery
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electrochemically-active lubricant-infused micro/nanostructured surfaces, capable of
attenuating and delaying blood coagulations.

Chapter 2 provides background information on the theory of magnetic separation,
including magnetism, properties of magnetic particles, physics behind magnetic separation
in miniaturized microfluidic device, the effect of magnetic and other forces acting on MPs,
and the scaling laws associated with them.

Chapter 3 focuses on the numerical modeling and the rapid prototyping process for
creating a polymer-based micro-electromagnetic device that satisfies both requirements of
low power consumption and low-cost fabrication. It is shown that coupling the
ferromagnetic layers with current-controlled planar coil is essential for generating a
sufficient magnetic force for MP manipulation at low currents (<50 mA). In addition, it is
demonstrated that current-carrying conductors created from micro/nanotextured materials
further enhance the generated magnetic force at a given current. We develop a benchtop
fabrication process based on xurography, polymer induced thin film wrinkling, and
electrodeposition to create a multilevel arrangement of multi-scale materials essential for
low-current operation. We demonstrate that the fabricated active-passive devices featuring
wrinkled copper active layers and permalloy passive layers can capture 2.8 um MPs upon
the application of a 35-mA current. These devices are ideal for addressing the rapid
prototyping needs of industry and academic researchers as new device geometries can be
created from design to fabrication in a matter of hours.

Chapter 4 concentrates on understanding the combined role of temperature and

magnetic field gradients on the movement of MPs in order to extend the interaction distance
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of on-chip magnetic devices beyond the device vicinity. We apply the developed rapid
prototyping method in Chapter 3 to fabricate an active/passive on-chip electromagnet with
a micro/nano-structured active layer and a patterned ferromagnetic passive layer. Through
numerical modelling and experiments, we demonstrate the enhanced fluid movement is
caused by the thermal gradient. This study enables the rational design of thermo-magnetic
systems for thermally driving and magnetically capturing MPs that are positioned at
distances tens to hundreds of microns away from the edges of on-chip magnetic devices.
Chapter 5 focuses on integrating the previously developed benchtop-fabricated
active-passive magnetic device with microfluidic flow to capture and release magnetically
labelled yeast cells in a continuous flow with an applied current of 30 mA. This study
indicates the possibility of using these platforms for separation of rare cells such as CTCs.
Chapter 6 looks into fabrication and characterization of conductive
electrochemically active lubricant-Infused nanostructured surfaces capable of attenuating
the non-specific adhesion of proteins or cells and enabling friction-less droplet
manipulation. These surfaces provide slippery and conductive interfaces for LOC
applications. In addition, they are capable of resisting blood coagulation and biofouling due
to their low adhesion properties, which is essential for LOC applications that deal with
complex body fluids. Furthermore, the integration of a permalloy layer enables long-range
frictionless actuation of superparamagnetic droplets, ideal for droplet-based LOC devices.
Chapter 7 focuses on the conclusions of this research, providing a summary of the

main findings and their contributions to development of microfluidic magnetic bio-
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separators. Lastly, the limitations of the current findings and the anticipated future works

are discussed.
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Chapter 2 Background on Theory of Magnetic Separation

This chapter starts with an introduction to magnetism followed by reviewing the properties
of MPs. The physics behind magnetic separation in miniaturized microfluidic device is
studied, including the effect of magnetic and other forces acting on MPs, and the scaling

law associated with them.

2.1  Introduction to Magnetism
Magnetism is a property of materials that its origin lies in intrinsic behaviour of
electrons, including: spin motion of the electron around its own axis and orbital motion of
electron around the nucleus. There is also a quantum exchange force, which is responsible
for aligning (parallelizing or anti-parallelizing) the magnetic moments in adjacent atoms.
Therefore, each atom contributes independently to the total magnetic moment (m). Since
the magnetic moment of electrons with spin down are canceled by ones with spin up, just
unpaired electrons are responsible for magnetism in materials. All materials are affected by
the presence of an external magnetic field to some extent depending on their magnetic
properties. When a substance is exposed to an external magnetic field of strength H (A/m),
the interaction between each individual magnetic dipole moment and the external magnetic
field contributes to the material’s overall response, inducing magnetic field lines within the
material.[130] Depending on the magnetic property of a material, magnetic field lines can
reach a specific density within the material, quantified by the magnetic permeability of that
specific material, g (Vs/Am). The magnetic flux density, B (Tesla or T), represents the
number of magnetic field lines per unit area:[131], [132]
B = 1io(M + H) (2.2)
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where o is the magnetic permeability of free space (47 x 1077 Vs/Am), and M (A/m),

the total magnetic moment per unit volume (%) represents the magnetization induced in a

material by H:

M= yH (2.2)
where y is the dimensionless proportionality constant, known as the volumetric magnetic
susceptibility, which is unique for each material. The maximum magnetization or saturation
magnetization (Ms) is reached when all the magnetic moments are aligned with the external
field. Combining equations (2.1) and (2.2):

B = py(1+ n)H (2.3)
where 1 + ¥ = ¢ is the relative permeability of the material.

In general, materials are classified in two main groups, based on their magnetic
properties: (i) The materials with no permanent magnetization which display a linear
response to a modest applied field, including diamagnetic, paramagnetic or
antiferromagnetic materials, (ii) and the ones with intrinsic magnetization which express a
nonlinear response to the applied field, including ferromagnetic and ferrimagnetic
materials.[130] Diamagnetic materials (y < 0) are repelled from maxima of the magnetic
fields strength. Majority of materials and biomolecules are slightly diamagnetic (or in other
word non-magnetic), such as water, wood, glass, polymers, proteins, DNA, and cells.
Paramagnetic materials (y > 0) such as oxygen, platinum and manganese (l1) salts, are
attracted towards magnetic field maxima with small force. Ferromagnetic materials such as
iron, cobalt, nickel, and their compound with rare earth elements have an intrinsic

magnetization (y >> 0), and are strongly forced toward maxima of magnetic fields.[133]
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2.2  Properties of Magnetic Particles

The irreversibility in the magnetization process of non-linear magnetic materials
results in generation of hysteresis loops in M-H curves. This hysteresis M-H response is
observed in larger ferromagnetic particles with multi-domain structures generated by
regions of homogeneous magnetization isolated by domain walls. The hysteresis curves are
associated with the energy balance due to the motion of the domain wall between adjacent
magnetic domains when the temperature and/or applied magnetic field are varied, which
results in disturbing the alignment of the magnetic moments in the material. The generation
of multi-domains ferromagnetic particles becomes unfavorable (no hysteresis curve) if the
diameter of the MP is in the same order of magnitude or smaller than the thickness of the
magnetic domain wall. Depending on the compound, the width of the magnetic domain
wall ranges from ~10 nm to ~130 nm.[43], [134] At a presence of an external magnetic
field, these magnetic nanoparticles remain as single domain with one large magnetic
moment because the energy is not dissipated by the motion of domain walls. However,
when the external magnetic field is removed, their average magnetization returns to zero
within a short period of time, known as the relaxation time (z). z is the time required for the
magnetic moment spin reversal, which depends on the energy barrier between the spin-up
and spin-down states, known as easy-axis orientation, and the thermal energy. z can be

calculated using equation (2.4):[130], [135]

T = Toexp(%) (2.4)
where K (J/m®) and V (m®) are the nanoparticle magnetic anisotropy energy density and
volume respectively. Thus, KV is the energy barrier related with the magnetization moving
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from its initial state, through a hard plane, to the other easy-axis orientation. kT represents
the thermal energy, where, ks and T are the Boltzmann constant and absolute temperature
respectively. The pre-exponential factor zo weakly depends on the temperature and is in
order of 1020 to 102 seconds.[95] With sufficiently small MPs, the thermal energy surpass
the energy barrier and thus the magnetic moment is quickly reversed to the other easy-axis
direction.[130] If the relaxation time is shorter than the measurement time of the
experimental technique being used (z << zm), then these single domain nano-sized MPs are
in superparamagnetic regime. Otherwise (z >> ), the system is called blocked, and the
temperature that defines the midpoint between these two states (r = mm) is called the
blocking temperature (Ty), which depends on the MP magnetic anisotropy energy density,
the size of the MP, and the applied magnetic field.[95], [136]

A dispersion of superparamagnetic nanoparticles ( typically 5-100 nm in diameter)
such as iron oxide crystals can be embedded in a spherical polymer matrix to create a
magnetic microparticle which behaves superparamagnetically with a large magnetic
moment due to the cumulative effect of the planted superparamagnetic nanoparticles.[136],
[137] The combination of high Ms and superparamagnetism makes these MPs an optimum
choice to be used as magnetic carriers. They are strongly attracted to the magnetic field
maxima while retaining no residual magnetism after removing the source of the magnetic
force. Turning off the magnetic field spontaneously brings the total magnetic moment back
to zero (no magnetic memory), and thus multiple cycles of capture and release are feasible
[130], [138] This behavior provides a great degree of controllability over the motion of

MPs within microfluidics. The superparamagnetic core of a MP is protected by a shell to
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avoid direct contact with the surrounding medium, thus preventing undesired interactions
and oxidation. On-chip magnetic separation is conducted by binding specific biomolecules
or cells to the MPs and isolating or redirecting them from the sample mixture by imposing
magnetic forces. Two examples of superparamagnetic microparticles that are employed
throughout this thesis include 2.8 um carboxylic acid coated Dynabeads M-270 and 1 um
carboxylic acid coated Dynabead MyOne. These uniformly dispersed Dynabeads are
composed of superparamagnetic nanoparticles (yFe2O3 and FesO4) embedded in highly
cross-linked polystyrene matrix. The MPs are further coated with a hydrophilic layer of
glycidyl ether, protecting the magnetic core. The surface of the Dynabeads are then
modified with functional groups such as carboxylic acid. The hydrophilic nature of these
MPs offers low non-specific adsorption and great dispersion abilities in various buffers.
The magnetic susceptibilities of Dynabead M-270 and Dynabead MyOne are calculated

from the slope of the magnetization curves to be ~0.17 and 1.5, respectively.[139]-[141]

2.3 Physics of Magnetic Separation

This section focuses on the physics of magnetic separation and main forces involved
in the process. To optimize the capture efficiency and throughput of an on-chip magnetic
separation device, it is necessary to identify and understand all the forces that a suspended
MP can experience, such as magnetic, viscous drag, gravitational, buoyancy, Brownian,
lift, thermophoretic, and magnetic interaction forces.[94] The effect of the scaling law on
these forces is investigated to determine the dominant forces and their related design

criterion.

40



Ph.D. Thesis — A. Hosseini; McMaster University - Biomedical Engineering.

2.3.1 Magnetic Force
The equation for the magnetic force acting on a magnetic moment (m) can be
written in terms of gradient in the magnetic energy. Assuming m is constant:[132]
Fn,=-V(U,)=V(m-B)=(Vm)-B+ m-VB ~ (m-V)B (2.5)
where Frn and Un are the magnetic force and potential energy respectively. m can be
expressed as:
m=VM =VAyH (2.6)
where V is the volume of the particle and Ay = yp— ymiS the effective magnetic susceptibility
of the particle (yp) relative to its surrounding medium (ym). Non-magnetic fluids such as
water have negligible magnetic susceptibilities compared to MPs, and thus Ay = yp.

Combining equations (2.3), (2.5), and (2.6):[134]

F,=2(BW)B 2.7)

Ho
Equation (2.7) implies that a magnetic field gradient (VB) is required to capture or
manipulate a MP. Homogeneous magnetic fields can only apply torques on MPs but no
translational forces.[95], [134] Equation (2.7) assumes that the MP is uniformly

magnetised.[142]

2.3.2 Force Balance in Magnetic Separation
In general, the trajectory of a moving spherical MP or MPs-cells/biomolecules
complex in a microfluidic laminar flow is estimated by the balance of multiple forces

(Figure 2.1), based on Newton’s second law:[143], [144]

my = Fp+ Fq+Fg (2.8)
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where mp and v are the mass and velocity of the MP (or the magnetically tagged composite),

respectively. Fm, Fq, Fg, are magnetic, drag, and gravitational forces, correspondingly.

channel

mainetic surface

Figure 2.1 Dominant forces acting on a MP and velocity components in a microfluidic
magnetic separation device. u and v represent fluid and MP velocities, respectively. The
dimensions are not to scale.

Considering buoyancy, the gravitational force acting on a particle can be calculated as:[94]

Fy= —V(p, —ps)g (2.9)
where g is the gravitational acceleration, V is the volume of the particle, gp, and pr are the
particle and fluid densities respectively. For a spherical particle moving in a laminar flow,
the viscous drag force is approximated from the Stokes’ law:[43], [144]

Fq = 6mr(u—v)fy (2.10)
where 7, 1, u, v, and fq are dynamic viscosity of the fluid, particle radius, fluid velocity,
particle velocity, and drag coefficient respectively. fq takes into account the effect of a solid
wall in the proximity of a moving particle.[145] In microfluidic magnetic separation, the
viscous drag force, acting on a MP or a MPs-cells/biomolecules complex, is comprised of
two vector components; One is caused by the fluid flow, opposing the flow direction, and

the other one is caused by magnetophoresis, opposing the magnetic force direction. The
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summation of these vector components results in the net viscous drag force, opposing the
overall direction of the spherical magnetic object.[94]

Majority of the works reported in the literature only consider the two most
substantial forces: the viscous drag force and the magnetic force.[94] The magnetic force
is opposed to the viscous drag force acting on a single MP suspended in a stationary fluid
(u=0), and thus the magnetophoretic velocity can be calculated by balancing the equations
(2.7) and (2.10):[43], [146]

_2r?Ay
uonfa

(B-V)B (2.11)

m

Equation (2.11) indicates that the key design parameters for developing a functional
magnetic device include size of the MP, difference in magnetic susceptibility of the MP
and the surrounding fluid, viscosity of the fluid, generated magnetic flux density, and
magnetic field gradient.

In addition to the above-mentioned forces, other forces can be added to the equation
(2.8) under certain conditions. These forces include thermophoretic, hydrodynamic lift,
Brownian, and particle-particle magnetic interaction forces.[147] However, in microfluidic
magnetic separation, the effect of many of the mentioned forces becomes negligible. In the
next section, we apply the scaling law to understand the effect of MP size and device

dimensions on magnitude of the magnetic force relative to other forces.

2.3.3 Scaling Law in Magnetic Separation
To apply the scaling law on suspended MPs, the particles diameter (dp) is chosen as

the characteristic size. In addition, the dimensionless stability numbers (S =
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magentic potential energy

) are utilized to estimate the stability of the magnetic potential
other types of energy

energy associated with the MP (U,, = mB = gdf;MB) relative to other types of energy,

such as viscous drag (Ev), gravitational potential (Eg), thermal (Et), and magnetic dipole
potential energy(Eqd).[134]
Assuming the fluid is stationary, the viscous drag energy of a moving MP within
the fluid can be calculated as:
E, = 3mnd3v (2.12)
where v is the magnitude of the MP velocity. If the movement of the MP is due to a

magnetophoretic force, then the magnetophoretic stability number can be expressed as:

__Un _ 1 MBdyp
Spp = 2= =—
Ey 18 nv

(2.13)

, Which is directly proportional to the MP diameter. Thus, as the size of MPs decrease, it
becomes more challenging to magnetically separate them since the viscous drag force
becomes the dominant force.

A suspended MP also experiences a gravitational force. The gravitational potential

energy of a MP, located at a distance h from the surface, can be calculated as:

nd3
E; = Tp(pp - pf)gh (2.14)
The ratio between the magnetic and gravitational potential energy is called the

sedimentation stability number:

U MB

S . ="=—
S Eg  (pp-pr)gh

(2.15)

, which does not scale with the size of the MP since both gravitational and magnetic forces

are body forces.
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The ratio between the magnetic potential energy and thermal energy of a MP is

called the thermal stability number, also known as the Langevin parameter:

Un _ mMBd}
Etn, 6 kgT

(2.16)

Given the magnetic field intensity, equation (2.16) indicates that downsizing the MP results
in a drastic weakening of the magnetic potential energy relative to the thermal energy. As
it was mentioned in section 2.2, below a critical dimension, the thermal energy dominates
leading the MP to a superparamagnetic regime.

Magnetic dipole potential energy is defined as:

HomM?d3

72(%+1)3

d (2.17)

where ¢ is the distance gap between two adjacent MPs. The ratio between Un and Eq is

called the dipole stability number:

_Un_ 4, B S 3
Sa =g =120+ 1) (2.18)

, Which contains two length parameters, d, and ¢. Miniaturizing the size of MPs enlarges
the dipole stability number, thus the applied magnetic force becomes the dominant force
relative to the magnetic particle-particle interaction force. Moreover, magnetic particle-
particle interactions can be ignored for MP suspensions with small volume concentration
(large 6).[148] On the other hand, increasing the size of MPs lowers Sq, which results in the
dominance of the magnetic dipole interaction force in compare to the magnetic force. A
small dipole stability number means that MPs can self-assemble and create

supraparticles.[134]
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Furthermore, a spherical particle can experience a hydrodynamic lift force, which
results in a vector velocity that is orthogonal to the main fluid flow. However, the lift force
is directly proportional to the flow velocity and the particle size relative to the channel
length, and thus it is only effective at a high Reynolds numbers conditions (Rep >> 1).

Dimensionless Reynolds number of a particle is estimated as:[94], [149]

__Inertial force _ pfUpdp

Re

(2.19)

P ™ yiscous force n
where 7 and prare the viscosity and density of the fluid respectively. Uy is the particle
average velocity. Since the microfluidic magnetic separation mainly operates at low
Reynolds number conditions (Rep << 1), thus generally the contributions of the
hydrodynamic lift forces on MPs complex are insignificant.

Molecules of a fluid containing suspended particles collide with each other
randomly. This can cause an arbitrary motion to the particles, which is called the Brownian
motion.[94] The effect of Brownian motion becomes noteworthy as the size of the MP

decreases to the nanoscale range. This can be observed from Stokes-Einstein equation:[43]

__ kT
- 3nndy

(2.20)
where D is the diffusion coefficient (m?/s), which is directly related with the diffusion
length x = vV/Dt. t is the diffusion time.

The scaling law can be exploited in design and optimization of miniaturized
microfluidic magnetic separators. Equation (2.5) implies that suspended MPs follow the

steepest ascent path of the magnetic energy. Thus, the capturing sites for MPs are

determined by the spatial resolution of the magnetic field gradients. In case of bulky
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magnetic field generating elements (e.g. permanent magnets, ferromagnetic structures or
current-carrying wires) relative to the size of the MPs, an aggregation of the MPs are
captured at the magnetic traps.[108], [137] By adjusting the dimensions of the magnetic
field generating elements within the size range of MPs, it is possible to immobilize an
individual MP on a single magnetic element.[150]

As it was mentioned previously, the magnetic flux density generated by a micro-
electromagnet can be controlled by adjusting the applied electric current. From Biot-Savart

Law, B can be calculated at a distance r from the current-carrying wire:[110]

B — 1 fl dixr (2.21)

AT, r2
where | is the applied current, dl is a vector whose magnitude is the length of the differential
element of the current-carrying wire and its direction follows the current flow, and r is the
displacement unit vector pointing from the conductor element towards the point at which
the magnetic field is calculated. Equation (2.21) indicates that the magnetic flux density
and magnetic field gradient generated by current-carrying wires are scaled as B « I /L and
VB « I /L%, where L is the characteristic size of the system. Joule heating limits the
maximum applied current to I,,,,, « L, thus B is size independent, and VB « 1/L. By
increasing the cross-sectional area of the conductor, a higher electric current can be applied
to the micro-electromagnet, which results in an increase in B, while reducing the width of
the conductor enhances the generated magnetic field gradient. It has been demonstrated
that an optimum design can be achieved by increasing the conductor thickness and reducing
its width. Using this design approach, one can maintain the desired applied current while

enhancing the magnetic field gradient.[110] Typically, fabrication of these micro-
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electromagnets involves photolithography, lift off process, and electroplating to increase
the thickness of the conductors. In this thesis, we exploit the heat shrinking property of
polymer-based micro-electromagnets to reduce the width of the conductor while the
resultant stress causes the conductive thin film (100 nm) to crumple, creating relatively tall

(>20 pm) micro-wrinkled structures.[97]

24  Summary

In this chapter, we reviewed the concept of magnetism including magnetic moment,
field intensity, flux density, and susceptibility. Different type of magnetism including
diamagnetism, paramagnetism, ferromagnetism, and superparamagnetism were
investigated. Next, properties of magnetic materials were studied. Below certain
dimensions, generation of multi-domains ferromagnetic particles becomes unfavorable,
and nanoscale MPs (superparamagnetic nanoparticles) remain in a single-domain region,
only magnetized in the presence of an external magnetic field and shortly become
demagnetized when the field is removed. After that, the physics behind on-chip
microfluidic magnetic separation was reviewed. The major forces acting on a suspended
MP include magnetic, hydrodynamic, and gravitational forces. However, other forces such
as thermal, inertial, Brownian, and particle-particle magnetic interaction forces can also
have impacts on the overall trajectories of MPs within microfluidic channels, depending on
the size of MPs, flow velocity, and channel dimensions. Moreover, the scaling law was

utilized to study the effect of other forces relative to the magnetic force acting on MPs.
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Chapter 3 Benchtop Fabrication of Multi-Scale Micro-Electromagnets
for Capturing Magnetic Particles

Chapter Introduction (Objectives A)

Minimizing the cost of fabrication and operational power is paramount for a micro-
electromagnetic separation device to be utilised in a POC application. This chapter focuses
on the numerical modeling and rapid prototyping process to create a polymer-based micro-
electromagnetic device that satisfies both requirements of low power consumption and low-
cost fabrication. Through numerical modeling, we simulate multiple electromagnet designs
and select one based on the generated magnetic force, operational current, and ease of
fabrication. The effects of the micro/nano-structured surface-coil and its coupling with
permalloy structures on the device performance is studied through these simulations. we
explore benchtop fabrication techniques such as xurography, polymer-based thin metallic
film wrinkling, spin coating, and electroplating to prototype the simulated active-passive
magnetic device. To verify the functionality of the device, we design experiments to capture
suspended MPs upon application of relatively small currents (< 50 mA). In summary, the
polymer-based micro-electromagnetic devices are prototyped using lithography-free
benchtop methods. We integrate a variety of multi-scale materials into a single chip and
take advantage of the materials properties such as micro/nano-wrinkling to enhance the
magnetic force and lower the current requirement. By passing a relatively low current (35
mA) through the micro/nano-structured wrinkled copper micro-electromagnet, we generate
a magnetic field, which subsequently magnetizes the permalloy thin film to collect 2.8 pum

MPs suspended in an aqueous solution.
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3.1 Abstract

Micro-electromagnets hold great promise for integration into portable and handheld lab-
on-a- chip systems applicable to point-of-care disease management. Two major
requirements must be satisfied in order for such devices to be applicable into practical,
miniaturized, and portable biomedical instrumentation: low power operation and low-cost
fabrication. In this paper, we use numerical modeling combined with a lithography-free
fabrication process to create micro-electromagnets on a polymer substrate. Numerical
modeling reveals that active-passive devices—ferromagnetic layers coupled with current-
controlled planar coils—are essential for generating a sufficient magnetic force for
magnetic particle manipulation at low currents (<50 mA). In addition, it is shown that
current carrying conductors created from micro/nanotextured materials further enhance the
generated magnetic force at a given current. To combine low-cost fabrication with low-
current operation, we developed a benchtop fabrication method based on craft cutting,
polymer induced thin film wrinkling, and electrodeposition to create a multilevel
arrangement of multi-scale materials essential for low-current operation. We demonstrate

that the fabricated active-passive devices featuring wrinkled copper active layers and
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permalloy passive layers capture 2.8 um magnetic particles upon the application of a 35mA
current.
Keywords: permalloy, magnetic fields, copper, microelectromechanical systems, metallic

thin films

3.2 Introduction

Recently, there has been a rising interest in the development of chip-based
biosensors for point-of-care disease management. In order to detect specific biomolecules
suspended in heterogeneous biological samples, functionalized magnetic particles (MPs)
are used to filter out biomolecules of interest and suspend them into solutions of desired
composition and volume.[136], [151]-[156] In previous reports, functionalized MPs were
extracted from solutions[151], [153] using permanent magnets,[95] on-chip magnetized
strips, or micro-electromagnets.[43] Although magnetic separation using permanent
magnets offers simplicity,[157] on-chip magnets offer miniaturization and automation for
use in lab-on-a-chip biosensors.[157], [158] Chip-based magnetic separation devices are
categorized into passive and active devices.[96] Active devices induce local magnetic fields
by micro-electromagnetic elements, typically, planar coils, when an electric current is
applied. Passive devices generally utilize micro/nanoscale ferromagnetic structures to
generate high magnetic field gradients when magnetized by an external magnet.

Dubus et al. reported a silicon-based microfabricated active electromagnetic device,
where 2.8 um MPs were trapped by applying a 300 mA current for 5 minutes.[106] In spite
of great promise, the high current requirement of this device is problematic due to its

reliance on bulky power supplies and generation of excessive Joule heating. Inglis et al.
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presented a passive silicon device with microfabricated nickel strips to induce lateral forces
on MPs for continuous cell-by-cell separation from a flow stream in microfluidic
channels.[98] Although this passive device is relatively simple, it requires magnetization
by an external magnet, and its magnetic separation lacks controllability. Choi et al. devised
an active-passive bio-separator with planar electromagnets semi-encapsulated in permalloy
for separating MPs by applying a relatively small DC of 30 mA. This device elegantly
combined magnetic force tunability with low-current requirements; however, its
lithographic fabrication requires complex and expensive processes not suitable for low- and
mid-volume manufacturing.[159] To overcome the complexities introduced by
lithography-based microfabrication, Nawarathna et al. introduced a rapid prototyping
method for fabricating nanostructured nickel structures on commercially available shrink-
wrap polyolefin films to sort 1 um MPs from non-magnetic beads.[29] This demonstrates
a facile method for prototyping on-chip micro-electromagnets; however, it is an example
of a passive magnetic separation device.

Here, we demonstrate an active-passive magnetic separation device that is
miniaturized (~1 cm?) and applicable to lab-on-a-chip systems; operated at a low current

(~30 mA); and fabricated using facile, inexpensive, and rapid processes.

3.3  Experimental
3.3.1 Materials

All devices were fabricated on pre-strained polystyrene (PSPS) (55 x 55 mm?)
substrates (Graphix Shrink Film, Graphix, Maple Heights, Ohio). Self-adhesive vinyl (FDC

4304 Easy Removable sign vinyl, BDF Graphics, Toronto, Ontario) were used as the mask
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several times during fabrication process. Permanent epoxy negative photoresist SU-8 2007
(MicroChem, Newton, Massachusetts) was utilized as a dielectric layer ~ within  the
device. Reagents used in preparation of permalloy electrodeposition bath include nickel (1)
sulfate hexahydrate (NiSO4.6H.0, ACS reagent, 99%), boric acid (H3BO3, 99.999%), iron
(1) sulfate  heptahydrate (FeSO4.7H20, ACS reagent, >99.0%), sodium saccharin
(C7HsNNaO3S.xH>0O,  analytical  standard), and sodium  dodecyl sulfate
(CH3(CH2)1:0S03Na, ACS reagent, >99.0%), all were purchased from Sigma-Aldrich (St.
Louis, Missouri). Milli-Q grade water (18.2 MQ) was used to prepare all the solutions.
Magnetic beads used in the experimental section were 2.8 um carboxylic acid coated
Dynabeads M-270 (Invitrogen, Carlsbad, California).
3.3.2 Fabrication Process

Figure 3.1 shows the side and top view of the fabrication process PSPS sheets were
cleaned under orbital agitation for 10 min in isopropanol and water baths and were dried
using air stream. Self-adhesive vinyl sheets were laid over the cleaned polystyrene sheets
and evenly flattened with a hand roller. The mesh-shaped meander design was created using
Adobe Illustrator software and patterned using top-down electrode patterning on PSPS and
vinyl masks using a Robo Pro CE5000-40-CRP vinyl cutter (Graphtec America Inc., Irvine,
California) equipped with a CBO9UA super steel blade, with force, quality and speed set at
10, 1, and 1 respectively. The cut out meandering shape was peeled off from the PSPS film
using tweezers. The remaining self-adhesive vinyl was used as a mask during copper
sputtering. 100 nm of copper was sputtered from a 99.999% purity copper target (Kurt J.

Lesker Company, Concord, Ontario) using a Torr Compact Research Coater CRC-600
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manual planar magnetron DC sputtering system (New Windsor, New York) onto the
masked polystyrene sheets. The argon (> 99.999% purity, AlphaGaz, Air Liquide,
Montreal, Quebec) plasma was created by a DC current of 50 A, which lead to a copper
deposition rate, monitored by the quartz crystal thickness sensor, of 0.4 A/s. After
sputtering the vinyl mask was removed manually using tweezers. Copper-coated
polystyrene devices were shrunk on an aluminum plate at 150-160°C in an oven (BINDER,
GENEQ Inc., Tuttlingen, Germany) for 3 minutes. The devices contact pads were masked
with regular tapes and then the surfaces of the devices were cleaned with ethanol and
deionised water, dried with a stream of air, and placed on a hotplate at 60°C for 30 minutes.
After cooling down the devices at room temperature for a few minutes, the devices were
located inside a spin coater (Laurell Technologies, North Wales, Pennsylvania) with its
spin speed set to 1000 rpm. Using a regular syringe and after removing all air bubbles from
the SU-8 2007 inside the syringe, few drops of SU-8 2007 was added to the surface of the
devices. After waiting for 20 seconds, letting the SU-8 to cover the entire surface area, ran
the spinner for 30 seconds. The spinning procedure was repeated one more time and the
devices were baked at 95 °C on a hot plate for 15 minutes and cooled down to room
temperature. After fully curing the SU-8, the tape covering the contact pad was carefully
removed using tweezers. A T-shaped design was patterned on the self-adhesive vinyl using
Adobe lllustrator and the craft cutter, then peeled off using tweezers, laid over and aligned
carefully on the shrunk PS devices leaving the SU-8 covered meandering design exposed
through the T-shaped window. Next, 20 nm of silver thin film was deposited on top of the

devices using the DC sputtering system with the DC current of 35 A and deposition rate of

54



Ph.D. Thesis — A. Hosseini; McMaster University - Biomedical Engineering.

1 AJs. The silver acts as a conductive seed layer for the permalloy electrodeposition. After
removing the vinyl, the devices were masked again with the self-adhesive vinyl with a
rectangular opening (10 x 1.2 mm) to ensure the same electrochemically active surface area
for all the devices. The permalloy electrodeposition was performed using CHI660D
electrochemical workstation (CH Instrument, Austin, Texas) and a standard three-electrode
set-up. The electrochemical system consisted of an Ag/AgCl reference electrode, a
platinum wire counter electrode, and the silver sputtered PS devices as the working
electrode. permalloy electrodeposition bath solution consists of 0.95 M NiSO4.6H.0, 18
mM FeS04.7H20, 0.4 M H3BOs3, 4.87 mM sodium saccharin, and 0.35 mM sodium dodecyl
sulfate. The permalloy plating was performed at room temperature using
chronopotentiometry technique with the current density controlled at 5 mA/cm? for
duration of 44 seconds. Once the plating was completed, the vinyl masks were removed,

and the device was rinsed with the deionised water and dried with nitrogen stream.
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Figure 3.1 Fabrication of micro-electromagnets on polystyrene substrates (a) top- and side-
view schematic of the fabrication process. All scale bars represent 5 mm, except the scale
bar in the inset of step 5 (top-view) represents 400 um. (b) Optical images of the pre-shrunk
(left) and shrunk (right) PSPS devices. Reprinted from [97], with the permission of AIP
Publishing, Copyright (2014).
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3.3.3 COMSOL Simulations

To compare the magnetic field strength, gradient, and force generated by active and
active-passive devices and to investigate the effect of wrinkled structures on the magnetic
force, numerical simulation was performed using the finite element analysis software
COMSOL Multiphysics (version 4.3b, COMSOL, Burlington, Massachusetts), purchased
from Canadian Microelectronics Corporation (CMC).
3.3.4 SEM Characterization

SEM images of the wrinkle copper structures were obtained using a JEOL JSM-
7000S Scanning Electron Microscope with an accelerating voltage of 3 kV for cross section
images, and 10kV for top view images.
3.3.5 Permalloy Characterization

EDX was used to obtain the composition of the electrodeposited permalloy.
TESCAN VEGA scanning electron microscope with backscatter electron detector and an
accelerating voltage of 10 kV was employed to perform the EDX analysis. In addition,
magnetic properties of the deposited permalloy were obtained using superconducting
quantum interference device (SQUID) magnetometer (Quantum Design Inc, San Diego,
California) with the range of magnetic field scanning of -8 to 8 KA/m.
3.3.6 Trapping of Magnetic Microparticles

The magnetic beads solution with concentration of 4 x 10® beads/ml was prepared
from the stock solution of concentration of 2 x 10° beads/ml. A 5 x 5 mm? reservoir was
patterned on 150 pum thick double-sided tape (3M Canada, London, Ontario) using a laser

engraver (VLS3.50, Universal Laser Systems, Scottsdale, Arizona), and bonded to the
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device surface. Next, a drop of the beads solution (10 pl) was added onto the surface of the
device, within the reservoir, covered by a cover slip. After that a DC current of 30-50 mA
was applied to the contact pads using a power source (Keithley Instruments, Cleveland,
Ohio). The entire experiments were conducted under an optical microscope (Nikon,
Mianto, Tokyo, Japan) equipped with a Retiga 2000R scientific camera (Q Imaging,
Surrey, BC) to record and monitor the motion of the magnetic particles in real time. To
reduce the effect of the joule heating, the devices were mounted on top of a thermoelectric
cooler, which was attached on top of a heat sink (aluminium plate). Each experiment was

run for 10 minutes.

3.4  Results and Discussion

Our vision was to create on-chip electromagnets with sub-millimeter dimensions
and sub-micrometer surface texturing using benchtop, rapid, and dynamic fabrication
methods. Figure 3.1 summarizes this fabrication process. Cleaned prestressed polystyrene
(PSPS) sheets were masked with self-adhesive vinyl (Figure 3.1, steps 1 and 2). A mesh-
shaped meandering design with the smallest feature size of 400 um was cut into the vinyl
using a robotic craft cutter (Figure 3.1, step 3). A 100 nm copper film was sputtered onto
the patterned vinyl mask (Figure 3.1, step 4), and after removing the mask the mesh-shaped
meandering design was obtained (Figure 3.1, step 5). Copper-coated PSPS devices were
heated for 3 min at 150-160 °C (Figure 3.1, step 6) as heating PSPS above its glass
transition temperature of 100 °C causes it to shrink to under 50% of its original size due to
polymer chain relaxation.[160] Figure 3.1b shows the photograph of the active devices

before (left) and after (right) shrinking. The mesh-shaped meandering design was chosen
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for the copper wire as Ramadan et al. reported an enhancement in the generated magnetic
force in this design compared to planar and rosette geometries.[110] The thermal shrinking
process was used here to serve a dual purpose: to reduce the electrode width and inter-
electrode spacing while increasing its height, and to introduce micro/nanotexturing to the
electrode surfaces.[160] Previous reports have shown that reducing the conductor width
and spacing increases the magnetic field gradient (in the direction perpendicular to the
reduced side) and strength.[110] In addition, we have previously shown that the sheet
resistance of metallic thin films (<100 nm) decreases after the wrinkling process due to an
increase in the effective height of the film. This effect would allow us to create wrinkled
metal lines having a smaller resistance compared to non-wrinkled lines (with the same
thickness as the wrinkled film before shrinking) of the same footprint.[160]

After fabricating the device active layer, we designed a process flow to integrate a
magnetic material on the copper layer for enhancing the magnetic force at a given current.
A thick layer of negative photoresist, SU-8 2007, was spun on the active device and baked
at 95 °C for 15 min (Figure 3.1, step 7). SU-8 2007 was chosen as the insulating layer
between the copper and the magnetic material (permalloy) due to its relatively low baking
temperature and compatibility with the PSPS substrate.[159] The SU-8 thickness is
important for maximizing the magnetic force while eliminating inter-metallic current
leakage, and was optimized to be 25 pum. A second vinyl mask was used in combination
with a lift-off process to create a silver seed layer (Figure 3.1 steps 8-10) for permalloy
electrodeposition. Permalloy electrodeposition was done in a rectangular area (10 x 1.2

mm) defined by a third vinyl mask (Figure 3.1, steps 11-13) using chronopotentiometry
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(current density = 5 mA/cm? for 44 s) in a three-electrode electrochemical cell. The
electrodeposition bath (0.95M NiSO4.6H,0, 18mM FeS04.7H,0, 0.4 M H3BO3, 4.87TmM
sodium saccharin, and 0.35mM sodium dodecyl sulfate) was optimized to obtain a uniform
permalloy layer at a composition of Nigo/Fez.[161]-[164] The thickness of the
electrodeposited permalloy was estimated to be around 60 nm based on the total electronic
charge transferred during electrodeposition.

The Scanning Electron Microscopy (SEM) images presented in Figure 3.2 show the
copper strips in the mesh-shaped meandering design to be approximately 130-140 pum wide
(Figure 3.2a) and >20 um thick (Figure 3.2c). Furthermore, these images demonstrate the
film to be composed of repeating hills and valleys with micrometer and sub-micrometer
dimensions (Figure. 3.2a—c). This micro-structuring has been reported in the past as

compressive stresses were exerted on metallic films causing them to buckle.[29], [160]
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Figure 3.2 Micro-electromagnet materials characterization. (@) Low and (b) high
magnification top view, and (c) high magnification side-view SEM images of the wrinkled
copper structures. All scale bars represent 10 pm. (d) The M-H response of the
electrodeposited permalloy obtained by SQUID. The inset shows the steepest part of the

hysteresis curve. Reprinted from [97], with the permission of AIP Publishing, Copyright
(2014).

To better understand the magnetic properties of the electrodeposited permalloy,
energy-dispersive X-ray spectroscopy (EDX) was used to identify its composition. The
permalloy composition was measured on three different samples and an average value of
85% Nickel and 15% iron (data not shown) was obtained, which is consistent with previous
studies.[157], [161] In addition, superconducting quantum interference device (SQUID)
magnetometer was used to obtain the magnetization versus magnetic field hysteresis plot
(Figure 3.2d). The saturation magnetization (Ms) was estimated from this plot to be 1150

emu/cm?®, which is consistent with its tabled values for permalloy.[163] The relative
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permeability (lur) was estimated from the linear portion of the M-H plot (Figure 3.2d inset)

to be approximately 4000 using the following relationship:
M
Ur = I} +1 1)

Such high pr provides a magnetic flux linkage intensifying the generated magnetic flux
density, which is desirable for trapping MPs.[165] The coercivity (Hc) of the
electrodeposited permalloy, calculated from the M-H plot (Figure 3.2d), is 192 A/m. This
relatively low coercivity is crucial for trapping and releasing MPs by modulating the current
passing through the microcoil.[165]

In order to compare active and active-passive devices and to understand the effect
of surface texturing on the magnitude, direction, and localization of magnetic force, a series
of micro-electromagnetic devices were modeled and simulated using the finite element
analysis method.

To study the effect of wrinkled copper structures on the magnetic force, the problem
was simplified from 3D to 2D reducing the computational complexity in meshing and

solving the problem.[165], [166] Through these simulations, we compare the flat versus

crumpled copper structures in terms of magnetic field strength (|H|), gradient (|V§|), and
force (Fy) exerted on 2.8 um MPs (I = 35 mA). The magnetic force was numerically
calculated using the following equation derived from the Maxwell tensor equation:[108],

[110]

VAyx

“X(B - V)B @)

Fmag =
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where F,,4 is the magnetic force exerted on each particle, V is the particle volume, and Ay
is the effective magnetic susceptibility of the particle relative to the surrounding medium.

B, VB, and Mo are the magnetic flux density, field gradient, and permeability of free space,
respectively. To simplify the problem, we look at MP capture in the y-direction.

The schematic drawings of the flat (Figure 3.3a left) and wrinkled devices (Figure
3.3a right) are presented in Figure 3.3a. It should be noted that a conformal coverage of

SU-8 over the wrinkled layer is assumed for the models generated (Figure 3.3a and b inset).

[H], |V§|, and Fy are plotted against distance in the X-coordinate and are shown in Figure
3.3b—d, respectively. Negative Fy indicates an attractive magnetic force towards the device
surface. These simulation results indicate that the magnetic field strength (Figure 3.3),
gradient (Figure 3.3c), and force (Figure 3.3b) are enhanced at the tips of the wrinkles.
Although the magnetic field strength shows a slight increase at the tips of the wrinkles, the
field gradient and the force are about 3 folds higher than the relatively uniform values seen
on the flat structure (Figure 3.3b and c right). This local magnetic force enhancement is
expected at the tips of the wrinkles due to the higher field gradient close to sharp and narrow

regions.[29]
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Figure 3.3 Comparing the magnetic field strength, gradient, and force of flat and wrinkled
devices. (a) Schematic drawing showing the cross section often flat (left) and wrinkled
(right) devices. The zoomed-in schematic is shown as an inset. 2D simulation of (b) Fy, (c)

|V§|, and (d) |H| generated by a flat (left) and a wrinkled (right) device. (MPs diameter =
2.8 pm, y = 0.17, and | = 35 mA). Reprinted from [97], with the permission of AIP
Publishing, Copyright (2014).

To study the differences between active and active-passive devices in generating a
magnetic force, we created a 3D model considering one period of the mesh-shaped

meandering design. A single period was simulated to reduce the computational complexity

(Figure 3.4). The spatial distributions of |H|, |V§|, and |F| were investigated on the surface

of four different device architectures: (1) an active device with the copper meandering
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design at the surface (Figure 3.4a); (2) an active device similar to (1) with an SU-8 coating
(Figure 3.4b); (3) an active-passive device composed of device (2) topped with a
rectangular permalloy layer (Figure 3.4c); and (4) an active-passive device similar to (3),
except the permalloy is patterned to have a meandering design aligned with the underlying

copper layer (Figure 3.4d).
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Figure 3.4 3D simulation of magnetic field strength, gradient, and force on the surface of
(a) copper, (b) SU-8, permalloy (Py) patterned as a (c) rectangle, and (d) the meandering
design on polystyrene (PS) substrates. (I = 35 mA, MP diameter = 2.8 um, and MP y=
0.17). First row from top for each sub-figure demonstrates the device schematics; second,

third and fourth rows demonstrate |H|, |V§, and |F| heat maps, respectively, with the color

maps representing these variables. |H|, |V§|, and |F| for a particular point are shown using
ared arrow. Reprinted from [97], with the permission of AIP Publishing, Copyright (2014).

It is evident from Figure 3.4a that higher magnetic field, gradient, and force are
generated inside the U-shaped loop structure of the meandering design (the location is

shown with an arrow on the figures). This is expected as the magnetic field components
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add constructively in this region. By adding the SU-8 coating (Figure 3.4b), we see a slight
decrease in the magnetic force. This is expected as the magnetic field deceases rapidly as
we move away from the surface of the electromagnet. As the rectangular permalloy layer
(Figure 3.4c) is added, the magnetic field decreases at the middle of the permalloy layer
and increases at its edges compared to the active devices. This behavior is expected as the
permalloy acts as a magnetic flux guide, drawing the field to its edges and creating a path
for magnetic field lines. On the other hand, the magnetic field gradient increases after
adding the permalloy to the active device due to its high relative permeability. As the
permalloy layer is patterned in the meandering design, more magnetic flux guiding edges
are present, serving as locations with enhanced magnetic fields. In addition, the magnetic
field gradient and force are increased at these locations due to the presence of more sharp
edges (Figure 3.4d).

The increased magnetic forces observed for active-passive devices are consistent
with the previous study by Abidin et al.[165] Given the more than 40 times increase in the
magnitude of the generated force using the meandering compared to the rectangular
permalloy, we believe an optimal magnetic trapping device could be fabricated by adopting
this design. However, using the presented fabrication technique, it is difficult to
reproducibly create features smaller than 200 um into the vinyl mask to match the
dimensions of the underlying shrunk copper film. Furthermore, it is challenging to achieve
inter-layer alignment with sufficient precision using this method. Consequently, we chose
the device design presented in Figure 3.4c for our validation experiments. Based on the

simulation results (Figure 3.4c), the magnetic flux density generated by this device at the
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inner loop of the meandering design is about 40 mT (- =4000). This is at least 4 times
larger than the fields previously reported for microfabricated on-chip electromagnetic
devices (operated at currents larger than 100 mA) used for trapping MPs of about the same
size.[107], [108]

In order to study the effectiveness of our fabricated devices in capturing MPs, we
designed an experiment to record particle movement in real-time using an optical
microscope. The schematic drawing of the device used is displayed in Figure 3.5a. Aqueous
solutions of MPs were placed on the device surface and monitored as a 35 mA current was
applied (Figure 3.5b), while the device was continuously cooled with a compact (2x2 cm)
thermoelectric cooler and a heat sink (aluminum plate). In addition, application of a DC of
35mA for 10 min (Figure 3.5¢, Multimedia view) was compared to a case where no current
was applied to the on-chip electromagnets (Figure 3.5d, Multimedia view). It is seen from
Figure 3.5¢c and d, (Multimedia view) that MPs are driven towards the device from
distances larger than 100 um and are immobilized at the edge of the permalloy layer when
the current was on (Figure 3.5¢), while this behavior was absent when the current was off
(Figure 3.5d). In the absence of any electrical current, particles experienced a slow zigzag
motion towards the permalloy surface and occasionally got collected by the device if they
were within 5 um of the device edge (Figure 3.5d, Multimedia view). This is due to the
stray fields present at the edges of the magnetic film, which is likely originated from the
magnetic domain arrangement. In spite of this sluggish movement, very little localized

trapping was observed in this case.
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Figure 3.5 Experimental study of MP trapping using the fabricated microelectromagnet. (a)
Top-view schematic of the device. The inset displays the zoomed-in device schematic. (b)
Optical microscope images of the device before (left) and after (right) applying an electrical
current (35 mA, 600 s). The Scale bar represents 100 um. The zoomed-in optical
microscopy images of the permalloy edge att = 0 s (left) and t = 600 s (right) (c) under the
influence of a 35mA and (d) no current. The scale bar represents 50 pum. (e) The mean
average velocity of MPs (mean taken over 10 particles) suspended in water under different
applied currents. The error bars represent standard deviation. (Multimedia
view)[URL.:http://dx.doi.org/10.1063/1.4893564.1][URL:http://dx.doi.org/10.1063/1.489

3564.2] Reprinted from [97], with the permission of AIP Publishing, Copyright (2014).

To better understand the current dependence of the device and to estimate its
minimum current requirement, we determined the average MP velocity under different
current values. This was achieved by dividing the distance travelled by each MP by the

time it took for it to travel the measured path. The mean average velocity of the particles
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under the influence of a 35mA current was 2.8 E-4 cm/s, which was more than 13 times
larger than the no current (1.8E-5 cm/s) scenario. This is expected, as the simulation results
revealed that the current-carrying copper wire generates magnetic fields magnetizing the
permalloy and attracting the MPs towards its edges. In addition, we determined the average
particle velocity when the applied currents were 0, 20, and 30mA (Figure 3.5e). Through
these experiments, we observed that statistically significant velocity increases (compared
to | = 0) start to appear at currents between 20 and 30 mA, and we estimate the minimum
DC requirement to be within this range.

Faster particle trapping was achieved at currents larger than 35 mA; however, this
often led to device destruction. The required DC of 35 mA reported here is smaller by at
least 3 folds compared to the previously reported devices for trapping MPs of about the
same size.[106]-[108], [110], [167], [168] We suspect the presence of the permalloy[167]
along with the micro/nanotexturing of the electrode surfaces developed here to be

responsible for this reduced current requirement.

3.5 Conclusions

In summary, the PSPS-based micro-electromagnetic devices were fabricated using
lithography-free benchtop techniques. These devices embedded active, current-carrying
conductors, and passive ferromagnetic thin films separated by an insulating layer on a
polymeric substrate. They combined a variety of multi-scale materials into a single
microsystem and leveraged materials properties such as micro-/nano-wrinkling into
increased magnetic flux density and reduced current requirement. The active-passive nature

of the device allowed permalloy thin films to be magnetized by relatively low currents (35
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mA) flowing through the microstructured wrinkled copper wires to collect 2.8 um MPs
suspended in an aqueous solution. These devices are ideal for addressing the rapid
prototyping needs of industry and academic researchers as new device geometries can be
made from design to fabrication in a matter of hours. One drawback of the devices
presented here is their reliance on a separate thermoelectric cooler. We envision alleviating
the issues related to excessive Joule heating by further lowering the minimum current
requirement of the devices by using more optimal device designs such as those simulated
in Figure 3.4d We will also investigate integrating micro-heat sinks[169] and micro-
channel heat exchangers into the PSPS device using the previously described
methods.[170]
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Chapter 4 Enrichment of Magnetic Particles using Temperature and
Magnetic Field Gradients Induced by Benchtop Fabricated Micro-
Electromagnets

Chapter Introduction (Objective B):

One of the challenges involved with using micro-electromagnet in magnetic separation
is that at relatively low currents, the generated magnetic field is weak and thus the induced
magnetic force attenuates rapidly moving away from the device surface; the magnetic
forces decay up to 1% of their maxima (at the edge of the device) at the distance of ~ 1 um
from the force maxima. This behaviour did not show the same trend as predicted using
theoretical calculations when we captured MPs using the prototyped devices in Chapter 3;
MPs were attracted towards the magnetic traps from tens to hundreds of microns away from
the edge of the permalloy. This chapter focuses on understanding the physics behind the
device operation resulting in the enhanced device performance. Through numerical
modeling, we study the combined effects of thermal gradients and magnetic field gradients
on the movement of MPs that are further away from the device surface. To verify the
simulation results, we designed multiple experiments to measure the terminal velocities of
magnetic and non-magnetic beads at different distances from the magnetic hot spots. The
overall results demonstrate that the enhanced fluid movement caused by the generated
thermal gradient is the dominant force behind transporting the MPs from tens to hundreds
of microns away from the edges of on-chip magnetic devices, while the magnetic force
dominates at the vicinity (< 1 um) of the micro-electromagnet. This study provides the

rationale behind designing a thermo-magnetic system, which applies temperature gradients
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to drive MPs towards the magnetic traps and captures them using the generated magnetic
force.

Authors: Amin Hosseini, David N. Philpott and Leyla Soleymani

Publication: Lab on a Chip, 17, 23, 4097-4104

Publication Date: October 2017

Reproduced from Ref. [171] with permission from The Royal Society of Chemistry,

Copyright (2017).

4.1  Abstract

The active transport of analytes inside biosensing systems is important for reducing the
response time and enhancing the limit-of-detection of these systems. Due to the ease of
functionalization with biorecognition agents and manipulation with magnetic fields,
magnetic particles are widely used for active and directed transport of biological analytes.
On-chip active electromagnets are ideally suited for manipulating magnetic particles in an
automated and miniaturized fashion inside biosensing systems. Unfortunately, the
magnetic force exerted by these devices decays rapidly as we move away from the device
edges and increasing the generated force to the levels necessary for particle manipulation
requires a parallel increase in the applied current and the resultant Joule heating. In this
paper, we designed a study to understand the combined role of thermal and magnetic forces
on the movement of magnetic particles in order to extend the interaction distance of on-
chip magnetic devices beyond the device edges. For this purpose, we used a rapid
prototyping method to create an active/passive on-chip electromagnet with a micro/nano-

structured active layer and a patterned ferromagnetic passive layer. We demonstrated that
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the measured terminal velocities of particles positioned near the electromagnet edge (~5.5
um) closely reflect the values obtained by multi-physics modelling. Interestingly, we
observed a two orders of magnitude deviation between the experimental and modelling
results for the terminal velocities of particles far from the electromagnet edge (~55.5 um).
Heat modelling of the system using experimentally-measured thermal gradients indicates
that this discrepancy is related to the enhanced fluid movement caused by thermal forces.
This study enables the rational design of thermo-magnetic systems for thermally driving
and magnetically capturing particles that are positioned at distances tens to hundreds of
microns away from the edges of on-chip magnetic devices.
4.2 Introduction

Biosensors that combine high sensitivity and specificity with rapid sample-to-result
time, low cost operation, portability and ease-of-use are central to the development of point-
of-care diagnostics and continuous health monitoring platforms. Miniaturization is an
ongoing trend in biosensor development since it enables multiple sensing and sample
preparation components to be integrated into a single platform.[12] In addition,
miniaturization into the nanoscale has been used to enhance the signal transduction
efficiency of various classes of biosensors.[31] In spite of these advantages, the mass
transport of target analytes from the solution to the sensor surface significantly limits the
response time and limit-of-detection of nanoscale biosensors.[172] In order to overcome
this limitation, several methods have been developed to decrease the long (hours to
days)[37] mass transport times associated with the diffusion of target analytes to the surface

of nanoscale biosensors. Particularly, force field based strategies such as
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electrophoresis,[173] dielectrophoresis,[174], [175] thermal focusing,[44], [176] and
magnetic separation/enrichment[94], [131] have been widely used for active and targeted
delivery of analytes to the sensor surface. Among these, magnetic separation is ideally-
suited for transporting a wide range of target analytes; because, it does not rely on the
inherent properties of the analyte such as electrostatic charge or dielectric constant. In this
technique, magnetic force is used to actively transport cells or biomolecules that are
conjugated with magnetic particles (MPs), and deliver them into pre-defined
locations.[110], [116], [136], [151]-[156]

On-chip magnetic separation is generally performed using passive and/or active
devices.[96] Passive devices use micro-/nano-scale ferromagnetic structures that induce
localized magnetic field gradients when magnetized by an external magnetic field,[29],
[98], [99] while active devices use current-carrying electromagnets that generate localized
magnetic fields and gradients to trap or redirect MPs.[43], [100], [101], [157] Although
passive devices are relatively facile to fabricate and operate, they rely on external magnets,
and it is difficult to program their operation (for example the capture and release of MPs)
using a handheld electrical test and measurement instrument for use in fully-integrated
biosensors. A wide range of active devices have been developed using
photolithographic[106], [113], [114] and rapid prototyping[97] methods, which use planar
magnetic coils to generate a magnetic field. Furthermore, active/passive devices use a
combination of planar magnetic coils and ferromagnetic materials separated by an
insulating layer[97], [102], [103] to enhance the magnetic field gradients for attracting and

capturing microscale or nanoscale MPs. The major difficulty in employing active on-chip
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magnetic separation in biosensing is twofold. On one hand, the magnetic force decays
rapidly (the magnetic force exerted on a MP is directly proportional to the product of the
magnetic flux density and field gradient[177]) as we move away from the transducer
surface into the sample solution and it becomes necessary to increase the applied current to
generate the force needed for transporting and capturing MPs from the solution. On the
other hand, the increased applied current results in Joule heating, which could produce
complexity in the device operation and performance.

In this study, our goal was to overcome the above-mentioned difficulties in active
on-chip magnetic separation by understanding the effect of Joule heating on the fluidic
flow, and to use this to create a bi-modal thermo-magnetic separation device. Our vision
was to use modest thermal gradients to drive the MPs to locations where the magnetic force
is strong enough, at a moderately low current (<50 mA), to magnetically capture the
particles. Temperature gradients have been previously used as a strategy for actively
delivering analytes and particles to sensing sites through natural advection and
thermophoresis.[44], [45], [47], [48] Towards this goal, we performed a comprehensive
numerical and experimental study to simulate and measure the terminal velocities of
magnetic and non-magnetic particles at different locations on an active magnetic chip.
These results, along with local temperature measurements and thermal gradient modelling
inside the sample solution provide significant insight on the mechanisms of transport in
active magnetic devices. It is concluded that the heat driven-flow caused by temperature
gradients and natural convection effectively transport MPs inside the solution to locations

where the magnetic forces are strong enough for magnetic capture. This makes the bi-modal
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transport and capture strategy, a practical method for extending the interaction distance of
active on-chip magnetic devices and enhancing the mass transport of analytes in biosensing
systems. It should be noted that while Joule heating is typically detrimental to the integrity
of the device and the quality of biological samples, in this particular case, it can be
leveraged to enhance the device performance in a positive way. The operation of the
thermo-magnetic device developed here is based on modest temperature increases (~6 °C)
at an applied current of 30 mA, which results in a maximum sample temperature of ~25°C.
Since this temperature is lower than the melting temperature of the large majority of
biomolecules (nucleic acids and proteins) used in bioassays or the lysing temperature of
cells, we believe the developed thermomagnetic route to be a vital strategy for use in

systems that contain biological analytes.

4.3  Experimental
4.3.1 Device fabrication

Polystyrene devices. Figure 4.1(a) shows the side and top view of the bench-top
fabrication process. All devices were fabricated on pre-strained polystyrene (PSPS) (55 x
55 mm?) substrates (Graphix Shrink Film, Graphix, Maple Heights, OH, USA). PSPS
substrates were cleaned under orbital agitation for 10 min in isopropanol and Milli-Q grade
deionised (DI) water and were dried using a stream of air. Self-adhesive vinyl (FDC 4304
Easy Removable sign vinyl, BDF Graphics, Toronto, ON, Canada) was used as the masking
material during the fabrication process. Self-adhesive vinyl sheets were laid on the cleaned
PSPS using a hand roller. The mesh-shaped meandering[110] design was created using

Adobe Illustrator software and patterned into the self-adhesive vinyl using the Robo Pro
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CE5000-40-CRP cutter (Graphtec America Inc., Irvine, CA, USA) equipped with a 0.9 mm
standard vinyl cutting blade (CBO9UA), with force, quality and speed set at 10, 1, and 1
respectively. The patterned meandering shapes were peeled off from the PSPS substrate
using tweezers. Next, 100 nm of copper was sputtered from a 99.999% purity copper target
(Kurt J. Lesker Company, Concord, ON, Canada) using a Torr Compact Research Coater
CRC-600 manual planar magnetron DC sputtering system (Torr International Inc. New
Windsor, NY, USA) onto the masked PSPS substrates. The argon plasma was generated by
a DC current of 60 A, which leads to a copper deposition rate of 0.4 A/s monitored by the
quartz crystal sensor. After sputtering, the vinyl masks were lifted manually using tweezers.
Patterned copper-coated PSPS substrates were placed on an aluminium block, heat treated
and shrunk at 160 °C in an oven (BINDER, GENEQ Inc., Tuttlingen, Germany) for 3
minutes. After shrinking, the devices contact pads were masked with a regular tape and the
surface of the devices was rinsed with ethanol and DI water, dried with a stream of air, and
placed on a hotplate at 60 °C for 30 minutes. After cooling down the devices at room
temperature for a few minutes, they were placed inside a spin coater (Laurell Technologies,
North Wales, PA, USA). Next, the surface of the devices was covered with the negative
photoresist SU-8 2007 (MicroChem, Newton, MA, USA) using a syringe and waited for
20 seconds to let the SU-8 disperse over the device surface. The spin coater was operated
at 1000 rpm for 30 seconds. After the first round of spin coating, the devices were soft
baked at 95 °C for 3 minutes and cooled down to room temperature. This baking procedure
was repeated for another 20 minutes. After cooling down the device to room temperature,

the first layer of SU-8 was fully cured. Next, the spinner setting was changed to 2500 rpm,
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and the entire spin coating and baking procedure was repeated. The final thickness of the
cured SU-8 was verified to be ~ 25 um using alpha step height measurement. After curing
the SU-8, the tapes covering the contact pad were carefully removed using tweezers. A
rectangular shaped design (2.28 x18.16 mm?) was patterned on the self-adhesive vinyl
using Adobe Illustrator and the craft cutter, peeled off using tweezers, and aligned carefully
on the shrunk polystyrene (PS) device. Next, 20 nm of gold thin film was deposited on the
devices using the DC sputtering system with a DC current of 50 A, and a deposition rate of
0.90 A/s. The gold acts as a conductive seed layer for the permalloy electrodeposition. After
removing the vinyl, the devices were masked again with the self-adhesive vinyl with four
rectangular openings (0.80 x 0.37 mm? in size, and 0.26 mm in spacing). The permalloy
electroplating was performed using a CHI 660D electrochemical workstation (CH
Instrument, Austin, TX, USA) and a standard three-electrode set-up. The electrochemical
system consisted of an Ag/AgCI reference electrode, a platinum mesh counter electrode,
and the PS device as the working electrode. The permalloy electrodeposition bath solution
contained 0.95 M Nickel (I1) sulfate hexahydrate, 18 mM Iron (I1) sulfate heptahydrate, 0.4
M boric acid, 4.87 mM sodium saccharin, and 0.35 mM sodium dodecyl sulfate (Sigma-
Aldrich, St. Louis, MO, USA). The permalloy plating was performed at room temperature
using chronopotentiometry with a current density of 5 mA/cm? for a duration of 470 s.
Following the deposition, the vinyl masks were removed, and the devices were rinsed with

DI water and dried with a stream of air.
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Figure 4.1 (a) Top-and side-view schematic of the fabrication process. All scale bars
represent 5 mm, except the scale bars in the insets which represent 200 pum (green-step v),
370 um (black-step xii), and 260 um (purple-step xii). (b) Photograph of the benchtop-
fabricated device

Silicon devices. The same mesh-shaped meandering design discussed above was
fabricated on <100> silicon wafers (University Wafer, South Boston, MA, USA) using

standard photolithography and lift-off techniques.
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4.3.2 Numerical simulations

The 3D models of the magnetic forces generated by the device, and the coupled
thermal-fluidic simulation within the reservoir were performed using COMSOL
Multiphysics (version 4.3b) software.
4.3.3 Testing the devices with magnetic and polystyrene particles

An image of the bench-top microfabricated electromagnetic device is
displayed in Figure 4.1(b). A 5 x 5 mm? reservoir was patterned on 150 pum thick
double-sided tape (3M Canada, London, ON, Canada) using a laser engraver
(VLS3.50, Universal Laser Systems, Scottsdale, AZ, USA), and bonded to the
device surface. After adding the solution to the reservoir, it was enclosed by a
hydrophobic coverslip (Trevigen Inc., Gaithersburg, MD, USA). The reservoir was
designed in such a way that it contained both the meandering-shaped copper micro-
coil and the permalloy layer. An aqueous solution of MPs with concentration of 4 x
108 /ml was prepared from a stock solution of 2.8 pm carboxylic acid coated
Dynabeads M-270 (Invitrogen, Carlsbad, CA, USA) with concentration of 2 x 10°
/ml. TWEEN 20 (1%) (BioShop, Burlington, ON, Canada) was added to the solution
as a surfactant to minimize the non-specific adsorption effects. For each experiment,
a 20 ul drop of the MP solution was deposited into the reservoir and covered by the
coverslip, and a DC current of 30 mA was applied to the contact pads using a power
supply (Keithley Instruments, Cleveland, OH, USA). The entire experiment was
conducted under an optical microscope (Nikon, Mianto, Tokyo, Japan) equipped

with a Retiga 2000R scientific camera (Q Imaging, Surrey, BC, Canada) in order to
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record and monitor the motion of the MPs in real time. Each experiment was performed for
20 minutes. An identical experimental setup was used to test the devices with the 2.6 um
non-ionic PS beads (Molecular Probes Inc., Eugene, OR, USA). In order to control the
generated heat, the device was mounted on an aluminium plate (a heat sink) which was
submerged into an ice bath. For better heat conduction between the device and the heat
sink, a high-density polysynthetic silver thermal paste (Arctic Silver Inc., Visalia, CA,
USA) was applied to the bottom of the device, contacting the heat sink. An infrared camera,
FLIR ONE (FLIR Systems Inc., Wilsonville, OR, USA) was used to monitor the

temperature of the reservoir throughout the experiments.

4.4  Results & discussions
4.4.1 Device architecture

In order to better understand the transport mechanisms of MPs inside on-chip
magnetic separation devices, we fabricated an active/passive device where the magnetic
force generated and controlled in the active layer was enhanced by a passive ferromagnetic
layer.[159], [165], [178]these chips were fabricated using a rapid prototyping method
previously shown to result in localized magnetic force hot spots due to the presence of
micro/nanostructures in the current-controlled active layer.[97] the active portion of the
device was composed of a copper layer having a meandering design, which was separated
from a ferromagnetic permalloy layer by an electrical insulator.

The active portion of the device was fabricated as follows (detailed description in
the experimental section): the shrinkable substrates (PSPS) were masked with self-adhesive

vinyl (Figure 4.1(a), i-ii), the meandering design with minimum feature size of 200 um was
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cut into the vinyl film (Figure 4.1(a), iii), a copper layer was sputtered onto the masked
substrate and the vinyl mask was removed to obtain the meandering design (Figure 4.1(a),
iv-v), and finally the copper-coated substrates were heated (Figure 4.1(a), vi). Heating the
PSPS above its glass transition temperature (100 °C) causes it to laterally shrink to
40% of its original size, and the resultant stress causes the sputtered copper film to
wrinkle while maintaining its meandering pattern.[97], [160]In this study, we
exploited the thermal shrinking process to miniaturize the device foot print (width
and inter-electrode spacing)[97], [110] and introduce micro/nanoscale wrinkles in
the micro-coil surfaces, enhancing the generated magnetic force due to existence of
higher magnetic field gradients close to the sharp and narrow regions of the
wrinkles.[29], [97]

Following the fabrication of the active portion of the device, a photoresist layer was
deposited (Figure 4.1(a), vii) to electrically isolate the active and passive layers and the
active layer and the sample solution. Following this step, the passive layer was fabricated
as follows: a second patterned vinyl mask was placed on the insulator layer and was used
to define the area for depositing a seed layer (Figure 4.1(a), viii), a seed layer was used for
defining a conductive base for electrodepositing the ferromagnetic layer (Figure 4.1(a), ix-
X). A third vinyl mask was placed on the substrate to create a template for permalloy
electrodeposition (Figure 4.1(a), xi), and finally a permalloy layer was electrodeposited
(Figure 4.1(a), xii).[97], [161], [162], [164] The permalloy composition was investigated
using energy-dispersive X-ray spectroscopy. The electrodeposited permalloy was

composed of 85% nickel and 15% iron, which is in line with previous studies.[157], [161]
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The saturation magnetization, relative permeability, and coercivity of the electroplated
permalloy were measured previously using superconductive quantum interference device
(SQUID) magnetometer to be 1150 emu/cm?3, 4000, and 192 A/m respectively.[97] The
edges of the patterned permalloy layer was designed to be aligned to the inner sides of the
semi-loops in the copper meandering layer in order to create higher magnetic field gradients
and stronger magnetic forces.[97] A photograph of the fabricated active/passive device

used in this work is presented in Figure 4.1(b).

4.4.2 Simulation of the magnetic force and comparison with the experimental data

To investigate the effect of the magnetic force exerted on a single 2.8 um MP at
different distances from the permalloy edge, a 3D model was created in COMSOL
Multiphysics considering one period of the meandering design (Figure 4.2(a)). One period
of the micro-coil was simulated in order to reduce the computational time and complexity.
A top view of the simulated device is displayed in Figure 4.2(a) with the inset showing the
MPs positioned at 5.5 um (near) and 55.5 um (far) away from the edge of permalloy. This
simulation enabled us to compute the magnetic force and the resultant terminal velocity
exerted on the MPs suspended in a static solution at an applied current of 30 mA. Equation
(1), derived from Maxwell tensor equation, was employed to numerically calculate the

magnetic force:[43], [97], [108], [110]

F, = ~X(BV)B (1)

Ho
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where Fr is the magnetic force experienced by each MP, and V, Ay, Ho, B and VB are the

MP volume, relative magnetic susceptibility, permeability of free space, magnetic flux

density, and field gradient respectively.
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Figure 4.2 3D simulation of magnetic flux density (|B|) and magnetic force (|Fm[) with the
application of a 30-mA current. (a) 3D (top) and top view (bottom) schematic of the device
with the inset showing the MPs placed 5.5 and 55.5 um away from the permalloy edge. (b)
Heat maps demonstrating the spatial distribution of |B|(top) and |Fm|(bottom) at the surface
of the permalloy layer. (c) 2D plot of the spatial distribution of magnetic force exerted on
magnetic particles positioned on the SU8 layer. The white circles represent the MPs and
their numbers represent the ones in the scattered 1D graphs. (d) 1D graph of the magnetic
force (|[Fm_xy|) applied to the 10 MPs depicted in Fig. 2(c) (MP #1-10) are placed at the
SU8 surface as they move along the Y-axis towards permalloy. (e) 1D graph of the
magnetic force (|Fm_xy|) exerted on the 10 MPs of Fig. 2(c) positioned at the permalloy edge
(y = 0) at different heights. Z = 0 represents the case where the MPs are placed on the SU8
layer with their centers 1.4 pm above the SUS surface.
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The spatial distribution of magnetic flux density and its effect on the generated
magnetic force were investigated at the device surface (Figure 4.2(b)). It is evident
from Figure 4.2(b) and eqgn (1) that Fn is directly proportional to B. In addition, both
B and Fm decay rapidly as we move away from the permalloy edge. In order to
demonstrate this point more clearly, we investigated the spatial distribution of the
magnetic force in the XY plane (|Fm_xy|) at different heights (Figure 4.2(c)—(e)). Fig.
4.2(d) demonstrates the magnetic force exerted on 10 MPs located on the SU8 layer
at different positions on the X-axis, as they move along Y-axis towards the permalloy
edge. Figure 4.2(e) demonstrates the magnetic force (|Fm xy|) applied to 10 MPs
located at the edge of the permalloy (y = 0) at different positions on the X-axis at
different heights. It is evident that a higher magnetic force is generated closer to the
edge of the permalloy, which decays rapidly as we move away from the edge in the
Y or Z direction. It should be noted that the magnitude of the magnetic force exerted
on the MPs positioned at different X positions were different. For example, at the
edge of the permalloy (y =0, z = 0), MP #5 experience a magnetic force of ~4.7 pN
while MP #10 experiences a magnetic force of ~0.5 pN. This behaviour is due to the
non-homogeneity of magnetic flux density and field gradients along the permalloy
layer in the X-direction.

Our goal was to use the simulation results discussed above to calculate the terminal
velocity of the MPs inside a static solution. At equilibrium, the forces that are acting on a

single MP suspended in a static solution in the XY plane are Fm xy and the viscous drag
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force (Fd_xy) opposing the magnetic force. For a spherical particle, the viscous drag force
is given by Equation (2):[43], [144]

Fd_xy = 6717’]1" (qu— ny) fd (2)
where 7, I, Uxy, Vxy, and fq are the medium viscosity, particle radius, fluid velocity, particle

velocity, and drag coefficient respectively.[145] Applying Newton’s second law, the

particle terminal velocity in the XY plane is calculated using Equation (3):[144]

V.= Py u 3)

N emnf,
Applying equation (3) and assuming the solution is stationary (uxy = 0), the mean average
terminal velocities of the near and far particles were calculated to be 5.4 + 3.0 um/s and
0.0010 + 0.0003 pum/s respectively.

In order to understand the mechanism of transport of near and far MPs, and to
determine whether other forces beyond magnetic and drag forces play a significant role in
particle transport, we designed an experiment to monitor the movement of MPs in real-
time. An aqueous solution of MPs was placed inside a covered reservoir bonded to the
device, and a 30 mA DC current was applied to the electromagnet for 20 minutes. It was
observed that MPs were attracted from distances larger than 100 um and captured at the
edge of the permalloy structures after applying the current (see the Supplementary
Multimedia files). Figure 4.3(a) displays the position of MPs at time zero (before turning
the current ON) and 20 minutes after the current was applied. The MPs were immobilized
on the permalloy edge due to high field gradients in these regions[97]. The experimental
terminal velocities of MPs were calculated by dividing the distance and duration of their

travel. As shown in Figure 4.3(b), the mean average velocity (vxy) of the near particles was
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4.0 £ 2.0 (um/s), which is in the same order of the magnitude as the simulation results (5.4
+ 3.0 um/s). More interestingly, the far MPs were driven toward the electromagnet with
the mean average terminal velocity of 0.26 + 0.06 (um/s), which is two orders of magnitude
larger than the simulation results (0.0010 + 0.0003). These results demonstrate that the
magnetic force dominates the attraction of the near MPs, while additional forces are

considerable in driving the far MPs.
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Figure 4.3 Experimental study of the motion of MPs and PS particles in the reservoir
featuring the micro-electromagnet. (a) and (c) Display the optical microscopy images of
the device before and after applying a DC current of 30 mA for 20 min for MPs and PS
particles respectively. The scale bar represents 50 um. The insets display the edge of
permalloy before and after applying the current. The MPs were trapped on the edge of the
permalloy while PS beads were not captured. (b) and (d) Show the mean average terminal
velocities of MPs and PS particles respectively. The error bars represent standard deviation.

°o

In order to understand the underlying reason for the deviation between the
simulation and experimental results obtained for the terminal velocity of the far MPs,
we designed an experiment where MPs were replaced with uncharged non-magnetic

PS particles with an average diameter of 2.6 um. Through these experiments, it was
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observed that, similar to the MPs, the PS particles were initially stationary and began
moving toward the electromagnet after applying the electrical current (see the
Supplementary Multimedia files). However, there was one major difference between
the interactions of these two types of particles with the electromagnet: unlike the
MPs, the PS particles did not get immobilized at the edge of permalloy layer (Figure
4.3(c)). In addition, the mean average terminal velocity of PS particles was similar
for near (0.66 £ 0.13 pm/s) and far (0.60 + 0.12 um/s) particles (Figure 4.3(d)),
indicating that unlike MPs, PS particles did not experience larger forces as they
became closer to the permalloy edge. The movement of PS particles under an applied
current indicates that other forces are playing a significant role in moving the
particles in the designed system. As a control experiment, the movement of MPs and
PS particles were monitored when no current was applied (see the supplementary
multimedia files). With the current off, the particles demonstrated a non-directional
zig-zag motion, which indicates that the transport and/or capture of the particles are
indeed current-controlled.

Heat driven fluidic flow[44], [179] and electrophoretic particle movement[173]
have both been exploited in microfluidic systems for generating flow and manipulating
particles. Since the PS particles are not designed to have a functional layer with a surface
charge, and their movement direction does not change by varying the direction of the
current (data not shown), we expect the influence of electrostatic forces to be negligible in

particle manipulation. However, the generation of fluid movement as a result of the Joule
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heating induced in this system is a plausible hypothesis, which we will further investigate

with the aid of modelling and experimental studies.

4.4.3 Investigation of heat-driven fluidic flow

We hypothesized that the natural advection caused by Joule heating could be
responsible for the transport of far MPs and PS particles.[45] In order to investigate this, a
3D multi-physics model was created to simulate the fluid flow caused by convective heat
transfer in the fluid. The model involved two physics interfaces: the laminar flow for single-
phase fluid flow and the heat transfer in fluids. The pressure (p) and velocity fields (u) were
solved using Navier—Stokes equations, while the temperature (T) was computed through
the heat equation. The equations were coupled in both directions:

ou . = 2
{p ~ tp - Vu=-Vp+nV-u+F, @)

V-u=0
where p is the fluid density and Fy, is the buoyancy force. Since the model was solved in
the steady state, the first term of the eqn (4) (6u/ox) is set to zero. The buoyancy force (Fb),

responsible for lifting the fluid, was calculated as:

Fb = gpa (T' Tin) (5)

where g and o are the gravitational acceleration and coefficient of thermal expansion (1.8
x 10 K1 for water),[180] respectively. Tin is the steady state temperature of the portion of
the fluid 1 mm away from the edge of the permalloy, which was experimentally measured
using an infrared camera to be 18.5+ 3.0 °C. The heat equation, accounting for convective

heat transfer in the fluid, was utilized to calculate the temperature throughout the fluid (T):
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pC, %,T +V - (KVT + pC,Tu) = Q (6)

where C, and k are the heat capacity at constant pressure and thermal conductivity of the
fluid respectively, and Q represents the heat flux. Two boundary conditions, Tin = 18.5
3.0 °C and Theat = 24.8 = 1.0 °C, were assigned as the fluid temperature 1 mm away from
the permalloy edge and at the permalloy edge respectively. These values were recorded
experimentally using an infrared camera. We assumed the temperature did not change with
time, setting the first term (07/0¢) to zero. To explain the heat transfer through the PS
substrate, we used a variant of the heat equation that describes the in-plane heat flux in the
layer:

—n - (—kVT) = dsQs — V- (—dsksVT) (7
where ds is the substrate thickness, Qs (W/m?®) represents the internal heat source within the
substrate, and ks is the PS thermal conductivity at constant pressure (0.033 W/mK).

The result of the coupled thermal-fluidic model is shown in Figure 4.4. Due to
symmetry, only a portion of the reservoir fluid, containing one half of a single (out of four)
permalloy structure up to 1 mm away from the edge of the permalloy, was simulated to
reduce the computational time and complexity. Figure 4.4 demonstrates a temperature
difference of ~6.3 °C between the colder (1 mm from the permalloy edge) and warmer (at
the permalloy edge) areas in steady state. In order to stay in equilibrium, the colder fluid
needs to replace the warmer fluid continuously within the reservoir. The direction of the
fluid velocity fields is shown using arrows in Figure 4.4, with the size of the arrows
proportional to their magnitudes. Figure 4.4(a) demonstrates a 3D view of the fluid being

forced to move from colder to warmer areas, generating a laminar flow. Figure 4.4(b) shows
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the top view of the device surface and the motion of the fluid toward the electromagnet,
which is in agreement with our experimental results. This can be justified by the
temperature differences generated within the fluid as a result of current-induced Joule
heating and poor thermal conductivity of the substrate (polystyrene), providing an
explanation of the underlying mechanism behind the attraction of far MPs and PS particles
towards the micro-electromagnet. It should be noted that the capture of MPs at the
permalloy edge requires the cooperation of thermal and magnetic forces to drive and

capture the MPs respectively.
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Figure 4.4 3D model of the coupled thermal-fluidic simulation within the reservoir. (a) 3D
view and (b) 2D view of the reservoir and showing the fluid field velocities on the device
surface using the arrows. In both (a) and (b) the color map indicates temperature
distribution of the fluid on top of the device up to 1 mm away from the permalloy, and the
arrows represent fluid velocity fields, where the size of each arrow is proportional to the
magnitude of the fluid velocity in that region.

To further investigate the effect of heat-driven transport of particles, micro-
electromagnets with identical footprints were fabricated on silicon substrates using
photolithography, and an identical experimental setup was used to test these devices with
MP and PS particles. The silicon wafers used were significantly thinner (360 um) and more
thermally conductive (1.3 W cm™ °C™1) compared to the shrunk polystyrene substrates

used in this work, which was designed to decrease the temperature gradient induced as a
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result of Joule heating. After applying the current of 30 mA to silicon devices, the PS
particles remained stationary (see the supplementary multimedia files), whereas near MPs
were captured at the device edge (see the supplementary multimedia files), further
suggesting that natural advection was responsible for the attraction of non-magnetic

particles.

45  Conclusions

We developed an active/passive on-chip electromagnet using rapid prototyping to
investigate the thermal and magnetic forces exerted on micro-scale particles inside chip-
based reservoirs integrated with miniaturized electromagnets. By measuring the terminal
velocities of magnetic particles in this system, we observed that while the terminal
velocities of the particles positioned near the electromagnet (~5 um) were close to those
predicted by multi-physics simulations, the particles positioned far from the electromagnet
(~50 um) moved with a terminal velocity that was about two orders of magnitude larger
than predicted by simulation. We further measured the terminal velocities of non-magnetic
particles and observed that their movement was also modulated by the applied current, and
their terminal velocity was in the same order as the far magnetic particles. We hypothesized
that thermal advection caused by the Joule heating of the electromagnet and the poor
thermal conductivity of the device substrate was responsible for the movement of far
magnetic and non-magnetic particles. To validate this hypothesis, we performed thermal-
fluidic modelling and simulations, which confirmed the presence of advection-based fluidic
flow in the system considering the measured temperature differences in the reservoir.

Additional experiments using substrates that allowed enhanced heat dissipation, further
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confirmed this hypothesis. The conclusions presented here demonstrate that thermally-
generated fluidic flow can be combined with magnetic forces to thermally collect and
magnetically capture magnetic particles at a low applied current (30 mA) from locations
tens of microns away from the device as opposed to only a few microns in the case of solely
relying on magnetic forces. This strategy is applicable for integration into biosensing
systems, where passive transport of analytes and particles through diffusion is the limiting
factor for reaching application-specific response time and limit-of-detection. In addition,
we expect these devices to find applications in systems where biomolecules or cells need
to be sorted, extracted, and/or enriched. These applications include the sorting and
enrichment of circulating tumor cells,[20] extraction of analytes such as nucleic acids inside

high background media (e.g. blood),[181] and magnetic bead-based immunoassays.[182]
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S1-PS device with MPs: A 20 uL drop containing 2.8 pm magnetic particles was placed on
a benchtop fabricated device having a polystyrene substrate, and a current of 30 mA was
applied. The experiment was conducted under an optical microscope equipped with a
scientific camera to record and monitor the motion of the particles in real-time. The video
was expedited after recording by 32 times.

S2-PS device with PS particles: A 20 puL drop containing 2.6 pm non-magnetic polystyrene
particles was placed on a benchtop fabricated device having a polystyrene substrate, and a
current of 30 mA was applied. The experiment was conducted under an optical microscope
equipped with a scientific camera to record and monitor the motion of the particles in real-
time. The video was expedited after recording by 32 times.

S3-Silicon device with MPs: A 20 pL drop containing 2.8 um magnetic particles was placed
on a lithographically-fabricated device having a silicon substrate, and a current of 30 mA
was applied. The experiment was conducted under an optical microscope equipped with a
scientific camera to record and monitor the motion of the particles in real-time. The video
was expedited after recording by 32 times.

S4-Silicon device with PS particles: A 20 pL drop containing 2.6 pm non-magnetic
polystyrene particles was placed on a lithographically-fabricated device having a silicon
substrate, and a current of 30 mA was applied. The experiment was conducted under an
optical microscope equipped with a scientific camera to record and monitor the motion of
the particles in real-time. The video was expedited after recording by 32 times.

S5-PS device with MPs-no applied current: A 20 uL drop containing 2.8 um magnetic

particles was placed on a benchtop fabricated device having a polystyrene substrate, and
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no electrical current was applied. The experiment was conducted under an optical
microscope equipped with a scientific camera to record and monitor the motion of the
particles in real-time. The video was expedited after recording by 32 times.

S6-PS device with PS particles-no applied current: A 20 puL drop containing 2.6 um non-
magnetic polystyrene particles was placed on a benchtop fabricated device having a
polystyrene substrate, and no electrical current was applied. The experiment was conducted
under an optical microscope equipped with a scientific camera to record and monitor the

motion of the particles in real-time. The video was expedited after recording by 32 times.
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Chapter 5 Separation of Magnetically Labeled Baker’s Yeast Cells
through a Straight Microchannel using Benchtop Fabricated Micro-
Electromagnets

Chapter Introduction (Objective C)

Capture and release of magnetically-labelled cells in a continuous flow is usually
performed to either debulk heterogeneous cell populations[183] or separate target cells
from biological fluids.[184] This chapter focuses on integrating the developed benchtop-
fabricated active-passive magnetic device (chapter 3 and 4) with microfluidic channels to
capture and release magnetically-labelled yeast cells under a continuous flow with an
applied current of 30 mA. The active-passive device is composed of a permalloy strip
coupled with a current-controlled micro-electromagnet. The electrodeposited permalloy
layer, with high relative permeability, becomes magnetised when current passes through
the micro-coil, and captures MPs-yeast complexes flowing in a direction perpendicular to
the permalloy length. Due to the low magnetic coercivity of the permalloy structure, it
becomes demagnetised when the current is OFF, and releases the MPs-yeasts in continuous
flow. This study indicates the possibility of using these platforms for separation of rare
cells such as CTCs by incubating cell suspensions with MPs, coated with specific
antibodies that target epithelial or endothelial cells;[184] the magnetically labelled cells can

be captured and released using the prototyped active-passive device.

Authors: Amin Hosseini and Leyla Soleymani

Publication: To be submitted in 2019
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51 Abstract

On-chip cell separation is a crucial step of LOC devices. Magnetophoretic cell sorting in a
continuous flow offers many advantages over marker-free and affinity-based separation
techniques including the availability of MPs with various coatings and sizes,
biocompatibility, high throughput, and integrability. The required magnetic force to
separate magnetically tagged cells can be generated using permanent magnets, magnetized
ferromagnetic micro/nano-structures (passive), micro-electromagnets (active), or a
combination of these magnetic sources (active-passive). Here we combine active and
passive devices, by coupling micro-electromagnets with ferromagnetic materials—to
generate a sufficient magnetic force to tarp labelled cells in a free-flow with a relatively
low current, while the captured cells can be easily released by turning off the current. We
integrate the previously developed benchtop-fabricated active-passive magnetic device
with microfluidic channel to capture and release magnetically labelled yeast cells in a

continuous flow with an applied current of 30 mA.

5.2 Introduction

In many diagnostic laboratories, a primary step in sample preparation is the
separation and enrichment of rare cells from a heterogenous sample (e.g. blood).[185] On-
chip microfluidic bio-separation platforms have shown great promise in sorting and
concentrating rare cells, due to many advantages including their miniaturized dimensions,
small sample and reagent volume requirements, low cost, portability, and rapid sample-to-

response time.[22], [186] On-chip cell separation mechanisms function based on the
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distinguishing physical properties of cells or their carriers. Some of these physical criteria
include size,[52] motility,[53] hydrodynamic,[22] electric charge,[54] electric dipole
moment,[55] optical,[56] and magnetic properties.[43] Magnetophoretic cell separation has
been demonstrated by employing permanent magnets,[187] ferromagnetic micro/nano-
structures  (passive devices),[27] current-carrying micro-electromagnets  (active
devices),[188] or a combination of these systems (active-passive devices)[189] to apply a
force on magnetically labelled cells,[21] magnetically responsive cells,[184] or cells
suspended in ferrofluid.[190] In the case of MP-based cell isolation, biomolecules on cell
surfaces have been exploited to create binding events between cells and superparamagnetic
particles.[183] Magnetic separation has some unique merits over other techniques. Since
the magnetic field is applied externally, it can easily be removed, and thus this method can
be used to capture and release target cells. Also, due to mild and non-destructive nature of
the magnetic separation, this method can sustain cell viability for further analysis. In
addition, the magnetic force is independent of surface charges, ionic strength, and pH of
the sample solution. Furthermore, separation of magnetically labelled cells in a continuous
flow enhances the device throughput and make it possible to integrate the system with other
components of a lab-on-a-chip (LOC) systems.[78]

The idea of free-flow magnetic cell sorting (MACS) using permanent magnets was
first developed by Miltenyi et al.[21] Due to advancements in microfabrication
technologies, researchers have been able to miniaturize MACS systems into a single
microchip to separate magnetically-tagged cells from unbound cells in a continuous

flow.[191] Besant et al. developed a microfluidic separation platform for trapping
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magnetically tagged cancer cells by locally reducing the linear velocities of the labelled
cells using velocity valleys. These velocity valleys are composed of multiple X-shaped
micro-barriers within the microchannels to momentarily slow down the movement of cells
through the channel and capture the magnetically tagged cells using an array of permanent
magnets.[187], [192] It has been shown that miniaturized magnetic materials can generate
regions of high magnetic field gradient, which enhance the magnetic force acting on
suspended magnetic objects.[27]-[30] Using this idea, researchers integrate
microfabricated ferromagnetic structures, such as nickel or permalloy, with microfluidic
channels to magnetically separate cells.[27] Adams et al. integrated arrays of
micropatterned nickel structures into a microfluidic device to develop a multiplexed cell
separation system. In this design, the dependence of the magnetic force on the volume of
the MPs is exploited to capture cells tagged with larger or smaller MPs in separate zones.
[193] Even though these passive devices are simple to operate, they have limitations such
as reliance on permanent magnets and complexities involved in automation and integration
into LOC systems.

Current-carrying micro-conductors also generate localized magnetic field gradients
when electric currents flow through them.[109] Lee et al. implemented a miniaturized
integrated circuit chip comprising a matrix of spiral-shaped micro-electromagnets, current
sources and control electronic components; the chip was able to manipulate each
magnetically tagged cell individually with high spatial resolution.[188] Although active
devices are applicable for integration into LOC devices, the magnitude of the generated

magnetic force is only effective on the surface of the device. One way to enhance the
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magnetic force beyond the device surface is to increase the applied current.[110] However,
increasing the applied current presents a trade-off between increasing the magnetic force
and the amount of Joule heating. Combining current-carrying micro-electromagnets with
ferromagnetic materials on a single chip (active-passive devices) can potentially enhance
the magnetic force at a relatively low current (e.g. 30 mA). Ferromagnetic materials, with
high relative permeability, behave as magnetic flux guides to concentrate magnetic field
lines (generated by micro-coils) to narrow and sharp regions of the ferromagnetic structures
(e.g. the edges), creating regions of high magnetic flux densities and gradients, and thus
increasing the magnetic force. Song et al. combined the active and passive magnetic
elements to develop a multilayer magnetic cell sorting device, composed of six spiral
micro-coils semi-embedded in an electrodeposited nickel structure. This microfluidic
magnetic sorting device offers a separation efficiency of up to 95.3%, under flow rate of 5
pl/min. Despite of the its high sorting efficacy, this device requires a relatively large current
to function (0.5-1.5 A). To avoid a thermal breakdown as a result of Joule heating, they
integrated a microfluidic cooling system into the device. The device was fabricated on a
silicon wafer using standard techniques such as photolithography, lift-off, and
electroplating.[117]

Previously, we employed the heat shrinking principle to fabricate a low-powered
miniaturized active-passive magnetic separation device using simple, low-cost, rapid, and
benchtop prototyping techniques.[97], [171] In this paper, we successfully integrated the
device with polydimethylsiloxane (PDMS)-based microchannel and were able to capture

magnetically labelled yeast cells under flow rate of 1 pl/min with an applied current of 30
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mA. Such a low-current of operation is achieved through addition of micro/nano-wrinkled
structures onto the surface of the current-carrying micro-electromagnet, which generates
region of high magnetic field gradients. Moreover, integration of the micro/nano-structured
electromagnet with a permalloy (NisoFexo) layer (with relative permeability of ~ 4000)
results in rapid magnetization of the permalloy as the current passes through the
micro/nano-textured conductor. The permalloy layer concentrates the magnetic field lines
to its edges and creates regions of high magnetic flux densities and field gradients, where
magnetically tagged cells are captured.[97] Due to the small operational current and free-
flow of MPs-yeast suspension through the channel, no cooling system was required for heat

dissipation.

5.3  Experimental
5.3.1 Yeast Cells Preparation and Modification with Magnetic Particles

The experiments were implemented by suspending 1.6 mg/ml of Fleischmann’s
traditional active dry yeast, also known as Saccharomyces cerevisiae yeast cells
(Fleischmann's, Mississauga, Ontario), in 50 ml of 1X PBS (phosphate buffered saline)
solution containing 1.6 mg/ml of tris(hydroxymethyl)aminomethane. pH of the buffer was
adjusted to ~7.4 using 2 M of hydrochloric acid. The suspension was incubated for one
hour at 30°C.

Meanwhile, 1.05 pum Dynaebeads MyOne Carboxylic Acid MPs (Invitrogen
Corporation, Burlington, Ontario) were activated using Concanavalin-A (Sigma-Aldrich,
Saint Louise, Missouri), a protein from lectin family that binds to sugar molecules (a-D-

mannose) on the yeast cell’s surface,[194] according to the following procedure: 30 pl of
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MyOne MPs stock solution (10 mg/ml) was washed twice with 0.01 M sodium hydroxide
(NaOH) and three times with Milli-Q water at room temperature. All the washing steps
mentioned in this section include centrifugation for 4 minutes at 13K rpm followed by
removing the supernatant using an external magnet and resuspending the MPs/MPs-yeast
cells in a fresh buffer. Meantime, 20 mg/ml solution of EDC (N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide) was prepared in cold (~ 4 °C) 25 mM MES (2-(N-morpholino)
ethanesulfonic acid) buffer with pH of 6 (pH of 25 mM MES was adjusted using 2 M of
NaOH). The prepared EDC solution was then added to the MPs solution and vortexed for
30 minutes at room temperature. After that the supernatant was removed using an external
magnet and the MPs were washed once with Milli-Q water and twice with the cold 25 mM
MES buffer with pH of 6. Shortly after that 1.8 mg of Concanavalin-A was dissolved in 1
ml of the cold 25 mM MES (pH ~ 6), then incubated and gently agitated with the MPs for
two hours at room temperature. Subsequently, the functionalized MPs were washed with
1X PBS buffer (pH ~ 7.4) containing 0.05% Tween-20 (BioShop, Burlington,
Ontario).[195]

Finally, 500 pl of the prepared yeast cell suspension was mixed and incubated with
the Concanavalin-A labeled MPs for at least 20 minutes at room temperature on an orbital
shaker at 350 rpm. After that, the suspension was washed three times with 1X PBS buffer
to filter out the unbound yeast cells.[195] Prior to experiments, the MPs-yeast solution was

diluted 10 times with 1X PBS buffer containing 1% Tween-20.
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5.3.2 Fabrication and Integration of the Micro-electromagnet and Microfluidic Channel
The fabrication process of the micro-electromagnet is shown in Figure 5.1. First, 55
x 55 mm? pre-strained polystyrene (PSPS) sheets (Graphix Shrink Film, Graphix, Maple
Heights, Ohio) were cleaned by shaking the films for 10 minutes in isopropanol and Milli-
Q water, and dried with clean dry air (Figure 5.1, i). Next, self-adhesive vinyl sheets (FDC
4304 Easy Removable sign vinyl, BDF, Graphics, Toronto, Ontario) were laid and flatten
on the PSPS using a hand roller (Figure 5.1, ii). The mesh-shaped meandering design of
the micro-electromagnet with minimum feature size of 200 pum was patterned into the
attached self-adhesive vinyl using the Robo Pro CE5000-40-CRP cutter (Graphtec America
Inc., Irvine, California) (Figure 5.1, iii). A copper thin film (100 nm) was sputtered onto
the masked PSPS from 99.999% purity copper target (Kurt J. Lesker Company, Concord,
Ontario) using a Torr Compact Research Coater CRC-600 manual planar magnetron DC
sputtering system (Torr International Inc., New Windsor, New York) (Figure 5.1, iv). After
peeling off the vinyl masks the macro-scaled meandering electromagnet was obtained
(Figure 5.1, v). The meandering copper-coated substrates were placed on a pre-heated (160
°C) flat aluminum block inside an oven (BINDER, GENEQ Inc., Tuttlingen, Germany),
heat treated and shrunk for 3 minutes (Figure 5.1, vi). After shrinking, the contact pads
were covered using scotch tapes and the devices were rinsed with ethanol and Milli-Q
water, dried with nitrogen stream, and placed on a hotplate at 60 °C for 30 minutes. After
cooling down the device to the room temperature, the negative photoresist SU-8 2007
(MicroChem, Newton, Massachusetts) was spun on the device surface at 1000 rpm for 30

seconds. The devices were soft baked at 95 °C for three minutes, and then UV light exposed
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with dosage of 140 mJ/cm?. The devices were post exposure baked for 20 minutes at 95
°C. Next, second SU-8 2007 layer was spun at 2500 rpm for 30 seconds, and soft baked at
95 °C for two minutes. The UV expose and thermal cross-linking of the SU-8 was done as
it was explained before. Following that, an adhesion promoter, Hexamethyldisilazane
(HMDS) (Technic, Cedex, France) was spun on top of the cured SU-8 at 3000 rpm for 30
seconds and soft baked for three minutes. After fabricating the insulating layer (SU-8), the
tapes covering the contact pads were carefully removed using tweezers (Figure 5.1, vii).
To fabricate the passive portion of the device, a rectangular shaped mask (2.28 x 18.16
mm?) was patterned on the self-adhesive vinyl using the craft cutter, peeled off, aligned,
and laid precisely on the device surface (Figure 5.1, viii). Next, 20 nm of gold was sputtered
onto the device surface creating a conductive patterned seed layer (Figure 5.1, ix-X). This
conductive seed layer defined the base for electroplating the permalloy layer. A new self-
adhesive vinyl mask with a rectangular window (2.28 x 0.61 mm?) was patterned, carefully
aligned with the underlaying seed layer, and laid on the device surface for permalloy
electrodeposition (Figure 5.1, xi). A thin (~ 1 um) permalloy layer was electroplated
through the window using a CHI660D electrochemical workstation (CH Instrument,
Austin, Texas) and a standard three-electrode set-up consists of an Ag/AgCl reference
electrode, a platinum mesh counter electrode, and the PS device as the working electrode
(Figure 5.1, xii). The electrolyte, used for the permalloy electrodeposition, contained 0.95
M nickel(l1) sulfate hexahydrate, 18 mM iron(ll) sulfate heptahydrate, 0.4 M boric acid,
4.87 mM sodium saccharin, and 0.35 mM sodium dodecyl sulfate (Sigma-Aldrich, St.

Louis, Missouri). The permalloy electroplating was performed at room temperature using
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chronopotentiometry technique with a constant current density of 5 mA/cm? for 470
seconds. After the plating, the vinyl mask was gently removed, the device surface was
rinsed with Milli-Q water and dried with clean dry air. Finally, A 50 nm of silicon dioxide

was sputtered on the patterned structures of the device as a protective layer (Figure 5.1,

Xiii).
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Figure 5.1 Top-and side-view schematic of the device fabrication process. All scale bars
represent 10 mm, except the scale bars in the insets which represent 200 pm (step v).

The micro-channel fabrication and integration process is shown in Figure 5.2.
PDMS micro-channels were fabricated from Sylgard 184 Silicon Elastomer Kit (Dow
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Corning Corporation, Midland, Michigan). The elastomer base and the curing agent were
fully mixed in 10:1 ratio, then degassed using a desiccator and a pump. To prepare the
mold, two sheets of self-adhesive vinyl were laid over a cleaned PSPS sheets and evenly
flattened with a hand roller (Figure 5.2, i-ii). The channel was designed in Adobe Illustrator,
patterned on top of the attached vinyl sheets using the craft cutter, and carefully peeled off
using tweezers (Figure 5.2, iii). The length, width, and height of the channel were designed
to be ~ 15.5, 1, and 0.2 mm respectively. The prototyped mold was immobilized inside a
Petri dish using double sided tape and the degassed PDMS mix was poured evenly on top
of the mold and cured inside a vacuum chamber at room temperature for > 24 hours (Figure
5.2, iv). After PDMS was cured, a ~ 1 mm hole was made at the inlet of the channel while
still sitting on the mold. Next, the cured PDMS was carefully cut out and lifted from the
mold using a razer blade, (Figure 5.2, v). To bond the channel and device together, the
cured PDMS bonding side along with the device surface were air plasma treated using
Harrick Plasma machine (Ithaca, New York) on HIGH RF setting, at the air flow of 30
sccm for 60 seconds. The treated device and PDMS channel surfaces were brought into
physical contact shortly after the plasma cleaning (Figure 5.2, vi). A 1 mm (OD) tube was

inserted into the 1 mm hole and secured using epoxy glue.
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Figure 5.2 Top-and side-view schematic of the channel fabrication and bonding process.
All scale bars represent 10 mm.

5.3.3 Experimental Setup for Separation of the Magnetically Labeled Yeast Cells

Prior to experiments, the channel was filled with 1% bovine serum albumin (BSA)
(Sigma Aldrich, Germany) mixed with 1% Triton X-100 (Sigma-Aldrich, Saint Louise,
Missouri), in 1X PBS (pH ~ 7) for 2 hours at room temperature. After treating the channel
walls and device surface with the blocking agents, the channel was flushed with the Milli-
Q water. Next, MPs-yeast cells suspension was injected into the channel using a syringe
pump at a constant flow rate of 1 pl/min. When the flow within the channel became stable,
we started recording the motion of magnetically tagged yeast cells for 10 minutes with the
current OFF, and subsequently for another 10 minutes with the current ON (30 mA). The
current was applied to the contact pads of the device using a power supply (Keithley
Instruments, Cleveland, Ohio). The entire experiment was conducted under an optical

microscope (Nikon, Mianto, Tokyo, Japan) equipped with a Retiga 2000R scientific camera
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(Q Imaging, Surrey, British Colombia) to record and monitor the flow of the MPs-yeast
cells in real time. Next, we turned off the current and washed off the captured magnetically
labelled yeasts by flowing Milli-Q water through the channel. The control experiment was
performed on the same device using unbound yeast cells in the same manner as explained

before.

5.4  Results and Discussion
5.4.1 Device Architecture

In order to effectively separate magnetically labeled yeast cells in a continuous
flow, the active-passive devices and PDMS channels were fabricated and integrated using
the previously explained benchtop methods.[171], [196] Figures 5.1 and 5.2 summarize the
fabrication steps. The devices were fabricated on square-shaped shrinkable PSPS sheets.
The active part of the device consists of a meandering current-carrying copper structure.
To miniaturize the device foot print (width and inter-electrode spacing) and generate the
desired micro/nano copper structures, the devices were heated above the glass transition
temperature of PSPS (100°C). This heat treatment results in lateral shrinkage of the device
to 40% of its original size, due to polymer chain relaxation, which causes the copper film
to crumple while keeping the meandering design intact.[97], [160] The induced
micro/nanoscale wrinkles on the surface of the micro-electromagnet enhance the generated
magnetic force due to existence of high magnetic field gradients in the vicinity of the
narrow and sharp regions of the wrinkles.[29], [97] The active part of the device is isolated
from the passive part (permalloy thin layer) using an insulating layer (SU-8). The thickness

of the SU-8 was previously measured to be ~25 um.[171] As the electric current passes
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through the meandering micro/nano-structured copper, it magnetizes the permalloy
layer.[159], [165], [178] The high relative permeability of the permalloy amplifies the
magnetic flux density, magnetic field gradients, and consequently the acting force on the
magnetically labelled yeast cells.[97] After permalloy electrodeposition,[97], [161], [162],
[164] a 50 nm of silicon dioxide was sputtered on the device surface to protect the
electrodeposited permalloy from direct physical contacts with the sample mixture, reduce
the non-specific adhesion of both MPs and yeasts to the device surface[195], and simplify
the bonding procedure between the PDMS channel and the device surface.

To effectively transport the magnetically labelled yeast cells toward the localized
magnetic field gradient hotspots, a PDMS fluidic system was designed, prototyped, and
bonded to the device surface. PDMS is extensively employed to fabricate the micro-
channels because of its benign mechanical/optical properties and its straightforward casting
using rapid prototyping.[197] Here, we used a benchtop fabrication method to create the
mold for creating fluidic channels into PDMS.[196] A plastic sheet masked with self-
adhesive vinyl was patterned using the craft cutter to define the fluidic channel. After
casting the PDMS layer onto the vinyl mold, curing it, and removing it from the mold, it
was plasma bonded to the silicon dioxide layer of the device and the system’s inlet and
outlet were defined. The channel was aligned with the device such that the flow direction
was perpendicular to the length of the permalloy edges (capturing site) as shown in the inset

of Figure 5.2 vi.
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5.4.2 Separation of magnetically-labeled yeast cells in a continuous flow device

To test the performance of the benchtop-fabricated microfluidic device, we
designed an experiment to capture magnetically-tagged yeasts in a continuous flow.
Saccharomyces cerevisiae Yyeast cell is a eukaryotic organism, which is used in
pharmaceutical and chemical industries in the areas of drug discovery[198] and chemical
production.[199] Each yeast cell was tagged with multiple MPs (Figure 5.3b-inset). Having
multiple MPs per cell is expected to enhance the magnetic force acting on the tagged cell.
Figure 5.3(a) displays the top and side views of the device. The solution containing the
MPs-yeasts complex was injected into the channel at a flow rate of 1 pl/min. For the first
10 minutes, no electric current was applied to the device and MPs-yeasts were freely
passing the capturing sites. Immediately after, a 30 mA DC current was applied to the
micro-electromagnet, which resulted in changing the trajectories of the magnetically
labeled cells and trapping them along the lengths of the permalloy (see the supplementary
multimedia files). After 10 minutes with current ON, a clear aggregation of MPs-yeasts
composite was observed on both sides of the permalloy (Figure 5.3b). This behaviour was
expected due to the high magnetic flux density and field gradient along the edges of the
permalloy.[97], [171] Moreover, gradual accumulation of MPs-yeasts along the edges of
the permalloy boosted the capturing rate due to summation of the magnetic moments.
Afterwards, we turned off the current and released the captured MPs-yeasts by applying a
flow of DI water into the channel. Due to superparamagnetic nature of MyOne beads, their
average magnetization returned to zero shortly after the external magnetic field was turned

off. The ability of releasing the cells after trapping them is particularly important for
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downstream biosensing and analysis.[187] For the control, the same experiment was
repeated but this time with unbound yeasts (Figure 5.3c). As it was expected, no yeast cells
were trapped. These results indicate that this microfluidic magnetic device can be used for
the applications that require capture and release of the target cells or biomolecules. Most
of the reported micro-electromagnetic devices require an additional cooling component to
control the effect of Joule heating, however the system reported here does not need the
cooling system due to the constant flow of the sample fluid and relatively low operational

current (30 mA).
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Figure 5.3 Capturing the magnetically tagged yeast cells in a continuous flow using the
benchtop fabricated micro-electromagnet. (a) schematic of the device. The insets are the
top and side view schematic of the device capture site. (b) and (c) display the optical
microscopy images of the device capture site before (time = 0) and after applying the
current (30 mA) for 10 minutes, while suspended magnetically labelled yeast cells (b) or
unbound yeast cells (c) were flown into the channel at the flow rate of 1 pl/min. The insets
are the zoomed-in images of yeast-MPs complex (b) and unbound yeast cells (c). The scale
bar represents 100 pm.

5.5 Conclusions

In summary, we effectively integrated the previously reported benchtop-fabricated

active-passive magnetic device with microfluidics to capture and release magnetically
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tagged yeast cells in a continuous flow with an applied current of 30 mA, while unlabeled
yeasts were freely flown through the channel without being trapped. The effect of Joule
heating was insignificant because of the relatively low current and continuous flow of the
sample buffer over the surface of the micro-electromagnet. For the next step, the optimum
throughput and capture efficiency of these devices will be determined. To improve the
throughput and capture efficiency of the device, we can decrease the height of the channel
to bring the flowing analytes closer to the capture sites. However, since the linear velocity
is increased by reducing the cross-section of the channel, the generated magnetic force may
not be large enough to immobilize the tagged cells. To compensate for that we envision to
integrate permalloy micro/nano-structures into the channel walls to enhance the capture
efficiency of the device. Although the obtained experimental results are preliminary, they
indicate the possibility of using these platforms for separation of rare cells such as CTCs.
One major challenge of working with body fluids is the non-specific adhesion of cells or
proteins to the device and channel surfaces. In the next chapter, we introduce a lubricant-
infused coating which decreases the non-specific adhesion of proteins or cells. This
lubricant-infused coating can potentially be applied to the magnetic device surfaces and

channel walls to prevent blockage of the microfluidic device.
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Chapter 6 Conductive Electrochemically Active Lubricant-Infused
Nanostructured Surfaces Attenuate Coagulation and Enable Friction-
Less Droplet Manipulation

Chapter Introduction (Objective D):

Separation of magnetically labelled cells from a heterogeneous biological sample
with high viscosity using the benchtop fabricated magnetic device, can be challenging due
to the non-specific adhesion and high magnetic force requirement. This chapter looks into
developing lubricant-infused slippery surfaces, which can solve these problems. The
principle of this slippery surfaces is based on locking biocompatible lubricants onto self-
assembled monolayers (SAMs) of hydrophobic fluorosilane. We create two classes of
fluorosilanized conductive wrinkled surfaces fabricated on PSPS substrates; one is used for
electrochemical measurements, and the other one contains an additional integrated
ferromagnetic (permalloy) structures for manipulation of magnetic microdroplets. PSPS
sheets were employed due to their shrinking property, which results in generation of
electrochemically active wrinkled metallic micro/nano structures. The slipperiness of these
surfaces is verified through sliding angle measurements (<5°) and manipulation of
superparamagnetic microdroplets. The electrochemical and charge transfer properties of
the fluorosilanized lubricant-infused gold surfaces are evaluated through cyclic
voltammetry (CV) and electrodeposition of palladium micro/nanostructures, respectively.
The obtained CV curves show the distinct redox signature of ruthenium hexamine complex
within the electrolyte solution. Successful electrochemical measurements and
electrodeposition of palladium through lubricant layers indicate the possibility of using

these surfaces for electrical sensing applications. The self-cleaning property of these
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surfaces is confirmed using a blood plasma coagulation assay. These modified surfaces can
be applied to LOC components such as microfluidics, magnetic separation, and biosensing
devices to reduce non-specific adhesion of unwanted analytes when dealing with complex

physiological samples.
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6.1  Abstract

Micro/nanostructured materials and lubricant-infused surfaces, both inspired from
structures found in nature, are ideally-suited for developing self-cleaning and high surface
area transducers for biosensing. These two classes of bio-inspired technologies are
integrated to develop lubricant-infused electrodes designed to reduce biofouling. Chemical
vapor deposition is used to create self-assembled monolayers of fluorosilane on gold-
modified pre-strained polystyrene substrates. After heat shrinking of the substrate, a
lubricant is applied to produce a lubricant-infused nanostructured gold wrinkled surface
with hydrophobic properties. These electrically conductive surfaces demonstrate high
water contact (~150°) and low sliding angles (<5°). Moreover, combining these surfaces
with passive magnetic actuators, enables the actuation of superparamagnetic microdroplets

in frictionless and open channel conditions without needing full droplet submersion in an
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immiscible fluid. The fabricated nanostructured surfaces resist protein adhesion in a human
plasma coagulation assay and significantly prolong clotting times and retain electrical
conductivity, which is essential for electrical sensing applications. The developed hybrid
interfaces are expected to have a wide range of applications in biosensing and biological

sample preparation involving complex clinical and environmental samples.

6.2 Introduction

Electrical sensors and transducers are essential components of a wide range of
biomedical systems such as point-of-care diagnostics, wearable/implantable sensors, lab-
on-a-chip, organs-on-chips, and various biosensing platforms, most of which are subject to
complex biological samples and prone to non-specific adhesion of biological matter (e.g.,
proteins, cells, etc.). Non-specific adhesion of undesired biospecies is associated with
complications such as blood clot formation, false positive diagnostic results, decreased
signal-to-noise ratios of sensors, and biofouling,[120], [201]-[209] and has complicated
the commercialization of biosensors and lab-on-chip devices.

Lubricant-infused coatings developed based on tethering biocompatible lubricants
onto self-assembled monolayers (SAMSs) of hydrophobic organosilanes have proven to be
highly effective for minimizing non-specific adhesion.[119], [120] These lubricant-infused
surfaces were first reported by Wong et al.,[121] where a lubricant layer was locked on the
surface using a combination of surface topography and chemical modification. Leslie et
al.[122] reported generating lubricant-infused surfaces solely based on chemical
modification with fluorine-based silanes, independent of surface topography. Since the

conception of these ideas, researchers have investigated different materials, strategies and
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applications for the fabrication and utilization of lubricant-infused surfaces. The typical
strategies involve: rendering a material hydrophobic through chemical coatings, inducing
micro/nano textures on low-surface-energy materials, or a combination of these
methods.[123] These strategies have proved to be compatible with several classes of
materials, including polymers,[121], [122], [210]-[212] wood,[213] silicon,[125], [214]-
[216] glass,[211], [217] metals[126], [218]-[223] and metal oxides.[125], [224], [225]
These surfaces have displayed exceptional self-cleaning and self-healing properties,[121],
[124], [226] with additional functionalities for practical applications, for example:
increased mobility for acoustic actuation[125] and electrowetting;[220], [225] enhancing
surface quality,[227] anti-corrosion,[126], [219] anti-icing,[215], [221], [228] enhanced
condensation,[229] as well as, anti-fouling implementations.[230]-[232] Furthermore,
these coatings significantly outperform the most widely-used FDA-approved surface
treatments, including heparin-coated surfaces, as well as a range of different hydrophilic
coatings developed to resist blood clot formation;[233] surpassing the performance of
poly(ethylene glycol) (PEG),[234] bovine serum albumin (BSA), and fetal bovine serum
(FBS), all of which have poor performance as coatings for preventing blood
coagulation.[235] Therefore, evidence from the scientific literature on the prevention of
nonspecific adhesion in complex environments suggests that lubricant-infused surfaces are
a viable option for adoption into interfaces used in biomedical devices.

In this paper, we introduce for the first time, lubricant-infused coatings applicable
to electrical sensing. Since surface topography plays an important role in locking the

lubricant layer, we predicted that conductive lubricant-infused surfaces based on
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micro/nanostructures would serve a dual purpose: they will enhance the electrode surface
area[236] and contribute to the hydrophobic properties of the surface. To better understand
the physical and electrical properties of micro/nanostructured electrodes with an integrated
liquid-infused coating, we used wrinkled gold electrodes created on shape memory polymer
substrates as the conductive layer. These electrodes were previously shown to have features
that were tunable in the micro/nanoscale,[237] and were used to enhance the signal-to-noise
ratio and sensitivity of biosensors.[160], [238]-[240] Using these wrinkled electrodes, we
developed conductive lubricant-infused nanostructured surfaces (henceforth referred to as
CLINS) and characterized their physical and chemical surface properties using X-ray
photoelectron spectroscopy (XPS), contact and sliding angle measurements, surface-based
magnetic droplet manipulation, and electrochemical methods. After confirming the
hydrophobicity, slippery and electrical conductivity of these surfaces, hemocompatibility
was assessed using human blood plasma. These studies demonstrated that CLINS
significantly attenuate non-specific protein adhesion and blood clot formation while
providing adequate charge transfer for electrochemical assays. With these properties, we
expect that CLINS will provide an innovative platform for settings where electrodes come
in direct contact with complex biological samples, such as, lab-on-chip and wearable

diagnostic devices.
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6.3  Results and Discussion
6.3.1 Fabrication of CLINS

A fabrication process was developed that integrates nanostructured metallic
surfaces with perfluorinated coatings. For this purpose, two different material architectures
were implemented on shape memory polymer substrates (Figure 6.1). The first combined
wrinkled gold films with perfluorinated coatings (Figure 6.1, left), whereas, the second
included an additional ferromagnetic layer (Figure 6.1, right). To achieve the first material
architecture, a 20 nm gold film was sputtered onto a pre-strained polystyrene (PSPS)
substrate, and both the structural and chemical properties of the gold film were modified in
order to engineer its slippery properties (high water contact angle ~150° and low sliding
angle <5°). First, chemical modification was performed by treating the samples with
oxygen plasma to activate the gold surface and enable its reaction with fluorosilane.
Chemical vapor deposition (CVD) was then employed to deposit a SAM of Trichloro
(1H,1H,2H,2H-perfluorooctyl) silane (TPFS) onto the gold surfaces for a minimum of 1
hour. Thereafter, the devices were heated at 60°C overnight to create covalent bonds
between the silane and the gold substrate. Subsequently, to generate the wrinkled
micro/nano-structured gold surfaces, fluorosilanized gold-coated PSPS films were heated
at 160 °C for three minutes. Heating PSPS above its glass transition temperature of 100 °C
laterally shrinks the substrate to about 40% of its original size and increases its thickness
over 6-fold due to polymer chain relaxation. The generated stress from shrinking causes
the thin gold film to crumple, thereby creating wrinkled micro/nano structures.[97], [160]

Previous scotch tape adhesion tests demonstrated that the wrinkled gold layer on
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polystyrene could not be removed after the shrinking and wrinkling process. In addition
cross sectional characterization using transmission electron microscopy (TEM)
demonstrated a conformal wrinkled interface between the polystyrene and gold.[236] After
the shrinking process, a biocompatible Ilubricant (perfluorodecalin (PFD) or
perflourorperhydrophenanthrene (PFPP)) was added to the substrate to create the CLINS.
The chemically-modified micro/nano-textured wrinkled gold film is expected to tether the
lubricant onto the surface, creating a slippery and non-sticky interface.[121] The choice of
lubricant was assessed based on the nature of each experiment, for example, for high droplet
mobility, a low viscosity lubricant is preferred (kinematic viscosity at 25° C; PFD 2.94 cSt,
PFPP 8.0 cSt).[214] On the other hand, for applications where long term stability is

required, more viscous lubricants with low vapor pressure are ideal.[223]
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Figure 6.1 Side-view schematic of the fabrication process used in creating the
conductive lubricant-infused nanostructured surfaces. The left column represents the
process flow for fabricating the conductive lubricant-infused nanostructured electrodes
with the SEM image showing wrinkled gold nanostructures. The right column displays
the fabrication process flow of the ferromagnetic conductive lubricant-infused
nanostructured electrodes with the SEM image showing wrinkled permalloy
microstructures. All scale bars represent 1 pum.

The second material architecture, which included a ferromagnetic top layer, was
implemented to examine the effect of CLINS on reducing interfacial friction in open
channel superparamagnetic droplet manipulation. In this architecture, a triangular
ferromagnetic permalloy layer was electrodeposited onto a masked planar gold surface
prior to chemical modification or substrate shrinking (Figure 6.1). Triangular-shaped

permalloy was chosen because magnetic field gradients were found to be enhanced at the
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tip of the triangle, resulting in the generation of magnetic forces for droplet
manipulation.[30], [241] The surfaces of the permalloy and gold layers were then
fluorinated as described above. Heat shrinking of the PSPS causes both the gold and the
permalloy layers to crumple, generating nano-sized wrinkles in the gold film and micro-
sized wrinkles in the thicker permalloy-coated film (Figure 6.1). This is in line with
previous reports that increasing film thickness increases the size of the wrinkles.[160],
[242] In addition, higher magnetic field gradients are expected at the sharp and narrow
edges of the wrinkles due to the concentrated magnetic field lines in these regions.[29]
Finally, the lubricant layer was added to the chemically-modified and wrinkled metallic
layers to create the CLINS substrates. Substrates of both architecture were then subjected

to magnetic droplet manipulation characterization studies.

6.3.2 Chemical and Surface Characterization of CLINS

Surface functionalization with silanes has been previously reported using liquid
phase deposition (LPD) or CVD.[123], [124], [223], [243]-[247] In this work, we chose
the CVD process because it generates a more uniform surface coatings, it has higher
effectiveness at coating the inner surfaces of porous materials such as nanowrinkles, and
uses a smaller solution volume compared with the LPD process.[247]-[250] To
characterize the chemical composition of the surface throughout the fabrication process and
validate the functionalization of wrinkled surfaces, the gold surfaces were investigated
using XPS (Figure 6.2a). Bare gold substrates demonstrated an abundance of gold (~38%
wrinkled, ~32% planar) and carbon (~53% wrinkled, ~54% planar atoms on the surface.

After treating the gold substrates with oxygen plasma, the spectra revealed a noticeable
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decrease in carbon content, as well as a two-fold increase in oxygen content, indicating
activation of the surface through the formation of oxygen-containing groups such as
hydroxyl groups. After fluorosilane deposition, the dominant atoms on the surface were
carbon (~32% wrinkled, ~35% planar) and fluorine (~56% wrinkled, ~53% planar). These
findings confirm a successful CVD process for generating SAMs of TPFS, which contain
long carbon chains with 13 fluorine atoms. Furthermore, the oxygen level is markedly
reduced following the silanization step, which validates the reaction between hydroxyl
groups and the fluorosilane. In addition, the results in Figure 6.2a display a comparable
chemical composition in the planar and wrinkled surfaces, indicating that coating the
surfaces prior to the wrinkling process did not affect the stability of the fluorosilane
monolayer upon heat treating the samples at 160 °C. In other words, the SAM of
fluorosilane remains stable on the gold surfaces following a high temperature annealing
step which could be due to the fact that silane based SAMS have a high thermal stability

(above 200 °C).[251]
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Figure 6.2 Surface characterization of CLINS. (a) Elemental analysis of the surface of
the device through x-ray photoelectron spectroscopy; using control, oxygen plasma
treated and fluorosilanized samples. (b) Water sliding angles for planar and wrinkled
surfaces; surfaces were tested bare, silanized only, lubricated only or silanized and
lubricated, using a 5 pl water droplet. (¢) Water contact angle values for planar and
wrinkled surfaces; surfaces were tested bare and after silanization using a 2 pl water
droplet. Significant levels are defined as: not significant ‘N.S.” p-value > 0.05;
significant “*’ p-value< 0.05; highly significant ‘**’ p-value<0.01; and very
significant “***’ p-value <0.001. (d) Timed video-frames for the superparamagnetic
micromicrodroplet manipulation (left); distance of superparamagnetic microdroplet
movement from triangular permalloy (right). Results in the right table were presented
by successful droplet acceleration (V) or unsuccessful pinning (x). All error bars
represent standard deviations.

We investigated the hydrophobic properties of CLINS using sliding and contact
angle measurements. The sliding angle results (Figure 6.2b) show that surfaces lacking a
lubricant layer present no droplet mobility (sliding angles above 90°) on both planar and

wrinkled devices. Furthermore, when we compared planar and wrinkled surfaces
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containing a lubricant layer but lacking fluorosilanization, the sliding angle was
significantly lower on wrinkled surfaces than on planar devices and were partially slippery
in character (sliding angles under 20° vs 90°). We suspect that this difference reflects
increased surface roughness as a result of wrinkling, which creates a physical barrier that
minimizes lubricant loss. Moreover, the peaks on the wrinkled surface may shield the
crevices, thereby allowing the macro-sized droplets to slide with minimal interaction with
the surface.[243], [252], [253] The hydrophobic characteristics were significantly enhanced
on all surfaces that were fluorosilanized. The sliding angle results in Figure 6.2b
demonstrated that CLINS (fluorosilanized and lubricated surfaces) exhibit excellent
slippery properties as evidence by sliding angles ranging from 1 to 5°. The XPS results
demonstrate that by adding the fluorosilane coating, the chemical properties closely
resemble those of the lubricant. Consequently, matching the surface energy of the surface
to the lubricant through fluorosilanization is expected to result in the tethering of the
lubricant to the surface. The average thickness of the lubricant layer on the gold surfaces
was determined based on the measured weight of the lubricant, its density, and the wetted
area. The estimated thicknesses of the lubricant were 52+4.6 um, 47£2.9 um, 45£3.7 um,
and 39+1.3 um for fluorosilanized wrinkled, wrinkled, silanized planar, and planar gold
surfaces, respectively. The thicker lubricant layer observed on the fluorosilanized wrinkled
gold surfaces indicates a higher chemical and physical affinity for the lubricant on these

surfaces.

Figure 6.2c displays the water contact angles of the fabricated surfaces. These

results show that creation of micro/nanoscale wrinkles significantly increases the contact
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angle from less than 90° to over 140°. Micro/nanostructured gold surfaces have previously
shown similar trends, whereby, a planar gold film displaying contact angles below 90°
(slightly hydrophilic) become hydrophobic upon wrinkling.[160] According to Wenzel’s
equations, the incorporation of surface roughness should enhance the surface wettability
properties (i.e. creating superhydrophilic surfaces from hydrophilic material).[254] We
hypothesis that the surfaces become hydrophobic due to air entrapment, resulting in a
Cassie-Baxter wetting profile.[255], [256] Another possibility is that the limit between
hydrophilic and hydrophobic is not 90° as expected by Young’ equations. Berg et al.
suggested that this limit lies around 65°, based on attraction-repulsion forces of physical
chemistry.[123], [257]

The previous results are in agreement with the sliding angles reported above,
whereby the creation of micro/nanostructured topographies increases the hydrophobicity
of the surface, aiding in the retention of the fluorocarbon lubricant while decreasing droplet
pinning. Additionally, coating the surfaces with SAMs of fluorosilane produces an even
higher contact angle compared with untreated surfaces, which is expected because
fluorocarbon compounds are highly hydrophobic.[258] In summary, these hydrophobic
traits produced by the creation of a nanostructured topography and chemical affinity
through the fluorosilanization process, both inhibited the aqueous solution from getting
pinned, while at the same time retained the hydrophobic lubricant layer. Furthermore,
similar observations are highlighted in the following section where droplets containing

magnetic particles were manipulated via a patterned permalloy layer on the CLINS.
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6.3.3 Magnetic Droplet Manipulation on CLINS

We characterized the developed surfaces by measuring their capacity to reduce the
interfacial friction involved in manipulating superparamagnetic droplets using magnetized
ferromagnetic structures. We hypothesized that magnetic droplet manipulation would be
more efficient with the CLINS compared with untreated surfaces. Moreover, we expected
that surfaces displaying low sliding angles would permit longer range droplet manipulation
because of reduced friction. This hypothesis was tested by actuating the magnetic droplets
at different distances from the tip of the triangular-shaped magnetized permalloy layer and
recording at which distances the magnetic field gradients applied sufficient attractive force
to slide the superparamagnetic droplets. We characterized the following gold surfaces: bare
planar, bare wrinkled, lubricated planar, lubricated wrinkled, silanized lubricated planar,
and silanized lubricated wrinkled surfaces. In all cases, a permanent magnet was employed
to magnetize the triangular-shaped permalloy structure, and to achieve magnetic actuation
of a 1 pL superparamagnetic droplet (2 x 10° mL™) positioned at different distances (3, 6,
and 9 mm) from the tip of the triangular-shaped permalloy (supplementary videos S1-S3).
Figure 6.2d presents the results of this magnetic droplet manipulation on various gold
surfaces. As expected, there was droplet pinning on the surface of both the bare planar and
wrinkled surfaces. Lubricated wrinkled surfaces that were not treated with fluorosilane
displayed partial slippery characteristics, depicted by attraction of the droplets only from
the nearest position (3 mm). This could be explained by the physical entrapment of the
lubricant, acting as an intermediate phase between the droplet and the gold

micro/nanotextured surface such that by filling the gaps within the wrinkles, the lubricant
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promotes sliding of the magnetic droplet toward the magnetized permalloy. Furthermore,
due to the lack of chemical affinity, the lubricant only partially adheres to the wrinkled gold
surface, exposing features of the wrinkles for the droplet to attach to, resulting in the
observed intermediate slippery behavior. Finally, gold-based CLINS provided slippery
characteristics by attracting droplets placed 9 mm away from the permalloy tip. The
magnetic droplet manipulation results are in line with the sliding angle results shown in
Figure 6.2b. These rapidly prototyped gold/permalloy material architectures can be further
utilized to design microchips for magnetic droplet manipulation, mixing and separation
(supplementary video S4).
6.3.4 Electrochemical Characterization of CLINS

The continuity and the resultant conductivity of the wrinkled gold surfaces were
verified previously by measuring the sheet resistance of the patterned gold films.[160] In
addition, the SEM image presented in Figure 6.3a-inset shows the side view of the
wrinkled gold structures, which are composed of continuous hills and valleys having
micrometer/sub-micrometer length scales. The electrochemical and charge transfer
properties of the gold surfaces were assessed to determine their suitability for use in
electrochemical applications. Cyclic voltammetry (CV) was used to compare the
electrochemical behavior of bare, fluorosilanized, lubricated, and fluorosilanized and
lubricated wrinkled gold surfaces (Figure 6.3a). The CV curves obtained from all four
classes of electrodes displayed the well-defined redox signature of ruthenium hexamine
complex present in the electrolyte solution. However, compared with bare wrinkled

surfaces, all of the treated surfaces exhibited lower redox peaks due to the blocking of
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electron transfer by fluorosilane SAMs and lubricant layers on the electrode surface.
Fluorosilanized wrinkled electrodes exhibited a ~27% decrease in the reduction peak, while
the fluorosilanized and lubricated electrode demonstrated a ~41% decrease in the reduction
peak compared with the bare gold electrodes. Interestingly, lubricated electrodes, with or
without the fluorosilane, displayed almost identical peak current values, indicating
comparable accessibility of the surfaces to the solution, and similar charge transfer
properties. The well-defined redox peaks after the addition of SAM and lubricant layers
suggests that CLINS can be effectively used in electrochemical applications. Effect of scan
rate on the peak currents was studied for bare and modified wrinkled electrodes (Figure
S6.1). For the bare wrinkled electrodes, the reduction peaks vary linearly with square root
of scan rate (Figure S6.1a). This linear behavior, however, was not observed in case of
treated wrinkled electrodes (Figure S6.1b). In addition, the stability of hydrophobic
slippery and electrochemical properties of the wrinkled fluorosilanized/lubricated gold
surfaces were examined by measuring the contact and sliding angles before and after 50
CV cycles. Figure S6.2 demonstrates the shape of the 1%, 101, 20", 30™", 40" and 50" CV
scans. The 10" CV cycle exhibited a ~24% increase in the reduction peak compared with
the first scan. The increase in the reduction peak becomes insignificant after the 10" scan;
The 20" and 50" CV scans show a ~29% and ~32% increase in the reduction peak in
compared with the first CV. The sliding and contact angles remained intact after the
vigorous electrochemical experiments, sliding angles <5 degrees (not shown), contact

angles ~150 degrees, displayed in Figure S6.3.
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Figure 6.3. Electrochemical characterization of CLINS. (a) A comparison of CVs for four
sets of electrodes: bare (black dashed line), fluorosilanized (blue dashed line), lubricated
(grey dashed line), and fluorosilanized and lubricated (solid red line) wrinkled gold
electrodes, obtained in a solution of 2 mM of ruthenium hexamine and 0.1 M of sodium
chloride. The CV scans were run at a scan rate of 100 mV s. The inset represents the
side-view SEM image of the wrinkled gold structures. The scale represents 1 um. (b) The
integrated charge transferred for 10 minutes of palladium electrodeposition on bare (blue)
and fluorosilanized and lubricated (orange) wrinkled gold electrodes. SEM images of the
bare (c) and fluorosilanized and lubricated (d) wrinkled gold electrodes (CLINS)
following palladium electrodeposition. The scale bars represent 5 um.

The ability of CLINS to participate in electrochemical reactions that rely on charge
transfer between solution-borne species and electrodes was further investigated by
electrodepositing palladium micro/nanostructures on the fluorosilanized and lubricated
gold wrinkles. Chronoamperometry was used to deposit palladium on the gold wrinkles,

and the integrated charge transferred during 10 minutes of electrodeposition was calculated
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for both bare and CLINS (Figure 6.3b). It is evident that the amount of integrated charge
involved in electrodeposition on CLINS is lower (by about 20 %) compared with bare
surfaces, which follows the same trend observed in the CV measurements.

Figures 6.3c and 6.3d show the scanning electron microscopy (SEM) images of the
bare surfaces and CLINS after 10 minutes of palladium electrodeposition, respectively.
Palladium electrodeposits were seen as fractal structures that extrude from the wrinkled
gold surfaces. These structures were observed on both bare and fluorosilanized and
lubricated wrinkled films; however, slightly fewer deposits were seen on the treated
surfaces. This observation is in line with the results obtained from the CV curves and the
integrated charge measured during electrodeposition. These results suggest that CLINS are
applicable to electrochemical sensing where the need for anti-fouling and self-cleaning
properties is paramount.

6.3.5 Plasma Coagulation Assay

We performed a plasma coagulation assay to assess the capacity of CLINS in
preventing protein adsorption and blood clot formation. For this experiment, bare wrinkled,
lubricated wrinkled, or fluorosilanized and lubricated wrinkled surfaces were glued to the
inner walls of a 96-well plate. The lubricated surfaces were saturated with PFPP for 1
minute, then, the excess lubricant was removed by decanting the lubricant from the wells.
The clotting assay was performed by adding the citrated human plasma to the wells
containing the gold surfaces and empty wells used as control. Clotting was initiated by the
addition of calcium chloride as explained in the methods section and absorbance

measurements were performed. As shown in Figure 6.4, the bare surfaces elicited the
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shortest clotting time of 685 seconds, while clotting times with wrinkled-lubricated and
fluorosilanized wrinkled-lubricated surfaces were 887 seconds and 1106 seconds,
respectively. In addition, it is evident from the SEM images that compared with the dense
protein network formed on bare wrinkled surfaces, there was less protein deposition on
lubricated surfaces and little to no protein deposition on CLINS (fluorosilanized and
lubricated surfaces, Figure 6.4b-d). It should be noted that clots eventually formed on all
surfaces; however, it is worth considering that the CLINS surface area represents less than
8% of the total surface area exposed to the plasma. Therefore, the coagulation of the plasma
is likely due to the contact of the plasma with the polystyrene surface of the wells. In
summary, CLINS significantly enhances anti-fouling and self-cleaning properties by
reducing protein adhesion onto the surface as shown by the increase in coagulation time in

the assay  and qualitatively by  comparing the SEM images.
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Figure 6.4 The plasma coagulation assay. (a) Mean coagulation time to reach half-max
opacity, upon the initiation of the coagulation cascade on: wrinkled surfaces without
lubricant, lubricated wrinkled surfaces and fluorosilanized and lubricated wrinkled
surfaces (CLINS). (b) SEM image of clot formation on a bare wrinkled gold surface
displaying full coverage of the surface with protein networks. (c) SEM image of a
wrinkled and lubricated (without fluorosilanization) surface after the coagulation assay,
displaying some protein adhesion. (d) SEM image of a CLINS after coagulation assay
with no visible signs of protein adhesion and clot formation. All scale bars represent 5

pm.
6.4  Conclusion

In this work, we developed a new class of micro/nanotextured, conductive, and
hydrophobic slippery surfaces by combining wrinkled gold electrodes with perfluorinated
lubricant-infused coatings. We demonstrated that the slippery properties of these surfaces

could be enhanced by introducing an intermediate fluorosilane layer between the gold and

133



Ph.D. Thesis — A. Hosseini; McMaster University - Biomedical Engineering.

the lubricant. Applying a lubricant layer directly onto the gold electrode resulted in
moderately slippery electrodes (sliding angle < 20°), whereas the addition of an
intermediate fluorosilane layer decreased sliding angles to < 5°). Both the lubricated-
wrinkled and fluorosilanized and lubricated winkled surfaces (CLINS) exhibited reduced
interfacial friction experienced by superparamagnetic aqueous droplets manipulated by on-
chip magnetized ferromagnetic layers. However, interfacial friction was reduced to a
greater extent on CLINS than on lubricated surfaces. Importantly, the hydrophobic slippery
gold surfaces were characterized electrochemically to evaluate their utility in applications
where charge transfer between the metallic layer and redox species in solution is necessary.
First, cyclic voltammetry was used to observe the redox signature of ruthenium hexamine.
These experiments demonstrated that while the addition of the fluorosilane layer and/or the
lubricant slightly reduced the observed redox peaks, the electrodes were capable of
participating in charge transfer while possessing hydrophobic slippery properties. Second,
these electrodes were used as substrates for the electrodeposition of palladium. Palladium
electrodeposition was possible on the newly developed surfaces; however similar to the
first set of electrochemical experiments, the charge transfer on the coated surface was
reduced compared with that on the bare wrinkled substrates. Finally, the lubricant-infused
wrinkled gold electrodes developed here significantly reduced the adsorption of blood
proteins and prolonged the clotting times compared with bare surfaces. The CLINS
described in this work are expected to be used in conductive biosensors or other medical

devices that operate in complex biological environment.
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6.5 Experimental Section

Fabrication of CLINS: Figure 6.1 summarizes the fabrication process. PSPS (Graphix
Shrink Film, Graphix, Maple Heights, OH) were cleaned in isopropanol and in a deionized
(DI) water bath under orbital agitation for 10 minutes, and then dried by air stream. A thin
gold film (20 nm) was sputtered onto the PSPS from a 99.999% purity gold target (LTS
Chemical Inc., Chestnut Ridge, NY) using a Torr Compact Research Coater CRC-600
manual planar magnetron sputtering system (New Windsor, NY). The argon (99.999%
purity, AlphaGaz, Air Liquide, Montreal, QC) plasma was created using a DC current of
50 A and a deposition rate of 0.9 A s"* monitored using a quartz crystal sensor. For chemical
modification, the samples were first treated with oxygen plasma for 3 minutes on high RF
power (18W) to activate the gold surface and enable its reaction with fluorosilane. CVD
was then employed to deposit a SAM of Trichloro (1H,1H,2H,2H-perfluorooctyl) silane
(TPFS) (Sigma-Aldrich, Oakville, Canada) onto the gold surfaces, and the devices were
heated at 60 °C to create covalent bonds between the silane and the gold substrate. Next, in
order to generate the wrinkled micro/nanostructured gold surfaces, gold-coated PSPS films
were heated at 160 °C for three minutes. After the shrinking process, a biocompatible
lubricant (PFD or PFPP) was added to the substrate to create the CLINS.

Electrodeposition of Permalloy: The permalloy electroplating was performed using a
CHI660D electrochemical workstation (CH Instrument, Austin, TX) and a standard three-
electrode set-up. The electrochemical system consisted of an Ag/AgClI reference electrode,
a platinum mesh counter electrode, and the gold coated polystyrene substrate as the

working electrode. The permalloy electrodeposition bath solution contained 0.95 M nickel
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(11) sulfate hexahydrate, 18 mM iron (I) sulfate heptahydrate, 0.4 M boric acid, 4.87 mM
sodium saccharin, and 0.35 mM sodium dodecyl sulfate (Sigma-Aldrich, St. Louis, MO).
The permalloy plating was performed at room temperature using chronopotentiometry with
a current density of 5 mA cm for 44 seconds (~60 nm).[97], [161]-[164]

Surface Characterization: The wrinkled gold surfaces were tested for hydrophobic
characteristics and surface chemistry through water contact angles, sliding angles and XPS,
respectively. Elemental fraction percentages were measured from the XPS spectra,
obtained using a Physical Electronics (PHI) Quantera-11 spectrometer. The x-rays were
created from an aluminum anode soure and focused onto the surface using a quartz crystal
monochromator. The survey spectra were produced with an operating pressure less than
2.0 x 10® Torr, a monochromatic Al K-a X-ray (1486.7 eV) source at 50 W using a voltage
of 15 kV, and a pass energy of 280 eV. All spectra were obtained using dual beam charge
compensation to neutralize the samples and a take-off angle of 45 degrees. Data analysis
was performed using PHI MultiPak version 9.4.0.7 software.

Contact angle measurements were performed using an Optical Contact Angle
goniometer (Kruss DSA10-Mk2, DSA1 software) using a 2 uL droplet of DI water placed
onto the surfaces. Sliding angles were measured by placing the samples onto a digital scale,
which measures the angle of inclination. After a5 pL droplet of DI water was pipetted onto
the PFD (Sigma-Aldrich, St. Louis, MO) lubricated surfaces, the platform was slowly
raised, and the sliding angle was defined as the angle of inclination where the droplet started
to move. A minimum of five substrates were tested per condition. It should be noted that

for all experiments requiring a lubricant layer, samples were first impregnated with an
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abundant amount of lubricant, followed by tilting the samples 90 degrees to the horizontal
plan decanting all excess lubricant not entrapped by physical/chemical forces. The
thickness of the remaining lubricant layer on the surfaces was calculated using the
measured lubricated area of the substrates and weight and density of the lubricant. The
weight of the lubricant layer was determined by subtracting the weight of the bare substrate
(no lubricant) from the weight of the lubricated substrate. All the weight measurements
were performed using an analytical balance (AL54 Analytical Balance, Mettler Toledo,
Mississauga, ON) with a readability of 0.1 mg. The density of the lubricant was provided
by the manufacturer specifications (PFD 1.908 g mlL).

Electrochemical Characterization: CV was performed using a CHI660D electrochemical
workstation (CH Instrument, Austin, TX) and a standard three-electrode set-up. The system
consisted of a platinum wire as the counter electrode, an Ag/AgCl reference electrode, and
the gold coated PS substrates as the working electrodes. Four sets of working electrodes
(four test cases), with the same geometric active area (2 x 2 mm?), were prepared: (i) bare
wrinkled gold (control), (ii) silanized wrinkled gold, (iii) lubricated wrinkled gold, and (iv)
silanized and lubricated wrinkled gold. The electrochemical bath used for CV consisted of
2 mM hexaammineruthenium (I11) chloride and 0.1 M sodium chloride (Sigma-Aldrich, St.
Louis, MO). The working electrode was immersed in the electrochemical bath along with
the counter and reference electrodes, and the CV scans were run at a scan rates of 20, 40,
80, 100, and 160 mV s*. The working electrodes that require lubrication (test cases iii and

iv) were lubricated right before their immersion into the bath solution.
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Scanning Electron Microscopy: SEM imaging (JSM- 7000F) was performed in secondary
electron image (SEI) mode with voltages of 1.0 kV at 10,000x magnification or 2.0 kV at
1000x magnification. Samples used for plasma coagulation testing, were washed three
times, fixed in 4% formaldehyde in PBS for 2 hours, and washed with PBS (0.1 M) prior
to imaging.

Electrodeposition of Palladium: A standard three electrode electrochemistry set up was
used for the electrodeposition of palladium with platinum as the counter electrode and a
Ag/A(gCI electrode as the reference electrode. Palladium structures were deposited from a
5 mM hydrogenchloropalladate solution at a potential of -0.2 V (vs. Ag/AgCI reference
electrode) for 150 s using a Gamry potentiostat (Gamry Reference 600, Gamry Instruments
Inc., Warminster, PA).

Plasma Coagulation Assay: In preparation for the clotting examination, human citrated
plasma was thawed and placed in an ice bath. Pooled citrated plasma was generated from
blood samples collected from 10 healthy donors as previously described by Yau et al.[259]
The gold wrinkled surfaces were glued to the inner surface of a 96-well plate, using a
medical grade silicon adhesive (Silbione, Bluestar Silicones, Burlington, ON) without
obstructing the center of the well. The gold surfaces were impregnated with 150 ul of PFPP
lubricants for one minute, followed by the decanting of any excess lubricant and
immediately introducing 100 ul of citrated human plasma to cover the surfaces. The well-
plate containing the sensors was incubated for five to seven minutes at 37 °C to mimic
physiological conditions, then, 100 ul of a pre-warmed 25 mM calcium chloride solution

(HEPES 20 mM, pH 7.4 and 1 M) was added to each well to commence the clotting of the
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plasma. The clotting time was measured using a SPECTRAmax plate reader (Molecular
Devices, San Jose, CA) by measuring absorbance at 405 nm at 10 second intervals. The
clotting time was defined as the half-max point obtained from the absorbance versus time
plots.

Magnetic Microdroplet Manipulation: Magnetic microdroplet actuation was explored on
six different gold coated PS surfaces: (i) planar gold, (ii) wrinkled gold, (iii) lubricated
planar gold, (iv) lubricated wrinkled gold, (v) silanized lubricated planar gold, and (vi)
silanized lubricated wrinkled gold (CLINS). In all the above scenarios, thickness of the
sputtered gold was 20 nm before shrinking. In addition, all the surfaces consisted of a
triangular-shaped electroplated permalloy with thickness of ~60 nm (before shrinking). The
system employs an external NdFeB permanent magnet (Standex-Meder Electronics Inc.,
Oakville, ON), with a dimension of 5 mm x 10 mm x 3 mm. The magnet was secured using
double-sided tape beneath the substrates and aligned with the triangular-shaped permalloy
on top of the device, as shown in Figure 6.2(d). For the scenarios where lubricant was
required, the surfaces were covered with the lubricant before applying the magnetic droplet.
Next, a 1 pl drop of a superparamagnetic aqueous solution with a bead concentration (2.8
um Dynabead M-270, Invitrogen, Carlsbad, CA) of 2 x 10° mI! was placed on the gold
surface, 3 mm away from the tip of the triangular-shaped permalloy. The movement of the
droplets was recorded using a camera. The experiment was repeated by placing the droplet
at 6 mm and 9 mm away from the permalloy tip for each test case scenario (total of 18

experiments).
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Statistical Analysis: All statistical analyses were performed using the open source software
R version 3.3.2 (www.r-project.org). Parametric data was tested with a one-way ANOVA,
with additional post-hoc Tukey Honest Significant Difference test from the R package stats
version 3.3.2. Non-parametric data was tested with Kruskal-Wallis Rank Sum Test from
the R package stats version 3.3.2 followed by a multiple comparison test from R package
pgirmess version 1.6.5. Significance levels were defined as significant (*) p-value < 0.05,

highly significant (**) at p-value < 0.01 and very significant (***) at p-value < 0.001.

6.6  Supporting Information
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Figure S6.1 Effect of scan rate on the peak currents of the CV scans for (a) bare wrinkled
and (b) wrinkled fluorosilanized/lubricated electrodes obtained in a solution of 2 mM of
ruthenium hexamine and 0.1 M of sodium chloride. The insets show the plot of reduction
current versus square root of scan rate.
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Figure S6.2 The stability of electrochemical properties of CLINS after 50 CV

cycles obtained in a solution of 2 mM of ruthenium hexamine and 0.1 M of sodium
chloride. The CV scans were run at a scan rate of 100 mV/s.
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Figure S6.3 The stability of perfluorinated SAM after 50 CV cycles obtained in a
solution of 2 mM of ruthenium hexamine and 0.1 M of sodium chloride. Inset
displays droplet morphology on the surfaces before and after CV cycles.
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Chapter 7 Summary, Conclusions, Limitations, Future Work, and
References

In this last chapter, the findings of this thesis work are summarized, and their
contribution to the development of microfluidic magnetic bio-separators for integration in
LOC systems are discussed. Lastly, the drawbacks of the current discoveries and the

anticipated future works that build on these results are discussed.
7.1  Thesis Summary

The main objectives of this work were to design, fabricate, and characterize micro-
electromagnetic devices for manipulation of suspended MPs, and to demonstrate their
applicability for integration with LOC systems used in POC settings.

The design and optimization of the magnetic devices were conducted through
extensive computer modeling. We investigated the effect of the copper micro-coil
geometry, dimensions, and surface texturing, in addition to contribution of permalloy thin
films and applied currents, on the generated magnetic force. Moreover, the outcome of
Joule heating, generated by the micro-electromagnet, on the movement of fluid within a
microfluidic channel was studied. The simulated active-passive devices were fabricated on
shrinkable polymers using lithography-free and rapid benchtop techniques such as
xurography, thermal shrinking, wrinkling, spin coating, and electroplating. The wrinkled
copper micro-coil was characterized using SEM, and the thin film electrodeposited
permalloy was analyzed using profilometer, EDX, and SQUID. The application of the

multi-scale active-passive magnetic device was demonstrated through low current (~30
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mA) capturing of different size MPs. Furthermore, we successfully integrated these devices
into microfluidic systems for cell separation purposes in a continuous flow.

We have shown that a fully integrated microfluidic magnetic device can be
fabricated using rapid and simple benchtop methods in a matter of a few hours. We have
also demonstrated that the prototyped device can attract particles from far distances and
magnetically trap them. It was realized that the thermal advection caused by Joule heating
was responsible for the movement of far particles. Upon successful integration with
microfluidic channels, the device can be applied for free-flow capture and release of

magnetically tagged cells.

7.2 Thesis Conclusions

1. Multi-scale polymer-based micro-electromagnetic devices can be fabricated using
lithography-free benchtop techniques such as xurography, PSPS heat shrinking,
metallic thin film wrinkling, spin coating, and electroplating. These devices are ideal
for addressing the rapid prototyping needs of industry and academic researchers as they
can be fabricated in a matter of hours.

2. By taking advantage of micro/nano-wrinkled structures it is possible to enhance the
generated magnetic force while keeping the applied current relatively low (~ 30 mA).

3. Due to active-passive nature of these devices, the electroplated permalloy layers
become magnetized by the induced magnetic field using the micro-structured wrinkled
copper conductors with an applied current of 30 mA.

4. Through thermal-fluidic computer simulations and experiments, we found that thermal

advection caused by Joule heating can guide particles in certain directions if the channel
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or reservoir dimensions were designed properly. Poor thermal conductivity of the thick
PS substrate also enhances the thermal advection. This was confirmed by additional
experiments using silicon substrates with high thermal conductivities. Using the
combination of magnetic field gradient and temperature gradient, we can collect
suspended MPs that are located tens of microns away from the micro-electromagnet.

5. The benchtop-fabricated active-passive magnetic device can be integrated with
microfluidics to selectively capture and release magnetically tagged cells in a
continuous flow with an applied current of 30 mA and a flow rate of 1 pl/min. The
obtained experimental results indicate that this microfluidic device can be potentially
used for separation of rare cells such as CTCs from heterogeneous samples.

6. Using the same rapid prototyping techniques, we developed a new category of
conductive, micro/nanotextured, friction-less, and self-cleaning surfaces by combining
wrinkled gold structures with perfluorinated lubricant-infused coatings. The
intermediate fluorosilane SAM is important for locking in the lubricant on the wrinkled
gold surfaces. The sliding angles of the lubricant infused flat and wrinkled surfaces
were measured to be < 20° and < 5° respectively. This lubricant infused wrinkled
surface can be used as a substrate for an open-channel manipulation of
superparamagnetic microdroplets. Moreover, the developed surface can be used as an
electrochemical transducer while keeping its hydrophobic slippery properties, even
though the addition of the fluorosilane layer and/or the lubricant slightly reduce the
amplitude of the electrochemical signal. Finally, the lubricant-infused wrinkled gold

electrodes developed here can significantly attenuate the non-specific adhesion of blood
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proteins and delay the clotting time compared with untreated surfaces. Therefore, these
chemical and physical surface modification techniques can be applied to LOC
components such as microfluidics, magnetic separation, and biosensing devices to
avoid non-specific adhesion of proteins and cells when dealing with complex biological

samples.

7.3  Contribution to the Field
The research described in this thesis led to the following contributions to the field:

The development of benchtop fabricated multi-scale active-passive magnetic devices for

capturing magnetic particles at low operational currents:

To best of my knowledge, this work was the first example of a current-controlled
micro-electromagnetic device that was fabricated on shrinkable polymers using benchtop
techniques such as xurography, thin film wrinkling, spin coating, and electrodeposition.
The prototyped microsystem is ideal for addressing the needs for rapid prototyping in
industrial or academic settings. These devices are capable of trapping MPs that are
suspended tens of microns away from the device capturing sites with a relatively low
current of 30 mA; to best of my knowledge, this is the lowest reported current that is capable
of capturing MPs. In addition to the active-passive nature of these devices, the micro/nano-
wrinkled features of the electromagnet aid to enhance the magnitude and spatial resolution

of the magnetic force at such a low applied current.

Manipulation and concentration of MPs using the combination of temperature gradients

and magnetic field gradients:
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We studied the effect of localized temperature gradients caused by the Joule heating
on the movement of suspended microparticles. Towards this goal, we completed full
numerical simulations and experiments to evaluate the terminal velocities of magnetic and
non-magnetic beads at diverse positions on the fabricated magnetic device. We observed
that while the calculated terminal velocities of the MPs located at the vicinity of the
magnetic traps (~5 pum) were similar to those foreseen by the computer simulations, the
MPs located distant from the magnetic capture sites (~50 um) were attracted with a
terminal velocity that was about two orders of magnitude greater than simulated results. By
further experiments with non-magnetic particles, simulation of the thermal-fluidic flow,
and tests with thermally conductive substrates, it was concluded that due to poor thermal
conductivity of the polymeric substrates, the heat advection generated by the PS-based
electromagnet transport suspended MPs towards the magnetic traps, and magnetically
capture them. These results clear up the discrepancies that exist between theoretical and

experimental thermal velocities.

Capture and release of magnetically tagged cells in a continuous flow:

We successfully integrated the benchtop-fabricated active-passive magnetic device
with microfluidics to selectively capture and release magnetically tagged yeasts in a
continuous flow with a relatively low current of 30 mA. To best of my knowledge, this is
the first rapidly prototyped active-passive device that can selectively trap MPs-Cells
complexes, at such a low current with no need for cooling system and release them in a

free-flow and automated fashion.
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Development of electrochemically active, slippery, and self-cleaning micro/nano-

structured surfaces:

We introduced a new class of micro/nanotextured, conductive, frictionless surfaces
by integrating wrinkled gold structures with fluorosilanized lubricant-infused coatings.
This is the first reported lubricant-infused coating, which can be applied to electrical
sensors. The physical and chemical properties of the coated surfaces were verified using
XPS, contact and sliding angle measurements, surface-based magnetic droplet
manipulation, and electrochemical techniques. In addition, hemocompatibility of the

coating was confirmed using human blood plasma.

7.4  Limitations and Future Works

This section addresses some of the challenges and possible future directions of this
work in terms of characterization, optimization, integration, and applications of the
fabricated microfluidic magnetic devices.

First, we need to benchmark the specifications of the developed integrated system
explained in Chapter 5, including the capture efficiency, throughput, and cost of production
per device against commercially available systems and those under investigation. To
further optimize the device functionalities, we need to improve the throughput and capture
efficiency of the device. As it was explained before, the generated magnetic force decays
rapidly going from bottom (device surface) to the top of the channel. In addition, increasing
the flow rate in a microfluidic channel generates a velocity profile that is maximized in the
center of the channel. This means that a large portion of the suspended analytes will be

effectively flown through the middle of the channel,[36] which is problematic for low-
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current on-chip magnetic separation, since the acting magnetic force is only effective closer
to the bottom of the channel, and we may lose a large portion of the target
cells/biomolecules at higher flow rates. One way to overcome this issue is to estimate the
potential trajectory of the tagged cells through a long channel with a defined cross-section
and flow rate, and then, depending on the trajectory results, extend the length of the device
by cascading a series of the active-passive devices. By extending the length of the channel,
tagged cells that are closer to the magnetic surface will be captured earlier, while the ones
that are further away experience downward trajectories and eventually will be captured
somewhere downstream; depending on their size, magnetic properties, number of attached
MPs, and their linear velocities. One drawback of this approach is that as the number of
cascaded micro-electromagnets enlarges, the power consumption of the device increases
and thus there will be a need for a bulkier power supply.

Another approach for improving the device efficiency is to manipulate the drag
force based on the idea of the velocity valleys presented by Besant et al..[187] By growing
tall ferromagnetic micro-barriers within the microfluidic channel, it is possible to locally
reduce the linear velocities of magnetically tagged cells. When the current is ON, the
ferromagnetic structures become magnetized and magnetically labelled cells, whose linear
velocity is reduced, will be captured. One likely limitation of this method is the channel
blockage due to non-specific adhesions of unwanted cells or proteins when dealing with
more complex samples such as blood.

Optimizing the channel dimensions can enhance the capture efficiency and

throughput. Reducing the depth of the channel will force the analytes to flow at vicinity of
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the magnetic device. However, since the linear velocity is increased by reducing the height
of the channel (keeping the width of the channel unchanged), the magnitude of the magnetic
force may not be large enough to immobilize the target cells. To compensate for that we
envision to integrate wrinkled permalloy micro/nano-structures into the channel walls to
increase the regions of high magnetic field gradient. The fabrication of the permalloy
embedded microchannel can be conducted by laser engraving the macro-scaled design of
the channel into a PSPS sheet and electroplating a thin film (in nanoscale) permalloy into
the channel footprint. By thermal shrinking the PSPS, the length and width of the channel
will be reduced while its height increases, and the resultant stress causes the
electrodeposited permalloy to wrinkle. The permalloy encapsulated PS channel can be
bonded to the active-passive device through surface modification and plasma treatment.
Due to shallowness of the channel, we expect the wrinkled permalloy to get magnetized
when the bottom active-passive device is ON. Non-specific adhesion can be a potential
problem with this approach as well, when passing a heterogeneous physiological sample
through the shallow channels. We can apply the same method used in Chapter 6 to create a
thin lubricant-infused coating inside the channel, and therefore mitigate non-specific
adhesion and delay blood coagulations.

Even though the obtained experimental results in Chapter 5 are preliminary, these
devices can be further optimized for separation of rare cells such as CTCs from
physiological samples (e.g. blood). One major challenge of working with body fluids is the
non-specific adhesion of cells and proteins to the device surface and channel walls. In

addition, since most of these physiological fluids are more viscous than water, a higher
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magnetic force might be required to capture the magnetically labelled cells. To overcome
these issues, we can employ the lubricant-infused coating that was presented in Chapter 6
to reduce the non-specific adhesion and enhance the slipperiness of the magnetic device
surfaces.

To fulfill the application of this microfluidic magnetic platform, we need to
integrate the device with a rapid and sensitive detection system. Although magnetic
separation using magnetic microparticles (MPs) offer higher efficiency and specificity than
other techniques such as membrane-based filtration[260] and centrifugation,[261] they
suffer from complications associated with resuspension of target cells or biomolecules after
separation and potential intrusion with biosensing components.[261]-[263] In contrast,
magnetic nanoparticles (MNPs) offer higher surface-to-volume ratio, rapid reaction
kinetics and lower blocking effect; particularly important for the optical detection and
analysis.[261] Wang et al. developed a magnetic multiplex immunoassay for fast, sensitive,
and simultaneous detection of three main pathogenic bacteria found in food products. The
immunoassay was composed of MNPs for immune-separation and quantum dots (QDs) as
fluorescent tags. They were able to magnetically separate the bacteria from the sample, and
then resuspended and modified the MNPs-cell complexes with immune-QDs to create the
MNPs-cell-QD conjugates for simultaneous detection of three different pathogenic bacteria
using fluorescence intensity measurement techniques in < 2 hours.[264] This multiplex
immunoassay can potentially be integrated to the on-chip magnetic device presented in this
thesis; where capturing, fluorescent labelling, and detection can all be performed on the

magnetic traps of the chip to reduce the sample-to-response time, reagents, and sample
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volumes.

As it was mentioned before, one merit of the proposed microfluidic magnetic device
is its ability to capture and release magnetically tagged cells and biomolecules. Leveraging
this property, we can magnetically trap target objects, and then release them towards
integrated transducers in an automated and continuous fashion. Wang et al. employed
MNP-based assays to detect B human chorionic gonadotropin (BhCG) on antibody-coated
thin gold film electrodes using the grating-coupled surface plasmon resonance (GC-SPR)
technique. It was shown that in comparison with other non-magnetic assays, the MNP-
based assays can improve the limit of detection within the picomolar range.[265] The same
strategy can be adopted to release the magnetically captured target proteins or cells towards
surface-based electrical/electrochemical biosensors using the benchtop-fabricated active-

passive device.
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