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ABSTRACT OF THE DISSERTATION

Integrated Microfluidic Systems for Continuous Particle Sorting
By
Jason T. Luo
Doctor of Philosophy in Biomedical Engineering

University of California, Irvine, 2015

Professor Mark Bachman, Chair

Particle sorting, counting, and separation are crucial precursor steps to a host of biomedical
assays, and various macroscale tools have been developed over the past several decades in
response. In more recent years, microfluidic technologies have gained significant popularity as a
means of performing these same tasks and more, all at reduced power, reagent volume, time, and
user difficulty. This raises the possibility that every fluidic, optical, and electronic system in a
biomedical laboratory could soon be reduced to a microscale equivalent, and incorporated onto a
single handheld device, a hypothetical lab-on-a-chip. However, while the sorting technologies at
the heart of this new class of device have developed at a dramatic pace, the devices themselves
remain costly to fabricate, difficult to manufacture at large scales, and poorly integrated with
auxiliary systems such as power supplies and peristaltic pumps. As such, they rarely develop
beyond the proof-of-concept stage and have yet to achieve any significant acceptance in the
biomedical community. This work seeks to move microfluidic sorters beyond this obstacle. First,
it was demonstrated that multiple components could be implemented onto a single platform,
eliminating cumbersome external fluidics in the process. Next, methods from the mature

microelectronics industry were used to build an electronic microfluidic cell sorter on a printed
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circuit board platform, yielding a dramatic improvement in device manufacturability and user
friendliness, as well as ease of integration with other electronics, micro or otherwise. Finally,
building on this, a method was developed to manufacture large numbers of three-dimensional
microelectrodes and then incorporate them into a microfluidic device using pick-and-place
methods, again a technique adapted from the microelectronics industry. Together, this shifts
microfluidics away from the established standard of cumbersome devices monolithically
constructed using costly materials and methods and towards a novel standard of more
manufacturable and user-friendly devices, and represents a step towards this class of device

gaining mainstream acceptance in the biomedical community.
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Chapter 1: Introduction

1.1 Particle Detection and Sorting in Medicine and the Biological Sciences

Particle detection, analysis, sorting, and capture play a critical role in any biological or
chemical analysis.[1] For biomedical applications specifically, particle analysis is used in
everything from diagnosing routine diseases to the development of novel drug delivery systems
to cell biology studies towards personalized immunotherapies. An exhaustive review of particle
analysis for biomedical applications is beyond the role of this introduction, but several examples
are listed below to provide the reader context into the vital role the technology plays in medicine

and the biological sciences.

1.1.1 Disease Diagnostics

Disease diagnosis often begins with the analysis of blood and its component cells.[2] For
example, medical practitioners have used the presence, absence, and relative concentrations of
erythrocytes, leukocytes, and platelets as indicative of certain diseases since the advent of light
microscopy. These assays have only grown more sophisticated with increased technology and a
modern understanding of immunology.

Additionally, various diseases can alter the physical properties of cells or even introduce
whole different cell types into an environment; the detection of these modified cells can play a
critical diagnostic role, and the recovery of these same cells might yield therapeutic benefits. A
common example is malaria, in which diseased erythrocytes are rendered stiff and less mobile; a
system for identifying and capturing these deformed cells might enable a clinician to better

identify and treat the disease.[3]



Another common example is solid tumor metastasis, in which malignant cells somehow
develop the ability to shed off a primary tumor, invade the patient’s circulatory system, and form
secondary tumors at distant sites.[4] Significant efforts have gone towards identifying and
enumerating these so-called circulating tumor cells for diagnostic and prognostic purposes.[5]
Additional, more ambitious efforts have now commenced towards capturing and culture these
cells towards developing a more detailed understanding of the mutations behind metastasis,

which in turn might lead to personalized chemotherapy.[6]

1.1.2 Molecular and Cell Biology

Particle sorting and analysis is ubiquitous in molecular and cell biology research. The
observation of cells, stained or otherwise, under light microscopy was for centuries the backbone
of molecular and cell biology.[7] In recent years, fluorescent probes, working in conjunction
with FACS and fluorescent microscopy, have provided access into the cellular mechanisms
never before observable.[8]

From a more applied perspective, research has progress from simply studying cells to
actively harnessing them for therapeutic purposes. To this end, particle sorting plays a critical
role. For example, a rare population of fetal bone marrow cells with hematopoietic precursors
was identified based on the expression of certain cell surface markers.[9] Significant efforts are
also underway to understand the varying paths of differentiation of a seemingly identical

population of stem cells.[10]



1.1.3 Synthetic Particle Technologies

Particle sorting is not limited to mammalian cells, either. Polymeric beads have long been
ubiquitous in the biomedical laboratory: a prime example is the Dynabead® line of magnetic
beads, in use since the 1980s.[11] These superparamagnetic microspheres can undergo a variety
of surface treatments, allowing them to target specific cell surface receptors, proteins, etc., both
for enrichment and for depletion. A related technology is magnetic-activated cell sorting
(MACYS), in which nanoscale magnetic beads are functionalized to target specific antigens.[12]
The fabrication and use of these technologies depend heavily on the ability to sort and analyze
both the magnetic particles themselves and the complexes they form with target particles.

More recent work in droplet science has led to the development of a more exotic concept,
that of microparticles for both the discovery and the delivery of therapeutics.[13] It is possible to
form emulsions of immiscible phases in which the dispersed phase exists as droplets of very
tightly distributed radii and composition. These precisely-fabricated droplets can then be used to
deliver equally precise doses of drugs via both oral and injectable pathways. However, as a
precursor step, the batch must be rigorously analyzed by various particle sorting technologies to
ensure a sufficiently tight distribution.

For drug discovery, droplets have been developed to serve as a novel form of
microreactor.[13] Using droplets as encapsulated chambers, researchers are able to combine very
precise volumes of reagent for reaction assays. In addition to the expanded experimental capacity,
researchers are able to both conserve reagent and better simulate the biochemical reactions
within a mammalian cell, itself a sort of microreactor. However, various particle analysis

technologies are required to observe and analyze the results of these reactions.



1.2 Conventional Methods for Particle Detection, Sorting, and Recovery

A host of technologies has come and gone over the past century to facilitate the study of
bioparticles. Indeed, advances in the biomedical sciences are inextricably linked to synchronous
advances in enabling technologies. While a complete review of conventional particle sorting
techniques is beyond the scope of this document, a short discussion is included to provide the
reader some context into the state of the technology and to highlight areas in which microfluidic

devices might fill a niche.

1.2.1 Early Methods

Interest in bioparticles naturally began with the examination of blood.[2] Given the limits of
nineteenth century technology, most initial technologies focused in visual inspections of samples
on glass sides using light microscopy.[14] While crude by modern standards, these early
technologies remain in use even today. For example, a complete blood count is occasionally
performed by eye, albeit with the use of modern stains.[15] Additionally, the hemocytomer,
invented by Louis-Charles Malassez in the nineteenth century, remain a popular method for
conveniently estimating a cell count in a suspension.[16] For sorting and processing larger
volumes, tools such as filtration and centrifugation became widespread. For example, mechanical
filters mounted on standard conical vial are a cheap and easy way of eliminating particles above
a certain size threshold, while Ficoll-Paque, a heavy polysaccharide solution for density-based
separation, is the standard method for fractionating a sample of whole blood.[17], [18]

These methods, highly innovative for their time and, in some cases, still in widespread use,
traded either speed, sensitivity, or both for their simplicity; it was not uncommon for researchers

to spend inordinate amounts of time manually counting particles by eye under a microscope and



sorting them using criteria limited by what the human eye could perceive.[14] The advent of
flow cytometry has made possible a level of sorting orders of magnitude more sensitive than
previous technologies and is at least partially responsible for the surge in biomedical discoveries
beginning in the 1980s.[19] Moldavan is credited by most sources as the pioneer behind flow
cytometry, with a seminal work describing an electronic method for quantifying particles in a
moving stream.[20] Subsequent work attempted to build on combining this with technologies
from the inkjet printer industry[21] towards scanning streams of cells for variations in properties
ranging from visual appearance to electrical impedance.[22]-[24] However, the truly

breakthrough technology remained just out of reach until the end of the 1960s.
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Figure 1.2.1 Early flow cytometry apparatus
Reprinted by permission from Macmillan Publishers Ltd:[22] , copyright 1953



1.2.2 Fluorescence-Activated Flow Cytometry

Today, a specific type of flow cytometry, fluorescence-activated cell sorting (FACS), is
nearly synonymous with flow cytometry itself.[25] Invented By Len Herzenberg at Stanford
University in the late 1960s[26], [27] and commercialized soon after by BD Dickinson[28],
FACS came of age during a time of astonishing advancement across several fields, including
computer science, optics, and immunology, all within the context of the War on Cancer.[29] The
technology is elegant in its simplicity: briefly, particles are strategically stained with fluorescent
dyes prior to flowing into the FACS system. Upon entering the system, they are
hydrodynamically focused into a stream one particle wide by a sheath of buffer. Each particle is
then passed through the apparatus of lasers; front and side scatter data is collected for each
particle. A vibrating mechanism breaks the stream into droplets after scanning, each of which
contains a single particle. Depending on that particle’s scatter data, a certain electric charge is
applied to the droplet. Downstream electromagnets then sort the particles into different batches

by charge. All raw scatter data is collected and presented on a computerized display for analysis.
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Figure 1.2.2 First FACS apparatus
Reprinted with permission from [27]. Copyright 2003, AIP Publishing LLC.

The impact of FACS on the biomedical community cannot be overstated. By giving
researchers and clinicians the ability to perform single-cell analyses on large populations based
on a host of parameters, from cell surface antigens to intracellular processes, FACS has
revolutionized every facet of biomedical science, from pathology to molecular biology to
immunology, and in 2015 is the cell sorting technology against which all others are compared.

However, the technology does leave some room for improvement, even after four decades of
iteration.[30] Detection of rare molecules in intracellular compartments remains a challenge, as
do the effects of cell autofluorescence and smearing across multiple emission spectra. Finally,
FACS is by definition limited to stainable targets, and is of limited use should reagents for
targeting a certain molecule be absent, or if the parameter in question is something that cannot be

stained, e.g. a cell’s electronic properties. Additionally, engineering obstacles persist, such as the



time required to accurately process a desired number of cells, the ability to recover a sufficiently
large viable population. Finally FACS comes at a high cost, both in terms of initial setup and on

a per-use basis.

1.3  Summary

The detection and analysis of rare cells has been crucial for biomedical assays dating back to
the nineteenth century. To this end, a large number of technologies have been developed,
culminating in FACS, the gold standard in 2015. FACS allows a user to stain for a large number
of cellular markers and then rapidly sort them based on these stains. Most importantly, users are
free to stain their particles using a limitless number of fluorescent cocktails and process tens of
dyes in parallel with each other. Additionally, FACS detection sensitivity is such that a cell as
rare as one in ten-thousand can be found. Finally, sorting is automated, and properties of the
sample are conveniently displayed for data processing and analysis, thus greatly increasing the
number of cells which users can process compared to previous methods.

Despite its advantages, however, FACS has a few drawbacks.[31] Most importantly, it is
very costly[32], both in terms of initial setup, continuous maintenance, and on a per-use basis. It
is dependent on the infrastructure of a modern biomedical laboratory and consequently cannot be
used in remote settings. Additionally, due to spillover effects between colors, care must be taken
to select dyes whose emission spectra lie far enough from each other, reducing the practical
number of lasers that can be used in parallel, and, related to this, by definition, the use of FACS
is limited to detecting “stainable” aspects of a cell; FACS cannot accurately detect variations in
properties such as cellular deformability or dielectric constant. This becomes particularly

pertinent in applications such as stem cells, which may lack any differentiating markers that can



be targeted by antibody-based stains. Finally, it is still a challenge to process large amounts of
cells in a timely manner, and to recover large viable populations. While FACS is continually
improving upon these limitations, a new class of device, microfluidics, has developed in the

meantime to address these concerns from a whole new perspective.



Chapter 2: Introduction to Microfluidic Devices

2.1  Microfluidics Overview

A complete review of the past, present, and future of microfludic technology is beyond the
scope of this document. However, a short discussion is included to provide the reader some
context into the motivations behind the development of microfluidics, as well as the status of the

technology and necessary steps to ensure its continued development in the next several years.

2.1.1 A Brief History

Microfluidic technologies trace their roots back to the golden age of the integrated circuit,
when, in 1975, Terry, using methods from the IC industry, developed a silicon chip for gas
chromatography.[33], [34] Micromachined out of silicon, this device consisted of an inlet valve,

a thermoconductivity meter, and a channel over a meter long, and could separate simple mixtures.

Figure 2.1.1 First microfluidic device

Stephen Terry’s microfluidic gas chromatography device consisted of little more than channels
wet-etched onto a silicon wafer. Lost to obscurity initially, it would find vindication two decades
later. Reprinted with permission from [34] © 1979 IEEE
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Terry’s work opened the possibility of using semiconductor technologies in applications
outside of computing, but in the absence of various other enabling technologies, the concept of
microfludic technologies could not yet arrive. Instead, engineers, staying well within charted
territories, directed their efforts towards building silicon-based micro-components for use in
existing electronic devices.

By the end of the 1980s, however, these small developments in micromachining silicon had
amassed enough interest that chemists finally rediscovered the notion of using microcomponents
for fluidics, and 1990 saw the emergence of the concept of a microscale total analysis system,
since dubbed uTAS. In his pioneering work, “Miniaturized Total Chemical Analysis Systems: A
Novel Concept for Chemical Sensing,” Manz envisioned miniaturized silicon devices for
performing all the steps of common chemical assays, thus heralding the coming of the
“Microfluidics Renaissance.”[35] Motivated initially by the shortcomings in existing assay
techniques, researchers soon discovered that miniaturization had the added benefit of reducing
reagent and power required per assay. Additionally, work commenced in applying these novel
silicon devices in fields outside of chemistry, such as molecular and cell biology.

However, despite the increased popularity, this remained a niche product of the
microfabrication community, as the art of patterning delicate systems out of silicon remained out
of reach for all but the experts in the field. All of this changed in 1998, when researchers from
the lab of George Whitesides at Harvard University developed methods for building microfluidic
devices using elastomeric polymers, dramatically increasing the ease of manufacturing and
opening the door to researchers from all areas of biology, chemistry, and physics.[36] Thus

commenced an era of enormous expansion for microfluidics, one that that continues to this day.
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CCIATIOS FOR THE ADVANCEMTNT

Figure 2.1.2 Microfluidics Renaissance

Methods developed in the labs of George Whitesides and others in the late 1990s, such as the
seven-channel laminar flowstream pictured on the cover of a 1999 issue of Science, heralded the
modern age of microfluidics. From[37]. Reprinted with permission from AAAS.

2.1.2 Current Status

Since the initial wave of excitement in the 1990s, the nascent field of microfluidics has
grown exponentially, with work shifting away from silicon-based microcomponents and towards
the design and fabrication of analogs to, and improvements upon, existing macroscale
technologies, primarily for biomedical and biochemical applications such as genomics,
diagnostics, and detection, though they do find uses in other fields as well.[38]

While a massive library of devices has been developed over the past several years, they all
share some common characteristics.[39] At the broadest level, all microfluidic devices focus on

manipulating fluids using micron-sized components such as channels, valves, and actuators, and
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all manipulations rely to at least a certain degree on a few physical fluidic phenomena
characteristic of this particular size scale:
e Fluid flow follows a laminar profile
e Diffusion is the dominant mixing method due to small length scales
e Forces negligible at macroscale, e.g. fluidic resistance and surface tension, become
significant

Beyond these general commonalities lies a host of variety. The initial quest for a lab-on-a-
chip, i.e. a device incorporating miniaturized versions of all common laboratory instruments, all
on one handheld platform, yielded a tremendous volume of results, devices for every step of a
typical assay.[40] These devices can perform everything from sample prep to injection, mixing,
and separating.[41]-[45] For particle suspensions, they can perform focusing, sorting, trapping,
and culturing.[46]-[48] For a clinician, they can perform everything from routine diagnostics to
DNA testing to PCR.[49]-[51]

In addition to serving as small versions of existing laboratory technologies, microfluidics
have also found use in addressing entirely new obstacles unsolved by previous technologies.
Compared to older methods, microfluidic devices are significantly more portable and less reliant
on laboratory infrastructure, allowing them to perform in remote locations, a particularly relevant
concern in the developing world.[52] Additionally, cost per assay is a high priority in these
environments, a concern easily addressed by microfluidic devices built around highly disposable
materials such as paper and wax.[53]

For the biomedical research community, microfluidic devices have shown great promise in
conducting assays not previously possible, while consuming less reagent and sample than their

larger counterparts. For cell biology, microfluidics have proven ideal for the construction of
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physiologically relevant three-dimensional in vitro models unachievable using traditional
methods such as 96-well plates. For example, microfluidic models exist for studying the
mechanism of breast cancer metastasis[54] and for the mechanism of axon growth and
regeneration.[55]

However, despite this progress, target end-users still see microfluidics as anything from
exotic tools with niche applications to gimmicky novelty items. Their skepticism is not without

merit, as discussed below.

2.2 Microfluidics Fabrication, Manufacturing, and Integration

For the past decade, engineers have focused on exploring novel technologies made possible
by microfabrication and fluidics at low Reynolds numbers; this tied in with the tempo of
academia, still the driving force behind microfluidics research, which tends to focus on short-
term goals and milestones.[56] While this trend has at the expense of longer-term goals such as
manufacturability, component standardization, device integration, and user friendliness.

Today, however, the question is no longer whether or not we can build and/or miniaturize a
certain device; the answer is an unequivocal yes. As discussed previously, microscale analogs to
various lab technologies already exist, and new applications and markets have been identified.
Instead, the real conundrum is the matter of where microfluidics can prove themselves most
useful in advancing healthcare and biomedical research.

From a more practical standpoint, after the tremendous amount of resources invested in
microfluidics prototyping since the late 1990s, the day has finally come when engineers can no
longer devise a novelty technology and then shelve it immediately after publication. Instead,

engineers must deliver on the claims made over the past several years, justifying the tremendous
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resources invested in this field since the 1990s. Finally, if nothing else, there exists a strong

financial incentive for the microfluidics community to gain mainstream acceptance.[57]
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Figure 2.2.1 Trends in microfluidics research, 2000-2012

The field of microfluidics has experienced explosive growth since the turn of the twenty-first
century. However, its presence in fields outside of engineering itself have stagnated, signaling
the technology’s inability to establish itself in mainstream research labs. Reprinted by permission
from Macmillan Publishers Ltd: [39], copyright 2014.

A major obstacle, perhaps the main obstacle, towards mainstream adaptation of microfluidics
lies in the poor usability and manufacturability of the current generation of devices. Current
protocols were designed for engineers to rapidly test the wave of novel ideas emerging in the
community, but little consideration was given to actual manufacturability. Additionally, user
friendliness was de-prioritized, as often it is simply easier in the short-term for the engineer to

struggle with a poorly integrated system than to streamline all the components. However, the
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community is finally and rapidly evolving beyond that first stage, and microfluidic technologies

are on the cusp of a revolution in device design and manufacturing.

2.2.1 Fabrication and Manufacturing

Despite their great variety, for most of their recent history, microfluidic devices have shared
very similar fabrication techniques. Initial devices, borne of the semiconductor industry, were
fabricated primarily from glass and silicon as both a matter of convenience in that these materials
were standards for electronics and practicality in that early microfluidics projects focused on
electronic applications.

However, as the field grew, silicon and glass proved non-ideal for most applications. They
are brittle, costly to build, difficult to bond together to form fluidic channels, and posed a
significant barrier to entry for various communities, such as cell biology and medical diagnostics,
that would have otherwise pursued the topic. The search for alternative materials eventually led
to the adaptation of soft polymers, favored for their durability and cost; popular early materials
included polyurethanes, polyimides, polymethylmethacrylates, and various resins. In 1998, one
material in particular, polydimethylsiloxane (PDMS), came to the forefront.[58] A silicone
rubber originally used as a surfactant and hydraulic fluid, among other industrial applications,
PDMS proved ideal for rapid prototyping for microfluidics. The material is optically transparent,
durable, and can be formed into structures as small as a single digit number of microns, well
beyond the practical requirements for microfluidics. Additionally, it is possible to perform
various surface treatments on the material, such as adding antibody coatings, as well as adjusting

its hydrophilicity and hydrophobicity.
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Most importantly, PDMS revolutionized the process of soft lithography, greatly reducing the
need for a cleanroom and dedicated fabrication staff. Briefly, the process is as follows: a
negative of the desired microchannel geometry is fabricated on a hard substrate such as acrylic or
silicon using one or more of several possible techniques, such as micromachining,
photolithography, and/or wet or dry etching. Wet PDMS is primed by stirring in its curing agent
to for m a thermoset polymer; a viscous fluid, this is poured over the mold and allowed to cure, a
process that occurs over a period of one to twenty-four hours, depending on temperature. Upon

setting, the PDMS component can be gently delaminated and its microchannels sealed and used.
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Figure 2.2.2 Soft lithography process

The so-called Microfluidics Renaissance culminated in the introduction of various soft

lithography methods for rapid prototyping. The development of these protocols lithography

heralded the dawn of a new era in bioMEMS. Reprinted with permission from [59].
Despite its pioneering role and continued widespread use in rapid prototyping, PDMS

displays several drawbacks preventing it from rising beyond the proof-of-concept stage. Most

glaringly, as a soft thermoset polymer with a relatively long cure time, it is incompatible with
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large-scale manufacturing procedures such as hot embossing, injecting molding, or
machining.[39]

The microfluidics community has thus begun a new search, this time for materials retraining
all of the advantages of polydimethylsiloxane but without the biochemical and manufacturing
concerns. The search intuitively begins with polystyrene, the staple polymer of the biology
community for the past five decades.[60] Some inertia initially existed over the adaptation of a
thermoplastic material that required hot embossing and injecting molding vice soft lithography,
but protocols now exist to address these concerns.[61]-[64] In fact, over the past several years,
the material has gained some traction in the microfluidics community: advantages include its
high manufacturability relative to PDMS and compatibility with standardized protocols in
molecular and cell biology.[65], [66] Other commonly used thermoplastic materials, such as
PMMA, polycarbonate, polyurethane, and cyclic olefin polymers, share the same manufacturing
benefits of polystyrene, though they do lack an established place in the bioscience
community.[67]-[71]

Paper microfluidics have enjoyed a steady rise in popularity since its introduction about ten
years ago.[72] Pioneered in the Whitesides lab as a new class of “extremely low-cost
microfluidics,” paper microfluidics and their cloth cousin[73] improve upon traditional
microfluidics in that they require very little external instrumentation to either fabricate or operate:
fabricators define channel geometry by selectively soaking a hydrophobic material such as
wax|[74] into the paper substrate, and users need only physically apply their fluidic samples to
the defined inlets, after which capillary action takes over to drive the fluid through the
channels.[53] Additionally, their significantly reduced cost compared to traditional microfluidics

means greater disposability, and their nearly two-dimensional form factor enables a user to carry
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significantly more devices to the point-of-care.[75] Finally, there already exists a very mature
field of paper-based colorimetric assays which can be incorporated onto a paper-based

microfluidic platform.[76]

2.2.2 Integration

The quest for novel materials and manufacturing methods, though vital steps, are merely
stepping stones towards a more overarching obstacle: integration. In the context of microfluidic
devices, full integration means that a patient, researcher, or healthcare professional can enter an
input, namely a biological sample, and have the platform output a result, e.g. the desired
information contained in the fluid, if the device’s mission is diagnostic, or a product chemical in
the case of a chemistry platform.[57] Up to this point, have paid little attention to developing the
integration technologies required to drive microfluidics into the mainstream.[77] As microfluidic
devices approach their era of commercialization, however, integration has finally risen to the
forefront; no longer can a prototype pass for a finalized product.[78] More and more, a design
engineer must consider the final device when beginning development of a new concept instead of
diving headlong into a novel micro-component that might not work in conjunction with any
other.[56], [77]

The exponential rise in the development of novel microfluidic technologies for biomedical
applications came at the expense of its predecessor field, that of miniaturizing seemingly
mundane devices for supporting roles within existing electronic devices. The field has now come
full-circle, and the need for these supporting components has returned, this time for use in
microfluidic devices themselves; indeed, omitting this and requiring that a user performs one of

the steps of an assay off-chip renders the lab-on-a-chip a misnomer. Examples of necessary
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components include miniaturized valves, interconnects, signal generators, power sources, mixers,
optics, and the substrate onto which these components are mounted.[79]

However, an entire line of auxiliary devices means little given the current lack of
standardization within the microfluidics community. Because researchers have focused on
developing and presenting individual components in isolation, it remains a challenge to link
multiple components of interest into one seamless system. Solving this will require an
interdisciplinary effort on the parts of everyone from the electronics engineers to integrate
various onboard IC to polymer chemists who must decide on an ideal substrate material to
mechanical engineers dedicated to optimizing fluidic interconnects, a deceptively complex task;
everyone will have to work cooperatively to ensure component compatibility. Finally, design
considerations must be made towards minimizing or eliminating user input as the sample passes
between components, to minimize the chance of user error.[39], [56], [79]

Finally, and arguably most importantly, integration refers not only to devices but to the
people behind them. The microfluidics community has grown just as rapidly as the field itself,
but the ever-expanding population of researchers has not collaborated efficiently,[78] a hindering
development magnified by the inherently interdisciplinary nature of the community. For example,
the first microfluidics inventors of the modern era were often chemists forced to build for
themselves the exotic devices they needed for their experiments. Their methods, e.g. soft
lithography, served this original mission well, but were not necessarily designed for applications
beyond that. On the other hand, the microelectronics industry does indeed have in its toolbox a
host of methods that do scale for mass production. However, these ideas are entering the
microfluidics community only now, over a decade after the excitement generated by those early

results and the visions of Manz, Beebe, and other leading researchers.
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Significant efforts are underway to move the community beyond this hurdle though.[78] For
example, the Micro/nano Fluidics Fundamentals Focus (MF3) group, an organized based at the
University of California, Irvine, seeks to unite academic researchers with industry developers to
accelerate the transition of a novelty technology into a commercialized product. Additionally,
companies such as Microfluidic ChipShop GmbH, an MF3 partner, have taken it upon
themselves to apply their fabrication expertise to providing microfluidics engineers with a
“toolbox” of standardized components, with an eye towards ease of integration of independently

designed devices.[80]

2.3 Microfluidic Particle Detection and Sorting

Microfluidic technologies have proven particularly ideal for particle detection and
sorting.[81]-[86] Aside from the usual advantages of low reagent and power consumption,
microscale technologies are able to probe particles using parameters previously inaccessible by
methods such as FACS, such as deformability or dielectric constant. They do this using methods
ranging from simple microscale-exclusive hydrodynamics to highly sophisticated actuators
fabricated using techniques from the semiconductor industry. An exhaustive review of
microfluidic sorting technologies is beyond the scope of this introduction. However, a brief
sampling across the spectrum of currently available microfluidic technologies is included to

provide the reader with a sufficient impression of the state of the art.

21



2.3.1 Passive Microfluidic Particle Detection and Sorting Technologies

Passive microfluidic particle sorters depend on channel geometry and fluidic properties
unique to the micron scale. Most such devices sort particles based on size, though a few have
been able to do so based on other mechanical properties, such as deformability.

The simplest passive sorter is based on filtration. Microfilters come in several variants. The
most basic type consists of a membrane with pores of a fixed diameter, or an array of posts
spaced a fixed distance apart, arranged normal to the direction of fluid flow. As the particle
suspension passes through the membrane or array, those too large to pass are trapped in the gaps,

perfectly analogous to a sieve or a strainer in the macro world.[87]-[89]
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Figure 2.3.1 Microfluidic membrane filter
A: 2-D microfilter wafer. B: Close-up view 2-D microfilter with circular pores. C: 3-D
microfilter for live cell capture. © 2013 IEEE.

However, while simple, this sort of device presents a major drawback in that as more and
more particles are trapped in the gaps or pores, the device becomes clogged; flow must be
reversed to dislodge and collect the trapped particles. Microfluidic crossflow is one method
devised to counter this obstacle.[90], [91] Crossflow systems are designed such that the direction

of fluid flow does not run orthogonal into the filter. As a result, particles too large to fit through
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the filter slide along the filter are not pressed against the pores, while particles small enough to
fit through the pores do so and are removed from suspension. The end result is a suspension

containing only the particles unable to fit through the mores.
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Figure 2.3.2 Microfluidic crossflow filter

A: Drawing of the microfluidic device. Ports labeled 1—4 are blood inlet, perfusion inlet, WBC
outlet, and RBC outlet, respectively. B: Blowup of a fragment of the separation network outlined
with dotted line in A turned counterclockwise by 90° with respect to A. C: Cross-sectional view
of channels in the separation network. Dimensions are not to scale. D: Blowup of E channels
outlined with dotted line in A. Channel depths, 25, 9, and 3um, are gray scale coded in A, B, and
D. Reprinted with permission from [92]. Copyright 2007 American Chemical Society.

The simplest passive particle deflector to take advantage of fluidic properties exclusive to the
micro world is the pinched flow filter (PFF).[93] The PFF is rooted in a previously developed
microfluidic technology, the hydrodynamic focuser, a process comparable to existing bulk

focusers such as the fluidic sheath found in flow cytometry systems.[94], [95] Briefly,
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hydrodynamic focusing takes advantage of the fact that in microfluidic devices, fluids flow
exclusively in a laminar regime, hydrodynamic focusing functions by injecting the particle
suspension of interest into a microfluidic channel in between two parallel streams of focusing
fluid, usually consisting of the same buffer used in the particle suspension itself. Due to the
laminar regime, there is minimal mixing between the particle suspension and the focusing buffer;
instead, the particle suspension and the particles suspended within are pinched toward the
microfluidic channel’s centerline.[96] The amount and exact direction of pinching depends on
the relative volumetric flow rates of the three fluids. For example, if all three fluid lines enter the
channel at the same flow rate, each will occupy approximately one-third of the main flow
channel’s width. Alternatively, if one fluid line is significantly slower than the other two, it may
be pinched down to a negligible volume. Finally, hydrodynamic focusing has been performed in
three dimensions using multilayer microfluidic devices.[97]

PFF builds on hydrodynamic focusing by noting that particles in suspension are not point
particles; rather they have a measurable radius, which can be used as a basis for separation. In a
PFF system, two side-by-side inlets lead into a main microchannel; the particle suspension enters
through one, which the focusing fluid enters through the other. The focusing fluid’s volumetric
flow rate is significantly greater than that of the particle suspension; as a result, the particle
suspension is pinched against the microfluidic channel sidewall, and all suspended particles are
pressed up against the sidewall itself, against which they slide and/or roll. However, while
particles’ centers of mass are theoretically points confined to a one-dimensional flowstream, the
particles themselves are not, as they have non-zero radii. As a result, while all the flowstreams
that together constitute the suspending medium can be pinched to near-zero width, the particles’

centers of mass must maintain a distance of at least one radius length from the wall; under these
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conditions they cannot remain in their original flowstreams. Indeed, if the suspending medium is
pinched down to a width narrower than that of one particle radius, the particle will actually enter
into a flowstream consisting exclusively of pinching buffer.[98]

In this lies the basis for size-based separation. In a mixed suspension of particles of varying
diameter, smaller particles, i.e. those with smaller radii, are forced into flowstreams nearer the
channel sidewall than those with larger radii. After all particles have been pinched against the
channel wall, the channel is expanded to several times its original width, proportionally
exaggerating the distance between flowstreams. Particles of different sizes, formerly separated
only by their differences in radii, are now separated by several times that distance, and can be

easily shunted into different outlets for recovery.

Figure 2.3.3 Pinch flow particle focusing

Schematic diagrams of particle separation: A: is PFF, and B: is As[ymmetric]PFF. Liquid
containing particles is light-colored, and liquid without particles is dark-colored. The size of an
arrow represents the flow rate. In PFF, identical branch channels are arranged, and liquid flow in
the pinched segment is uniformly distributed. Therefore, Branch 4 and Branch 5 are never used,
and the difference in effluent positions of particles is small. In AsPFF, one branch channel (drain
channel) is designed to be short and/or broad, and liquid flow is asymmetrically distributed. So
all the branch channels are effectively used, and the difference in effluent positions becomes
large compared with PFF. Reproduced from [98] with permission of The Royal Society of
Chemistry.

25



A more refined variant of PFF is a process known as deterministic lateral displacement, or
DLD.[99], [100] Similar to its predecessor, a DLD device performs size-based separation based
on a particle’s inability to follow its original fluidic streamline due to its non-zero radius.
However, instead of pinching the particles against a channel sidewall, particles are instead
flowed through an array of carefully positioned obstacles, comparable to those in a filter-based
sorter, only in a DLD device, all gaps are large enough for all particles to pass through.
Separation occurs when a particle’s streamline touches against an obstacle, while the particle
collides into that same obstacle with its center of mass a full radius length away and forced into a
new streamline. This process is repeated over a large number of iterations, with the particle being
gently deflected to a new streamline with each encounter with an obstacle; the exact geometry of

the obstacle array is calibrated such that the effects of each iteration are cumulative.
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Figure 2.3.4 First deterministic lateral displacement sorter

A: Geometric parameters defining the obstacle matrix. A fluid flow is applied in the vertical
direction (orange arrow). B: Three fluid streams (red, yellow, and blue) in a gap do not mix as
they flow through the matrix. Lane 1 at the first obstacle row becomes lane 3 at the second row,
lane 3 becomes lane 2 at the third row, and so on. Small particles following streamlines will thus
stay in the same lane. C: A particle with a radius that is larger than lane 1 follows a streamline
passing through the particle's center (black dot), moving toward lane 1. The particle is physically
displaced as it enters the next gap. Black dotted lines mark the lanes. From [99]. Reprinted with
permission from AAAS.
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One version of DLD uses very high volumetric flow rates to sort particles based on
deformability instead of size.[101] The high flow rate causes particles collide especially
violently with the obstacles, causing them to deform and even flatten against the obstacle walls.
Between two particles of identical radius, the more deformable of the pair can flatten more
dramatically, allowing its center of mass to more closely approach the obstacle wall compared to
its more rigid counterpart, and thus experience a lesser amount of displacement. This has found
applications in separating diseased erythrocytes (red blood cells) from their more rigid healthy

counterparts.
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Figure 2.3.5 Deformation-based DLD sorter

Mechanisms of separation by DLD. A: Particles with R < R, follow the flow direction and
those with Ry > R, are displaced at an angle to the flow direction. For hard spheres, R is equal
to the radius. B: Red blood cells are normally disc-shaped but they can adopt other shapes when
exposed to different chemicals. C: Shear forces deform particles changing R, and measuring
the change in R as a function of applied shear rate is equivalent to measuring the deformability
of the particle. D: R depends on the orientation of the particle. Controlling orientation and
measuring R gives information about shape. It is also possible to measure deformability in
different directions. E: In a deep device RBCs rotate such that R (<R.) is equal to half the
thickness. F: Confinement in a shallow device means that the cell radius defines R (>R.). G:
An echinocyte with R > R... Reproduced from [101] with permission of The Royal Society of

Chemistry.
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A method exists for using very high volumetric flow rates but in the absence of any channel
features.[84], [102] Termed inertial lifting, or inertial migration, this process relies on unique
fluidic properties that arise as Reynolds numbers approach 1, unusual for microfluidic flow.
Under these circumstances, the parabolic flow profile of the fluid is sufficiently steep that
particles in suspension experience a shear-induced lift force which drives it from regions of high
flow towards regions of lower flow, i.e. towards the channel edges, where, in accordance with
the no-slip condition, fluid flow rate approaches zero. This is opposed by a lesser wall-induced
force, generated by the particles” asymmetric wakes. The equilibrium position for a particle is
thus along streamlines near, but not touching, the walls; the net effect scales linearly with

particle volume.[84]
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Figure 2.3.6 Inertial lifting for particle sorting

Inertial self-ordering. A: Schematic drawing of the inertial ordering process. After flowing
through a channel of a particular symmetry, precise ordering of initially scattered particles is
observed both longitudinally along the direction of flow and laterally across the channel. B:
Top-down views of fluorescent streak images of flowing 9-um-diameter particles in a square
channel (50um) filled with water (density p = 1.00 g/ml and dynamic viscosity g = 102 Pa-s).
Flow is from left to right. The inlet region is shown at the left, where the particles are initially
uniformly distributed within the fluid. Longer images show the outlet 3 cm downstream for the
channel Reynolds number R ¢ = 15, 30, or 90 (particle Reynolds number R , = 0.48, 0.97, or 2.9).
Focusing of particles into four single streamlines is observed. From above this appears as three
lines with double the intensity in the middle streak—line. C: For a symmetric curving channel the
symmetry of the system reduces focusing to two streams. Above a critical Dean number (De)
focusing is perturbed. D: For an asymmetric curving system, focusing down to a single stream is
favored. Focusing is again more complex as De increases. E: A confocal cross-section of the
rectangular channel shown in b shows focusing of particles to the four channel faces. (Scale bar,
10um.) F: Schematic diagram showing the force balance between the shear-gradient (F shear, red
arrows) and wall-induced lift (F a1, blue arrows) for particles in three positions. G: Confocal
cross-section for an asymmetric channel. H: Starting at the inlet on the left, a random inlet
distribution of fluorescent microparticles is focused to a tight streamline on the right after a short
distance. (Scale bar, 160pum.) Reprinted from [102]. Copyright 2007 PNAS.
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2.3.2 Active Microfluidic Particle Sorting and Detection Technologies

Active microfluidic particle sorters include one or more miniaturized actuators that exert
forces on suspended particles beyond those naturally occurring due to the hydrodynamics of the
micro world. Some such technologies are miniaturized analogs of existing, bulk-scale
technologies, while others are novel phenomena exclusive to the micro world.

Though designed for protein separation and somewhat outside the scope of processes for
sorting microparticles, electrophoresis and blotting deserve brief mention given their obvious
candidacy for miniaturization: a ubiquitous process in molecular biology that dates back to the
dawn of the field itself, electrophoresis and blotting nonetheless remain cumbersome and time-
and resource-intensive., but miniaturization simplifies the process and can even provide a degree
of resolution beyond the capabilities of the bulk process.[103], [104] These devices generally
consist of a microchannel full of polyacrylamide gel, the same material used in the bulk
technology, and a tool for applying direct current along the channel length.[105] Gel and signal

properties can be configured based on the desired sorting parameters.[106]
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Figure 2.3.7 Microfluidic electrophoresis sorting

Fabrication of microfluidic native PAGE in situ immunoblotting device: A: schematic of chip
layout (not to scale). Fluid reservoirs are labeled according to contents: S, sample; B, buffer; SW,
sample waste; BW, buffer waste. Polyacrylamide gel composition is indicated by grayscale (% T
and % C are percentage of total acrylamide and cross-linker, respectively). The inset images
show a 10x view of a streptavidin functionalized blotting membrane photopatterned within the
channel. B: Schematic depicting fabrication steps for blotting membrane: one-step prepatterning
strategy and two-step custom patterning strategy. In the custom patterning strategy, loading of
the biotinylated antibody is via applied electric current (indicated by i).Reprinted with

permission from[107]. Copyright 2009 American Chemical Society.

Magnetic sorters are another technology based on a large existing device. Pioneered in the
early 1990s by Miltenyi [12] and dubbed MACS, for magnetically-activated cell sorting, the
original device was as crude as flowing cells coated with antigen-specific superparamagnetic
beads and flowed through a column of magnetized steel wool. Microfluidic analogs have since
driven this relatively primitive technology to interesting new heights, and currently, MACS-

based microfluidics systems are available in both label-based and label-free formats. The label-
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free method primarily consists of a strategically-positioned magnetic source, often placed
alongside a microfluidic channel.[108] As particles flow through the channel, variations in their
electronic properties yield different lateral forces in the same magnetic field, and the stream
breaks up into several streams as a result. The label-based method is a microscale analog of the
bead-coupling technology referenced previously. Briefly, magnetic particles selective conjugated
to the target cell via a surface receptor.[109] Upon experiencing the external magnetic field, the
beads experience a particularly strong magnetic force and will drag the conjugated cell along,
like tugboats in a harbor. In both cases, sorted streams are shunted into different outlets for

recovery.
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Figure 2.3.8 Free-flow magnetophoresis particle sorting

Concept of free-flow magnetophoresis. Magnetic particles are pumped into a laminar flow
chamber; a magnetic field is applied perpendicular to the direction of flow. Particles deviate
from the direction of laminar flow according to their size and magnetic susceptibility and are
thus separated from each other and from nonmagnetic material. Reprinted with permission from
[110]. Copyright 2004 American Chemical Society.
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Figure 2.3.9 Magnetophoresis particle sorting

MT-MACS separation architecture. A: (Step A) The sample contains an excess of nontarget cells
and 2 different target cells (target 1 and target 2) that are labeled with 2 different magnetic tags
(tag 1 and tag 2) by specific surface markers. (Step B) The sample is continuously pumped into
the device where the 2 target cell types are sorted into spatially-segregated independent outlets.
Separation occurs in 2 regions of high magnetic field gradient generated by the microfabricated
ferromagnetic strip (MFS) 1 and MFS 2. (Step C) After sorting, the eluted fractions from each
outlet are analyzed via flow cytometry. B: A free-body diagram showing the balance of forces at
the MFS structures. At MFS 1 (6; = 15°), tag 1-labeled target 1 cells are deflected and elute
through outlet 1 because Fn; > Fg; sin(0;). This is not the case for tag 2-labeled target 2 cells,
which are instead deflected at MFS 2 (8, = 5°) because Fn, > Fy; sin(0,), and elute through outlet
2. Nontarget cells are not deflected by either MFS and elute through the waste outlet. C: Optical
micrographs (magnification = 100x) of the tags being separated at the 2 MFS structures at a total
flow rate of 47 mL/h (sample = 5 mL/h, buffer = 42 mL/h). (Left) Tag 1 is deflected by the steep
angled MFS 1. (Right) Tag 2 is deflected by MFS 2. Reprinted from [111]. Copyright 2007
PNAS.

Sound-based particle sorting is one example of a microfluidic-exclusive technology. While
the technology, dubbed acoustophoresis, is available in many variations, but the general
operating principle is that a standing acoustic field (SAW) propagated through a particle
suspension is able to exert a force on the particles that scales in accordance with field geometry,
acoustic energy density, channel geometry, particle size, and particle and medium density and
compressibility.[112]-[114]
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Figure 2.3.10 Acoustic particle sorting

A: Schematic illustration of the working principle of the SSAW for density-based alginate bead
separation. B:Photograph of the device consisting of a PDMS microchannel and patterned IDTs
on a piezoelectric LINbO3 wafer. Reprinted with permission from [113]. Copyright 2012, AIP
Publishing LLC.

Optical sorting systems are another microfluidic-exclusive technology. Based primarily on
the concept of optical tweezing, these systems sort particles based on momentum changes that
occur as a particle scatters incoming photons emanating from a laser beam.[115] The radiation
pressure forces from the beam can sufficiently push hold the particle in a fluidic medium. In
microfluidics, the force generated by these beams can yield significant effects, e.g. by shoving
particles into different laminar flowstreams. Trapping efficiency is a function of laser
wavelength and intensity, as well as the geometry of the optical trap, and can reach 1 pN/mW for

10um cells.[116]
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2-BEAM TRAP

Figure 2.3.11 Optical switching mechanism
A: Origin of Fecar and Fgrag for high index sphere displaced from TEMg, beam axis. B: Geometry
of 2-beam trap. Reprinted from [117]. Copyright 1997 PNAS.

2.3.2.1 Dielectrophoretic Particle Sorting

Dielectrophoresis (DEP) deserves a special mention due to the tremendous amount of interest
shown towards it by engineers and researchers in the past decade. A detailed presentation on
dielectrophoresis theory is beyond the scope of this paper; instead, a brief synopsis is presented
to cover the use of this phenomenon for microparticle separation. When exposed to a non-
uniform AC electric field, microscale particles such as polystyrene beads or mammalian cells can
polarize and experience translational forces despite their lack of permanent charge.[118]-[120],
as the pole nearer the field maxima experiences an force stronger than that felt by its opposing
pole towards the field minima. The direction of this force depends on the particle’s polarizability
relative to that of the medium: if the particle is more polarizable it will migrate up the field
gradient (positive dielectrophoresis, or pDEP), while if it is less polarizable it will migrate down
(negative dielectrophoresis, or nDEP).[121], [122] The basis of dielectrophoretic detection and
sorting, then, lies in tuning the frequency and voltage of the applied signal as well as the

conductivity of the buffer such that at a certain configuration, each particle type in a given
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suspension experiences a DEP force sufficiently different from that experienced by particles of
every other type.[123], [124] Because the DEP force depends on various factors, many of which
are intrinsic to the particle, including the particle size, polarizability, and speed of polarization
alignment, DEP is a useful tool for probing differences among particles with different dielectric
properties, primarily through physical sorting based on the forces associated with DEP.[125]—
[129]

For homogeneous spherical particles, the dielectric force is governed by:
- — =2
Fpgp = 2nr3e,Re(CM)V|E| (1)
where r is the particle radius, &, is the permittivity of the media, Re(CM) is the real component

— =2
of the Clausius-Mosotti relation, and V|E| " is the gradient of the square of the electric field. The

Clausius-Mosotti relation is expressed as the following:
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iw
and summarizes the relationship between the polarizabilities of the dielectric particles and the
suspending medium.[130] The real component of the Clausius-Mosotti factor ranges from —%
for particles much less polarizable than the medium to +1 for the opposite case. Thus, while
particle size and strength of the electric field as well as the steepness of the gradient contribute
towards the magnitude of the dielectrophoretic force, it is the particles’ electronic properties that

ultimately determines the direction of the force.[128]
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Finally, at the microfluidic scale, resisting this dielectrophoresis force is a substantial drag
force governed by Stokes’s Law; particles reach terminal velocity when these two forces
balanced, which for spherical particles is expressed as:

- =112
__ Fpgp __ 2mr?emRe(CM)V|E|

= (4)

- 6nnr é6nnr

where 7 is the viscosity of the suspending medium.[128] Thus, lateral DEP separation
functions primarily due to different particles arriving at different lateral terminal velocities: as
particles travel downstream in the direction of flow, they shift laterally at different speeds, and
find themselves in varying flowstreams leading up to the device exit. Assuming all particles
started along the same flowstream, particles are thus grouped into flowstreams based on their

physical and electronic properties, and can thus be shunted into different outlets as sorted batches.

2.3.3 Microfluidic Particle Detection and Sorting, In Brief

As shown, a large variety of techniques for microfluidic particle detection and sorting have
appeared since the “Microfluidics Renaissance” of the mid 1990s to include both passive sorters
that function based solely on hydrodynamic properties at low Reynolds numbers and active
sorters that apply external fields to the particles in question. A primary advantage of passive
sorters lies in their simplicity, durability, and cost. However, this simplicity is reflected in their
performance relative to active sorters: passive sorters are typically just size-based sorters, and
can only perform at relatively low flow rates. Active sorters are generally more difficult and
expensive to construct and cumbersome to use, but can probe for parameters beyond a particle’s
geometry and mechanical properties. Additionally, within each of the two categories, each
subtype of sorter has its own advantages and disadvantages. Finally, improved techniques in

component integration are enabling the use of multiple sorters on a single platform. As such,
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there is no “best” method; instead, it is left to the engineer to weigh the costs and benefits of each

sorter or combination of sorters when building a microfluidic device.[131]

2.4  Summary

The last decade has seen an explosive growth in the development of microfluidic
technologies for biomedical applications. Of particular importance is the developing of
microfluidic devices for rare particle detection, sorting, counting, and separation, an area in
which microfluidic devices have proven especially capable compared to existing bulk
technologies. In fact, in addition to performing assays analogous to those previously performed
by bulk devices, microfluidics have found applications in whole new roles, ones in which bulk
devices have failed to perform despite decades of refinement. These systems vary widely in both
form and function, and range from cheap and disposable tools that separate particles solely using
fluidic properties unique to the microworld to elaborate devices incorporating electronic
components fabricated using high-end cleanroom methods.

However, despite the wealth of innovation in microscale particle sorting and detection
strategies, microfludic devices have not gained acceptance in biomedical laboratories and health
clinics, partially due to underdevelopment in device manufacturability and integration on the
engineering and user ends, respectively. As the field comes of age, efforts should shift from the
invention of exotic but inapplicable miniaturized technologies that exist for the sake of novelty,
and towards the miniaturization and standardization of all components, including less exciting
but equally vital components such as fluidic interconnects and onboard power sources. Designers

will also have to develop these devices in the context of a totally integrated system, and not as an
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isolated tool. Overcoming these hurdles is crucial towards the development of a true lab-on-a-

chip device, and for their widespread adaptation in the biomedical community.
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Chapter 3: Microfluidic DEP Sorter Using Gel Vertical Electrodes

3.1 Overview

We report the development and results of a two-step method for sorting cells and small
particles in a microfluidic device. This approach uses a single microfluidic channel that has (1) a
microfabricated sieve which efficiently focuses particles into a thin stream, followed by (2) a
dielectrophoresis (DEP) section consisting of electrodes along the channel walls for efficient
continuous sorting based on dielectric properties of the particles. For our demonstration, the
device was constructed of polydimethylsiloxane (PDMS), bonded to a glass surface, and
conductive agarose gel electrodes. Gold traces were used to make electrical connections to the
conductive gel. The device had several novel features that aided performance of the sorting.
These included a sieving structure that performed continuous displacement of particles into a
single stream within the microfluidic channel (improving the performance of downstream DEP,
and avoiding the need for additional focusing flow inlets), and DEP electrodes that were the full
height of the microfluidic walls (“vertical electrodes’), allowing for improved formation and
control of electric field gradients in the microfluidic device. The device was used to sort polymer
particles and HeLa cells, demonstrating that this unique combination provides improved
capability for continuous DEP sorting of particles in a microfluidic device. This chapter reprinted

with permission from [132]. Copyright 2014, AIP Publishing LLC.

3.1.1 Three-Dimensional Electrodes
Traditionally, the electric field gradient necessary for DEP is formed in a microchannel using
two-dimensional electrodes strategically patterned on the device substrate.[133] The field tends

to be strongest at the edges of these planar electrodes, and weaker in between them. Additionally,
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electric field strength dissipates as the field lines extend away from the electrodes and disperse
over a larger volume.[134] Together, this forms the gradient for exerting the DEP force on
passing particles.

Recently, interest has grown in more precisely refining and optimizing all three dimensions
of these field gradients.[135]-[143] Vertical electrodes are one such development in this
technology.[134], [144] By expanding on various photolithographic techniques, these electrodes
are cast into the walls of microfluidic channels and project vertically-uniform electric fields
spanning the microchannel when an electric potential is applied. Vertical electrode devices avoid
the two main complications associated with most DEP devices constructed with planar electrodes.
Planar electrodes tend to separate particles either by repelling them away from, or trapping them
to, the electrodes, making retrieval of sorted particle batches a challenge, necessitating either that
the user collect fractions from the outlet[145] or that the device be switched on and off to collect
particles caught at the electrodes’ edges.[146] Second, in devices utilizing planar electrodes, the
electric field gradient can dissipate dramatically as the field lines move away from the electrodes
such that particles entering the device near the channel ceiling experience a negligible DEP
force.[147] With vertical electrodes spanning the height of the device, one dimension is invariant,
effectively creating a continuously operable two-dimensional particle separation profile,

eliminating any dead zones and streamlining the particle sorting and retrieval processes.[148]

3.1.2 Micropillar Focusing
Efficient sorting of particles by lateral dielectrophoresis mandates that each particle passes
through the DEP section of the device along the same flowline. Because the field gradient is

strongest along one channel sidewall and weakest along the other, were particles to enter the
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device randomly distributed across the width of the channel, those nearest the strong side might
experience a disproportionately large force while those who happen to flow through the weak
side might experience little or no DEP force at all. To alleviate this, in the device presented,
particles are continuously focused into a narrow stream using two rows of microposts. In this
filter-like system, particles above a pre-set diameter are gently swept toward a consolidated
flowline until, immediately prior to entering the DEP sorting region, the particles are arranged in
a narrow band and consequently experience essentially identical exposure to the electric field
gradient and the resultant DEP force is exclusively the result of the particle’s physical properties.
However, under the low Reynolds number conditions found in microfluidic devices, particles
are difficult to rearrange or shift into different flow lines.[38] Hydrodynamic focusing is often
used to generate a narrow stream of particles, such as in a flow cytometer. In such a strategy,
separate streams of fluid (sheath flow) are brought in to pinch a main flow stream, resulting in a
narrow band of flow.[94], [149] However, this requires the use of a separate flow, and carefully
controlled flow rates, adding significant complexity to the system. Several techniques for
creating a narrow stream of particles in a microfluidic device have been described including
taking advantage of laminar flow properties[38], [93], simultaneously exposing particles to
multiple forces, e.g. gravity in field-flow fractionation[123], [150]-[152], or a second electric
field gradient such as in earlier 3-D electrode devices[148], thereby forcing the particles to settle
into equilibrium streamlines. In the presented device, we have demonstrated efficient passive
focusing via an elegant, continuous-flow micropillar system. This focusing apparatus forces
incoming particles to enter the DEP device along a narrow stream approximately one particle

diameter wide using only laminar flow principles and particle size as drivers for the focusing.
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The method works as follows: rows of pillars spanning height of the channel are cast into the
inlet channel of the device, spaced several microns apart. Exact sizes for the pillars and gaps can
be designed for specific particle suspensions. The row of pillars is angled relative to the direction
of fluid flow such that it disrupts but does not impede the movement of particles. Theoretically,
row angle can range from 0°, i.e. parallel to flow, in which case it exerts no effect, up to 90° in
which case it would act as a traditional size-based filter, completely immobilizing all incoming
particles above a certain diameter. In actuality, the angle is very near parallel with fluid flow: in
this configuration, buffer and particles below the size threshold pass through the gaps between
posts while particles too big to fit through the gaps are nonetheless able to continue along the
direction of fluid flow, skimming along the row of pillars. By carefully tuning row angle and gap
size, as well as the position of the micropillar row within the microfluidic channel, it is thus
possible to gently guide larger particles into a tight stream for collection or further processing
downstream. Additionally, the synchronous use of two or more such micropillar rows can
effectively direct particles into a flow stream located at any position across the width of the
channel and to repeatedly redirect a particle line in the same device. A limited number of
variations to this technology has seen application in redirecting particles into different laminar
flowstreams in general as well as in shuttling them back and forth through various reagents for
strategically applying various coatings in a layer by layer process.[153]-[155] Our use of this

focusing step significantly improves the DEP separation process.
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Figure 3.1.1 Micropillar deflection principle

Top: Redirection methods that work at the macroscale, such as physical obstructions, are
ineffective at low Reynolds numbers, as particles cannot change flowstreams easily. Bottom:
Micropillars are one method for bypassing these constraints by deliberately preventing particles
from following its original flowstream.

3.1.3 Gel Vertical Electrodes

Photolithographic techniques for the fabrication of microfluidic devices that include vertical
electrodes can be challenging. Proposed alternatives include DEP devices employing various
forms of insulating barriers to sculpt the electric field. These DEP devices are known as liquid
dielectrophoresis (IDEP), insulator-based dielectrophoresis (iDEP), or contactless
dielectrophoresis (CDEP) devices.[126], [156]-[162] These devices generally consist of two-
dimensional electrodes that inject field lines into the channels. As the field lines expand and
develop in the device, they are sculpted using insulating features cast in the channels; the fields
are thus forced to expand and contract in specific positions, yielding a precisely-shaped gradients
typically aligned orthogonal to the direction of flow to yield lateral DEP sorting.[158], [163],
[164]

The gel electrodes presented here are a fusion of microfabricated vertical electrode DEP and
IDEP. Using a conductive liquid that cools into a semisolid, it is possible to take advantage of

laminar flow techniques to direct the hot material in liquid form into a microfluidic device and to
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deposit the hot liquid into strategically placed segments, which rapidly cools into a durable gel
structure that resists deformation and flow. Thus, a solid conductive material can be precisely
patterned in the device without the use of any difficult cleanroom fabrication techniques.

Finally, the electrodes in the insulator-based DEP devices are by definition separate from the
medium; because voltage dissipates as electric field lines travel through the various elements of
the device towards to particles of interest, this necessitates the use of large voltage differences
across the planar electrodes in order to generate a sufficient field gradient for particle sorting.
Conductive materials such as saline gels effectively transfer field lines towards the particles with
minimal voltage drops in the electrodes themselves, thus reducing the power required to perform
a similar particle separation. Thus, the design presented herein provides additional advantages

over previously proposed iDEP designs to improve lateral DEP sorting.[165], [166]

+V
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Figure 3.1.2 Development of vertically uniform electric field

Cross-sectional view of main flow channel (blue) and orthogonal side channels (green). Electric
field lines emanate from planarized electrodes (gold) and develop in the side channels. When
they reach the main flow channel, they are approximately uniform along the z-axis.

3.2 Methods

The device combines both passive focusing and active dielectrophoretic sorting. As shown, it

consists of an inlet, a focuser that serves to concentrate all incoming particles into a tight stream,
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an electronic component that sorts particles by type, and a trifurcation that separates the particles
into sorted batches for retrieval. The device is cast in polydimethylsiloxane (PDMS) (Ellsworth
Adhesives, Germantown, WI) and aligned over planar Au/Ti electrodes, which are in turn wired
to an external electronic AC generator. The PDMS channels are sealed to the electrodes via an
acrylic manifold; the bulk particle suspension is connected to the device via this manifold, and is

itself driven by an external syringe pump.

Viewing area
Planar

electrodes
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Figure 3.2.1 Device schematic

Device schematic, to scale. Particles enter through the inlet into the PDMS microchannel (black).
Particles pass through focusing region and are focused into a tight stream at the centerline of the
flow channel before entering the DEP sorting region. AC potential applied through the planar
electrodes is transferred by the vertical gel electrodes (green) into the main channel. Signals
deflect particles, which then exit through one of three outlets. Particles that experience nDEP exit
through the lowermost channel while particles that experience pDEP deflection exit through the
uppermost. Separation depends on calibrating the signal such that particles of different type exit
through different channels.

3.2.1 Numerical Simulations
Device geometry was guided using coupled physics simulations that combined the results of
finite element modeling of fluids and electric fields, with transport simulations of particles

subject to forces that result from flow and DEP. All geometries for the simulations were prepared
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using SolidWorks (Dassault Systemes, Velizy, France), then exported to the appropriate
numerical package for calculations. The simulations consisted of three steps. First the electric
field was numerically calculated in 2D using COMSOL’s finite element solver, using the
Laplace equation with Dirichlet-conditions on the electrode edges and homogeneous Neumann-
conditions on the outer boundary. Second, the flow of the water was numerically calculated in
2D using COMSOL’s finite element solver, using the Navier-Stokes equation for incompressible
fluid, and non-slip conditions at the boundary and fully developed flow at the inlet and outlet.
Third, custom transport code was written in Python to calculate forces on small particles using
(a) known DEP force equations (see above), and (b) drag forces using Stokes’s law, and
transport them through the system. The real component of the Clausius-Mossotti factor was
calculated in the code using known conductivities and dielectric values for the particles’ and
buffer. The transport algorithm used both the COMSOL fluid flow results and COMSOL electric
field results to determine the forces on the particles at each time step. In addition, the transport
algorithm checked to ensure that particles could not pass into regions that were geometrically
impossible, such as through the small openings of the sieve (if they were too large). 2D modeling
assumes a high aspect ratio channel and underestimates spread caused by particles flowing near
the top and bottom of the channel. DEP and Stokes forces were calculated using materials
properties for particles of various size and material, from 6um erythrocytes and 20pum tumor

cells to 15um polystyrene spheres.
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Figure 3.2.2 Simulated particle focusing

Simulated trajectories (blue) for 40 individual 10 um particles distributed across width of inlet as
they flow through two angled rows of pillars (black). Device length is compressed to facilitate
imaging.

100um

Figure 3.2.3 Simulated electric field gradient geometry

Numerical simulation of non-uniform electric field across width of DEP sorter. Planar electrodes
are located along top and bottom edges of schematic. Asymmetric distribution creates field
gradient spanning width of channel (denoted in red to yellow color map of electric field). For
viewing convenience, only five electric field gradient repeating units are pictured; actual device
contains 23 such repeating units. All features drawn to scale.
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Cells vs. Polystyrene Particles
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Figure 3.2.4 C-M factors for PS beads vs. HelLas

The real component of the Clausius-Mossotti relation for both mammalian cells and polystyrene
beads in low-conductivity buffer was plotted in MATLB using values derived from the literature.
Real components were exported and applied to the Python algorithm to determine the exact DEP
force experienced by a particle under a certain signal. A cell’s combination of an insulator
bilayer over a conductive cytoplasm yields a curve that spans the entire theoretical range of real
C-M values, while polystyrene’s low conductivity and permittivity keep it near -0.5.
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Figure 3.2.5 Simulated DEP separation

Calculated trajectories for low dielectric constant polystyrene particles (red) and high dielectric
constant mammalian cells (blue) in low conductivity buffer passing through entire length of DEP
sorter at 3 MHz and 50 Vpp and 1puL/min. Schematic is compressed along x axis for visualization.
Cells are attracted to the field maxima and trend towards lower edge of device while polystyrene
attracted to toward the field minima and trend toward the upper edge of the device.
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Figure 3.2.6 Simulated DEP separation of unfocused particles

Numerical simulations of particle distributions for polystyrene particles (red) and mammalian
cells (blue) passing through the DEP sorter at 3 MHz, 50Vpp, and 1pL/min unfocused,
illustrating the benefit of an upstream pre-focuser in a DEP system.

3.2.2 Continuous Particle Focusing

Based on numerical simulations of resulting particle trajectories, and the focuser geometry
was designed such that suspending media and particles under 10um in diameter were able to slip
between individual pillars, maintaining their original streamlines, and consequently, due to
laminar flow, their positions relative to channel width. Particles exceeding this clearance size,
however, were pushed along the length of the row of pillars and settled into a single streamline
by the time they exited the focuser.

The resultant pillars were 10um wide, 80um high, spaced 10um apart, and spanned the entire
height of the channel. The pillars were arranged in two rows, offset +0.5° from the horizontal.
This angle was chosen based on its ability to focus particles into a stream in as short a distance as
possible while at the same limiting resistance to flow and not impeding particles as they shift
towards the same streamline. Pillar rows at sharper angles tended to clog more easily and
resulted in poorer focusing performance. A steeper angle would theoretically focus the particles
over a shorter length of inlet, but in practice traps particles and creates increased resistance to

flow, instead of allowing them to gently roll along the length of the rows of pillars towards a
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single streamline, while a shallower angle, which would theoretically minimize clogging, yields
too long a footprint, exceeding the length of the entire inlet. Each of the two rows of pillars was

set to terminate such that the final focused stream of particles would be positioned directly along
the main flow channel’s centerline.

To quantify pre-focuser efficacy, a mockup device was fabricated consisting of a straight
channel with the pre-focuser positioned at the center. Viewing areas exist at positions of particle
entry into and exit from the focuser. Particles are flowed into the focuser at various flow rates.
Imaging was performed using an LSM780 set at 2 fps and run for 500 cycles. All frames were
stacked and flattened using ImageJ; the width of the total particle distribution pre- and post-
focusing was then measured digitally. The focuser was tested using 20pum diameter particles, the
largest that can pass through the device without confounding phenomena such as clogging and
snagging to channel surfaces. The width of the total particle distribution for 20um particles was
measured before and after passing through the focuser. A comparable result was obtained using

10pum particles, the smallest focusable size with this geometry of pillar line.
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Figure 3.2.7 Particle focuser validation

Top and middle rows: Entire length of passive focuser, to scale, zoomed in at start, middle, and
end. Gaps between pillars allow buffer to pass through but particles are redirected towards the
centerline. Bottom row: Fluorescent polystyrene beads are shown entering the focuser randomly
distributed across the entirety of the channel width and exiting in a focused stream at the channel
center.

3.2.3 Liquid Electrodes

The fabrication of the gel electrodes is a multistep process. A pair of planar Au/Ti traces each
1cm x 100um, spaced 300um apart, were patterned onto a 1" x 3" glass side using
photolithographic technique; wires were then soldered to these electrodes using lead free solder
allowing them to interface with the external function generator. Subsequently, the PDMS
channels are aligned over these planar electrodes such that the main flow channel runs between
the two parallel planar electrodes, separated from each by 100um of clearance, while the
orthogonal side channels extending from the main flow channel sit directly on top of the planar

electrodes.
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To form the vertical electrodes that inject the electric field gradient into the main flow
channel, the device is filled with a heated agarose 0.5% wi/v saline solution at 30mS/cm. While
the solution remains liquid, fresh saline is pumped into the device at 300pL/min, clearing all
accessible sections of the channel of agarose solution. Due to laminar flow, however, the agarose
saline mixture in the side channels are unaffected by this sudden influx of fresh saline and

remain filled with agarose solution, which solidifies into a conductive gel as it cools below 65°C.

) Planar Saline
'fl';:cllzlslz::’/ A Side channels electrodes B ﬂush\ C
A RN T
Side channels Channels filled with hot Center channel flushed clear while
conductive liquid liquid in side channels harden into 3-D electrodes

Figure 3.2.8 Gel electrode loading protocol

A: The device (gray) is aligned over electrodes (gold); B: The device is filled with hot
conductive agarose gel solution (green). C: Saline is then flushed through channel, clearing
conductive liquid from the main channel but ignoring electrode sites due to laminar flow
principles. After cooling and gel formation, the saline in the central channel is removed and
particle suspension of interest put through the device.

The gel included fluorescein for visibility under 488nm excitation. Small dead zones in the
gel electrodes may occur when the saline is used to flush the main region; however regions are
shallow and the change to the fluidic channel and overall flow is minimal. We observed typically
less than 5% change to the channel widths, with no loss of laminar flow and no trapping of

particles in the dead regions.
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Figure 3.2.9 Electrode visualization
Overlay of brightfield and fluorescent image of assembled device; gel electrodes (fluorescent
green) are visualized using fluorescein additive.

3.2.4 DEP Separation

This device uses a consistent frequency for all electrode pairs and generates field lines
extending from one edge of the channel to the opposite; the electric field gradient is shaped
entirely by strategic asymmetric positioning of the vertical electrodes. In contrast, most iDEP
devices consist of symmetrically-distributed side channels, each side connected to its own
function generator with electric field lines that terminate in the same edge from which they
originate [134], [144], [167] and by adjusting the relative difference in signal amplitude between
each side, particles are shifted across the width of the channel. The positions of our electrodes on
each side of the channel were guided by drawing a schematic in COMSOL and numerically
simulating the shape of the resultant fluid flow field and electric field gradient. The resulting
field information and device geometry were then imported into a program written in Python to

predict particle trajectories using governing equations for dielectrophoresis and laminar flow as
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described above. Based on this, the specific shape and distribution of side channels as well as the
strength of the signals used to energize them were derived. In the final design, electrodes on the
upper (low E-field strength) edge of the device were 30pum wide and 30um apart, while those on
the lower (high E-field strength) edge of the device were 60um wide and 240um apart.
According to the numerical simulations, low dielectric constant particles, e.g. polystyrene
particles, and higher dielectric constant particles, e.g. mammalian cells, in low conductivity
buffer experience significantly different DEP forces at frequencies in the megahertz range, with
cells experiencing a strong pDEP force while the polystyrene particles experience the opposite,
yielding DEP-based separation. Theoretical trajectories for these two particle types flowing
through the device at 1puL/min are shown; the simulated device is set at 3MHz and 50V,
Polystyrene beads were modeled as perfect spheres with poor conductivity and permittivity
(diameter = 15um, o, = 0.1uS/cm, ¢, = 2.6), while cells were modeled as perfectly spherical
cytosols with physiological conductivity and permittivity (diameter = 15um, o¢y: = 15mS/cm, ey
= 80) enclosed in a thin insulating membrane of low conductivity and permittivity (thickness =
oM, omem = 1.64S/cm, emem = 20). All particles are modeled in low-conductivity media (o, =
150uS/cm, ey =78). Electronic properties for particles and media were derived from
literature.[168]-[173] Under these conditions, at 3MHz, the CM factor for the polystyrene

approaches -0.5, while the CM factor for the cells approaches +1.

3.3 Results and Discussion

Validation was performed by running mixed particle suspensions through the device and

demonstrating that by carefully tuning the voltage and frequency of the applied signal, the device
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can perform DEP-based particle separation. Both size- and dielectric constant-based sorting was

performed.

3.3.1 Size-Based Particle Sorting

An initial run of the device was performed using, for simplicity, only polystyrene beads
suspended in deionized water. Because of their identical composition, all particles in suspension
were expected to display the same C-M curve. Thus, sorting would depend exclusive only on
particle size, with DEP force scaling by volume and the resisting Stokes drag scaling by cross-
sectional area.

Given that for any frequency, the mixed particles would move in the same direction, and that
the field gradient across the main channel was strictly unidirectional, with the maxima located
along the bottom edge and the minima along the top edge, validation was conducted by focusing
all the particles against one edge of the sorter instead of along the centerline. According to the
numerical simulations, for the entire range of interest, i.e. 50kHz to 3MHz range, polystyrene
particles in low-conductivity buffer would experience nDEP. Thus, to perform the validation, all
particles were focused along the bottom edge of the microchannel, the top of the field gradient,
and the resultant nDEP force was observed.

The asymmetric focuser was adapted from the symmetric design, retaining all critical
features, including angle and post geometry. Instead two half-rows facing each other, however, it
consists solely of one full row, angled at -0.5° from the median and spanning the entire width of
the prefocuser section. In lieu of running the full numerical simulation package, the asymmetric
focuser was quickly evaluated by confirming its flow field distribution in COMSOL and then

simply running particles through a rapidly fabricated sample.
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Figure 3.3.1 Asymmetric focuser initial validation

Top left: Focuser geometry. Features are identical to the symmetric design, only the row of
pillars leads to bottom edge of device instead of centerline. Top right: Fluid flow simulation in
COMSOL. Particles added manually to illustrate their positions along flow lines. Middle row:
25um particles before and after passing through focuser. Bottom row: 10um particles before
and after passing through focuser. Middle and bottom rows: Marked width of focused beam
relative to width of unfocused particle distribution.



Figure 3.3.2 Asymmetric focuser integrated onto DEP sorter
Left: 10 second time lapse depicting 20um fluorescent particles entering DEP region in focused
stream. Right: Particles maintain stream and exit device through lowermost outlet.

The preliminary size-only-based separation was performed using fluorescent particles of
15um (yellow) and 20um (green) diameter (Polysciences, Warrington, PA, USA) suspended in
deionized water (o= 40uS/cm, ey = 80). Size-based nDEP sorting is primarily a function of
selecting for an appropriate combination of frequency, voltage, and flow rate that allows for the
two particle types to, in the channel length available, migrate to flowstreams that eventuate into
two different outlet channels. For the presented device, which features three outlets, particles
deflecting different thirds of the channel width would yield such an outcome. Keeping flow rate
and frequency at 1puL/min and 50kHz, respectively, voltage was gently tuned from OV to 30Vpp,
and variations in deflection between larger and smaller particles observed. As expected, while
both particle sizes eventually deflected all the way from one side of the channel to the other, the

larger particles experienced a slightly larger net force.
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Figure 3.3.3 Size-based particle sorting

Imaging at outlet: Left: Deactivated device. Middle: Device at 21Vpp. Sorting observed
between lower and center outlets. Right: At 30Vpp, analogous sorting between center and upper
outlets. Yellow = 15um diameter, green = 20um diameter.

Parts of Chapter 3.3.1 © 2013 IEEE. Reprinted, with permission, from [174].

3.3.2 Cell vs. Non-Cell Particle Sorting

As a subsequent proof of principle for application of this device to eukaryotic cells and to
demonstrate the device’s ability to sort cells from a heterogeneous mixture, we employed HeLa
cells (ATCC CCL-2, Manassas, VA) and polystyrene beads. A suspension of freshly detached
HelLa cells labeled with CFSE (50uM in PBS, Sigma-Aldrich, St. Louis, MO) in low-
conductivity buffer consisting of 8.5% sucrose (wt/vol), 0.3% dextrose (wt/vol), and 0.725%
RPMI (vol/vol)) (150puS/cm, pH = 7.38) at a concentration of 1x10° cells /ml was prepared.
15um polystyrene fluorescent beads (FluoSphere 580/605, Life Technologies, Eugene, OR) were
then added to this mixture to a resulting concentration of 2x10° particles/ml. This permitted

visualization of both beads and cells using standard fluorescent video microscopy.
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Figure 3.3.4 Particle separation in DEP sorter

Top row: Five-image sequence of mixed particle suspension (red 15 pm polystyrene beads and
green HelLa cells) exiting the focuser, entering the DEP region, halfway through the DEP region,
exiting the DEP region, and exiting the channel in deactivated device. Second row: Same
sequence, device energized at 3MHz.

To quantify separation efficiency, video footage of particles exiting the device at the channel
trifurcation was collected using the LSM780 (Carl Zeiss Microscopy, Thornwood, NY) at 2fps
for 100s and particles were counted as they passed through one of the three exits. As the particle
mixture enters the device, it is initially focused into a stream located at the center of the flow
channel; 82% of polystyrene particles and 93% of cells were focused into the center outlet, with
the balance scattered into the two other channels, yielding no separation. Upon the application of
a low frequency signal of 30kHz and 30V, strong nDEP is experienced by the polystyrene
beads, which are completely deflected into the top channel. HeLa cells display a more mixed
response: the stream of cells broadens, and while most cells exit primarily through the center

outlet, some are observed exiting through one of the two side outlets as well.
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Figure 3.3.5 Particle separation as a function of frequency

Particle distribution (red 15um polystyrene beads and green HelL a cells) imaged at trifurcated
device outlet. Initially, nearly all particles are focused into the center channel. Upon activating
the function generator at 30 kHz, polystyrene particles immediately deflect into upper channel
(nDEP) while cell stream broadens into the upper and lower channels. As frequency is further
increased, polystyrene particles remain in the upper channel while HeLa cells gradually
transition towards the lower channel (pDEP).

As the frequency is increased, the polystyrene particles continue to exit through the top
channel while the live cells transition gradually towards pDEP; at 3MHz and 50V, near-total
separation is observed with over 97% of HeLa cells and over 94% of polystyrene particles
deflected into the bottom (pDEP) and top (nDEP) outlets, respectively. Trace amounts of each

particle type passed through the center channel.
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Figure 3.3.6 Quantification of sorting

Particles were counted as they exited the device through one of three outlets: undeflected
particles exited through the center outlet, particles experiencing an nDEP force exited through
the top, and particles experiencing a pDEP force exited through the bottom. Flow rate was

1 uL/min. Panel A: Particle distribution in deactivated device. B: Particle distribution under
50Vpp, 3 MHz signal.

3.4 Conclusions

The microfluidic device presented addresses several critical issues in DEP particle sorting,
namely, the decreased DEP sorting efficiency without pre-focusing of the particle stream, the
dead zones commonly found in microfluidic electric field gradients, and the capacity to easily
fabricate vertical 3-D electrodes using historically 2-D photolithographic methods. The design
improves upon earlier liquid dielectrophoresis methods by allowing for the formation of higher
conductivity 3-D gel electrodes within the device using only the properties of the laminar flow
found at low Reynolds numbers. These three-dimensional electrodes were fabricated by
strategically flowing a thermosensitive conductive liquid into the device and then selectively
removing material from the main channel prior to device cooling, leaving 3-D structures shaped

to generate vertical uniform and lateral non-uniform field gradients.
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Initial work shows that the device can deflect particles across a wide range of frequencies
and differentiate between particles of low and higher dielectric constant with high accuracy.
Future work will focus on applying this sorting technology towards distinguishing subsets of live
eukaryotic cells and for isolation of low population cell subsets from a larger heterogeneous
mixture, e.g. hematologic cellular subsets (leukocytes) or circulating tumor cells from whole
blood. This work provides an avenue to explore sorting based on detecting subtle differences in
seemingly homogeneous cell populations, such as progenitor or stem cells from single tissue
population, e.g. epithelium from a specific organ. Finally, future studies will be performed in
buffers more conductive than the low-conductivity DEP buffer presented here; of special interest
is the device’s ability to sort particles at physiological conductivity, which would simplify the
sample prep process and allow the device to sort using both nDEP and pDEP, across a wide

range of frequencies.
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Chapter 4: Lab-on-PCB Device Using Alloy Vertical Electrodes

4.1 Overview

Presented is a microfluidic lab-on-PCB device containing alloy vertical electrodes for sorting
microparticles using dielectrophoresis (DEP). The device consists of a continuous hydrodynamic
prefocuser and an electronic particle sorter. Lining the two sidewalls of the electronic sorting
region are regularly spaced rectangular metal electrodes reaching from the floor to the ceiling of
the flow channel that bridge electric field lines laterally across the channel. The size and
distribution of these vertical electrodes are arranged asymmetrically such that the resultant
electric field forms sharp electric field gradients across the channel; specific geometries were
optimized using finite element methods. Particles entering the device are initially focused into a
single stream as they pass through the prefocuser. Subsequently, they are exposed to the lateral
electric field gradient and separate into separate streams based on size and dielectric properties.
Validation was performed by dielectrophoretically separating live cells from dead cells. Unlike
the first generation of microfluidic devices, the system presented can be integrated with various
external sensors and actuators using commercially available components towards a true lab-on-

PCB system.

4.2  Manufacturability of Microfluidic Devices

As discussed in Chapter 2, despite tremendous advances in the miniaturized particle sorting
technologies themselves, device packaging has not developed at a comparable pace, limiting the
adoption of these technologies.[175] Devices still almost universally consist of channels cast
onto a polymer, often PDMS, and mounted onto a brittle substrate such as glass or silicon. To

incorporate electronic components, conductive Au/Ti or ITO traces are often
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photolithographically patterned onto the substrate itself to carry current from external sources
into the microfluidic channels; this method of fabricating electrodes can be prohibitively
expensive, owing to labor, equipment, and material costs, as well as the significant amount of
Au/Ti wasted to produce simple traces. These methods, while sufficient for device prototyping
and concept proving, run counter to the lab-on-a-chip mission of microfluidic devices, and
present scaling and cost concerns that hinder acceptance of microfluidic devices within the
clinician and laboratory researcher communities. Printed circuit boards are an effective means of

addressing these ongoing difficulties of standardization, implementation, durability, and cost.

Figure 4.2.1 Early prototype of alloy electrode device

Initial attempt at fabricating metal vertical electrodes using only conventional fabrication
techniques. PDMS components were not permanently bonded to glass substrates, to allow for
their reuse in the likely event of a failure in the alloy-filling step. Additionally, glass slides were
not patterned with costly conductive pads, which would be permanently fouled if the alloy did
not fill properly. As a result, wire attachments for interfacing with external components were too
tenuously connected for practical use, and PDMS delamination occurred frequently.

First and foremost, PCBs are a cheap and easy method for mass-producing complicated metal
traces from a simple CAD drawing, eliminating the need for wet etching processes and time-
intensive fabrication. Additionally, the boards themselves are tougher than brittle materials such

as glass, and are a promising method for translating microfluidic devices from an engineering lab
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into real-world environments such as a wet bench or patient bedside. This is especially
advantageous given that a primary mission of microfluidics is specifically to extend the
capacities of a traditional clinic or lab into rough locations inaccessible by traditional laboratory
technologies. Finally, PCBs are a convenient platform for attaching mechanical components such
as manifolds and fluidic lines, as well as existing standardized electronics, such as on-board
switches, relays, and interconnects. One can envision a system in which all of the necessary
electrical components for operating a microfluidic device (e.g. function generator, amplifier,
logic elements) could be incorporated directly onto the PCB. Indeed there have been efforts to
design PCB accompaniments to microfluidic devices[176], but work to integrate PCB
functionality directly onto the microfluidic device has been very limited.[177]

To demonstrate, a PCB-based microfluidic device was prepared for sorting particles using
dielectrophoresis, a mechanism that has found widespread use in the microfluidics community.
This PCB enabled a facile and robust connection of the alloy electrodes to external prototyping

wires used to deliver the electrical actuation signal.
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Figure 4.2.2 Initial prototyping work towards lab-on-PCB

Skeptical project collaborator Melinda G. Simon, PhD, takes a first attempt at a soon-to-be
routine soldering job. Note the unnecessary use of examination gloves, a leftover habit from a
history of cell culture and performing rapid prototyping using PDMS.

4.3 Methods

The presented device consists of an inlet, a hydrodynamic prefocuser, an electronic sorter,
and three outlets for recovering sorted particles. Device channels were first cast in PDMS from a
silicon wafer master patterned using DRIE. Once the DRIE master has been fabricated, all other
steps of the fabrication including vertical electrode fabrication, can be completed outside of the
cleanroom environment. The electronic sorting component consists of two side channels, each
parallel to the main channel and separated from the main channel by a line of evenly spaced

pickets. At each end, the main channel branches into three inlets/outlets. The inlet trifurcation
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serves as an injection point for the particle suspension and the focusing buffer, while the outlet
trifurcation allows the user to divide the sorted particles into three batches for recovery.

The device is connected to an external amplifier and function generator. Fluid flow is driven
using two syringe pumps (Harvard Apparatus, Holliston, MA, USA). Visualization is performed
using inverted fluorescent microscopy (Olympus Corp., Tokyo, JP) and digital imaging (Nikon
Corp., Tokyo, JP). Videos were recorded using a commercial SLR camera (Canon 5D Mark I,

Canon Inc., Tokyo, JP), mounted to the microscope, and analyzed in ImageJ.

Copper traces

Figure 4.3.1 Device schematic of PCB-based DEP sorter

Top: Device schematic, to scale. The device consists of a hydrodynamic flow prefocuser which
directs all incoming particles into a single line, and an electronic component, which injects an
electric field gradient into the channel and sorts the stream of particles based on their size and
dielectric properties. Bottom: Electrodes are formed by flowing alloy into side channels parallel
to main channel. Gaps in the walls between the main channel and the side channels expose the
electrodes to the main channel.
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Figure 4.3.2 Assembled PCB-based DEP sorter

Left: Top surface of device. Visible are the pair of vertical electrodes in the center of the device,
as well as the topmost block of PDMS containing the microchannels. Right: Bottom surface of
device. Visible are some of the vias and copper traces used to connect the electrodes with
external instrumentation such as oscilloscopes, power supplies, and signal generators.

4.3.1 Numerical Methods

Channel geometry was optimized by analyzing models built using COMSOL Multiphysics
and a custom Python package. The device was drawn in COMSOL and used to generate flow-
and electric-field data. The data was exported and imported to a Python program in which
governing equations for collision detection, fluid flow, and dielectrophoresis were incorporated.
Subsequently, simulated particles of various sizes and dielectric constants were flowed into the
virtual device and particle trajectories were recorded. The geometries of the pickets and the
focuser, as well as the voltage and frequency of the applied electronic signal, were adjusted until

separation was achievable for various types and mixtures of particles.
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Figure 4.3.3 Simulated electric field gradient in DEP sorting region

The electric field gradients generated by the alloy vertical electrodes were simulated in
COMSOL. As shown, the fields are strongest at the top edge of the device and weakest at the
bottom edge. Particles undergoing pDEP would thus tend to trend towards the top, while those

undergoing nDEP would tend to trend towards the bottom.
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Figure 4.3.4 Theoretical C-M curves for mammalian cells

The real component of the C-M curves for cells of varying health were simulated in MATLAB
by varying cytoplasmic conductivity, based on the fact that as cells die, their membranes porate,
allowing their cytoplasms to gradually match the conductivity of the surrounding media.
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Figure 4.3.5 Simulated particle trajectories

The custom Python program incorporating governing equations for laminar flow, particle
collision, and dielectrophoresis was used to calculate the trajectories of 40 particles, starting
from 40 different positions across the middle fifth of the width of the channel (Y dimension).
The X dimension corresponds to the distance traveled along the DEP sorting region of the
microfluidic device by each particle. In this simulation, particles entering at the 50um streamline
or above in the Y dimension are deflected to a higher Y dimension (i.e. the left side of the
microfluidic channel) as they traverse the length of the sorting region.

4.3.2 Implementation of Printed Circuit Boards

To facilitate electrical and fluidic connections to the device, a 1”’x3” printed circuit board
containing all necessary electrical leads and fluidic ports was designed in EagleCAD (CadSoft
Computer, Ft. Lauderdale, FL, USA) and custom printed (Smart-Prototyping, Kowloon, HK). A
bespoke protocol was used to bond the PDMS channels to the PCB. Briefly, a layer of PDMS
approximately 5mm thick was applied to the surface of the PCB, providing a smooth surface to
facilitate a strong bond between the board and the PDMS film, preventing delamination.
Subsequently, the PDMS slab containing the patterned microchannels was covalently sealed

channel-side-down against the PDMS film using plasma treatment.
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4.3.3 Metal Vertical Electrode Fabrication
The microfabrication of vertical electrodes is a challenge, generally requiring a series of
photolithographic steps and, in the case of electroplating, fine electrical current control to

fabricate these three-dimensional structures and then to seal the device.[134]

Figure 4.3.6 Example of electroplated vertical electrodes

SEM pictures of the electrodes. A: Electroplated Au electrode array before channel layer is
coated. B: Electrode arrays embedded in the side wall of channel. C: Au electrodes for MHD
before coating of channel. D: Close-up view of the electrodes and SU-8 wall inside channel.
Reprinted with permission from [134] © 2007 IEEE.

While various methods have been proposed to circumvent these difficulties, and have been
successful at performing DEP separations, metal electrodes of an optimized size and shape
remain the most effective method of injecting electric fields of a specific shape and strength,
with minimal voltage loss, into a microfluidic device.[178] Presented is a novel method for
combining the convenience of liquid electrode fabrication with the performance of their metal
counterparts. In addition, this method allows for out-of-cleanroom fabrication of these vertical

electrodes, thus significantly decreasing the time and cost required for their fabrication. Using a
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low-melting-point indium-based alloy and exploiting the increased importance of surface tension
forces at the microscale, three-dimensional electrodes can be rapidly and reliably formed in 5
minutes using only a hotplate. Combined with a PCB platform, this demonstrates that a
geometrically-complex microfluidic device can be fabricated for little cost, with minimal
cleanroom dependence, and ready for integration with standardized auxiliary micropumps and
electronics for introduction to a non-engineering audience of clinicians and biological
researchers.

To form the vertical electrodes themselves, devices were placed on a hotplate, heated to
90°C , and an low-melt-point alloy of 51% indium, 32.5% bismuth, and 16.5% tin (Indium
Corporation, Clinton, NY) was gently flowed into the side channels using hydraulic pressure
through vias in the PCB aligned over the inlets and outlets of the side channels. The alloy’s high
viscosity forces it to flow laminarly through the side channels while the high surface tension
owing to the small radius of curvature between pickets prevents the alloy from entering the main
fluidic channel.[178] After the alloy is in place, the device is cooled and the alloy solidified.
Finally, wires are soldered to the vias on the back side of the PCB for connection to external

electronics.

In-5n-Bi alloy

flowthrough

Figure 4.3.7 Electrode loading protocol, top view

Left: Parallel to the main flow channel are two U-shaped side channels separated from the main
channel by pillars. Two alloy inlets are bored in the PDMS. Right: The alloy enters through the
inlet and travels the length of the U shape. Surface tension keeps it from leaking into the main
flow channel, thinly visible in blue.
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A B C D
Figure 4.3.8 Electrode loading protocol, side view
A: Side channels are initially empty. B: To load the electrodes, a wire of In-Sn-Bi is inserted into
the side channel inlet. C: As it contacts the warm PDMS-PCB substrate, it melts and flows
through the channel. The solid wire above it acts as a piston, driving the melted alloy through the
channel with a hydraulic force. D: After the entire side channel has been loaded with melted

alloy, the device is removed from heat and the alloy allowed to solidify. Excess material is
removed.

Unlike vertical electrode fabrication using electroplating, fabrication using the alloy material
imposed additional constraints on the optimal electrode design. Models showed that the electric
field gradient was maximized in designs where the difference in size in electrodes on either side
of the channel was greatest, however the maximum usable electrode size was ultimately
constrained by the upper limit on the radius of curvature which would retain alloy in the alloy
channel by surface tension. In practice, electrode fabrication was most robust when the gaps
between pickets were 50um or lower. This limitation could potentially be improved by
decreasing the channel height, thus decreasing the radius of curvature in the perpendicular
direction and increasing the overall surface tension at this location; however our design required

a channel height of 50um in order to prevent cell clogging and ensure a long device lifetime.
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Figure 4.3.9 SEM of vertical electrodes
Depicted is a section of the 50um tall main flow channel and the asymmetrically distributed
PDMS pillars that form the channel’s sidewalls. The top edge of the channel is formed by large

sections of PDMS, with sparsely distributed gaps, while the bottom edge contains an even
distribution of PDMS and gaps.

To address possible toxicity issues regarding the use of the alloy electrodes in cell sorting
applications, HeLas in cell media were spiked with varying amounts of alloy and cultured for up
to thirty-six hours. Cell survival was checked every four hours by staining with trypan blue, a
live-dead dye and compared to the negative and positive controls. Positive controls were killed
by exposure to 70% ethanol for one minute. As shown, even after thirty-six hours, there is no

noticeable difference between the exposed cells and the negative.
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Figure 4.3.10 Biocompatibility assay
Samples of the alloy were cultured with HeLa in cell media for up to 36 hours. No obvious
toxicity was noted. Left: Negative control. Middle: Positive control. Right: Positive.

Additionally, it was demonstrated that a the alloy can be electroplated with a thin film of
gold using a standardized protocol after installation in the microchannel, rendering it nontoxic to
cells.[179] Special care must be taken to ensure that plating temperature does not exceed 65°C,

to prevent the destruction of the electrodes.
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Figure 4.3.11 Gold plated electrodes
A PDMS component whose loaded electrodes have been plated in gold. Gold plating addresses
any potential biocompatibility concerns that might arise in cell sorting applications.

4.3.4 Hydrodynamic Focusing

All particles must enter the device along the same flowstream if they are to experience
identical electric field conditions for dielectrophoretic sorting; to do otherwise introduces
confounding situations, such as certain particles eluding DEP sorting completely by entering
along a flowstream that only passes through weak field gradients. For this reason, the particle
stream is focused into a tight band at the center of the main channel using a hydrodynamic
focuser. Briefly, this is an established technology that takes advantage of the fact that under
laminar flow conditions, such as those found in a microfluidic device, if multiple fluid streams
converge into one, each will flow parallel to the others, with no convective mixing. The percent
width of each stream after convergence is proportional to its volumetric flow rate relative to the
combined volumetric flow rate of all streams. In the presented device, particles are flowed into

the main channel through a central inlet, while pure DEP buffer is flowed into the main channel
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through two side inlets. When the flow rate of pure DEP buffer into the main channel through
these two side channels exceeds that of the particle suspension itself, the particle suspension is
forced into a thin stream so narrow that particles enter the DEP sorting region approximately

single-file.

Figure 4.3.12 Hydrodynamic focuser lines

Particles were hydrodynamically focused using a three-line system at the inlet. The particle
suspension (red) enters through the center line, while the focusing fluid (clear) enters through the
two side inlets. Relative flow rates of all three lines were adjusted to maximize the compression
of the particle suspension without encountering unwanted effects such the focusing fluid
contaminating the centerline reservoir.
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Figure 4.3.13 Hydrodynamically focused fluids at device inlet

Top: Three lines of PBS are seen entering the inlet. The central line has been stained with
fluorescein for visibility. By entering the central fluid at 0.8uL/min and the pinching fluids at
2.6pL/min, an approximately 75% reduction in stream width is observed. Bottom: The
fluorescein-stained PBS replaced with a live-dead suspension of HelLa cells. Stream compression
is comparable to that of the PBS trial.

4.4 Results and Discussion

Freshly detached HelLa cells in PBS were separated into two aliquots at a concentration of
1E6/ml each. One batch was stained with carboxyfluorescein succinimidyl ester (CFSE) (Sigma-
Aldrich, St. Louis, MO) at 50uM for 30 minutes at room temperature; in live cells, CFSE is
activated to fluoresce green at an excitation wavelength 488nm, whereas in dead cells, no
fluorescence occurs. The other batch was heat-killed via immersion in a 57°C bath for 30
minutes.[180] Subsequently, these cells were stained with propidium iodide (P1) at 1% (wt/vol).
In live cells, Pl is unable to penetrate the cell membrane and no staining results, but dead cells’
membranes are porated, granting the dye entry. Upon binding to the dead cells’ exposed nuceic
acids, PI fluoresces under an excitation wavelength of 561nm. Finally, both aliquots are

recombined at a 1:1 ratio in a low-conductivity DEP buffer consisting of 8.5% sucrose (wt/vol),
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0.3% dextrose (wt/vol), and 0.725% RPMI (vol/vol)); final conductivity and pH are 100uS/cm
and 7.38, respectively. Final concentration of each cell type is 1E6/ml. As shown in the CM
factor plot for our system, the high conductivity of cell media (RPMI) results in a CM factor that
IS negative at every frequency. While cell separation is possible using negative DEP, lowering
the medium conductivity to 100uS/cm enables cells to experience positive or negative DEP,
depending on the frequency of actuation used, which enhances the separation power of the
technique. Since the low conductivity buffer is osmotically-balanced with the cells, it provides a

harmless medium to accomplish this separation technique.[15]

Figure 4.4.1 Device setup for validation
Apparatus for validation. Three lines (left) deliver a pinched stream of cells into the device.
Electronics for DEP signal generation (upper right corner) are shown detached.

The prepared cell suspension was flowed into the device through the central inlet at a rate of
0.8uL/min, while DEP buffer was flowed through the hydrodynamic focuser at 2.6pL/min. In
the deactivated device, all particles flow through the device without experiencing any lateral
deflection and exit through the center outlet. When the device is activated at IMHz and 40V,

however, live cells are deflected towards the top edge of the device and are sorted into the upper
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outlet, while dead cells experience no net dielectrophoretic force and exist through the center
outlet. To quantify sorting efficacy, particles exiting each channel were tallied for both the

activated and deactivated device, and the two results were compared.

Outlet

Inlet

Figure 4.4.2 Live-dead separation, visualization

Live-dead assay, showing live cells stained with CFSE dye (green) and dead cells stained with
propidium iodide (red). Images of particle traces from a video were stacked to show the
trajectories of many particles. Left: At the inlet of the device, all of the cells (both live and dead)
are focused in the middle of the three channels by hydrodynamic flow focusing. Right, above:
With no applied electric field, all cells, both live and dead, exit through the center outlet. Right,
below: However, at IMHz and 50V, live cells, with their conductive cytosols and intact
membranes, can form strong dipoles compared to those of the suspending media and experience
pDEP, deflecting towards the upper edge of the flow channel and exiting through the upper
outlet, indicated by the stream of green cells in the top channel. Dead cells experience no net
DEP force and continue to exit the device through the center outlet, indicated by the stream of
red cells in the middle channel.
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Figure 4.4.3 Live-dead separation, quantification
Particle distribution across the channel width is measured using video footage as they exit the
device through one of three outlets. Percent distribution for each outlet is shown.

As shown, nearly all dead cells were isolated into the center outlet. The live cells, however,
did not sort into as tight a stream, and while most were observed to experience pDEP and deflect
into the upper channel, some did not experience as strong a dielectrophoresis force and remained
mixed into the dead batch. This could be the result of a few factors. First, owing to the steepness
of the electric field gradients in the device, over time, some live cells can become
dielectrophoretically trapped at the sites of field maxima, physically blocking succeeding cells
from deflecting sufficiently into new flowstreams. These trapped cells can, through their own
dielectric properties, also alter the shape of the electric fields generated by the device such that
succeeding cells do not experience as strong a gradient. Finally, it is possible that the seemingly
live cells that remain mixed with the dead cells are simply less healthy than the rest of their live
cohort, and are unable to polarize sufficiently defect away from the dead cells. In the final
scenario, no correction is necessary as there is actually no error in DEP sorting. In all other
scenarios, it is a commonly-used rectification in microfludic particle sorting to pass the contents
of the center outlet through the device a second time to account for any straggling live cells.

Finally, it goes without saying that the provided demonstration is only one example of particle
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separation. End users should adjust the device’s flow rate, voltage, and frequency to optimize the

deflection of any particle they wish to enrich/separate.

45 Conclusions

The device presented addresses various obstacles in DEP cell sorting. Most importantly,
vertically uniform electrical fields are generated by vertical electrodes, enabling continuous
separation of cells and particles by balancing DEP force with fluid flow to steer different
populations of cells or particles to different outlets. A pre-focusing region in the device ensures
that particles and cells enter the separation zone in single-file, and thus experience an identical
DEP force.

Additionally, the device is unique in its ability to integrate seamlessly with existing
electronic components. Microfluidic cell sorters have experienced significant developments in
the past decade, but there has been limited interest in the actual integration of these new
technologies into real-world devices for portable point-of-care diagnostics. Importantly, the
vertical electrodes can be fabricated quickly and out of the cleanroom, while the PCB substrate
enables inexpensive and readily-available substrates to produce these devices. By building this
device on a standardized electronics platform, it is a significantly simpler task to integrate
miniaturized external components such as pumps, valves, and switches, as well as electrical
components such as an amplifier and signal generator towards the development of a true lab-on-

chip.
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Chapter 5: Switchable Pick-and-Place Vertical Electrodes

5.1 Overview

Presented is an externally-controlled lab-on-PCB device for dielectrophoretic particle sorting.
The heart of the device consists of an electronic sorting space whose inner walls are lined with
three-dimensional vertical electrodes that project electric field lines into the space. As particles
flow through the space, they are dielectrophoretically affected by the electric field and,
depending on their size, conductivity, and polarizability, are deflected in a certain direction. By
selectively activating and deactivating individual electrodes using an external controller, it is
possible to sculpt the net electric field, and consequently, the field gradient in the space. This is
in contrast to traditional DEP-based sorters, whose electric field gradients are predetermined by
the devices’ fixed electrode geometry, and cannot be modified by the user. Additionally, unlike
the first generation of microfluidic devices, the system presented can be integrated with various
external sensors and actuators using commercially available components towards a true lab-on-

PCB system.

5.2  Surface-Mount Technologies

As addressed in Chapter 4, the microfluidics community can no longer build novelty items
for the sake of novelty itself; rather, it faces the difficult question of what role the technology
will take in the years to come, and must start taking steps in that direction. Currently, the
community is trending towards extreme simplicity: the argument goes that rather than investing
significant resources towards complicated systems that might compete with high-end
technologies such as FACS, efforts should lean towards the opposite end of the spectrum,

namely, devices that trade sensitivity and speed for reduced cost and power consumption and
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increased durability and portability.[175] This forfeits in a way the original mission of a lab-on-
a-chip: deliberately simple devices, e.g. home pregnancy tests, have their role, but ultimately, the
biomedical community wants a device that integrates every step of their assay, from reagent
input to data output, not one that crudely conducts one step of the assay, however cheaply or
easily.[77], [181] Transitioning to a PCB-based paradigm is a first step towards reviving the
original uTAS mission, but only a first step: a rectangle of plastic and copper cannot perform
many assays, after all. The next step requires that we actually use the PCB as a starting point
towards finally integrating on-chip all the tools required to perform the assay.

Surface-mount technologies (SMTSs), a staple of the microelectronics industry, dovetails
perfectly into this role. SMTs refer to, as the name suggests, methods and components for
fabricating circuits by directly mounting components onto a printed circuit board. Developed in
the 1960s to facilitate the integration of certain electronic components onto the glass substrates
of the time, SMTs came to the forefront of the microelectronics industry in the 1980s, when
engineers reached the limits of shrinking through-hole-based technologies, the predecessor to
SMTSs. At the broadest level, SMTs would bring to microfluidics the same manufacturing
advantages they did to electronics thirty years ago, dramatically reducing the footprint, weight,
volume, and cost of the attached components.[182]

Specific to microfluidics, SMT-based methods would enable an engineer to overcome
various obstacles in device design and manufacturing specific to the field. For example, a major
reason behind the poor reception microfluidics have received in the mainstream community is
the difficulty in integrating auxiliary components. SMTs provide a deceptively powerful solution
to this problem: a lab-on-PCB equipped with standardized SMT sockets, ports, and other

interconnects facilitates the integration of components depending on the user's needs.[183]
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SMTs provide capabilities beyond simple modularity, too. As shown in microelectronics,
SMTs allow a user to bundle large amounts of small delicate components into one durable
package, which in turn can easily be mounted onto a PCB.[182] For microfluidics, this means
that miniaturized auxiliary tools, such as pumps and electronics, which already exist in some
form or another, can be easily integrated onto a chip in a standardized manner. In addition to the
increased convenience and manufacturability this confers, it would also improve the portability
of any microfluidic device, crucial for the point-of-care mission.[184]

Finally, SMTs provide some possible solutions to the various manufacturability concerns in
microfluidics.[185] For example, microfluidics are generally assembled monolithically, i.e.
fabrication begins with a single substrate, e.g. a 1”x3” sheet of Au/Ti-coated glass, and
additional components and materials are added and subtracted irreversibly with each step. This
was suitable for early devices, which consisted of little more than patterned silicon, and, later,
patterned elastomer, but as devices grew more elaborate to include more and more steps, device
yields under this paradigm dropped exponentially. This remains a tolerable, albeit inefficient,
method for rapid prototyping, but cannot be scaled in a cost-effective manner for large-scale
production.

SMT-based pick and place methods, on the other hand, bypass this constraint. Each
component of a device can be manufactured in a batch, each of which can be checked for quality
using standard statistical methods. Using this method, the overall failure rate is limited to that of
the most bothersome component; the errors do not propagate during the assembly process.

Additionally, for microfluidic devices, monolithic fabrication places unnecessary constraints

on fabrication: for example, vertical electrodes are rarely incorporated despite their advantages
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because with existing techniques, engineers cannot fabricate them until after the microfluidic
channel has been sealed, a microscale version of the impossible-bottle problem.

Under an SMT paradigm, however, this frustrating situation can be avoided. By treating the
bulk of the polymer body, with major features patterned onto it, as a substrate the way a PCB is
treated, it naturally follows that components such as electrodes and pumps and perhaps, thanks to
advances in polymer printing technologies, even passive units such as microposts [186], could be
fabricated separately and then mechanically placed onto the polymer body. Self-assembly
methods could also be incorporated to facilitate this process and increase the tolerances of such a
process.[187] By building components individually and assembling the device as a final step, the
engineer to bypass these fluidic constraints, opening the door to microfluidic components

previously thought too impractical, if not nearly physically impossible.

5.3 Methods

As a proof of concept, three-dimensional microelectrodes were fabricated using various
techniques adapted from photolithography and installed into a microfluidic device using pick-

and-place methods.

5.3.1 Device Overview

The device builds on the lab-on-PCB technologies presented in Chapter 4. Briefly, a 17x3”
printed circuit board substrate was patterned with all necessary vias, ports, and electrical
interconnects. The surface of the PCB was planarized with a layer of PDMS approximately 1mm
thick, and appropriate vias were drilled using a biopsy punch to facilitate the fluidics and

electronics. The actual microfluidic component, a long microchannel with a circular central
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sorting region, are patterned in PDMS using soft lithography and aligned over the PCB.
Embedded in this component in their specially grooves are six independent electrodes that
converge at a circular sorting region at the center of the microchannel. the electrodes are Each
electrode is independent of the other five and can send a signal, serve as a ground, or float itself
out of the circuit. By selectively activating, grounding, and deactivating individual electrodes,
the user can modify the net electric field located in circular chamber, and thus the resultant DEP

force on any particles in the chamber as well.

Figure 5.3.1 Device layers

The device starts with a PCB substrate (dark green), which includes all required vias, copper
pads, and electrical traces (light green). On top of the PCB is a planarizing layer of PDMS,
which includes all necessary vias and ports. Above that are the actual microchannels, patterned
in PDMS using soft lithography. Electrodes are fabricated using a custom process and installed
onto the microchannel layer separately. A low melting point solder was used to bridge the
electrodes to the copper traces.
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5.3.2 Numerical Methods

The Python-based DEP module used to generate particle trajectories in Chapters 3 and 4 was
modified to perform analogous analyses with this device. To reiterate, the main flow channel and
circular sorting chamber was drawn to scale in COMSOL, as were the positions of the six
vertical electrodes. In COMSOL, the fluidic flow field in the chamber was generated. Finally, the
net electric field in the sorting chamber was generated by setting the electrodes to signal, ground,
or float, and to the appropriate voltage. The field data were then imported into Python along with
the physical properties of the particles and the media, and the governing equations for
dielectrophoresis were then applied to generate the predicted trajectories.
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Figure 5.3.2 Simulated particle trajectories

Particle trajectories for various electrode switching configurations were simulated; two are
depicted here. Left: Chamber as focuser. All electrodes are activated; every other electrode is set
to signal while the rest are set to ground. Right: Chamber as deflector. One electrode is set to
signal while the rest are set to ground.
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5.3.3 Device Geometry

The finalized device design, based on the results from the simulations, is pictured below,
with the electrodes in gray and the channels in blue. The microfluidic channel begins with the
hydrodynamic focuser developed in Chapter 4; however, a system such as a micropillar focuser
can easily be integrated. The main flow channel is 100pum wide and leads into a circular sorting
region 250um in diameter. The main flow channel reverts back to its 100pum width following on
the other side of the circular sorting region and trifurcates into three outlets downstream.

The electrodes themselves converge at a circular sorting region located at the center of the
main flow channel to form six vertical electrodes that sit flush with the perimeter of the circle.
The vertical electrodes are each 20um wide, and spaced 60° apart. Each electrode is connected

via a copper trace patterned in the PCB to an external switch for independent actuation.

Figure 5.3.3 Device schematic

17x3” PCB substrate (green) with microfluidic channels (blue) and electronics (gray). Electrodes
converge at circular sorting region at the center of the main flow channel, and can be
individually actuated to modify the shape of the net electric field in the sorting region. Electrodes
are connected to off-board switches and electronics via traces patterned in the PCB (copper). All
components are drawn to scale.
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5.3.4 Electrode Fabrication

Three-dimensional microelectrodes were fabricated using a combination of techniques from
photolithography, pick-and-place assembly, and microfluidics. Briefly, a 1”’x3” glass substrate
was covered with a 35um thick film of adhesive-backed copper tape (3M, St. Paul, MN, USA).
Subsequently, the tape was cleaned with acetone, isopropanol, and water, dried at 120°C, and
spin-coated with a 50um thick layer of 1002F, a viscous negative photresist developed in-house.
Next, openings are patterned in the 1002F using UV radiation, exposing areas of copper in the
shape of the desired electrodes. The patterned sample is next immersed in a 40°C bath of Techni
Nickel HT-2 (Technic Inc., Cranston, RI, USA) opposite a nickel anode, and a DC current
oscillating between 0-15mA is applied between the two for a period of five hours to isotropically
electroplate nickel in the electrode-shaped openings up to 50um. The copper tape, photoresist,
and nickel electrodes are then delaminated from the glass as one unit, cleaned of all residual
adhesive, and immersed in a mechanically agitated 60°C bath of Copper Etchant BTP (Transene
Company, Danvers, MA, USA) to selectively destroy the copper while preserving the nickel.

Upon the removal of the copper, the film of 1002F is left, with the electrodes embedded within it.
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Figure 5.3.4 Electrode fabrication protocol

Copper tape mounted on a glass substrate is used as the base layer for the electroplating process.
A film of 1002F photoresist is patterned on the copper, leaving pores in the shape of the desired
electrodes. The entire complex is then immersed in nickel-plating solution at approximately
15mA for five hours to achieve the desired thickness. Finally, the copper substrate is destroyed
using a wet etch process, leaving the electrodes and their photoresist carrier.

Figure 5.3.5 Electrodes

Left: Seed layer of nickel formed against a copper base. Areas free of nickel are covered with
1002F photoresist. Right: 1002F film and accompanying electrodes after release from copper.
Film is partially depleted from use.
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To address any concerns about biocompatibility between the nickel electrodes and the live
mammalian cells flowing through the device, the fabricated electrodes were finished with a ten-
minute immersion in Bright Electroless Gold solution (Transene Company, Danvers, MA, USA)

at 85°C for ten minutes. The final result is pictured below.

Figure 5.3.6 Completed electrode
Single electrode on electrostatic probe. Electrode has been plated in gold for biocompatibility
purposes and released from 1002F carrier.
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5.3.5 Pick-and-Place Assembly

These electrodes are patterned to fit snugly into microfluidic side channels that point into the
circular deflection region in the main flow channel, and sit nearly flush against the inner wall of
the deflection region. To physically place the electrodes, the patterned PDMS section was turned
face-up under a stereomicroscope and needlepoint tweezer attachments were used to accurately

slot them into position within the PDMS, guided by grooves patterned in the PDMS.

S 1002F -Ni

PDMS

S s 1002F -Ni
PDMS

1002F-Ni
PDMS

Figure 5.3.7 Transfer process

Electrodes embedded in photoresist film are aligned over their positions in the PDMS device; a
small normal force is applied to transfer electrodes to their slots on the PDMS. Photoresist allows
for the use of tools and methods such as micrometers, clamps, and patterned alignment markers,
as well as for all embedded components to transfer to the target material per-aligned relative to
each other.
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Figure 5.3.8 Placed electrodes
Six gold plated electrodes are shown in position on the PDMS component of the device.

5.3.6 External Interfacing

To facilitate external fluidic and electrical interconnects, 1”’x3” printed circuit boards were
drawn in EagleCAD and fabricated by a dedicated PCB manufacturer (NOA Labs, Kowloon, HK,
PRC). The PCBs were planarized with a thin layer of PDMS and all necessary vias and ports
were bored using biopsy punches. The prepared PCBs and the PDMS channels with embedded
electrodes were plasma treated and then aligned and covalently bonded together.

Finally, to complete all electrical connections, the devices were heated up to 100°C and an
indium-bismuth-tin alloy (Indium Corporation, Clinton, NY, USA) was carefully applied to six
separate vias on the PCB, connecting each electrode to a separate external switch which can
apply a signal to the electrode, ground it, or float it. The signals themselves emanate from an

external function generator and power amplifier.
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Figure 5.3.9 External interfacing
Electronic inputs are routed from an external signal generator and amplifier through a six-
channel switchbox. Switching allows each electrode to deliver a signal or to ground or float itself.

5.4 Results and Discussion

A preliminary device was designed and built to demonstrate the fabrication processes
developed; a completed device is depicted below. As shown, the device consists of a 100um
wide microchannel leading into a circular sorting region 250um in diameter. Positioned around
the perimeter of the sorting region are six microfabricated vertical electrodes arranged 60° apart
from one another; each can be actuated independently of the others. Exact electrode geometry

and distribution was determined using numerical methods.
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Figure 5.4.1 Completed device

A completed device is shown. Wires for external interface are to the left, in black. Traces are
partially visible, leading external wiring to individual electrodes. Gold-plated electrodes
converge at center of PDMS microchannel.

This device is unique among microfluidic DEP sorters in its ability to create a variety of
electric field gradients. Most dielectrophoretic sorters can create one fixed field gradient
geometry; the user can vary the amplitude only. As a result, the versatility of the device is
limited to one function, e.g. particle trapping, deflecting, etc. Because all six electrodes in this
device can be individually actuated or floated however, the net electric field in the sorting region
is nearly endlessly modifiable.

Additionally, this device is unique in its fabrication process. Previous vertical electrode
fabrication was constrained by various limitations: the devices either require significant
electroplating, a difficult process further complicated by the fact that significant portions of the
device, include the channels themselves, were made of silicon, a brittle material unsuited for use
in most environments calling for microfluidics, or depended heavily on laminar flow principles,
which limited the geometries of vertical electrodes to those depicted in Chapter 4. By fabricating
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the electrodes separately from the main device, a wide variety of geometries became possible,

free of the previous limitations.

5.5 Conclusions

A novel method is presented for the fabrication of three-dimensional metal electrodes inside
a microfluidic device. Whereas previous work in three-dimensional electrode fabrication relied
either on complicated microfabrication techniques or on fluidic properties unique to low
Reynolds numbers, this process utilizes only methods

This work also demonstrates a novel method for microfluidic device fabrication. Microfluidic
devices have historically been constructed in a monolithic process: each component or feature is
carefully built on top of one another in a stepwise manner. As a result, as the number of steps
increases, the cumulative failure rate rises exponentially, rendering the process more and more
incompatible with large scale manufacture. By building components in batches and then
assembling them together after each batch has passed quality assurance, however, the cumulative
failure is merely that of the least successful batch individually; its troubles are not compounded

against those of less failure-prone components.
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Chapter 6: Conclusions

6.1 Future Directions

“Now this is not the end. It is not even the beginning of the end. But it is, perhaps, the end of the
beginning.”

-Sir Winston Leonard Spencer-Churchill

This work describes the progression of an electronic cell sorter from a traditional
microfluidic device fabricated using non-ideal components all the way to a highly
manufacturable device ready for incorporation with other microfluidic technologies. In the
process, established methods from the electronics industry were effectively adapted or
microfluidics, and significant improvements in device packaging were made over existing
methods.

However, this only scratches the surface towards a lab-on-a-chip that will achieve a
mainstream role in a biomedical laboratory. A completely integrated device must accept an input
(biological or chemical sample) and seamlessly output a result (diagnosis, data about sample,
etc.); this requires the development of all the auxiliary components leading both to and from the
active analysis system. Interestingly enough, these components were themselves the focus of the
initial wave of research into microfluidics, before the field shifted to development of the sorters
themselves; by closing the circle and returning to this area, researchers would move the field into
an ideal position for commercialization and mainstream adaptation. Some examples of the

auxiliary components necessary are listed below.

99



6.1.1 Onboard Pumping

Crucial to the operation of microfluidic devices is the precise flow of fluids through them.
Currently, this is performed using external mechanisms, namely syringe pumps, peristaltic
pumps, or gravity. While sufficient for prototyping, it defeats the purpose of device
miniaturization to require that a user carries a large heavy pump alongside the microfluidic
device itself.

A logical solution is the addition of an onboard pump small enough to fit onto the handheld
platform. Many such pumps are reported in the literature, and some such devices are already
commercially available; it is a simple matter to extend traces on any PCB device to integrate
them into the electronic system. Mechanically, as demonstrated previously, the use of a PCB
platform facilitates the easy incorporation of interconnects to facilitate fluidic flow. The most
obvious solution is the class of piezoelectric pumps developed specifically for microfluidic
applications, though traditional gear-driven pumps are available as well. Alternative methods for
driving fluids through microchannels include the use of less traditional techniques, such as

capillary action and thermoconvection. Some examples are pictured below.

Figure 6.1.1 Piezoelectric pump

The depicted device is specifically designed from the ground up for microfluidics. Application-
specific features include small form factor, lower power consumption, and high precision fluid
delivery. Image courtesy of Dolomite Microfluidics.
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Figure 6.1.2 Thermoconvective pump

Hybrid PCB microfluidic device. A: (Green) PCB substrate with surface-mounted components
and (clear) polymer microfluidic layers. The channel location is highlighted using a white line
for clarity. Each end-channel reservoir is integrated with a thermistor temperature sensor and
heater. B: Schematic of the cross section of the heated reservoir (outlined by the small white
rectangle in part a). The thermistor (T3) and heaters lie within a 1 mm layer of thermal epoxy in
the heating package. These are embedded in the 1 mm polyurethane planarization layer on the
PCB substrate, above which is the polyurethane fluidic layer. The top layer of the device is 0.2
mm of stiff PMMA. Heat was applied at the embedded heater (Q). For temperature
characterization, we instrumented the reservoirs with thermocouples T1 and T2, which measured
temperature near the top and bottom of the liquid in the reservoir as shown. Reprinted with
permission from [177]. Copyright 2011 American Chemical Society.

101



(8) Lead  Buffer Buffer siver  (C) Syphilis
wash wash wash reagents Blocked HIV antigen antigen  Antibody
Gold-label Water (BSA) (gp41-gp36) (TpN17) to goat IgG

Side vie Sample antibodt ash
e view J, P ooy W Surface gﬁ& - *

— s treatment

Fowof _, i A J f

\ / To vacuum (syringe) sample
Inlet ¢ Airspacers  4Outlet Flow of

[ []

abeled —p

Lot L Ld goat antibody
\\ 1 to human IgG
Top view Detection zc/n‘es
L // N Flow of
Inlet Py - .‘. ‘__ ] Qutlet silver  —a M

ST EXCPE S P

1 1 R reagents Negative ~HIV  Syphilis  Positive

BEAM ST Lo LSS signal  signal  signal reference
Flow directior

Lead Burt Bt wat — BSA — Syphilis Ag
ea far uffer ater Goat-specific
s wash Gold-label wasn wash HIV Ag an(lbodpy
Sample —_——— antil body
Sample: HIV", syphilis

Assay tlme (min)

o
=}
5
o

Absorbance (AU)
s g
5
g &
a 3

Figure 6.1.3 Preloaded fluidic system

A: Picture of microfluidic chip. Each chip can accommodate seven samples (one per channel),
with molded holes for coupling of reagent-loaded tubes. B: Scanning electron microscope image
of a cross-section of microchannels, made of injection-molded plastic. Scale bar, 500pum. C:
Transmitted light micrograph of channel meanders. Scale bar, 1 mm. D: Schematic diagram of
passive delivery of multiple reagents, which requires no moving parts on-chip. A preloaded
sequence of reagents passes over a series of four detection zones, each characterized by dense
meanders coated with capture proteins, before exiting the chip to a disposable syringe used to
generate a vacuum for fluid actuation. E: Illustration of biochemical reactions in detection zones
at different immunoassay steps. The reduction of silver ions on gold nanoparticle—conjugated
antibodies yields signals that can be read with low-cost optics (for quantification) or examined
by eye. F: Absorbance traces of a complete HIV-syphilis duplex test as reagent plugs pass
through detection zones. High optical density (OD) is observed when air spacers pass through
the detection zones, owing to increased refraction of light compared to in the liquid-filled
channels. The train of reagents mimics the pipetting of reagents in and out of multiwell plates.
This sample was evaluated (correctly against a reference standard) as HIV negative and syphilis
positive. Ag, antigen. Reprinted by permission from Macmillan Publishers Ltd: [188], copyright
2011.

6.1.2 Miniaturizing Auxiliary Electronics

Analogous to the current obstacle with fluidics, microfluidic devices incorporating active
sensors and actuators are currently heavily dependent on external electronics components such as
signal generators, transmitters/receivers, power supplies, and optics. All of these are large bulky

systems that cannot be removed from the laboratory; as such, miniaturizing them and developing
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a standardized manner in which they are integrated onto a microfluidic platform is a top priority.
Such electronics are already available and widely used in handheld devices such as cellular

phones and tablet computers. Some examples are pictured below.

089T-€d

Figure 6.1.4 Electronic switching

Both mechanical and integrate switches have been developed for use in microfluidic devices.
The switch pictured here consists of six mechanical relays controlled using a microcontroller and
software interface. It is used to actuate vertical electrodes in the next iteration of the device
presented in Chapter 5.

Figure 6.1.5 On-chip function generator
The advent of miniaturized signal generators allows engineers to bypass the cumbersome signal
generators used in prototyping. Image courtesy of SparkFun Electronics.
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6.1.3 Software Control

Microfluidic devices rarely include any sort of user interface at all, much less a dedicated
GUI. Instead, users are required to manually operate each individual component of the
experimental apparatus separately, all in parallel. Conventional tools such as LabVIEW can aid
in this regard, but its applications are limited, and would not be appropriate in a situation in
which all components are miniaturized and mounted onto a platform.

In conjunction with some of the miniaturized hardware mentioned above is the development
of an Arduino-based program for use with integrated Arduino microcontrollers. Additionally, a
Python-based package is in development to include generic microfluidics components, such as
channels, valves, pumps, electrodes, and signal generators. The microfluidics engineer can thus
easily assemble a GUI for the user, who in turn can intuitively and conveniently control all

aspects of the device from a single interface.

Figure 6.1.6 Miniaturized microcontroller

Off the shelf components such as Arduino-based microcontrollers enable engineers to overcome
various issues regarding electronics integration in microfluidics. Image courtesy of SparkFun
Electronics.

104



6.2 Biomedical Applications of Interest

This project was born of an initial interest in providing point-of-care diagnostic and
analytical tools for clinicians and patients, as well as tools for routine cell biology assays popular
along wet-bench researchers. However, it was soon discovered that devices fabricated using
established microfluidics manufacturing techniques yielded devices that no end users would find
practical or even operable. To that end, various methods were developed to improve the
manufacturability and user-friendliness of microfluidics of all types. Listed below are some
potential applications in which microfluidics might play a larger role after incorporating the

methods developed in this project.

6.2.1 At-Home Complete Blood Counter

The spark for this project came when we learned that chemotherapy patients living in rural
areas would often undergo an arduous commute to the nearest oncology clinic for a drug
administration only to find themselves too immune deficient upon arrival to receive the
prescribed course of treatment, at least without the use of IV antibiotics. If a patient could
perform a complete blood count at home, the hypothesis became, much as a diabetic could
collect a blood sugar reading with a simple finger prick, it would greatly simplify the process of
monitoring the patient’s immune health, and to more efficiently structure a chemotherapy
regimen. The task seemed simple; after all, the literature included a large tome of methods for
distinguishing one blood cell type from another using theoretically portable microfluidic devices.
However, even as the device came together (Appendix A), it became obvious that a tremendous
amount of development still stood between the crudely fabricated piece of glass and silicone

before us and an actual device useful to the cancer patients who desperately needed the
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technology. Now, several years of work later, that day has nearly arrived. By incorporating the
fabrication methods developed in this work along with a few of the components described in
Chapter 6.1, it would be possible to provide the end-user with all the tools required to perform a

CBC, all in a convenient handheld package.

6.2.2 Rare Cell Detection

The at-home CBC system is a subset of a broader technology, the cell detector. In fact, rare
cell detection may very well be the “killer app” that propels microfluidics into the mainstream.
These devices have already demonstrated that, for certain cases, they can rival and even
outperform FACS, the most venerated of particle sorters. However, unlike FACS, which carries
with it over four decades of refinement, microfluidic cell detectors are, with few exception, are
raw technologies with no development towards user friendliness or practicality. Additionally,
while FACS systems are nearly entirely self-contained, microfluidic detectors tend to require
costly and cumbersome pieces of laboratory equipment, such as pumps, power supplies, optical
instrumentation, and a computer interface; the device can seem more like just one component of
a large improvised apparatus than a self-contained analytical system. A standardized electronic
base to modularly include common electronic and fluidic components as well as a slot for the
active particle detection chip could simplify or solve this conundrum. The user would simply
insert the chip of interest to complete the system. This approach saw widespread use in the 1980s
and 1990s in another groundbreaking feat of miniaturization, that of bringing video arcade
systems into the home via cartridge-based video game systems in which most of the components
were installed in the system itself, with the balance selected, integrated, and programmed by the

game engineer and included inside the video game cartridge.
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6.2.3 Actively Controllable Particle Labeling

Particle labeling for applications such as immunoassays can be a time- and labor-intensive
process. The ability to automatically and continuously move particles from one reagent to
another would greatly simplify the process: the experimentalist would need only start the flow of
the cell suspension, and the technology will do the rest. Microfluidic devices have already
demonstrated some ability for this, such as a pillar system that can direct particles along a fixed
path through multiple parallel streams of reagents, but a tool that can continuously identify each
incoming particle and then not only direct it through the appropriate sequence of reagents but to
keep the particle in a certain reagent for an appropriate time, e.g. however long it takes for a
certain reaction to complete, would greatly remove the tedium from the task. This would require
the integration of a few optical and electronic components, however, steps made relatively

simple by the technologies presented in this work.

6.3 Summary and Significance

Microfluidic technology has grown over the past decade from crude channels for conducting
simple chemistry experiments into a host of tools for biomedical science and clinical use. The
ultimate challenge in the nascent field is to develop microscale analogs for every instrument in a
conventional biomedical laboratory and integrate them all onto a single lab-on-a-chip. Their
theoretical advantages over conventional biomedical lab instruments are tremendous:
microfluidic devices consume less power, reagent volume, and potentially precious samples,
carry significantly lower costs of entry, use, and maintenance, and can be used in remote

environments independent of a fixed facility.
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For these reasons, our group became interested in developing this technology for in-home
medical diagnostics. However, in this endeavor, it was quickly discovered that despite the initial
enthusiasm that propelled some rapid advances in microfluidics, to this day they rarely advance
beyond the proof-of-concept stage and have not gained appreciable acceptance in the biomedical
community.

A primary reason for this disappointing loss of momentum lies in the inattention to
integration. Microfluidics engineers are primarily academics working under relatively small
timescales and thus interested in short term goals; as a result, synergistic components are
miniaturized and published individually. Unfortunately, this takes away from the time, energy,
and material resources required to implement them onto a single platform. Instead, prototyping
consists of running these designs independently, often tethered to ancillary bulk devices in the
laboratory they were meant to replace.

This work demonstrates several steps towards overcoming this quagmire and restoring the
course towards a true lab-on-a-chip. First, a device was fabricated combining multiple
microfluidic components and it was demonstrated that the components working in series yielded
a significantly improved result over each working independently. Next, methods from the
microelectronics industry were applied to microfluidics to fabricate a novel lab-on-PCB. Printed
circuit boards, a mainstay in electronics fabrication, can greatly reduce the difficulty and cost
associated with integrating a large number of microfluidic components onto a single platform,
and should soon supplant the unwieldly photolithography-based methods used today. Finally,
pick-and-place methods developed in the field of surface mount technologies, long used to
rapidly and precisely populate printed circuit boards, were adapted towards rapidly incorporating

microelectronic components into microfluidic devices.
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Microfluidic particle sorting technologies have finally approached the maturity required to
move beyond proof-of-concept and into clinics, biotech laboratories, and homes. Indeed, very
soon will come the day when a physician or a patient might perform a quick assay with some
ubiquitous microfluidic gizmo and chuckle, “How did we ever get along without these things?”
The technological developments presented in this work, while modest in the face of the
revolutionary work of Moldavan, Herzenberg, Terry, and Whitesides, and almost certainly
destined for a relatively minor place in the annals of biomedical engineering, nonetheless

represent a few tiny advancements in that direction.
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Chapter 7: Appendices

7.1  Appendix A

As discussed in Chapter 6, this project began as a perhaps overly-optimistic attempt at
applying existing dielectrophoresis technology for performing a complete blood count. As such,
very initial DEP experiments were conducted using traditional planarized gold electrodes
patterned on a 17x3” glass slide, with PDMS microchannels plasma-bonded over them. The
device soon proved too impractical for general use, and soon after, the project expanded beyond
it towards adapting microfluidics of all types for greater manufacturability and user friendliness.
Nonetheless it did serve its original purpose and still retains a useful tool for a microfluidics

engineer, and is presented here for the record.

7.1.1 Device

The electrodes consist of 50um wide interdigitated bars spaced 50um apart. An AC signal is
applied to the electrodes in such a way that every other electrode is at the same potential at any
moment in time; as a result, an equivalent electric field exists between every electrode bar, and
the field is strongest at the electrode edges and weakest away from them. As particles are flowed
over the array of electrodes, those undergoing pDEP are drawn to the electrode edges, where the
electric field is strongest, while those undergoing nDEP are repelled and exit the device through

the outlet.
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Figure 7.1.1 Device schematic

The device consists of a microfluidic channel that carries a cell suspension along a triangular-
shaped path. Halfway through the path, the suspension passes over interdigitated electrodes.
Particles experiencing pDEP are trapped at the edges of the electrodes, while particles
experiencing nDEP remain in suspension and flow to the device outlet.
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Figure 7.1.2 Device operating principle

Trapping particles as they pass over interdigitated electrodes is perhaps the most common form
of DEP-based particle sorting. The signal frequency can be tuned to have a strong pDEP force,
shown in blue in the schematic, in which case they move quickly to the electrodes and land
relatively upstream, a weak pDEP force, shown in gray in the schematic, in which they made
move slowly to the electrodes and land further downstream, or a nonexistent or nDEP force, in
which case they remain in suspension and exit the device. Reprinted from [123] with permission
from John Wiley and Sons. Copyright 2008.
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7.1.2 Cell Prep

10ml of whole blood was collected from donors through UCI GCRC and processed using a
routine protocol. Briefly, blood was diluted in a 1:1 ratio with PBS and gently layered over
Ficoll-Pague, a density separation medium. Upon centrifugation, layers were separated by gentle
aspiration, and batches of PBMCs, granulocytes, and platelets were collected. Residual
erythrocytes were eliminated using lysis buffer. All cells were washed in PBS, suspended in DEP
buffer (recipe as in Chapter 3, minus RPMI, oy, = 40uS/cm) , and flowed through the device

under positive pressure in a manner identical the methods described in Chapter 3.

7.1.3 Results

Video footage of cells passing through the viewing area was collected using brightfield
microscopy; cells were videoed across a wide range of frequencies, from 50kHz to 3MHz. To
quantify a cell population’s response as a function of frequency, particles entering and exiting
the device were enumerated using a MATLAB-based image processing packaged developed in-
house. Trapping efficiency was defined as the percent of particles that did not exit the device

through the outlet.
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Figure 7.1.3 Automated particle enumeration
Video footage of particles entering and exiting the device was analyzed using a custom
MATLAB program. Image processing techniques were used to compare adjacent frames,

identify uncounted particles, and count them.
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Figure 7.1.4 Particle trapping data
As shown above, granulocytes displayed a relatively dramatic pDEP force around the 1IMHz

mark, whereas erythrocytes displayed either no DEP force or a weak pDEP force at best, across
the entire range of frequencies. Tumor cells and PBMCs fell somewhere in the middle.
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7.1.4 Other Applications for Device

This DEP device, while simple and somewhat limited on its own, has proven useful as an
auxiliary tool for quickly approximating a particle’s C-M curve at a certain buffer. It is a simple
matter of flowing particles over the planarized electrodes and performing a frequency sweep

from Hz to MHz ranges.

Figure 7.1.5 Preliminary measurement of particles’ dielectric properties

Particles passed over the interdigitated electrodes at a certain frequency and voltage can be settle
at the electrode edge (pDEP). Particles undergoing nDEP will either pass over the electrodes
completely or become trapped on top of the bulk of the electrode, caught between the field
maxima at each of an electrode’s two edges.

7.1.5 Conclusions

This early device, based heavily on designs from the literature, was intended to quickly test
the potential for DEP to allow patients to perform at-home complete blood counts using a
handheld device. The project soon evolved well beyond that initial scope, but the device remains
a viable method for quickly approximating a particle’s dielectric properties and for performing

simple particle sorts.
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7.2 Appendix B

Building on the trials detailed in Appendix A, attempts were made to perform a label-based
DEP sort of tumor cells against a leukocyte background. This assay would be of interest to both
the oncology diagnostics community as well as to researchers studying the mechanisms of
metastasis. However, according to the literature and the data presented in Appendix A, itis a
very delicate tuning process distinguishing one particle type from another based solely on size
and dielectric properties, DEP’s two testable parameters. The objective was thus to selectively
tag the target cells using polystyrene microspheres via immunological methods. Because
polystyrene particles’ dielectric constants differ greatly from all mammalian cells, it was
hypothesized that a wide range of frequencies existed at which the polymer particles would
experience a DEP force in one direction while all mammalian cells experience a DEP force in the
opposite direction. Following from this, a mammalian cell tagged with several polystyrene beads
would experience a net DEP force somewhere in between the two extremes, and could be
separated from untagged cells. In this scenario, a wide range of frequencies could be used to
isolate cells of interest, instead of a very specific signal whose effect on the cell type of interest
differs slightly than on other cells. In other words, the immunochemistry, a very specific tool,
and not DEP, a less specific tool, does the majority of the targeting. The DEP force is relegated

to primarily a particle retrieval role.

7.2.1 Device
This trial was conducted using an early prototype of the device presented in Chapter 3. While
fundamentally similar in that electric field lines are guided by insulating structures normal to the

walls of the main flow channel, for this trial, an attempt was made to avoid the use of any
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conductive materials altogether, and rely entirely on channel geometry to create electric field
gradients. This technology, which would subsequently be further developed by others, would
come to be known in the literature as insulator-based dielectrophoresis (iDEP). Additionally, this
device predates the development of the prefocusing technology, and particles enter the DEP

sorting region dispersed across the entire width of the channel.
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Figure 7.2.1 Schematic of early iDEP-type device
Left: Device Schematic. PDMS microchannels (black) are aligned over planarized electrodes
(gold). Right: COMSOL simulation of operating principle. The electric field across the main
flow channel contains several strong bumps at the bottom edge (three depicted), which diffuse
towards the top edge.
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Figure 7.2.2 Fabricated iDEP-type device

Left: Device consists of PDMS microchannels plasma bonded over gold electrodes
photolithographically patterned onto a 1”’x1.5” piece of glass. Right: DEP sorting region.
Electrode geometry is similar to those of the devices in Chapters 3 and 4, but no conductive
material bridges the gold electrodes (black) and the main flow channel. As a result, although the
DEP functioned in accordance with theory, a large voltage was required to compensate for the
resistive losses in the side channels.

7.2.2 Cell Prep

Leukocytes were obtained using the protocol described in Appendix 7.1. To prepare the
model CTCs, freshly detached SK-BR-3 cells were washed in PBS and incubated at a
concentration of 10° cells/ml in FACS buffer containing 20pg/ml of biotinylated anti-EpCAM
(Abcam, Cambridge, MA, USA) for thirty minutes at room temperature. Cells were washed and
subsequently resuspended with streptavinated fluorescent polystyrene microspheres with a
diameter of 6um at a ratio of five beads per cell and again allowed to incubate for thirty minutes
at room temperature under mild agitation. Finally, tagged cells were washed and suspended in

DEP buffer.
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SK-BR-3 tumor cells

Figure 7.2.3 Tagged SK-BR-3 cells
Left: Brightfield image of tagged SK-BR-3s and loose fluospheres. Right: Same particles,
viewed under 488nm illumination.

7.2.3 Results

Tagged cells and PBMCs were suspended at a 1:1 ratio in DEP buffer and flowed through the
device at 1pL/min. A sinusoidal signal AC signal at 50kHz and 112V, was applied.
Theoretically, at this frequency, the polystyrene beads experience a strong nDEP force and will
be repelled towards the top channel, dragging the SK-BR-3 with it, while according to the data in
Appendix 7.1, the PBMCs should display a more mixed response, with perhaps a slight tendency
towards the bottom channel. Results are shown in the figure below. Imaging was performed

using brightfield and fluorescent microscopy, and enumeration was performed manually.
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Figure 7.2.4 Leukocyte vs. Tumor Cell Distribution

Particle distribution before and after activation of DEP sorter is plotted. as expected, particles
were randomly distributed when the device was off. However, activation of the device at 50kHz
drove bead-tagged SK-BR-3 cells away from areas of high field strength and towards the upper
outlet, whereas PBMCs were relatively unaffected.

As shown, particles were randomly distributed between both channels in an unpowered
device. However, upon application of the electric field gradient, the polystyrene beads indeed

drag their attached tumor cells into one channel, while PBMCs favor the other channel.

7.2.4 Conclusions

In this work, it was demonstrated that immunologically tagging target cells with polystyrene
beads could yield interesting DEP-based separations. Specifically, while mammalian cells
display similar DEP properties regardless of cell type, thus muddling any DEP-based sort, cells
conjugated with polystyrene particles display dielectric properties very unlike those of just cells
alone. As a result, the sensitivity and specificity of the DEP sort is greatly enhanced, and is

dependent more on the accuracy of the tagging process than on the dielectric response. In this
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particular assay, the tagging process is very high, given that it relied on the use of EpCAM, a
marker commonly found on solid tumors, including those from which SK-BR-3 was derived, but
not on leukocytes. This process can be adapted to other cell types and the possibilities are indeed
exciting; however, care should be taken to ensure that the tagging accuracy remains relatively

high.
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