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Abstract

Cells often exist in heterogeneous mixtures. Density provides a property to separate
several types of cells from the mixed sample in which they originate. Density-based separation
methods provide a standard method to quickly separate or enrich specific populations of cells,
such as lymphocytes from whole blood. This dissertation explores the use of aqueous multiphase
systems (AMPS) as self-forming step-gradients in density for the separation of cells. AMPS
were first discovered over a hundred years ago as aqueous two-phase systems. Density as a tool
to separate cells is at least as old. Despite this long history, the work in this thesis is the first
work to use AMPS to perform density-based separations on cells. This combination provides a
powerful technique to separate cells and enable new testing at the point-of-care. Chapter 1
provides a short overview of aqueous multiphase systems and density-based separations of cells.
Chapter 2 describes the process of taking technology, including AMPS, from a demonstration in
a laboratory to a large scale evaluation in a field setting. In Chapter 3 and Appendix I, AMPS

provide a means to enrich reticulocytes from whole blood as a means to grow malaria parasites.



Chapter 4 and Appendix Il describe the development and proof-of-prinicple of a density-based
diagnostic test for sickle cell disease (SCD) using AMPS. Chapter 5 and Appendix 111 detail the
results of a large scale field evaluation of a rapid test for SCD using AMPS in Zambia.
Demonstrations of AMPS for density- and size-based separations are provided in Appendices IV
and V. Appendix VI demonstrates the general usefulness of density to separate crystal
polymorphs with another density-based separation method: magnetic levitation in a paramagnetic
fluid. Beyond density, novel combinations of technology, such as electrochemistry and

telecommunications provide opportunities for enabling global health (Appendix VII).



Table of Contents

ACKNOWIBAGIMENTS ... bbbttt e bbbt nn e IX
Chapter 1: Aqueous Multiphase Systems: A Tool for Separating Cells by Density ..................... 1
ADSTFACT ... bbb 2
INEFOAUCTION ...ttt b bbb 3
Density-based Separations 0f CellS ..........ccceiveiieiiiii i 9
AMPS as a Tool for Density-based Separations............ccccevvveereeresieeseeseseennenns 13
Principles in Designing SYSIEMS.........ccviiiieiiecceese et 16
CONCIUSIONS ...ttt bbbttt ne e nes 26
ACKNOWIEAGEMENTS......viiiieciece e sreas 27
RETEIBNCES ... ettt ettt 27

Chapter 2: Fromthe Bench to the Field: Two Case Studies in the Development of Low-Cost

DIAGNOSTICS. ...c.vieiecie ettt te et e e s e nae et reenreenaenne s 34
ADSTFACT ...t 35
INEFOAUCTION ...ttt 36
A Framework for Development ... 39
Case Study 1: Liver FUNCHION TESE.......couiiiiiieiiesie s 53
Case Study 2: Sickle Cell DiagnoStic TeSE ......cccoiiiiriiiiiiieee e 66
Conclusions & ReCOMMENUALIONS .........ccuviieieeieiie e 79
ACKNOWIEAGEMENTS ... 80
RETEIBNCES ...ttt e et n e re e aeaneenne s 80
Chapter 3: Enrichment of Reticulocytes from Whole Blood using Agueous Multiphase Systems
OF POIYIMEIS ... e bbbt 83
N 01 1 (o) USSR 84
INEFOTUCTION ...ttt ae e 85
Experimental Design and Methods...........ccooveiiiiiiiiiic i 87
RESUILS ...ttt et b e eb e e et e e st e e et e e sae e e be e aeeere e 89
DISCUSSION ...ttt e et e te e s et et e st e s re e teeseesseenaeeneesreeaeanaenseeseaneennees 97
SUpPPOrting INFOrMALION........coiiiieie e e 98
FINANCIAL DISCIOSUIE.........iiiiiiiieieee e 99



ACKNOWIEAGEMENTS ...t re e 99
RETEIENCES ... ettt e et et ae e nne s 99

Chapter 4: Density-based Separation in Multiphase Systems Provides a Simple Method to

Identify Sickle Cell DISEASE........c.ccveieiieii et 102
ADSIIACT ...t 103
INEFOAUCTION ...t 104
RESUITS ...ttt 107
DISCUSSION ...ttt bbbttt 118
Materials and MEthOGS..........ccvciiiiiiiiiee e 122
ACKNOWIEAGEMENTS ... e 123
RETEIBNCES ...ttt 123

Chapter 5: Evaluation of a Density-based Rapid Diagnostic Test for Sickle Cell Disease in a

Clinical Setting in Zambia ..........cccooiiiiiiecce e 127
ADSEFACT ... e 128
INEFOAUCTION ...t 129
EXPerimental DESIGN........ccviiiieeie et 130
RESUILS aNd DISCUSSION ......e.viuiiiiiiiiisiiree e 137
CONCIUSIONS ...ttt ettt bbb 148
ACKNOWIEAGEMENTS ...t e 149
RETEIENCES ...ttt bbb 149

Appendix I: Supporting Information - Enrichment of Reticulocytes from Whole Blood using

Aqueous Multiphase Systems of POIYMEIS.........ccoiiiiiiiiiiieieseeiees 151
Materials and MethOdS...........ooeiiiiiiiee e, 152
Experimental DetailS...........coovviiiiiiiiiiec e 156
Additional BaCKgrouNd...........ccoovioiiiiiiccie e 173
RETEIEBINCES ... 176

Appendix I1: Supporting Information - Density-based Separation in Multiphase Systems
Provides a Simple Method to Identify Sickle Cell Disease .........ccccoeeveereriennnnn 178

Vi



Materials and MEethOdS..........coiiiiiiie e 179
Experimental Details...........ccooiveiiiiiiiee e 184

R B B BN GRS et 207

Appendix I11: Supporting Information - Evaluation of a Density-based Rapid Diagnostic Test

for Sickle Cell Disease in a Clinical Setting in Zambia ...........c.cccocvevvvieivennenne. 209
Materials and MethOUS. ........c.ooiiiiiiiiiiie s 210
Experimental DetailS...........ccooiiiiiiiiiiieee e 216
Appendix 1V: Aqueous Multiphase Systems of Polymers and Surfactants Provide Self-
Assembling Step-Gradients in DeNSItY.........ccccoceiieiicie i 228
Appendix V: Separation of Nanoparticles in Aqueous Multiphase Systems through
CeNtIITUGALION ... re et nre s 270
Appendix VI: Using Magnetic Levitation to Separate Mixtures of Crystal Polymorphs .......... 289

Appendix VII: A Universal Mobile Electrochemical Detector Designed for Use in Resource-
Limited APPIICALIONS ......ccveiieiieie e 310

vii



Dedicated to my family

and to those in South Africa that adopted me as their family as a Peace Corps Volunteer

viii



Acknowledgments

Several hands and minds go into the creation of any PhD. | would not have been able to
do the work that I did if I had not joined the Whitesides group, and that event would never have
happened without Hayat Sindi. After seeing her present about Diagnostics for All at a
symposium, | discussed my aspirations as a graduate student with her. She was kind enough to
send an introductory email to George based on that simple interaction. From there, | was able to
join the group. The work in this thesis began and ended with the mentorship of Charlie Mace.
As a postdoctoral fellow, he provided guidance to me as a new graduate student sharing his
vision with me about aqueous multiphase systems (AMPS) and their potential to separate cells.
Five years later as a professor at Tufts, he continued to provide guidance in writing papers and
designing experiments to understand how AMPS behave under different conditions.

| have had the privilege of working alongside over a hundred postdoctoral fellows,
dozens of visiting scholars, and about a dozen graduate students in the Whitesides group. Lizzy
Hulme, Kat Mirica, Bill Reus, Sindy Tang, and Darren Lipomi deserve special mention for
taking time to explain to me how to be a successful graduate student in the group. Darren, in
particular, provided wise words, a well stocked bench to inherit, and enough free furniture to
deck out my apartment as a graduate student.

Other group members that deserve special mention are Ozge Akbulut, Jon Hennek, Shuiji
Fujita, Barb Smith, Alex Nemiroski, Dionysius Christodouleous, Matt Lockett, Gulden Camci-
Unal, Jerome Fox, Jane Maxwell, Heiko Lange, Mathieu Gonidec, Nathan Shapiro, Manza
Atkinson, and David Bwambok who have been wonderful team members on various projects.
Outside of work, Bobak Mosadegh and Phillip Rothemund ensured my muscled did not atrophy

by providing motivation to climb as much as possible.



| have had the privilege of working with and mentoring many talented students who have
contributed to my projects: Matt Patton, Ryan Lee, Gaetana D'Alesio-Spina, Abeer Syed, Phillip
Aguilar, Bhavin Patel, and Will Bloxham. Outside of the lab, many students have contributed to
my projects: Caeul Lim, Yovany Moreno, Daria Van Tyne, Kate Fernandez, and Amy Bei.

Harvard has provided several resources that have allowed me to grow as a researcher and
a person. | would not have been able to have pursued AMPS without the tireless advocacy of
Mick Sawka at Harvard's Office of Technology Development. Jim MacArthur and Stan
Coutreau in Physics provided me with an education in electronics and machining. Laura Frahm,
Pamela Pollock, Marlon Kuzmick, Sarah Jessop, and John Girash helped me develop as a
speaker and a teacher through Harvard Horizons and the Bok Center. Fanny Ennever at the
Committee on the Use of Human Subjects provided me with guidance navigating IRB reviews.
T.J. Martin, Melissa LeGrand, and Tracie Smart helped me navigate my way in a large lab full of
postdocs.

Several people in Zambia provided a capstone to my PhD work. Dr. Catherine Chunda-
Liyoka and Dr. Hamakwa Mantina were wonderful partners who enabled me to set up a field
trial. Ali, the taxi driver who became my friend, helped me navigate the ins and outs of Lusaka
and procure supplies for our study. The entire study staff and the Peace Corps in Zambia were
incredibly helpful and dedicated to making an impact on Zambia.

I have also had the incredible opportunity to get to know two startup companies working
on low-cost diagnostics. Bill Rodriguez, Marta Fernandez-Suarez, and Aaron Oppenheimer of
Daktari Diagnostics, and Una Ryan, Marcus Lovell-Smith, Patrick Beattie, Jason Rolland, Shali
Kumar, and Sid Jain at Diagnostics for All have provided me with insights into what it takes to

make technology into products that can have an impact.



Coming home every day to wonderful people has made grad school a joy. Jonathan
Pines, Lauren Hartle, Zsofia Botyanszki, Brenna Krieger, John Rutherford, Megan Clapp, Zach
Gerson-Nieder, Richa Gawande, Karen Kieser, and Vivian Hemmelder were wonderful
roommates. Erin Gannon and Alan Post shared their home with me for a summer when my
apartment burned down. And finishing off my PhD living with Meera Krishnan has provided me
with a home full of love and support.

| was fortunate to have many eminent faculty to mentor me as | embarked on medical
applications; Prof. Dyann Wirth, Prof. Manoj Duraisingh, Dr. Tom Stossel, and Dr. Carlo
Brugnara provided me with counsel and their students time and skills. Prof. Bob Westervelt, my
advisor in SEAS, provided support and perspective on technology and electronics. Dyann and
Bob also served on my Dissertation Advisory Committee along with Prof. Joanna Aizenberg.
Prof. Adam Cohen also provided valuable insights as part of my Qualifying Committee.

And, of course, Prof. George Whitesides. | know no other person with a command for so
many subjects, with such incredible management skills, and with such a fierce curiosity. He has
provided me more than just an education about how to be a scientist. He has provided an
example of drive, intellectual vigor, and holistic development; his comments and lessons to me
over the years have included as much about personal skills, communications, and leadership as
they have about science. As a physics student at Stanford and a Peace Corps Volunteer in South
Africa, | had no idea who George was, but I am incredibly thankful that I found him soon after
arriving at Harvard.

Finally, I could not have gone far in life without my family. My sister, Anita, has been a
constant friend and support. Her husband, Nile, has added a mischievous fun to our family. My

mom, Kausalya, and my father, Ashok, provided incredible role models growing up. Even

Xi



though I developed my skills in the hard sciences, their dedication as doctors made it impossible
for me to ignore the immediacy of medicine and health. If my work is inspired by anything, it is

inspired by my mom and dad.

xii



Chapter 1

Aqueous Multiphase Systems: A Tool for Separating Cells by Density
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Abstract

This chapter reviews the use of aqueous multiphase systems (AMPS)—immiscible
solutions of polymers, salts, surfactants, and/or ionic liquids—as a tool for the density-based
separation of cells. AMPS provide self-assembling step-gradients with molecularly-sharp
interfaces to collect and concentrate cells. Osmolality, pH, and viscosity provide additional
parameters of the solution to improve separations. Centrifugation of cells through these systems
provides a simple means to enrich cells as a preparative step—such as the enrichment of
reticulocytes for the cultivation of malaria parasites—or for the separation and identification of a
specific subset of cells—such as the separation of dense, sickled cells to diagnose sickle cell

disease.



1. Introduction
1.1. Aqueous Multiphase Systems

When a mixture of polymers, surfactants, salts, and/or ionic liquids are dissolved in
water, they often spontaneously form immiscible phases. Although these phases are primarily
composed of water, they are separated by distinct, molecularly sharp interfaces. The
combinations of components that form two phases are called aqueous two-phase systems
(ATPS), and have been reviewed extensively.! Combinations can also be found that result in the
formation of more than two phases.? These systems can be, thus, more generally described as
aqueous multiphase systems (AMPS). AMPS possess four qualities that make them particularly
appealing for separations: i) they are self-forming, ii) they are scalable in volume, iii) they can be
made biocompatible, and iv) their physical properties are tunable.

Biochemists have used AMPS for the purification and extraction of proteins and other
biomolecules.® Recently, the partitioning ability of AMPS has been extended to enrich
nanoparticles and other non-biological materials.® The combination of AMPS in microfluidic
systems also provides new techniques to exploit partitioning to separate materials.” In addition
to partitioning, the physical properties of AMPS (e.g., density and viscosity) have been exploited
to create new methods for separations and provide the opportunity for far broader use.>® The
phases of an AMPS form layers based on density; these systems are self-assembling step-
gradients in density with well defined, molecularly sharp steps in density between phases.? As
such, AMPS provide a simple tool to separate cells by density.

1.2. Why separate cells?
Whether in tissues, a tumor, or blood, cells often appear in mixtures in nature.

Sometimes, only one type of cell is of particular interest; scientists have developed a number of



methods to separate and enrich particular cells from heterogeneous mixtures. Separating cells is
an important ability in three aspects of biomedicine: 1) diagnostics, 2) biological research, and 3)
therapeutics. In diagnostic applications, separation is generally a means for identification. The
identification of cells present at low concentrations in blood (e.g., circulating tumor cells) is
greatly enabled by the prior removal of cells present in much higher concentrations (e.g.,
erythrocytes and leukocytes).®** In research applications, separation makes it possible for
scientists to perform experiments on specific populations of cells. Pure populations of cells
enable studies on genomics, cellular function, and differentiation. For example, the ability to
separate and enrich cells enabled immunologists to understand the role of dendritic cells'? and
study the ways in which natural killer cells and T-lymphocytes defend against bacteria.'®
Separations are also important for therapeutics. Plasma enriched in platelets has been used to
treat a variety of musculoskeletal injuries and disorders.***® Stem cells enriched from adipose

tissue may be useful for tissue engineering.'”®

Labeling a cell using an antibody conjugated to a marker (e.g., a fluorophore or a
magnetic bead) allows the separation of specific cells using molecular recognition. Both
fluorescence-activated cell sorting (FACS) and magnetically activated cell sorting (MACYS)
allow a wide range of cell separations.'® While label-based separations are often useful, in some
cases, label-free methods offer advantages.”° Biochemical labels may trigger internal signals in
a cell. For assays of immune response—where the objective is to understand the behavior of
white blood cells—Ilabeling may affect cell membranes or produce a phenotype that does not
represent the state of the original sample.?* Similarly, certain therapeutics require unlabeled
cells; labels on stem cells may affect differentiation.?? The use of labels, and the associated

washing required to remove excess reagents, can increase the number of steps necessary for a



separation. In point-of-care applications, limits on time, the stability of reagents, and the
availability of trained users may be easier to overcome with label-free separation methods.
Separating cells without labels, however, requires the identification of properties or
characteristics of a cell that provide a degree of specificity to the population of cells of interest.

Among the physical properties that have been exploited to separate cells are morphology,?®

24,25 26,27 19,28

size, stiffness, and dielectric constant.

1.3. Density and Cells

Density—the mass over the volume—has also been exploited in the research of many
different cell types from various biological samples. Table 1.1 provides a list of some of the
most frequent cellular separations by density. The density of a cell is a biophysical indicator
dependent on the phenotype and environment of a cell. As such, biophysical indicators can
provide useful information for managing diseases®® or understanding cellular differentiation.*

In cells, changes in density are generally the result of two processes: 1) dehydration or
swelling, and 2) the production or consumption of proteins. These processes can be the result of
invasion by a parasite, cellular responses to the environment, differentiation, or aging.®**
Compared to mass and volume separately, density may provide a more robust parameter to
monitor changes in cells.®

Centrifugation over AMPS allows the label-free separation of cells by small ( Ap < 0.001
g/lcm?®) differences in density. The self-forming nature of AMPS allows for their use over a wide
range of volumes. A drop of blood from a fingerprick can be separated in a capillary tube, or a
unit of blood can be separated in large conical tubes. The use of AMPS to separate cells can not

only improve the ease of separations currently done with other methods, but also enables new

applications of density-based separations of cells, such as point-of-care diagnostics.



Table 1.1. Examples of cell types separated by density.

Density of
Enriched cell type(s) Method Original suspension Barrier(s) Purity
(g/cm’)*
Lymphocytes Nycoprep Human Leukocyte 1.072 98.6 + 0.4
Suspension
Granulocytes Layered Gradient ~ Whole blood 1.075, 99.7% of leukocytes,
1.096-1.098 purity of total cells
not reported®’
Mononuclear cells Lymphoprep Whole blood NA 94.5% =+ 6.21°1%
Myeloblasts + Lymphoprep Bone marrow NA 8.6 + 3.7%
promyeloblasts
P. falciparum infected  Ficoll solution Blood culturesof P.  NA 76.2%%
RBCs falciparum
Disseminated tumor Ficoll & Whole blood NA 84-87%"
cells oncoquick
P. falciparum schizonts  Continuous Blood culturesof P.  NA 66.6%"
Percoll gradient falciparum
Spermatozoa Discontinuous Semen NA 85.2%, based on
Percoll gradient vitality*
Candida albicans Discontinuous Polymorphic cell NA 80%, hyphal from
sucrose gradient  culture yeast forms®
Alveolar macrophages Discontinuous Bronchoalveolar 1.045, 1.055, >940p*
Percoll gradient lavage 1.065, 1.075

[a] Note that many references provide only the concentrations of substances used but do not characterize the density

of these systems.

[b] calculated based on reported values



1.4. Scope of the Review

Previous work on AMPS has largely focused on the subclass of systems with two phases,
ATPS. These systems have been reviewed extensively and several good books have been
written about their use in partitioning of biomolecules.**>*® In this review, we will provide a
sketch of the historical context of AMPS and refer the reader to previous works for more detailed
information on ATPS. This work focuses primarily on advances in the use of AMPS to separate
cells by density. Previous work on AMPS has focused most heavily on applications in the
separation of small biomolecules, such as proteins. This review does not cover work on AMPS
as a tool for synthesis, such as their use for the formation of particles of hydrogels or other
aqueous structures.*’

1.5. History and Previous Work

Previous reviews have covered the formation of phases in AMPS,* the design and use of
AMPS* for partitioning biomolecules, and theoretical models of phase separation.*® Phase
separation of aqueous polymers was first noted by Beijerinck®® in 1896, but the use of these
systems became popular after Albertsson demonstrated their use to partition biomolecules in the
1950's.>° Since then, AMPS have been applied to separate numerous proteins, cells, and
nanoparticles (Table 1.2).* AMPS have been formed using polymers, salts, surfactants, and,
more recently, ionic liquids.>*>°

As the use of AMPS grew, theoreticians began to devise models of phase separation and
partitioning behavior. These models include osmotic virial expansion, lattice theories, Flory-
Huggins theory, and excluded volume models.*®>" Debye-Huckel theory can be added to many
of these models to account for charged species.”® All models rely on measured parameters to

characterize a particular interaction; to our knowledge, no model exists to predict phase



Table 1.2. Applications of AMPS

Method Application

Examples

Partitioning Separation of enzymes
Separation of organelles

Separation of cells

Purification of nanoparticles
Separation of antibodies
Oligonucleotides
Density centrifugation Separation of cells
Separation of polymers
Rate-zonal centrifugation  Purification of nanoparticles

laccases,™ lipases™

spinach leaf mitochondria,* rat brain
mitochondria®

lymphosarcoma tumor cells,*
erythrocytes,®* plant cells®

gold nanoparticles,®® carbon nanotubes®’
monoclonal antibodies®®®®°

DNA, RNA™"

reticulocytes (Ch. 3), sickled cells (Ch. 4)
nylon®

nanorods from nanospheres ®



separation based on the chemical structure and concentration of components alone. Despite this
lack of a comprehensive, fundamental mechanism for phase separation, the models that have
been developed provide guidance about the ways in which changes to experimental parameters,
such as temperature, molecular weight, ionic strength, and concentrations of components, can
affect phase separation.
1.6. Use of AMPS with Cells

Although the use of AMPS for the density-based separation of cells is quite recent
(Chapters 3, 4, and 5) previous work on AMPS demonstrated the enrichment or separation of
cells by partitioning (Table 1.2).°>"2 This work with partitioning demonstrates that AMPS can
be used as a biocompatible medium in which to separate cells.
2. Density-based Separations of Cells

Several methods exist to separate cells by density. Different methods may be
appropriate for a specific application depending on the requirements for speed, simplicity,
throughput, and the level of purity of the separated population.

2.1. Differential Centrifugation

The simplest method of density separation, differential centrifugation, involves nothing
more than a centrifuge and a suspension of cells in a liquid medium (e.g., plasma or cell-culture
media).” Under centrifugation, the natural sedimentation of cells accelerates. Denser cells
sediment faster than less dense cells. These cells migrate until they pack against the bottom of
the container. Less dense cells pack above denser cells, which create a gradient of packed cells
that are ordered by density. In blood, the “buffy coat” (i.e., the leukocyte and platelet rich layer)
that is found on top of packed red blood cells after centrifugation is a result of the lower density

of white blood cells compared to red blood cells.



Higher speeds and longer centrifugation times allow finer separations in density. Within
the population of red blood cells, less dense, immature reticulocytes can be enriched in the top
quarter of the packed red cells through differential centrifugation.”® Removing purified
populations from cells packed by differential centrifugation can be difficult because the cells
themselves form a gradient in densities. The boundaries between types of cells is no bigger than
the size of a single cell. In the example of the buffy coat, significant skill and a steady hand are
required to remove this desired layer of cells fully without also removing red blood cells just
below the layer and compromising the purity of the isolate.

2.2. Centrifugation Over a Solution

The removal of cells separated by density is improved by the use of separation media.
These media often include additives (e.g., salts, sucrose, Ficoll, and Nycodenz). designed to
provide liquid layers of a specific density.**"*"® Layering a suspension of cells above these
media and centrifuging them allows the cells to separate into bands above and below the solution
separated by a distance commensurate with the amount of media used. The solution provides a
liquid barrier in density that only allows cells to pass to the bottom of the solution if they are
denser than the liquid. Other additives are used in part to control the properties of the medium
required to maintain physiological conditions (e.g., pH and tonicity). For example,
Lymphoprep—a combination of salts and Ficoll—is a commercial medium to separate
lymphocytes from red blood cells and has an osmolality of 295 mOsm/kg to match that of blood
plasma.”

Solutions may also be prepared with non-physiological tonicities to enhance separation of
a specific cell type, combining responses to osmotic stress with density.” For example,

hypertonic solutions of Nycodenz or Polymorphprep can separate granulocytes from red blood

10



cells by exploiting the difference in dehydration experienced by these cells in response to a
hypertonic environment; the selective dehydration of the red blood cells increases their density,
allowing them to be separated from the granulocytes.””"®

Recovering cells from these systems is simpler than recovering cells from differential
centrifugation; in differential centrifugation, the desired cells are adjacent to the rest of the cells
while, in the case of centrifugation over a solution with a specific density, desired cells are
separated from the rest of the cells by the liquid media. Obtaining reproducible results from these
systems requires gently layering cells on top of the media.”® With the exception of
Polymorphprep, these systems only allow the separation of a single population of cells by
density.

2.3. Centrifugation in Colloidal Media

An alternative to creating a solution with a specific density is to use a colloidal
suspension, such as Percoll. Percoll is a suspension of silica spheres of polydisperse sizes that
are coated with polyvinylpyrrolidone (PVP).2! The polymer coating provides steric stabilization
of the suspension. Percoll provides a solution capable of achieving high densities (~ 1.13 g/cm®)
with low osmolality (< 25 mOsm/kg), and low viscosity (~ 10 cP). The microspheres of silica
contribute to the relative density of the solution without contributing directly to the osmolality of
of the solution because the spheres are suspended rather than dissolved. Solutions of Percoll,
thus, are often used as media for density separations.

Percoll can also form a gradient in density in situ.*® Under centrifugation, large
particles will sediment faster than small particles; the resulting continuous gradient in particle
size is also a gradient in density. A continuous gradient can be formed using a fixed-angle rotor

and controlled timing. The use of density-standard beads allows users to create a calibration

11



curve of the densities so that fractions of cells at a particular position within the gradient can be
matched to their density. Percoll has found wide uses in the separation of cells.* 338
2.4. Centrifugation Over Layered Gradients
Both solutions and colloidal suspensions can be used to create layered gradients.**
Media of different densities are layered sequentially with media of lower densities placed on top
of media of higher densities. Cells sediment through the gradient and stop at the boundary above
a layer that has a higher density than the cells. Layered gradients allow multiple populations to
be separated in a single step. Assembling layers, however, can be tedious and great care must be
taken to create reproducible gradients. Manual assembly of gradients has limited the minimum
volume that these systems can be used to milliliters.®>#®
2.5. Separation in Microfluidic Systems

Microfluidics allow separations of cells by density and can be particularly useful when
volumes of samples are limited.?’ In the simplest implementations, sedimentation under gravity
provides a means to separate cells vertically in a microchannel.#”# By adding features, such as
herringbone structures, to microchannels, the flow of particles and cells can be made density-
and size-dependent.®® Similarly a double spiral microchannel can effectively enrich cells based
on a combination of size and density.”® Another way to use the density of cells to change the
flow of cells is acoustic focusing. Standing waves generated in a microchannel push cells to
flow along nodes or peaks depending on their densities.”>  These methods have been
demonstrated to separate cells with differences in density on the order of 0.1 g/cm?®,

The growth of "lab-on-a-disc™ technologies also could exploit differences in density

between cells to perform separations. Devices in this field already exploit the sedimentation of

cells to extract plasma for assays.”
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Combining microfluidics with micro-electromechanical systems (MEMS) provides
higher resolution in density. A system using microfluidic channels running through a cantilever
measures the density of individual cells with a resolution of < 0.001 g/cm®*

Although the management of small volumes is advantageous for point-of-care
applications where only a drop of blood may be available, microfluidic systems are less useful
for applications that require high-throughput (e.g., therapeutics) or those applications limited by
cost of equipment or complexity of an assay.

2.6. Centrifugation Over AMPS

AMPS provide an additional centrifugation method to separate cells by density. The self-
forming characteristic of AMPS allows step-gradients over a wide range of volumes (from liters
to microliters). AMPS for density-based separations could even be implemented in

microfluidics, as they have already been implemented for phase separation in such devices.”*

3. AMPS as a Tool for Density-based Separations
3.1. Properties & Comparison to Other Methods
As a media-based separation method, AMPS provide a means to separate different
populations of density by significant distances to facilitate the subsequent removal of cells. Like
layered gradients, AMPS separate multiple populations of density in a single system. Unlike
layered systems, the boundary between layers is molecularly sharp and easily reforms if
perturbed. The self-forming nature of the layers in AMPSs reduces variability and increases the

ease-of-use compared to layered systems.

The density between phases can be quite small (as low as 0.0005 g/cm?®); these small
steps in density allow fine resolution of populations separated by density. The step-gradients

formed by AMPS are independent of the angle of the rotor used for centrifugation, unlike the
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continuous gradients formed by Percoll. When applications require high throughput separations,
AMPS can be used in large volumes. For point-of-care applications, AMPS can be used in
microcapillary tubes with small, portable hematocrit centrifuges. The versatility of AMPS can
provide a useful density separation method that covers applications ranging from those covered
by conventional density-gradient centrifugation techniques to point-of-care applications covered

by microfluidic density-separation methods.

3.2. Applications in Cells: Enriching Reticulocytes

The fine resolution of AMPS allows the enrichment of cells even when the population of
interest has a distribution of densities that overlaps with background cells. Erythrocytes are a
heterogeneous mixture of cells of different ages.**"® Reticulocytes are a particular subclass of
erythrocytes; immature erythrocytes. Reticulocytes have a larger size® and a lower density,* on
average, than mature erythrocytes. Despite this difference, the density distributions of both cell
types overlap significantly.®® Using density alone, therefore, may be unable to separate a pure
population of reticulocytes. With fine control of density and well-defined interfaces, however,

enrichment is possible.”

An AMPS designed to have densities necessary to isolate the least dense fraction of all
erythrocytes can enrich reticulocytes (Figure 1.1A) (Chapter 3). Tuning the density can increase
the total yield of erythrocytes or the total purity of the erythrocytes. The maximum purity

obtained was 64 + 3%.

Specific applications dictate the desired level of yield and purity. Several species of
malaria preferentially invade reticulocytes.’” " To grow these species in continuous culture
requires a higher purity of reticulocytes than is typically present in whole blood. Growing

substantial numbers of parasites for experiments also requires a volume of > 10 uL of packed

14



A. dextran-Ficoll enrichment of
AMPS reticulocytes

plasma interface fraction

top
phase
—retics—

bottom
phase

packed
cells

Genotype
Hb AA Hb AS Hb SS Hb SC

T T T

T
i . vnr
t'm vm tm g
g 1 1 m'b
M -
- | qe|  m/be -|h.

m/bz m/b]

bisamg\ bisAla b b/ bl

Seal ﬂ\/i 4 q\/‘l " |Seal
Clear Sickled RBCs

SCD Negative SCD Positive

Figure 1.1. Density-based separations of cells with AMPS. (A) Reticulocytes (red arrows) are
enriched by centrifugation over an AMPS with two phases. (B) The bands of red blood cells at
the interfaces (t/m, m/b, b/s) of a three phase system (with phases, T, M, and B) enables the
identification of sickle cell disease (SCD positive) and can help distinguish subtypes (Hb SS
from Hb SC).
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cells and, thus, higher yield allows cultivation with less whole blood. Tuning an AMPS to
produce an enrichment of >15% while maintaining a yield of >1% allowed the growth of

Plasmodium knowlesi that had not been adapted to grow in human blood.

3.3. Applications in Cells: Identifying Sickle Cell Disease

In some cases, the difference in densities between the population of cells of interest and
background cells is large enough that separation can be achieved. With these cells, not only are
pure separations possible, but simple diagnostics devices can be created.

Sickle cell disease (SCD) is a genetic disorder that causes a mutation in hemoglobin (Hb
S). This mutation leads to the formation of sickle cells and leads to a population of dense,
dehydrated cells in blood.?*'® The dense cells present in SCD are ~ 0.02 g/cm® more dense than
normal erythrocytes and the most dense cells present in SCD do not overlap with the tails of the
distribution of normal cells.*™*%* Using AMPS to separate the dense cells present in SCD from
cells with normal densities provides a way to identify SCD (Figure 1.1B) (Chapter 4).
Implementation of the test in a capillary tube with a hematocrit centrifuge enables a simple test

for SCD in low-resource settings (Chapter 5).

4. Principles in Designing Systems
4.1. Choosing a system
Several components are available to form an AMPS: polymers, salts, ionic liquids, and
surfactants. For separating cells, the phases of the AMPS must be biocompatible. This
requirement rules out salts and surfactants, as the concentrations of these components in their
dominant phase would generally disrupt cell membranes or cause significant osmotic stress. A
number of ionic liquids have been tested on mice and seem to be biocompatible.’®® To the best

of our knowledge, AMPS using ionic liquids have not yet been used to separate cells. In general,
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density-based separations of cells are limited to the subclass of AMPS that comprise polymers.
A number of polymers that form AMPS have been used extensively with cells.** Reviews on
polymers used in biological applications provide guidance on using polymers with cells.!**1%
For any specific application, however, one must demonstrate that the polymers used do not
interfere with cellular function and viability. For example, while some studies demonstrate low

106

cytotoxicity associated with polyethyleneimine when used as a vector for gene transfer,” other

studies demonstrate that polycations may indeed have adverse effects on cells.*”’
Biocompatibility may be a function of the concentration of a polymer.*®

The number of desired subpopulations to be separated sets the minimum number of
phases needed. A system with n phases has n-1 liquid-liquid interfaces, a liquid-container
interface, and a liquid-air interface; the total number of interfaces where populations can be
separated in an AMPS is thus n+1. In many applications, a solution containing cells—such as
blood—may be layered on top of an AMPS. The boundary between this layer and the top phase

will be a diffuse boundary rather than a well-defined interface, leaving n molecularly sharp

interfaces for separation (Figure 1.2).

4.2. Density of the Phases
The difference in density between the desired cells and the background cells determines
the differences in densities between phases. The step in density between phases depends on the
composition of phases. The composition of phases is a function of the specific polymers used,
the concentrations of those polymers, and the molecular weight of the polymers used. In ATPS,
ternary phase diagrams can provide some guidance on the initial concentrations to use for a

specific molecular weight.>*%® AMPS with more than two phases can be harder to predict, but
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Figure 1.2. An AMPS with three phases has four interfaces (Int. 1-4) when no liquid is layered
on top of the system. If a liquid is added over the AMPS, the air/Phase 3 interface is no longer a

stable interface and becomes a diffuse boundary, Sample/Phase 3.
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phase diagrams of each two phase combination comprising the AMPS can provide parameters to

understand how each polymer affects the other.

Adding other solutes, such as salts or Nycodenz, can increase the overall density of the
system while, generally, maintaining the steps in density between phases.? For this reason, it is
often easier to first identify mixtures of polymers that provide the needed difference in density

and then adjust the overall density of the system through additives.

4.3. Considering Other Properties
Besides the choice of polymers and the densities, several other considerations are specific
to the kind of separation desired. In general, when the targeted cells are desired for use in assays
after separation by density, the environment of the cells should be maintained as close to
physiological conditions as possible. The use of buffers and adjusting pH can be important,

especially in cases where cells change their density in response to pH. In some cases, differences

in density can be increased if the targeted population of cells responds to pH, osmolality, or

tonicity in a different way than background cells.*®

Often, the volumes of different phases can be adjusted without varying the density of
each phase. In ATPS, this variation is accomplished by changing the initial concentrations of
each polymer while remaining on a tie-line between the binodal curve.! The composition of the
top and the bottom phase, and hence the densities of each phase, are constant along the tie-line.
Increasing the volume between two interfaces makes the subsequent removal of cells from the
interfaces easier than if they were closer. This increased ease comes with a tradeoff; the time of
centrifugation necessary to allow cells to all sediment to their equilibrium position in density

increases with increased volume between phases.
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The minimum volume between phases has a practical limit that is dependent on the size
of the container and the interfacial tension between phases. In general, the interfacial tension
between phases is remarkably low (100 nJ/m?-100 pd/m?)* because both phases contain,
predominantly, water. The differences in the polymers that contribute to phase separation,
however, can lead to differences in surface interactions with a surface. As a result, the interface
between two phases will have a contact angle (6) with the wall of the container used that is
dependent on the material of the container and the composition of the AMPS. The competition
between the surface tension and gravitational forces shapes the meniscus between two phases.
When the gravitational term dominates the balance of forces, the meniscus is almost flat. When
the surface tension dominates, the meniscus may be quite pronounced. This effect is most
pronounced when the distance (d) between opposing walls of a container is small (< 1 mm), as is

the case with many capillary tubes.

In a regime with a low Bond number (i.e., a regime where surface tension dominates over
gravity), the Young-Laplace equation provides a simple solution to the meniscus between two
liquids in a cylindrical capillary; the meniscus will have spherical curvature with a radius (R) that
is a function of # and d. Equation 1 describes the distance (h) between the depression in the

meniscus and the intersection of the meniscus with the container.

__d(1-sinb)
T 2cos8

h (Equation 1)

The shape of the interfaces between phases has important implications for the design of
AMPS for density-based separations. In a three phase system, an interface with positive
curvature above an interface with negative curvature reduces the effective distance between the

top and the bottom phase. Assuming a minimal influence of gravity, we can use Equation 1 to
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derive the maximum distance (D) that two interfaces—with contact angles ¢ and g—could

deform towards each other (Equation 2).

D= g((l—sine) n 1—sin¢>)

) cosf cos¢

(Equation 2)

The distance between phases, and the corresponding volume of the phases, should be
chosen to be greater than the distance of deflection given by Equation 2. For the extreme case of
contact angles of 90°, D is the same as d, the diameter as a capillary. As a rule of thumb, the
distance between phases (H) should be greater than the distance between the walls of the
container (d) to ensure that cells at the two interfaces can be distinguished and separated (Figure
1.3). For systems that do not have asymptotically small or large Bond numbers, the work of
Concus provides a comprehensive mathematical description of the shape of a meniscus in a
cylinder.** In situations where AMPS are used in larger containers (d > 1 cm) than capillaries,

one can often separate cells at interfaces separated by less than the diameter of the tube.

The choice of the container depends on the specific application. Separations of large
volumes (> 10 mL at a time) can be done in conical tubes or any containers that fit in a
centrifuge. Separations for point-of-care applications or where the volume of the sample is
limited should be done in capillary tubes. Using polycarbonate microhematocrit tubes allows
interfaces to be isolated by cutting the tube with a razor blade in the phases between the

interfaces.

The densities of the phases of AMPS will change with temperature. Choosing
compositions of AMPS within the phase-separated region of the phase diagram ensures that

variations in temperature will not strongly impact the composition of each phase. With water as
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Figure 1.3. The distance between the phases of an AMPS must be chosen such that the
curvature of the interfaces does not interfere with the separation of cells, especially in cases
where capillaries are used as the container. The contact angles of the interfaces around a phase (¢
and ¢) along with the diameter of the capillary (d) dictates the distance (H) that should be used to
separate the phases by a distance (h). By choosing H > d in capillaries, the interfaces between

phases will not interfere with separations.



the predominant component, the behavior of water with temperature dictates the behavior of

AMPS.

To quantify the effect of temperature on AMPS, we investigated one of AMPS used for
the enrichment of reticulocytes from blood: a mixture of 12% (w/w) Ficoll with a molecular
weight of 400 kDa and 12% (w/w) dextran with a molecular weight of 500 kDa in a hypertonic
buffered solution. During continuous mixing, we aliquoted small volumes of the AMPS into six
sets of smaller batches. Each set contained three technical replicates and incubated at a specific
temperature for over 30 minutes before centrifugation at the same temperature. Upon phase

separation, we immediately removed pure volumes of each phase.

Using a temperature controlled density meter (Anton Paar DMA 4100M), we measured
both the density and the specific gravity (density of solution/density of water at the same
temperature) of each phase at the temperature at which the AMPS was formed. Measuring both
density and specific gravity allowed us to estimate the contribution of water to the change in

density as a function of temperature.

The densities of both phases decreased as temperature increased (Figure 1.4A).
Variations in specific gravity as a function of temperature are much less (Figure 1.4B). Between
20-40 °C, the maximum change in density of each phase is over four times greater than the
maximum change in specific density. This relatively small variation in specific gravity implies
that the variation in density in phases in this range of temperatures is dominated by water. The
2040 °C range is relevant for many settings where point-of-care diagnostics may be used. For
separations of cells—whose mass is dominated by water—media whose densities mirror the
changes in