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Introduction

hole blood holds various important information about the physical state and wellbeing

of an individual. Cellular components within the blood play an important part of the
immune system, are responsible for the oxygen transport, and are involved in the bloods self-
repair function to prevent blood loss. Plasma, the liquid medium of blood, carries nutrients to
the body cells and removes waste products.

Whole blood is routinely fractionated into its components for various clinical and research re-
lated applications, such as in diagnostics, blood transfusion, stem cell transplantation, and im-
munotherapy. Many separation methods are available both at the macroscale and microscale, all
having their advantages and disadvantages. Microfluidic cell separation is a fast developing area
within life science. It takes advantages of the controlled fluid behaviour in small volumes where
liquids are flowing in parallel without mixing, i.e. laminar flow. The laminar flow domain in
microfluidics allows to predict flow patterns and cells within liquids can be precisely controlled
by external forces such as electric, magnetic, or acoustic forces.

This thesis investigates the use of acoustophoresis, a microfluidic technology using acoustic forces
in an ultrasonic standing wave field, for fractionating whole blood. The aim was to explore ways
of using acoustophoresis to separate different blood components and to deepen the understand-
ing of practical aspects in acoustophoresis. The thesis describes the basic composition of human
whole blood and brings it into context in clinical and research applications. The following chapter
covers conventional separation methods at the macroscale routinely used for blood cell fractiona-
tion. Next, basic physical understanding about microfluidic and different microfluidic separation
methods are described before going into detail about acoustophoresis and how it can be used in
blood cell fractionation.






Blood

An average human adult has around 6-8 L of blood in the circulation, accounting for ~7% of
the body weight. Within approximately one minute, blood recirculates through the entire
body transporting oxygen, hormones and nutrients to the cells and removing waste products
such as carbon dioxide and metabolites from the cells. Blood plays a major part in the immune
response to protect the body from pathogens and has a self-repair function by forming blood clots
to prevent blood loss at injuries. Blood contains a wealth of information about the physiological
state of an individual, making it a central component in various clinical and research applications.
This chapter gives an overview about blood in general, such as its’ composition and origin, and
introduces some common applications for blood cell fractionation.

2.1 Blood composition

Blood is composed to ~55% of plasma, the liquid medium of the blood, and to ~45% of blood
cells (Figure 2.1). Plasma consists mainly of water (-90%) but also carries dissolved components
(~10%) such as carbohydrates, proteins, lipids, electrolytes, vitamins, and minerals. Blood cells
are divided into red blood cells, white blood cells, and platelets. Table 2.1 gives an overview
about the different blood cells, their abundancy within blood and their characteristics such as
cell size and density.

Red blood cells

The most abundant cell type in blood are the red blood cells (RBC), also called erythrocytes. The
volume fraction of RBC in blood is termed hematocrit (HCT) and is in the range of 40-52% for
men and 36-48% for woman.”> Their main function is to transport oxygen from the lungs to the
cells and to return carbon dioxide to the lungs. RBC have a very distinguishable biconcave shape
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Figure 2.1: Human blood composition. An overview of the composition of human blood and the further
subdivision of human blood cells with typical percentages within the subgroups.'™ Pictures are taken and
adapted with permission from Blausen.com.?

giving them a large surface area to volume ratio for gas exchange. They do not have a nucleus
and they are highly deformable to be able to squeeze through small capillaries within the vascular

system.!

White blood cells

White blood cells (WBC), also called leukocytes, are part of the immune system and play an
important role in the protection of the body against microorganism and foreign matter. Com-
pared to RBC the WBC amount in blood is much lower, accounting for only ~0.1% of all
blood cells (Figure 2.1, Table 2.1). They are further classified into lymphocytes, monocytes, and
granulocytes, all with different functions within the immune response.

Lymphocytes

Lymphocytes have the ability to recognize specific molecules (antigens) on pathogens invading
the body. Upon lymphocyte activation they generate a specific immune response to eliminate
pathogens or pathogen-infected cells. B cells, which are lymphocytes maturing in the bone mar-



2.1 Blood composition

Table 2.1: Human blood cell properties.

Cell type Concentration Diameter Volume Density Compressibility
[cells/mL] [m] [p.m?’] [g/ cm®] [T/Pa]

RBC 4.2-5.4x10° 6-9 80-100  1.089-1.100 334 **

WBC 0.4-1.1x107  55-12*  160-450  1.055-1.085 393

Lymphocytes 1-4.8x10° 5.5-10*  161-207  1.055-1.070

Monocytes 1-8x10° 7.5-12*  382-449 1.055-1.070

Granulocytes  2.1-6.6x10° 8.5-11*  239-382 1.075-1.085

Platelets 2.1-5x108 2-4 5-10 1.04-1.06

* values are taken from Paper V
** values are taken from Cushing et al.®

row, secrete antibodies targeting bacteria and viruses. Antibody binding to pathogens will initiate
their destruction. 7 cells on the other hand mature in the thymus and produce either cytokines
that direct the immune response (T helper cells) or produce toxic substances (cytotoxic T cells)
which induces death of pathogen-infected cells. A small subgroup of lymphocytes, the natural
killer cells (NK cells), recognizes altered features of surface molecules of tumor or virally infected
cells and can induce cell death of these abnormal cells. NK cells present an early defense against
abnormal cells.

Monocytes

Monocytes are produced in the bone marrow and circulate only for a short time in the blood-
stream before migrating into various tissues where they differentiate into macrophages and den-
dritic cells. Macrophages play an important role in the nonspecific immune response by engulfing
and removing dying or dead cells and cellular debris, a process known as phagocytosis, but also
act as antigen-presenting cells to T cells. Dendritic cells are antigen-presenting cells which upon
contact with pathogens such as viruses and bacteria activate T and B cells.

Granulocytes

Granulocytes have a characteristic morphology with a varying shape of their nucleus and are
characterized by granules present in their cytoplasm. As part of the immune response, granu-
locytes play an important role in the protection against infection by producing substances toxic
to many microorganisms. Granulocytes are further divided into neutrophils, eosinophils, and
basophils. Neutrophils are involved in the defense of small inflammatory processes and against
bacterial and fungal infection. They are typically one of the first cells attracted to an infected
or inflamed site where they phagocytize invading organisms, dead cells, and debris, before they
die and are phagocytized by macrophages. Eosinophils are mainly dealing with parasitic infec-
tions and are also predominant in allergic reactions. The least common type of granulocytes, the
basophils, mainly release heparin which is an anticoagulant preventing blood clotting in areas of

foreign invasion."”



2. Blood

Platelets

Platelets, also called thrombocytes, are essential in forming blood clots at the site of a vascular
injury to prevent blood loss. They are discoid shaped cells without a nucleus and their surface
is covered with proteins important for cell adhesion and aggregation."8 In the event of a vascu-
lar injury, molecules are released into the blood vessels triggering platelet activation. Activated
platelets change their shape and adhere to each other as well as to the area of the injury, forming
a platelet plug. Upon platelet activation, coagulation of blood is initiated by clotting factors
sealing the break in the blood vessel.

Plasma

All blood cells are suspended in plasma, the liquid medium of blood, which takes up ~55% of
the blood volume. Plasma consists to ~90% of water and to ~10% of solutes such as proteins,
carbohydrates, lipids, electrolytes, vitamins, minerals, and hormones. Plasma proteins have a
variety of different tasks. Some proteins transport molecules which are not water soluble such
as vitamins, hormones, and fatty acids. Others are involved in the repair of cellular damage as
part of the blood clotting process, and yet other proteins help to maintain the osmotic pressure
and blood volume. Antibodies as part of the plasma proteins are involved in the immune re-
sponse to protect the body from foreign matter. Plasma proteins together with electrolytes help
maintaining the pH of the blood while a balanced concentration of electrolytes is essential to
perform physiological processes. The term ‘serum’ often used in context with blood refers to
plasma where all the clotting factors, such as fibrinogen, are removed.

2.2 Oirigin of blood

All blood cells develop from hematopoietic stem cells (HSC) in a process called hematopoiesis
(Figure 2.2). HSC have the ability of self-renewal, i.e. generate more HSC, and to differentiate
into the different blood cells. Hematopoiesis takes place in the bone marrow and ~one trillion
(10'2) blood cells are produced every day.!
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Figure 2.2: Hematopoiesis. The schematic gives an overview of the classical model of hematopoietic
development where hematopoietic stem cells (HSC) give rise to all mature blood cells. The further down
the tree, the more specialized the cells become. Abbreviations: MPP, multipotent progenitor; CLP, common
lymphoid progenitor; CMP, common myeloid progenitor; GMP, granulocytes/ monocyte progenitor; MEP,
megakaryocyte/ erythrocyte progenitor; GB, granulocyte progenitor; MP, monocyte progenitor; BFU-E,
erythroid burst-forming unit; Meg, megakaryocyte. Pictures are taken and adapted with permission from
Blausen.com.*

2.3 Applications for whole blood fractionation

For clinical diagnoses, it is often sufficient to look at the blood cell count of the various compo-
nents. A higher WBC count, called leukocytosis, is a typical sign for infection or inflammation
within the body but can also be a sign of cancer such as leukemia (increased count of immature
WBC).!? Individuals infected with the human immunodeficiency virus (HIV) will have a re-
duced WBC count, especially in the number of T helper cells which are part of the lymphocytes.’
A low RBC count on the other hand could be the sign of anemia caused for example by shortage
of vitamin B12 or iron deficiency.!® Detection of circulating tumor cells (CTC) in blood is used
in guiding prognosis in cancer patient and isolation of CTC further helps to characterize the
cancer cells.!!

Clinical applications and cell-based therapy often rely on a specific cell population. Patients with
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certain blood cancers will undergo hematopoietic stem cell transplantation in order to restore the
patient’s hematopoietic system after chemotherapy or radiation.” In cell immunotherapies, cells
are isolated from the blood, modified/engineered and retransfused into the patient. Monocytes
are for example used to generate dendritic cells which can induce an immune response in healthy
donors and cancer patients.!? Patients with a reduced immune response, e.g. after chemother-
apy, can benefit from granulocyte transfusion therapy in case of bacterial or fungal infections.'?
Another powerful tool is the chimeric antigen receptor (CAR) T cell therapy where a patient’s
T cells are programmed to specifically target tumor cells.'

In order to study and deepen the understanding about the different blood cells or to use them
in clinical applications one needs to fractionate the blood. The next chapters will introduce and
compare both conventional and microfluidic cell separation methods with focus on microfluidic
acoustophoresis and the papers presented in this thesis (Figure 2.3).

Paper IV Paper II1 Paper V Paper | and II

Plasma — Lymphocytes T cell subsets
CcTC  —— Buffy coat Monocytes
(WBC and platelets)
RBC Granulocytes

Figure 2.3: Blood fractionation presented in the papers of this thesis. A summary of the papers with
the different approaches for blood cell fractionation can be found in chapter 7.
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Conventional cell separation
methods

hole blood is a complex biofluid with hundreds of million cells in one drop of blood.

It is rich in information about the physical state of a human being and blood cells are
often used in diagnostic tests and for therapeutics. In order to fractionate blood into various cell
populations or to isolate a specific cell type, different cell manipulation and sorting techniques are
required. Depending on the downstream application after cell separation, the separation process
should be as mild as possible, and the isolated cells should retain their viability and biological
function. Typically, conventional cell separation methods at the macroscale are categorized into
label-free and label-based methods (Figure 3.1). This chapter introduces the most common blood
cell separation methods at the macroscale and shows their use in the clinic.
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Figure 3.1: Overview of conventional cell separation methods. Biofluids such as blood are very het-
erogenous and need to be separated into specific cell populations in order to be useful in diagnostic tests
and therapeutic applications. Commonly, separation methods are divided into label-free and label-based
methods. Each technique is explained in more detail within this chapter.
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3.1 Label-free separation methods

3.1 Label-free separation methods

Different cell populations vary in their physical properties such as size, density, shape, and de-
formability. Label-free separation methods use these physical differences to fractionate heteroge-
nous biofluids such as blood. Typically, label-free methods are simple to use, relatively cheap
and have a high throughput, however, often with the drawback of lower purity and recovery.

Filtration

Cells in suspension passing through a filter with uniform microscale meshes or pores will be sep-
arated based on their size and deformability. Only cells smaller than a specific cut-off size will be
able to pass through the filter while bigger cells are retained. Filtration methods are often used
as pre-enrichment step or to prepare single cell suspension by removing cell aggregates. Within
clinical applications, such as blood transfusion, filtration methods are routinely used for leuko-
cyte reduction’ (Figure 3.1a). Remaining leukocytes in the blood for blood transfusions have
been associated with a higher risk of post-transfusion infection. Modern filters remove >99%
of leukocytes while recovering 90-95% of RBC.”!> Besides relying on the pore size, filters also
use adhesion of leukocytes to negatively charged surfaces in the filter to improve the separation
outcome.'® Filtration is a very simple and straightforward method; however, significant amount
of cell loss is a common disadvantage as well as clogging of the filter unit. Also leukocyte and
platelet activation!” and changes in platelet function have been reported for leukocyrte filters.'8

Centrifugation

Centrifugation is one of the most common separation methods used in laboratories. The prin-
ciple of centrifugation is based on the sedimentation rate of particles in a centrifugal force field.
The sedimentation rate is proportional to the particles size and to the density difference between
a particle and its’ surrounding medium. Centrifugation allows separation and concentration
of large cell numbers in a simple and inexpensive way. Most blood component preparations
use centrifugation techniques. Typically, blood can be divided into platelet-rich plasma, WBC,
and RBC by centrifugation. In order to prepare RBC products, most of the plasma fraction is
removed after centrifugation. By serial washing and centrifugation steps the RBC can be fur-
ther purified, removing ~99% of the plasma proteins and 70-90% of leukocytes, however also
accounting for ~20% RBC loss.” 'The term differential centrifugation describes the process of
several centrifugal steps, every step performed at a higher velocity and longer time than the pre-
vious step and is for example used in platelet prepara\tion.19 First, a low-speed centrifugation
separates RBC from platelet-rich plasma, which is further spun down at higher velocity to allow
platelet sedimentation on the bottom of the centrifugal tube. Higher resolution of a separation
can be achieved using density gradient centrifugation. This is commonly done for the isolation
of mononuclear cells (MNC), i.e. monocytes and lymphocytes, by layering whole blood on top
of a density media.?’ A density gradient is formed during centrifugation and cells will move to
their isopycnic point, where the density of the media is equal to the cell’s density. MNC can be
collected by carefully removing the layer between the density media and the platelet-rich plasma

11



3. Conventional cell separation methods

(Figure 3.1b).

The outcome, such as cell loss and purity of a sample after centrifugation, is highly depended
on the application but also on the person handling the process. Furthermore, activation of cells

after centrifugation has been reported in some applications.?! 24

Cell adherence and cell culture

In cell culture, cells can be separated based on their adherence ability to a culture plate or by using
certain culture media that stimulates or inhibits the growth of specific cell types®> (Figure 3.1c).
An example combining both adherence and cell culture is the generation of dendritic cells.'
Here, monocytes are enriched from MNCs by plastic adherence and the removal of non-adherent
cells by repeatably rinsing the culture plate. Dendritic cells are then generated by culturing the
enriched monocytes in specific culture medium for several days. Using cell culture approaches
to isolate cell populations are often time consuming and not very specific.

Selective lysis

A common method to isolate leukocytes from whole blood is using selective RBC lysis (Figure 3.1d).
Whole blood is diluted in solutions, such as water or ammonium chloride, which lead to swelling
and destruction of RBC via changes in the osmolality. Selective lysis is a simple and fast process
but often includes several washing steps to remove cell debris. Depending on the lysing solution

used, WBC cell loss and alteration in cell function can occur.26-28

3.2 Label-based separation methods

In contrast to label-free methods, which rely solely on the physical characteristics of cells, label-
based methods target the characteristic biochemical surface of different cell types. Cells can be
classified by cell membrane integrated proteins, so called cluster of differentiation (CD). By using
antibodies directed against surface proteins on the cell membrane (CD molecules), specific cell
subpopulations can be targeted which otherwise do not differ in their physical characteristics. In
this way it is possible to achieve high purity cell separation, however, the procedure is often time
consuming, labor intensive, costly, and importantly may affect the cells’ function.

Magnetic activated cell sorting (MACS)

Affinity based magnetic separations, utilizing differential expressed cell-surface antigens, has be-
come one of the golden standards in research and clinical laboratories when aiming for high
separation efficiency and purity. Antibodies coupled with magnetic beads bind antigens on the
cell surface of a target cell. When the sample is exposed to a magnetic field gradient, unbound
cells can be washed away while bead-bound cells are retained in the magnetic field (Figure 3.1¢).
The technique can be used for positive selection, i.e. labeling the desired cell type, as well as
for negative selection, i.e. labeling all the unwanted cells and collect the target cells in the flow

12



3.2 Label-based separation methods

through fraction. Nowadays, a wide range of commercial kits are available and specific cells can
be isolated from whole blood based on their antigen expression. MACS is routinely applied in
the clinic to isolate hematopoietic stem cells (HSC) used for stem cell transplantation.?»3* HSC
are released from the bone marrow after hormone mobilization treatment and can be collected
from the peripheral blood by leukapheresis, i.e. the enrichment of WBC from blood commonly
done by centrifugation. This is followed by magnetic bead selection with antibodies targeting
CD34+ cells, i.e. HSC, to further enrich the stem cells from the leukapheresis product.

The disadvantage of MACS is the reliance on a specific cell marker and that only one surface
marker can be targeted per separation. Influences of the magnetic separation method on the
cells’ properties has been studied extensively and in some cases showed decreased cell viability,

reduced proliferation, reduced metabolic activity, and changes in gene expression.’!32

Fluorescence activated cell sorting (FACS)

Flow cytometry identifies cells based on their relative size, scatter properties, their differential
expression of specific biomarkers, and the intensity of fluorescent-labeled antibodies bound to
a cell’s membrane and/or internal structure. Cells in suspension are hydrodynamically focused
before entering a flow cell where they pass laser beams one by one (Figure 3.1f) and scattered light
as well as emitted fluorescence is measured by several detectors. The light scattering is depending
on the cell’s size, the granular material inside the cell, the cell membrane, and cell shape. At the
end of the flow cell the stream of cells passes through a vibrating nozzle, causing the stream to
break into droplets, ideally containing one cell each. Based on the information obtained from
the scattered light a sorting decision is made for each individual cell/droplet and an electrical
charge is placed on the droplet. Based on their electrical charge, droplets are then deflected in an
electromagnetic field into separate collection tubes. Flow cytometers have often sorting capacities
of ~10.000 events/s and in comparison with MACS, several antibodies targeting different CD
molecules can be used to isolate specific subpopulations in the blood with high purities.*> FACS
requires expensive instrumentation, costly antibodies and trained staff. Depending on the sorting
criteria, the input sample and the purity required, preparation and sorting can take several hours,
limiting the number of clinical applications. Furthermore, viability and recovery of FACS sorted

cells has been reported to be an issue depending on the sorting conditions.**
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Microfluidic cell handling

he term microfluidics refers to the manipulation and control of fluids confined to small

volumes in the microliter range. At the microscale, the flow pattern becomes predictable and
external forces acting on particles in solution can be precisely controlled. Over the last decades
various microfluidic technologies for cell and particle handling have emerged employing the
advantages of microfluidics. This chapter will focus on the characteristic microfluidic phenomena
relevant for this thesis and the introduction of microfluidic cell manipulation technologies.

4.1  Fluid dynamics at the microscale

Laminar Flow

In microfluidic channels the surface to volume ratio is increased, in contrast to the macro scale,
and viscosity forces start to dominate over inertia. The dimensionless Reynolds number is used
to predict whether the flow behavior of a system is dominated by viscous or inertial forces:

where p is the fluid density, u the average flow speed, L the characteristic length and p the dy-
namic viscosity of the fluid. For a circular tube the characteristic length equals the diameter of
the tube. In microfluidic channels with a rectangular cross-section it can be calculated by the
hydraulic diameter Dj, = 2ab/(a + b), with a and b are the channel width and height, respec-
tively. Turbulent flow occurs at Re 2000 and becomes laminar for Re <2000 which is typically
the case for microfluidic devices.>> Laminar flow is characterized by fluid streams flowing in
parallel (Figure 4.1) and mixing in the system only occurs through diffusion.
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(a) Turbulent low, Re > 2000 (b) Laminar flow, Re < 2000
1= 1

z X z X

Figure 4.1: Turbulent and laminar flow. (a) For Reynolds numbers >2000 flow is turbulent, i.e. velocities

in time and space are random, (b) while laminar flow with fluid streams flowing in parallel occurs for Re
<2000.

Parabolic flow profile

In the laminar flow condition of a straight microfluidic channel with a pressure-driven, steady-
state flow the velocity at the channel wall approaches zero. This so-called no-slip boundary
condition leads to the formation of Poiseuille flow with a parabolic flow profile having the maxi-
mum velocity at the channel center (Figure 4.2). Cells or particles in solution will have different
retention times in the microchannel depending on their positioning, with cells close to the side
walls, top or bottom will be slower as compared to cells in the channel center.
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Figure 4.2: Parabolic flow profile. Due to the no-slip boundary conditions in the microchannel the fluid
flow at the channel wall is zero (dark blue) and the maximum velocity (red) is observed in the channel
center. The typical parabolic flow profile is shown for (a) the side view and (b) for the cross-section of a
microchannel.

Stokes’ law

If a particle is moved by an external force through a fluid it will experience a drag force, known
as Stokes’ drag, in the opposite direction (Figure 4.3). The drag force Fy on a spherical particle in
laminar flow with Re < 1, assuming no interactions between particles, is described by the Stokes’
law:

Fy = 6mnau
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4.2 Microfluidic cell manipulation

where 7 is the dynamic viscosity, a is the particle radius and u is the flow velocity of the particle.
Externally applied forces (e.g. acoustic, magnetic, electrical forces) commonly scale with the
volume of the particle while the drag force scales with the particle radius. For small particles the
drag force becomes more dominant making it challenging to manipulate smaller particles with
external forces.

Fexr Fd

Figure 4.3: Stokes’ drag. If a particle in laminar flow with low Reynolds number is moved by an external
force Fey, it will experience a drag force F4 (Stoke’s drag) in the opposite direction of the movement.

4.2 Microfluidic cell manipulation

Cell manipulation at the microscale refers in general to the control of a cells’ position within a
fluid or its position relative to other cells. This includes techniques for washing, buffer exchange,
focusing, separation, sorting, and trapping. The applications presented in paper I-V fall under
the definition of ‘separation” which refers to a process where a physical property of a cell is used
to accumulate this specific cell type. In contrast, ‘sorting’ typically refers to a process where for
each cell a sort decision is made based on specific identification of that cell.

Table 4.1: Classification of microfluidic separation techniques.

Separation technique Separation criteria
Filtration Size, shape, deformability
Hydrodynamic filtration Size, shape, deformability
. Deterministic lateral displacement (DLD)  Size, shape, deformability

Passive . . e
Inertia Size, shape, deformability
Biomimetic Intrinsic properties of blood
Microstructures Size, density, deformability
Dielectrophoresis (DEP) Polarizability, size

. Magnetophoresis Intrinsic magnetic susceptibility

Active . .. .
Optical methods Refractive index, size
Acoustophoresis Size, density, compressibility

Microfluidic separation methods can be classified into passive and active methods. Table 4.1
summarizes the most common techniques, which will be described in more detail in the fol-
lowing section with focus on blood fractionation applications. Cells can be manipulated in a
variety of different modes such as kinetic, equilibrium, and elution mode (Figure 4.4). Kinetic
modes use the rate of cell deflection perpendicular to a primary channel flow for cell separation.
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4. Microfluidic cell handling

In equilibrium mode cells migrate to their property-dependent equilibrium position, while in

elution mode a force counteracting the force of the fluid flow creates differential retention time
6
of cells.?
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Figure 4.4: Microfluidic separation modes. Microfluidic systems can manipulate cells in a variety of ways.
(2) In a continous kinetic mode cells are deflected perpendicular to the primary channel flow. (b) In an
equilibrium mode cells migrate to their property-dependent equilibrium position, e.g. their isopycnic point
in a density gradient, while in (c) elution mode forces are acting in the opposite direction of the primary
flow creating differential retention of the cells. Adopted and reprinted with permission from © Gossett et
al. (2010).%°

A more detailed description of whole blood fractionation into WBC and RBC is given for each
microfluidic separation method and are summarized in relation to their performance metrics at

the end of this chapter in Table 4.2.

Performance metrics

In order to enable comparison between different microfluidic separation methods the most com-
ment performance metrics are introduced. In this thesis, purity is the percentage of target cells
in a sample divided by the total number of cells in that fraction.

#target cells

. 0,
#all cells 100%

Purity =
Recovery describes the ratio between the number of target cells in the target outlet and the number
of target cells in the input sample. It is used to describe the loss of target cells within the device
and tubing.

#target Cellstarget outlet

Recovery = - 100%

#target cellsinput

Separation efficiency looks at the ratio of target cells in one outlet versus the number of target cells
in all outlets after separation. It shows the efficiency of the separation method.

#target Cellstarget outlet

Separation ef ficiency = - 100%

#target cellsqy outlets
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4.2 Microfluidic cell manipulation

Enrichment is defined as the ratio of target cells divided by all cells in one outlet and the number
of target cells divided by all cells in the input.

#target cells
#all cells

)target outlet
#target cells
#all cells .
wnput

Throughput defines either the volume per time unit (sample throughput) or the number of pro-

Enrichment =

cessed cells or events per second (cell throughput).

4.2.1 Passive cell separation methods

Microfluidic methods such as filtration, hydrodynamic focusing, deterministic lateral displace-
ment (DLD), and inertia achieve cell manipulation without the use of an external force field and
are classified as passive separation methods. Cells are separated based on their size, shape, and

deformability.

Filtration

Microscale filters employ different obstacles such as membranes, pillars, and weirs to separate
different sized cells. Based on the direction of the flow they are classified into dead-end filters
with flow perpendicular to the filter plane, and cross-flow filters with flow along the filter plane
(Figure 4.5). As in the microscale, microfiltration has been widely employed in whole blood
fractionation®” mainly for WBC depletion,* 38 RBC depletion,®*~4! and plasma generation.>~%>
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Figure 4.5: Microfiltration. The different types of filter used in microfluidics are (a) weir, (b) pillar, and
(c) cross-flow filters. Both (a) and (b) are shown as dead-end filters. As an example, the principle of WBC
depletion from blood due to the size difference of WBC and RBC is shown. RBC can, due to their biconcave
shape, squeeze through the gaps in the filters while WBC cannot pass due to their bigger size. The dashed
arrows indicate the flow dirction through the microchannel.

Leukapheresis, i.e. the removal of WBC from blood, is routinely done in clinical applications us-
ing filters at the macroscale.” Sethu et al.? designed a microfluidic diffuse filter for leukapheresis
where RBCs were able to pass through sieves due to their biconcave shape, while larger spherical
leukocytes could not pass through the structure. With flow rates of 5 pL/min whole blood the
filter depleted >97% leukocytes but only recovered ~50% of the RBC.
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4. Microfluidic cell handling

Ji et al.®® analyzed the efficiency of weir, pillar, crossflow and membrane microfilters to isolate
WBC from RBC. A cut-off size of 3.5 pm was chosen for the different designs in the assumption
that RBCs can pass through gaps as small as 3 pm due to their biconcave discoid shape, while
WBC can only be deformed and squeezed through 7 pm gaps. Using 200x diluted blood it was
found that membrane and weir types had a higher clogging risk while crossflow filtration with
pillars achieved the best results with a recovery of 60-95% of RBC while removing 70-95% of
WBC.

A similar comparison of two different crossflow filters for RBC removal was done by Chen et al.*°
comparing pillar- vs. weir-type filtration. Here, the weir-type worked better removing 91.2% of
the RBC, which could be enhanced to >95% by rerunning the sample. In contrast, only 82.3%
of RBC were removed with the pillar-type. Also, the WBC isolation was higher in the weir-type
(27.4%) as compared to the pillar-type (8%). Cell concentration tests showed that the initial
blood sample should have less than 104 cells/uL in order to maximize the separation efficiency.

In general, microfilters are easy to handle and are especially useful for label-free separation of
blood components from microliter volumes of blood. They can be used as a first step within
blood cell or plasma analysis and as low cost devices for point-of-care applications.** However,
microfilters are often associated with the risk of clogging, especially when operated as dead-end
filters. Cells and particles at the filter obstacles accumulate over time which reduces the separation
efficiency. By vibrating the filter unit, pulsating the fluid flow or using a back flow, the risk of
clogging has been reduced.“*#” Another challenge is the heterogeneity of the cell size within a
population which can lead to overlapping cell sizes between target cells and unwanted cells. As
in macroscale filtration, platelet activation at the microscale occurs due to high shear stress*®4
as well as interaction with the surface material of the filter unit.’®>! Furthermore, hemolysis,

i.e. the rupturing of RBC, can occur in the microfilter device if operated under high pressure or
high shear rate. 424552

Hydrodynamic filtration

Hydrodynamic filtration explores the physical laws of laminar flow at low Reynolds numbers
to separate cells. In laminar flow, cells will follow the streamline passing through its center of
mass and thereby allowing for cell separation based on size and deformability. Typically, cells are
positioned in stream lines controlled by the flow rates through the inlets, the channel geometry
and the outlet configuration.

Yamada et al.?? designed a microfluidic device with two inlets, a pinched segment and a broad-
ened segment. Particles from one inlet are pinched against the wall using a high flow velocity
of a particle free fluid from the second inlet. Smaller particles are positioned closer to the wall
and follow different streamlines as compared to larger particles. In the broadened segment, the
flow profile expands and particles following their streamline are separated according to their size
(Figure 4.6a). Takagi et al.”* added several outlets to the design and varied the flow resistance of
the outlets by either making them shorter and/or broader. In this way they achieved an asymmet-
ric flow profile in the broadened segment which allowed to improve the size dependent separation

20



4.2 Microfluidic cell manipulation

@ (b)

Liquid with particles Broadened Detection
segment line

L Branch 1 G

Pinched
segment

T i Sidewall 1
Liquid without e 5 !
particles e .

[
Pinched
segment

Branch 3

Branch 4

Figure 4.6: Principle of hydrodynamic filtration in pinched flow fractionation. (a) Particles in sus-
pension are pinched against the wall using a high flow velocity of a particle free solution. Smaller particles
are focused closer to the wall and exit the pinched segment at different streamlines as compared to bigger
particles. (b) Having outlets with different flow resistance will create an asymmetric flow profile in the
broadened segment, pulling the streamlines further apart and increasing separation performance. Adapted
and reprinted with permisson from Yamada et al.”> ©American Chemical Society (2004); and Takagi et
al.”* ©Royal Society for Chemistry (2005).

by pulling the streamlines further apart (Figure 4.6b). Separation of RBC from diluted whole
blood was shown with ~80% separation efliciency at sample flow rates of 20 pL/h, equivalent to
0.001 pL/min whole blood. Further enhancement of pinched flow fractionation was shown by
introducing an enhancing segment to the broadening segment55 and by adding a sedimentation
force for both size and density based sorting.’® However, the applicability of these designs in cell
separation was not shown.

Assimilar approach using hydrodynamic filtration was demonstrated by Yamada and Seki.”” Their
device consisted of one sample inlet and a straight channel with perpendicular branched side
channels (Figure 4.7). By continuously removing liquid from the side branches, particles in
the main channel are concentrated and aligned at the side wall. Increasing the flow at the side
branches over time allows small particles being closer to the wall to follow their streamlines to
the side branches and thereby separating them from bigger cells. Separation of RBC from WBC
was shown at 20 pL/min sample flow for 10x diluted whole blood with a ~29-fold increase of
the WBC to RBC ratio after two rounds of filtration, corresponding to a net-flow of 2 pL/min
whole blood equivalent.

VanDelinder and Groisman®® used a microfluidic cross-flow filter combined with medium ex-

change to separate WBC from blood. Medium was infused at the branches at one side of the
main channel and thereby focusing the cells to the other side wall of the main channel. Similar
to Yamada and Seki,”” smaller particles will follow their streamlines to the side branches earlier
within the device and can be separated. The device was able to deplete 99.975% of the RBC and
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Figure 4.7: Hydrodynamic filtration. Particles in supsension are flowing through a main channel. By
continuously removing liquid to side branches, particles will be concentrated and aligned close to the wall.
Increasing the flow in the side channels will allow small particles closer to the wall to follow their streamlines

and thereby be separated from larger particle. Reprinted with permission from Yamada et al.”’ ©Royal
Society of Chemistry (2005).
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achieve WBC purities of ~70% using undiluted whole blood. Besides the impressive outcome
the sample throughput was as low as 0.06 pL/min and 50% of the cells were lost at the device
inlet.

Yamada et al.”® further improved the sized based separation using a slanted, asymmetric mi-
crofluidic lattices (Figure 4.8). Leukocytes were separated from RBC with ~80% WBC purity
and a separation efficiency of ~80% at a sample flow rate of 40 pL/min, equivalent to 2 pL/min
whole blood. Micrographs showing the cells before and after separation suggest a high shear
stress on the cells showing deformed RBC.

Hydrodynamic filtration offers a label-free, simple and continuous microfluidic separation with-
out the use of an external force. However, data on cell viability, cell activation, and hemolysis
is underrepresented and would be desirable to show the usability of hydrodynamic focusing for
blood cell fractionation in clinical and research applications.

Deterministic lateral displacement

Cells flowing through an array of pillars can be separated based on their size, shape, and de-
formability.°*%> Each row of pillars is shifted laterally creating predictable streamlines around
the pillar in a zig-zag mode. Particles below a critical diameter will follow their original stream-
line through the array of pillars without displacement. If the particle size is about the critical
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Figure 4.8: Hydrodynamic filtration in slanted, asymmetric microfluidic lattices. (a) Cells in suspen-
sion are flowing through a main channel while buffer is introduced in parallel channels. The fluid flow from
the buffers in the separation channels pushes cells towards the side wall of the main channel. (b) Smaller
cells closer to the wall will follow their streamlines to the separation channels and are thereby separated from
larger cells. Adapted and reprinted with permission from Yamada et al.,”® ©Royal Society of Chemistry
(2017).

diameter, the particle will “bump” into the pillar pushing its center of mass to the next stream-
line. With each row of pillars, the particle will travel at an angle predetermined by the post offset
distance away from its original streamline in a displacement mode (Figure 4.9).

Huang et al.® was one of the first to show the principle of deterministic lateral displacement
(DLD) in a microfluidic device. DLD demonstrated to have a very good size resolution by
separating particles with 10 nm size difference (0.8 pm, 0.9 pm, and 1.03 pm). Davis et al.*
designed a DLD device with 13 functional regions of post arrays to fractionate undiluted whole
blood. Separation of WBC from RBC was possible with ~99.6% WBC separation efficiency
while depleting ~99% of the RBCs. The purity of WBC in outlet 2 reached ~-9% with ~110-
fold enrichment compared to the original sample. The device operated at a throughput of 1 uL/h
blood (~0.017 pL/min).

Inglis et al.% used six parallel DLD channels to increase the sample throughput, fractionat-

ing the sample into three different outlets (small, medium, and large). An average flow rate of
23 pL/min of undiluted whole blood was achieved, with ~3.8 pL/min sample flow per chan-
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Figure 4.9: Deterministic lateral displacement. Particles flowing through an array of pillars can be sepa-
rated based on their critical diameter. Particles below a critical diameter will follow their original streamline
around the post in a zigzag mode. Larger particles will bump into the post and be deflected into neighboring
streamlines, flowing through the array in displacement mode. Adopted and reprinted from Davis et al.,®
©National Academy of Sciences (2006); and Huang et al.,®® © American Association for the Advancement
of Science (2004).

nel. The average leukocyte depletion in the small outlet for all tested conditions was 98.7%.
For undiluted blood the enrichment in WBC concentration in the medium outlet was ~6.6-fold
and in the larger outlet ~7.6-fold. Furthermore, separation of the different WBC subpopulation
showed an enrichment in concentration for lymphocytes in the medium outlet while monocytes
and granulocytes were enriched in the large oudet.

In general, DLD offers the benefit of being able to process whole blood, something most mi-
crofluidic separation techniques struggle with. Sample flow rates are typically very low, however,
upscaling of sample throughput for clinical scales has been shown successfully.®® As in other
microfluidic separation methods shear stress on cells can be a limiting factor.®>”° No alterations
in viability and cell proliferation after DLD separation has been shown for CTCs,”~"3 however
blood clot formation due to platelet activation has been observed.”* Furthermore, as in filtration,
clogging of the device running biological samples can be an issue due to the small gap between

the posts and the heterogeneity in the cell sizes.”>7

Inertia

Typically, inertial effects are negligible in the microfluidic world. However, when employing high
flow velocities (Re 1-100) inertial effects become significant.® Already in 1961, Segré & Silber-
berg”” observed that randomly distributed particles flowing through a circular pipe will concen-
trate to a narrow band at ~0.6 times the pipe radius. The fundamentals of inertial focusing has
been described extensively.”* 8! In brief, focusing occurs as a balance of shear-gradient-induced
lift forces (Fsg) and wall-effect-induced lift forces (Fyi) (Figure 4.10a). Particles experience Fsg
in the direction of the channel wall due to the velocity gradient in the parabolic flow profile
in microfluidic channels with no-slip boundary conditions. On the other hand, Fyy is moving
particles away from the channel wall due to a pressure build up between the wall and the particle.
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Figure 4.10: Interatial lift forces and dean vortices. (a) In straight microchannels, particles in suspension
flowing at high Reynolds number will experience both wall-induced lift forces (Fwi) and shear-gradient-
induced lift forces (Fsg). (b) In curved channels, particles will experience an additional force (Fp) due to
dean vortices as a result of centrifugal forces. Based on a balance of the lift forces in the direction of the
inner channel wall (IW) and dean forces in the direction of the outer wall (OW), particles can be separated
according to their size. Adapted and reprinted with permisson from Martel and Toner,”® ©Annual Reviews
(2014); and Kuntaegowdanahalli et al.,*> ©Royal Society of Chemistry (2009).

In curved channels a second inertial effect arises due to centrifugal effects. Two counter-rotating
vortices perpendicular to the channel flow, called dean vortices, arise when the fluid at the center
of the curvature with a higher momentum displaces lower momentum fluid near the channel
walls®® (Figure 4.10b). For small particles, the dean forces (Fp) is larger than the lift forces
(FL), moving smaller particles further away from the inner channel wall of the curvature. Taken
the different inertial forces into account, cells and particles can be separated based on size 82,84

Sy b

85.86 and deformability.®” Inertial microfluidic devices have been employed, amongst oth-
92,93

shape,
ers, for plasma separation,® blood cell fractionation,3¥! fractionation of WBC subtypes,
as well as separation of CTC from blood.%”-%3%

Fractionation of WBC and RBC from 80x diluted whole blood using a spiral channel with
trapezoid cross-section was shown by Wu et al.%’ The device was able to remove ~95% of RBC
and recover 98.4% of WBC at flow rates of 800 pL/min, equivalent to 10 pL/min whole blood.

Nivedita and Papautsky®® increased the sample flow for blood cell fractionation using a spiral
channel with rectangular cross-section. The device was able to process sample at 1.8 mL/min at
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similar efficiencies as Wu et al.,” however high dilution (500x) reduced the processing time of
whole blood to 3.6 pL/min.

Using eight channels in parallel, Zhang et al.”! managed to increase the sample throughput to
4.6 mL/min using a serpentine microchannel for inertial focusing and separation of WBC from
20x diluted whole blood. This corresponds to an impressive throughput of 240 pL/min whole
blood (30 pL/min per channel). Fractionation data shows 48% WBC purity after two separation
processes, however, the choice of analysing the sample with flow cytometer without any labelling
of the WBC seems questionable.

Ramachandraiah et al.”> combined selective RBC lysis with inertial microfluidics to fractionate
WBC. High purities of 86%, 43%, and 91% for granulocytes, monocytes, and lymphocyrtes,
respectively, were achieved. However, separation efficiencies in the corresponding outlets of 27%,
90%, and 47% of granulocytes, monocytes, and lymphocytes, respectively, indicates cell loss in
their system.

Microfluidic separations employing inertial effects surpass most other microfluidic technologies
in their volumetric flow rate. However, dilution of the sample is usually necessary to avoid
defocusing of particles due to interparticle interactions.””#® Inertial separation does not show
indication of neutrophil activation or changes in viability®°? and makes it a promising tool for
blood cell fractionation.

Biomimetic

Biomimetic systems take advantages of the intrinsic properties of blood for blood cell fraction-
ation at the microscale. As the diameter in blood vessels decreases <0.3 mm the blood starts to
show unique flow characteristics. In small blood vessels, RBCs are focused towards the highest
fluid velocity at the center of the blood vessel, which leads to an overall decrease in RBC con-
centration, an effect known as Fihreus effect. Due to the decreasing RBC concentration, the
viscosity in the small vessel also decreases, known as the Fihreus-Lindqvist effect.”

Shevkoplyas et al.”® used the Fahrzus effect to enrich leukocytes from whole blood in a mi-
crofluidic device. RBCs migrating towards the channel center will force leukocytes to move
towards the channel wall, a process named leukocyte margination (Figure 4.11). WBC close to
the channel wall are concentrated and separated from RBC in a cascade of bifurcation channels.
With this simple principle, WBC were concentrated by a factor of 10 from 4300 WBC/pL in
the whole blood sample to 42300 WBC/pL at the leukocyte outlet. The WBC to RBC ratio was
1:32 at the extraction channel showing a 34-fold enrichment as compared to the input sample.
Extraction of cells at the WBC outlet was performed at a flow rate of 16 pL/s (9.6x104 pL/min).

The effect has also been employed for blood filtration to separate pathogens from whole blood.”® %

Similar to leukocyte margination, pathogens are pushed towards the channel wall when RBC
move to the center and can be collected at the side fraction.
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:'Whole blood Y

Figure 4.11: Leukocyte margination. RBCs in small channels will move towards the channel center
with the highest velocity pushing WBC towards the channel wall. WBC close to the channel wall can
be separated from RBC using a bifurication. Adopted and reprinted with permisson from Tay et al.,”
©WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (2018).

Other label-free methods

Besides the above-mentioned passive microfluidic separation methods, microstructures and aque-
ous two-phase systems (ATPS) have been used for blood cell fractionation to some extent. Typ-
ically, microstructures such as grooves, chevrons, and herringbones have been used for mixing
100-102 Besides mixing, the use of microstructures for size-, density-

105 and demonstrated for

within microfluidic devices.
, and deformability-based particle separation has been employed!®*-

plasma separation and blood cell fractionation.'%¢107

Choi et al.!% used slanted obstacles to focus blood cells before introducing them in a filtration
area with filtration obstacles. Sized based separation was shown for rat blood at 1 pL/min sample
flow (0.05 pL/min whole blood) with 58% WBC purity and 210-fold enrichment. Kang et al.'%
used slanted microstructures at the bottom of a microfluidic channel to focus blood cells towards
one side while cell free plasma could be extracted from the opposite channel wall.
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Figure 4.12: Aqeuous two-phase systems (ATPS). (a) Cells within a two-phase system will experience
forces based on their particular surface properties and net charge. (b) WBC and RBC display different equi-
librium positions within a two-phase system and can be separated from each other. Adopted an reprinted
with permission from SooHoo et al.,'® ©2009, Springer Science Business Media, LLC.

Aqueous two-phase systems (ATPS) use the differential affinity of cells based on their surface
properties and net charge to separate cells. A cell placed between two liquids, each with a unique
surface energy and charge, will experience both forces from the electrostatic potential as well as
the surface energy of the phases (Figure 4.12a). This has been demonstrated to enrich leukocyte
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4. Microfluidic cell handling

from blood'? (Figure 4.12b). At a sample throughput of 1 pL/min (0.02 pL/min whole blood)
WBC were enriched ~9-times compared to the input sample.

4.2.2 Active cell separation methods

Cell separation methods, such as dielectrophoresis, magnetophoresis, optical tweezers, and acou-
stophoresis, take advantage of external force fields to manipulate cells in suspensions. Active cell
separation methods are often preferred when high sorting efficiencies and purities are required.

Dielectrophoresis

Particles placed in a non-uniform electrical field can experience forces due to an induced or per-
manent dipole. If the particle is more polarizable than the medium, positive dielectrophoresis
(pDEP) moves the particle towards the region of highest electrical field strength. Opposite, if the
medium is more polarizable than the particle, negative dielectrophoresis (nDEP) moves the par-
ticle towards the electrical field region with the lowest intensity (Figure 4.13a). The magnitude
of the DEP force is dependent on the particle volume and the dielectric properties and can be ad-

justed for example by optimizing the driving voltage, the electrode geometry, and the frequency.

DEP has been applied for platelet separation from whole blood,!° leukocyte enrichment,
113,114

111

112

separation of leukocyte subpopulations,’'* and isolation of circulating tumor cells.
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Figure 4.13: Dielectrophoresis (DEP). Particles placed in a non-uniform electrical field are exposed to
forces due to an induced or permanent dipol. (a) Depending on the surrounding medium, particles are
either moved towards the field maximum (positive DEP) or towards the field minimum (negative DEP).
(b) Cells can be separated in DEP based on their size and polarizability as shown for the separation of WBC
and RBC. Adopted and reprinted with permission from Doh and Cho,'> ©2005, Elsevier B.V.; and Han
and Frazier,'"! ©Royal Society of Chemistry (2008).

Yang et al.!'? designed a device exploiting the density and dielectric property differences of
leukocyte subpopulations. Using a frequency sweep in the DEP field at different frequencies,
cells were levitated from the channel wall and eluted from the chamber at different time points
depending on the properties. For example, T-lymphocytes were eluted faster than monocytes
and could be separated with 92% and 98% purity, respectively. In this case, 50 pL of cells
were separated within 21 min (5 min preparation + 16 min separation), accounting for a sample
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4.2 Microfluidic cell manipulation

throughput of 2.3 pL/min and 4600 cells/min. The process is done in a batch process rather
than in a continuous process due to the elution mode of the separation (Figure 4.4c).

Fractionation of whole blood into RBC and WBC using DEP was demonstrated by Han and
Frazier."!" RBC experience a higher DEP force and are driven away from WBC (Figure 4.13b).
Separation was performed at 50 pL/h, i.e. 0.15 pL/min whole blood equivalent, and separation
efficiency into the different outlets was 92.1% for WBC and 87% for RBC.

Piacentini et al."'® showed the separation of platelets from blood using DEP forces which repels
WBC and RBC from the sample fluid while platelets are not affected and can be collected in a
separate outlet. A platelet purity of 98.8% and separation efficiency of 98% was achieved with a
sample throughput of ~0.013 pL/min with ~2000 cells/min (~33 cells/s).

The label-free manner of DEP can be beneficial in blood cell fractionation. However, cells need
to be suspended in specific buffers to achieve separation and sample flow rates are typically very
low. The cell viability in these systems depends mainly on the electrical field strength and on the
so-called Joule heating effect. Cell death can be induced when used improperly.!1¢ 117

Magnetophoresis

Label-free separation of particles and cells can be done by employing their intrinsic magne-
tophoretic properties. Cells in a magnetic field will experience a force based on their magnetic
susceptibility. Han and Frazer''® showed that RBC can be moved away from a ferromagnetic
wire by magnetic forces due to the iron in the hemoglobin found in RBCs. In whole blood
WBC behave as diamagnetic particles, while RBC can behave either as paramagnetic or dia-
magnetic particles depending on their hemoglobin oxygenation. Separation of WBC and RBC
from bovine whole blood was shown using a magnetophoretic microseparator!! (Figure 4.14).
Further development of the system enabled separation of WBC from WBC enriched bovine
blood with 97.4% efficiency while 93.5% of the RBCs were deflected to the RBC outlet. Sam-
ple throughput was 5 pL/h, equivalent of processing 0.008 pL/min whole blood.!?® Jung and
Han'?! increased the flow speed by a factor of 4 with similar efficiencies of RBC from 10x diluted
whole blood but with decreased WBC efficiency (89.2%).

Seo et al.!?? was able to improve the sample throughput by combining hydrodynamic effects and

magnetophoresis. Sample throughput of 1 mL/min was shown for a WBC spiked blood sample,
however the high dilution of the blood accounts for an effective throughput of whole blood of
~6.6 pL/min with separation efficiencies of 86.8% and 29.1% for RBC and WBC, respectively.

Besides utilizing the intrinsic magnetic properties of cells, one can also use label-based approaches
where magnetic particles are bound to cells of interest and separate them from unlabeled cells
in a magnetic field.'”>~!%> Using beads with different magnetic properties targeting different cell

types, isolation of more than one cell type is in principle possible.'2¢

Label-free size-based separation of cells is furthermore possible using magnetic liquids in a process
termed negative magnetophoresis.'”’ When cells are suspended in magnetic liquids and exposed
to a magnetic field, the magnetic media will be attracted by the magnetic field gradient and
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Figure 4.14: Magnetophoresis. In an magnetic field, RBCs can be separated from WBCs based on their
intrinsic magnetophoretic properties. RBCs behave either as paramagnetic or diamagnetic particles while
WBC display diamagnetic properties. Reprinted with permission from Han and Frazier,'® ©Royal Society
of Chemistry (2006)

pushes the cells away. The force acting on cells is proportional to their sizes, and separation
of cells spiked into diluted whole blood has been demonstrated.!?812 The reported sample
throughput was ~0.02 pL/min with ~28 cells/s. For blood cell fractionation, magnetic liquids
need to be carefully chosen based on their biocompatibility.

Optical methods

Dielectric particles can be manipulated by a focused laser beam in a method referred to as optical
tweezers. Particles entering a beam of light will experience forces due to the optical gradient
force as a result from the refraction of light when passing through a particle. Depending on
the refractive index of a particle relative to the surrounding medium force is induced on the
particle either towards or away from the beam waist i.e. the narrowest part of the focused beam.

Optical tweezers are especially useful for single-cell handling and can manipulation objects in
25

the micro-and nano-size.

Figure 4.15: Optical tweezers. A microfluidic device with three-dimensional optical lattices can be used
to manipulate cells in suspenstion in a continuous mode. A focused beam of laser will move particles based
on their size and refrective index. Reprinted with permission from MacDonald et al.,'** ©2003, Springer
Nature.

MacDonald et al."*® designed a microfluidic device with three-dimensional optical lattice and
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demonstrated separation of different sized particles as well as particles with different refractive
index (Figure 4.15). Separation efficiencies were >96% with a throughput of ~25 cells/s.

Optical induced dielectrophoresis (ODEP) was also introduced for continuous flow cell separa-
tion. Here, a light shining on a photosensitive material will change its” electrical impedance and
create a nonuniform electrical field. In this way CTCs were separated from leukocytes based on

their size difference.!3!-132

Acoustophoresis

Cells in an ultrasonic standing wave field will experience forces depending on their volume,
density, and deformability in relation to their surrounding medium. A detailed description about
the physics, practical considerations and applications will be given in the following Chapter 5.

4.3  Summary and conclusion

Passive and active cell separation methods at the microscale have their advantages and disad-
vantages. Passive methods do not require an external force field and are often simpler in their
setup. On the other hand, active methods can employ separation not only on size, density, and
deformability but also dependent on the cell’s intrinsic properties such as polarizability, com-
pressibility, magnetic properties etc. Furthermore, both active and passive methods can be used
in a label-free or marker-based manner. Label-free separation is preferable, as it’s independent
of specific surface markers and is often cheaper and less time-consuming. Marker specific sep-
aration can increase the specificity of the separation methods. In general, different separation
methods can be combined freely to achieve the best possible separation outcome. For example,
Karabacak et al.!** combined DLD, inertial focusing and magnetophoresis to isolate CTC from
whole blood at a processing rate of 8 mL/h whole blood.

To summarize this chapter, Table 4.2 compares different microfluidic techniques for the sep-
aration of WBC and RBC from whole blood in terms of sample throughput and separation
efficiency.
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Table 4.2: Microfluidic separation methods to separate WBC and RBC from whole blood.

Method Blood Sample processing Separation performance
(reference) dilution Flow rate Cell throughput RBC WBC
(undiluted)
©) undiluted 5 uL/min ~4.2x10° cells/s * 50% recovery >97% depletion”
§ @) 200x 20 pL/min ~8300 cells/s * 60-95% recovery  70-95% depletion’
;f (0.1 pL/min)
T &) ~100x 10 pL/min ~1666 cells/s 91.2% depletion’ 27.4% recovery
(0.1 pL/min)
@) ~333x 0.33 pL/min ~84 cells/s * ~80% n.a.
g (0.001 pL/min)
":5,' () 10x 20 pL/min ~1.7x10° cells/s * n.a n.a
b 2 pL/min
E (&) undiluted 0.06 pL/min ~5000 cells/s * ~99.975% ~98% efficiency
é depletion * ~50% recovery
g ~2000x
'§\ enrichment
T %) 20x 40 pL/min ~1.7x10° cells/s * n.a ~80% efficiency
(2 pL/min) ~80% purity
a (%) undiluted ~0.017 pL/min ~1400 cells/s * ~99% depletion 99.6% efficiency
= ~110x enrichment
| &) undiluted 23 pL/min"F ~1.92x10° cells/s* n.a. ~7x enrichment®
*) ~80x 800 pL/min ~8.33x10° cell/s * ~95% depletion’ 98.4% recovery
(10 pL/min)
« ) 500x 1.8 mL/min ~3x10° cell/s * 94% efficiency 95% efficiency
§ (3.6 uL/min)
- (@) 20x 4.8 mL/min * ~2x107 cells/s ** n.a n.a
(240 pL/min)
o (°% undiluted 9.6x10" pL/min n.a n.a 10x increase in
5 b (WBC outlet flow) WBC
2 S concentration
34x enrichment
o QD) 5x diluted ~0.83 uL/min 4x10* cells/s 87% efficiency 92.1% efficiency
B (~0.17 pL/min)
(12 10x ~0.083 pL/min ~666 cells/s * 93.5% efficiency 97.4% efficiency
4 diluted **  (-0.008 pL/min)
E’ &) 10x ~0.33 pL/min ~2.78x10° cells/s * 93.9% efficiency 89.2% efficiency
S diluted (-0.033 pL/min)
QE)D (G WBC 1 mL/min ~5.6x10° cells/s * 86.8% efficiency 29.1% efficiency
g spiked (-6.6 pL/min)
blood
L. () Buffy coat 40 pL/min ~5.3x10° cells/s ~44% depletion 92% efficiency
£8 0 20 100 uL/min ~1.7x10° cells/s ~ 99.95% depletion 87% MNC
g2 (5 pL/min) efficiency
<= 53% MNC purity

* throughput calculated based on flow rate and cell concentration of 5x10? cells/mL in whole blood

 compared to input

6 parallel devices

¥ Enrichment in WBC concentration compared to input

** Bovine blood
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Acoustofluidics

Acoustophoresis is a technique that uses sound to move cells or particles. The interaction
of particles in a sound field was already demonstrated in 1866 by Kundt.'** A pipe filled
with cork dust showed specific patterns in the dust when exposed to an acoustic standing wave
depending on the applied frequency. The use of sound to move microparticles in combination
with microfluidics is termed acoustofluidics. This field has evolved rapidly over the past years and
has enabled the development of new approaches for label-free and gentle cell separation methods.
This chapter describes the fundamentals of acoustophoresis relevant for the papers included in
this thesis.

5.1 Acoustic forces

Sound is a vibration propagating as a wave of pressure through a medium such as gas, liquid, or
solid. Humans are able to hear sound in the frequency range of 20Hz to 20kHz. Frequencies
below the hearing range are called infrasound and frequencies above are termed ultrasound.

Acoustic waves are longitudinal waves, i.e. they travel in the same direction as the vibration.
Two sound waves traveling at the same frequency and amplitude, but opposite direction, cre-
ate a standing wave when superimposed. The standing wave is not moving in any direction,
however nodes with a pressure minimum and anti-nodes with a pressure maximum are formed

(Figure 5.1).

Forces in the acoustic standing wave field will induce a movement of particles. The fundamental
theory of the acoustic radiation forces has been described throughout the history!>71 and is

summarized more recently by Bruus.'3% 14°
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Figure 5.1: Ultrasonic standing wave. (a) Two acoustic waves are traveling at the same frequency and
amplitude but in the opposite direction. (b) When superimposed, they form a standing wave with pressure
minimum (node) and pressure maximum (anti-node).

Primary acoustic radiation force

Within an acoustic standing wave field, acoustic radiation forces will act on suspended particles.
The primary axial radiation force F,"™! for particles with considerably smaller radius than the
wavelength can be described by the following equation, assuming a 1-dimensional planar half-
standing wave field:

rad __ ~ o~ 3 .
F) = And(&, p)ka® Eyesin(2ky)

2
_ Pq
Eac 4pocg
R PPN S I . Lk B
0(F.7) = 311(R) + 5 2(0) = 5[ 357 —A]
Fi(R)=1—F and &= "2
Ko
201
f2(p) = 2%+ 1 and P—po

Where a is the particle radius, Ey. is the acoustic energy density, k is the wave number 270/ ),
y is the particle position in the direction of the wave propagation, ¢ is the acoustic contrast
factor (ACF), p, is the pressure amplitude, ¢y is the speed of sound in the medium, Ko, po, Kp,
and p,, are the compressibility and density of the fluid and particle, respectively.'*® The primary
acoustic radiation force is strongly dependent on the particle size, but also on the density and
compressibility of the particle in relation to the surrounding medium. In general, larger and
denser particles move faster in the acoustic field while smaller and less dense particles move
slower. Based on the sign of the ACE which is depending on the density and compressibility
of the particle in relation to the medium, particles move either to the node or anti-node in the
standing wave field (Figure 5.2).

A particle moved by the primary acoustic radiation force will experience a drag force F4 (Stokes’
drag) in the opposite direction of the movement. By balancing the two forces, the particle velocity
Upqq relative to the dynamic viscosity 1) of the fluid can be derived:

Fymd = F; = 6mnat,eq
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2
Upad = %anEacsin(Qky)

It should be noted from the equation that the particle velocity uyqq scales with the square of the
particle radius. Therefore, particles can be acoustically discriminated in size-based separations.
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Figure 5.2: Primary acoustic radiation force. (a) Particles randomly distributed within the cross-section
of a microfluidic device will experience forces when exposed to an ultrasonic standing wave field. (b)
Depending on the acoustic contrast factor (ACF), particles will either move to the pressure node (positive
ACE red particles) or pressure anti-node (negative ACF, white particles). (c) The blue line indicates the
strength of the primary acoustic radiation force at different places within the cross-section, where the force
is zero at the node and anti-node.

Secondary acoustic radiation force

Within an ultrasonic standing wave field, a secondary acoustic radiation force, the so called
Bjerknes force,'4! can occur between particles due to interactions of waves scattered by the sus-
pended particles. For two particles with the same size the secondary acoustic radiation force Fi.

can be described in a simplified way as:

o sT(op = po)*(Beos — 1) 5 wPpy(ky — Ko)?
Fsee = 4ma [ 6, d? v (y) — — 92 (y)

where 6 is the angle between the center line of the two particles and the direction of the prop-
agation of the acoustic wave, d is the distance between the particles, v is the velocity field, and
p is the pressure field'*? (Figure 5.3). Depending on the sign of the force, there is either an at-
tractive interparticle force (Fg.c<0) or a repulsive force (Fy>0). The force is highly dependent on
the distance between particles and is typically much weaker than the primary acoustic radiation
force. Only when working with high particle concentrations, as in acoustophoretic whole blood
applications, the force needs to be taken into consideration.

Acoustic streaming

Acoustic actuation of a microfluidic device will induce vortices within the fluid known as acoustic
streaming. Acoustic streaming can be classified into Eckart streaming, Schlichting streaming, and

Rayleigh streaming based on the scale of the induced vortices in relation to the wave length. !4
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Figure 5.3: Secondary acoustic radiation force. Particles in an ultrasonic standing wave field can ex-
perience secondary acoustic radiation forces, so called Bjerknes forces. The force is highly dependent on
the distance between particles and can be either attractive (Fic<0) or repulsive (Fic>0). Reprinted with
permission from Hammarstrém et al.'** ©Royal Society of Chemistry (2012).
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Figure 5.4: Acoustic streaming. The attenuation of an acoustic wave in the viscous boundary layer of the
fluid along the channel wall will induce Schlichting streaming (green line) which generates counter vortices
in the bulk of the fluid called Rayleigh vortices (blue line). (a) Randomly distributed particles in a microflu-
idic device will experience forces due to radiation force and the acoustic streaming in an ultrasonic standing
wave field. (b) Large particles (red) will move towards the pressure node in the wave field (dashed line) due
to the strong acoustic radiation force. For small particles (white) the drag force of the acoustic streaming
dominates over the radiation force and they will follow the streamlines of the vortices. (c) Large particles
(red) focused at the node will, to some extent, also experience drag forces from the acoustic streaming and
will move to the top and bottom of the microchannel within the pressure node.

Eckart streaming occurs due to the dissipation of acoustic energy into the bulk of a liquid along
the traveling wave direction. The vortex length scale is of much larger scale than the acoustic
wavelength and can be neglected in the herein presented papers. The Schlichting streaming or
inner boundary layer streaming is driven by the attenuation of an acoustic wave in the viscous
boundary layer of the fluid along the channel wall, parallel to the wave propagation.'®> Tt occurs
within the viscous boundary layer and is <1um for the acoustofluidic devices presented in this
thesis. The powerful Schlichting streaming generates counter vortices in the bulk of the fluid
named after Lord Rayleigh146 (Figure 5.4b). The fluid vortices of the Rayleigh streaming will
induce drag forces on particles suspended in the microchannel. For small particles, typically
<1lpm, the drag force is stronger than the acoustic radiation force, moving the particles within the
streaming roles rather than focusing them to the pressure node or anti-node of the standing wave
field (Figure 5.4b). 147,148 Larger particles, acoustically focused in the center of a microfluidic
device, will also experience drag forces from the acoustic streaming and will move to the top and
bottom of the device over time (Figure 5.4¢). The diameter of human blood cells is >>1pm and
therefore acoustic streaming can be neglected in the applications presented in the papers of this
thesis.
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Figure 5.5: Acoustofluidic devices. (a) A bulk acoustic wave (BAW) device is often made of silicon sealed
by a glass lid or all in glass and is actuated by a piezoceramic transducer (PZT) attached to the device. (b)
Surface acoustic wave (SAW) devices often use soft materials, such as PDMS, and are actuated by integrated
interdigitated transducers (IDT) placed on a piezoelectric substrate. Reprinted with permission from Lin
et al.,'"* ©Royal Society of Chemistry (2012).

5.2 Types of acoustofluidic devices

Generally, the microscale acoustofluidic community differentiates between bulk acoustic waves
(BAW) and surface acoustic waves (SAW). Both techniques manipulate particles with acoustic
forces, but the main difference is in the actuation method and the device material (Figure 5.5).

Throughout this thesis, BAW devices were used for the fractionation of blood cells. Devices for
BAW are typically fabricated in hard materials such as silicon and/or glass. The microchannel is
fabricated to match half a wavelength and the device is actuated using a piezoelectric transducer.

In contrast, SAW devices are often manufactured in soft materials such as PDMS and are actuated
by integrated interdigitated transducers (IDT) placed on a piezoelectric substrate. The sound
waves travel along the surface of the substrate (traveling surface acoustic wave, TSAW) and can
also form standing surface acoustic waves (SSAW) when using two opposing TSAW. SAW devices
can be operated at very high frequencies (>9 MHz),'>° making them suitable for precise control of
particles. However, due to the nature of SAW dissipating their energy from the substrate surface,
commonly less acoustic energy is delivered in the depth of the microchannel as compared to
BAW. Therefore, SAW devices for cell separation are often operated at higher voltages and lower
flow rate.

5.3 Practical considerations

There are many factors influencing the magnitude of the acoustic radiation force as well as the
outcome of the cell and particle manipulation using ultrasonic standing wave fields. Some of the
common practical considerations, when designing an acoustic experiment, are described below.

Microchip material

For BAW devices it is desirable to have materials with high acoustic impedance, i.e. density
multiplied by speed of sound. A large difference in acoustic impedance between the liquid/solid

37



5. Acoustofluidics

interface of the device will allow accumulation of acoustic energy in the acoustic standing wave
inside the channel as compared to impedance matched materials. For some common materials,
Table 5.1 shows the acoustic impedance and the corresponding reflection coefficient vs. water.
Both silicon and glass display a high acoustic impedance and a low acoustic attenuation and are
generally considered good materials for BAW devices. Furthermore, silicon microfabrication pro-
cesses enable precision manufacturing of microchannels, serving as efficient acoustic resonators
and integration in flow-through components. Therefore, silicon has been used widely within

151-156 Another material used for BAW is glass. Depending
d157:158 f

acoustic cell separation applications.
on the microfabrication process, channel walls in glass devices can either be rounde
straight. 159

Table 5.1: Acoustic device material properties.'®

Density  Speed of sound  Acoustic Impedance  Reflection coefficienct

[kg/m’] [m/s] [10° kg-s/m’] vs. water
Silicon 2331 8490 19.79 0.74
Aluminum 2700 6420 17.33 0.71
Glass (Pyrex) 2230 5647 12.59 0.62
Polystyrene 1050 1700 1.79 0.01
Water (25°C) 997 1497 1.49

To reduce cost of the microchip devices, other materials such as aluminum'®' and plastic!6%-164
p p

are gaining more attention. Micromachine drilling in aluminum and polystyrene reduces the
production costs. Aluminum has, similar to silicon, a high acoustic impedance. Polystyrene, on
the other hand, has a low acoustic impedance, requiring high voltages and low flow rates!¢3164

and separation outcomes are not as good as in silicon devices.!®>

Pre-alignment of cells

Randomly distributed cells within a microfluidic channel will travel at different flow velocities
due to the parabolic flow profile (Figure 4.2). Particles flowing close to the top, bottom and side
wall of the channel will travel at very low flow speed and will spend more time in the acous-
tic standing wave field than particles further away from the channel structures, reducing the
efficiency and purity of a particle separation. For this reason, Augustsson et al.'® introduced
a pre-alignment step before the acoustic separation of two different sized particles. Using an
acoustic standing wave field with two pressure nodes in the horizontal and one pressure node in
the vertical plane (Figure 5.6), particles are pre-aligned both in width and height and enter the
main separation area at the same starting position and flow velocity. In this way the separation is
purely based on the acoustophysical properties of the particles and independent from the start-
ing position. The importance of pre-alignment was shown in several applications!>®166:167 and
is used in all the devices presented in the paper of this thesis.
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Figure 5.6: Acoustophoretic pre-alignment. (a) Particles within an 1D ultrasonic standing wave field
are focused towards the pressure node in the horizontal plane but not vertical plane. (b) Adding a second
standing wave field from top to bottom allows to 2D focus particles at the same position and flow velocity.

Particle concentration

At high particle concentrations both the secondary acoustic radiation force and the hydrody-
namic particle-particle interactions become more prominent. Particles with lower acoustopho-
retic mobility are hydrodynamical coupled to faster moving particles and are thus dragged along
to the acoustic pressure node, reducing the separation efficiency. Furthermore, it should be noted
that the particle mobility within the acoustic standing wave field decreases with increasing parti-
cle concentration. Experimental data monitoring the washing efficiency, i.e. the acoustophoretic
transport of particles from one liquid into a clean wash fluid, showed a threshold of 107-108 par-
ticles/mL depending on the particle size.!%8170 Ley et al.!”! estimated the theoretical threshold
for hydrodynamic coupling in acoustophoresis systems to be at volume fractions of 0.01.

Human undiluted blood has a volume fraction ~0.4 (5x10° cells/mL) indicating a dominant ef-
fect of the hydrodynamic coupling for the separation outcome when processing undiluted whole
blood. Paper III shows that the dilution of the blood had a significant impact on the separa-
tion outcome. Between 5% blood and 10% blood with volume fractions of ~0.008 and ~0.04,
respectively, there was a large drop in the separation performance.

Temperature

A stable temperature is crucial for the separation performance of acoustofluidic devices. Au-
gustsson et al.!”? demonstrated that the acoustic resonance peak shifted by ~1 kHz/°C and that
a temperature change of 5 °C completely changed the resonance mode of the device. Actuation
of the piezoceramic transducers (PZT) and energy losses withing the PZT material as well as the
coupling material of the PZT to the device will induce heating in the system. Therefore, cooling
units, using a Peltier element and a feedback loop from a temperature sensor, are typically imple-
mented to stabilize the separation performancel% and have been used in Paper III, IV and VI of
this thesis. Paper V describes an air-cooling unit and a holder with a free-hanging chip to min-
imize acoustic power dissipation, still enabling effective cooling. High separation performance
for sample flow rates of up to 500 pL/min was shown.
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Fluid relocation

Not only particles are influenced by the acoustic standing wave field but also liquids with differ-
ences in their acoustic impedance laminated next to each other or fluid containing gradients in
acoustic impedance. Deshmukh et al.!”? showed that a liquid with higher acoustic impedance
will move towards the pressure node (Figure 5.7a). A difference in the impedance of two liquids
as low as 0.1% can induce relocation of liquids or stabilize the interface between them. The

underlying physics of this phenomena have been described by Karlsen et al.174

Transducer voltage: 0 Vpp 4 Vpp 6 Vpp 10 Vpp

(.a).I.\IaCl 10 mg/mL A%
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Figure 5.7: Fluid relocation. (a) A liquid with higher acoustic impedance close to the channel walls
(green) will relocate with a liquid with lower acoustic impedance in the center of a channel (black) when
the ultrasonic standing wave field is turned on. (b) In the reversed case, without ultrasound turned on, the
liquid with higher acoustic impedance in the center of the channel will sink due to gravity forces. When the
ultrasound is turned on, acoustic radiation forces will stabilize the liquid with higher acoustic impedance
in the channel center. Reprinted with permission from Deshmukh et al.,'”> ©Royal Society of Chemistry
(2014).

Q

Whole blood has an acoustic impedance of ~1.64x10° Pa-s/m while standard saline buffer has
~1.52x10° Pa-s/m. If laminated next to each other, the entire whole blood fluid volume will
move towards the pressure node without any separation of the different blood cells. Therefore, it
is important to adjust the buffer conditions to suppress fluid relocation when working with high
concentration of whole blood.'®®

Cell viability and functional capacity

When working with biological samples, the separation method of choice should be as mild as

possible without introducing cell death or changing the functional capacity of the cells of in-

terest. Microscale acoustofluidics has been shown to be a gentle method for cell hanclling.”5

Several studies concluded that acoustophoresis does not influence cell viability,'>% %% 176 nor the

functional capacity of separated cells'*® 176178 or the colony-forming ability of hemartopoietic
stem and progenitor cells.!>*177:179 When processing blood components, the concern of platelet
activation has also been addressed, however, activation was low and in the range of standard cen-

trifugal processes.!>% 178180
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5.4 Applications

5.4 Applications

Acoustofluidics at the microscale has been shown useful for a variety of applications. Amongst

others, acoustophoresis has been used to focus,'*7 1817183 yyagh 157,170,180, 184,185 186,187
separate,131:14156.188 166,189 4 trap!90-193

concentrate,

SOrt, cells/particles in microfluidic environments.

If two cells differ in their acoustic properties it is possible to separate them. Often size is the main
separation criteria, but also density and compressibility related separation has been shown.!*
The acoustophoretic mobility of cells is related to the surrounding medium, so by adjusting
the medium properties, cells can change their behavior in acoustic fields. Examples of how
acoustophoresis has been explored for the preparation of whole blood components using BAW
are given below.

Plasmapheresis

Extraction of plasma from undiluted whole blood using acoustophoresis was first shown by
Lenshof et al.'* Blood cells were acoustically focused towards the centre of the microchannel
and sequentially removed at sample flow rates of 80 pL/min producing plasma at 10 pL/min
which fulfills the standard requirements from the Council of Europe (Figure 5.8a).

Later on, Tajudin et al.'®® presented a device to produce high quality plasma at a flow rate of 50

pL/min undiluted whole blood and showed an integrated detection of prostate specific antigen
on a protein microarray.

Platelet separation

Platelets are smaller and less dense than other blood cells, displaying a lower acoustophoretic
mobility, and can thus be acoustically separated from whole blood. Petersson et al.!? adjusted
the medium properties to enable separation of platelets from RBC with efliciencies of 92% and
99% for RBC and platelet, respectively.

Platelets are often accumulated in the centrifugation-based collection of peripheral blood pro-
genitor cell products leading to a significant depletion of donor platelets. Dykes et al.'>* used
acoustophoresis to remove excessive platelets (89%) with 98% WBC efficiency at 20 pL/min
sample flow (-1 x10® cells/mL), see Figure 5.8b.

High-throughput acoustic separation of platelets from undiluted whole blood was demonstrated
by Chen et al.'”” At 5 mL/min sample flow 88.4% of the RBC/WBC were removed while
recovering 86.2% of the platelets. In a similar device design, Gu et al."® increased the sample
throughput to 20 ml/min of undiluted whole blood with comparable efficiency and RBC/WBC

removal.

Ohlsson et al.!1>  showed platelet separation in acoustic impedance matched buffers at 400
pL/min sample flow, equivalent to 4 pL/min whole blood. Platelets were separated with 95%
efficiency from 1% whole blood, while removing 99.9% of the blood cells.
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5. Acoustofluidics
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Figure 5.8: Applications for microfluidic acoustofluidics. Examples for blood fractionation using acou-
stophoresis are: (a) plasmapheresis, i.e. the removal of all cellular components from blood, (b) platelet
removal, (c) combined acoustic pre-alignment, separation, and concentration of CTC combined with DEP
trapping, and (d) CTC enrichment from WBC using negative contrast particles. Adapted and reprinted
with permisson from Lenshof et al.,'”> ©2009, American Chemical Society; Dykes et al."** ©2011 Dykes
etal.; Antfolk et al.,'” ©2017, Springer Nature Publishing AG; and Cushing et al.'”® ©2017 Elsevier B.V.
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5.4 Applications

Separation of bacteria

Bacteria detection in whole blood is important in sepsis diagnostic to rapidly identify the pathogen.
Ohlsson et al.'"?? developed an integrated device for acoustophoretic separation and enrichment
of bacteria. The time for bacteria detection in sepsis patients was reduced from 5-6h to <2h.
Later on, Ohlsson et al.'®> showed the use of acoustic impedance matched buffers to enable the
processing of higher cell concentrations. Bacteria spiked in 5x diluted blood was separated at
400 pL/min sample flow (80 pL/min whole blood equivalent) with 89% bacteria recovery and
>99% RBC removal efficiency.

Similar, Dow et al.!¢3

separated bacteria from 5x diluted blood using a acoustofluidic device
made of polystyrene. However, the device performance was modest, only removing 85% of the
RBCs while retaining 45-60% of the bacteria, at a 8x lower whole blood throughput as compared

to Ohlsson et al.1®

Gautam et al.?? took advantage of the relocation of two liquids with different acoustic impedance,
where a high density buffer was laminated along the sides and blood/bacteria in the centre stream.
As the acoustically induced relocation occurred the bacteria were relocated with the fluid while
the blood cells were retained in the channel centre by the acoustic radiation force. Less voltage
was necessary to introduce relocation of the fluids and to separate particles from each other as
compared to regular acoustophoretic separation; however, the outcome in terms of purity and

1 165

efficiency is not comparable to what Ohlsson et a achieved in their system.

Whole blood fractionation

Separation of RBC and WBC is more challenging due to the distinct properties of the cells in
the acoustic field. As shown by Urbansky et al.?! (Paper I1I) the acoustophoretic mobility of
RBC and WBC overlap largely in standard saline solution and separation is therefore not possible
under such conditions. Early work by Petersson et al.'>* showed that medium manipulation can
indeed change the acoustic behavior of WBC, RBC, and platelets in a buffy coat (WBC enriched
blood). Paper III, Urbansky et al.,?*! includes a more extended comparison and theoretical
calculations of how medium manipulation changes the acoustophoretic mobility of WBC and
RBC. Under optimized medium conditions, mononuclear cells (MNC), i.e. lymphocytes and
monocytes, displayed sufficiently reduced acoustophoretic mobility in comparison to RBC and
granulocytes, enabling separation. An ~2800x enrichment of MNC/RBC was achieved at 100
pL/min sample flow (5 pL/min whole blood), with MNC purity and recovery of 53% and >60%,
respectively.

Circulating tumor cell enrichment

Enrichment of circulating tumor cells (CTC) from blood helps to provide guidance in the prog-
nosis of cancer patients and to further characterize the cancer cells. Based on size differences, Au-
gustsson et al.'¢ could isolate CTC spiked into WBC with an efficiency of 97% while depleting
96.1% of the WBC. The sample throughput was 70 pL/min and worked well for concentrations
up to 3.25x10%cells/mL.
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5. Acoustofluidics

Iranmanesh et al**? showed separation, isolation, up-concentration and trapping of cells within
the same microchip using acoustophoresis at different frequencies. Cancer cells spiked into RBCs
where separated with 92.4% efficiency at flow rates of 4.5 uL/min. Anfolk et al.'>> combined
pre-alignment, separation and concentration of CTC spiked into peripheral blood mononuclear
cells (PBMC) using acoustophoresis and in-line single-cell trapping with DEP to stain for CTCs
on chip (Figure 5.8¢). The combined device could trap 76% of the initial tumor cells with 0.12%
contamination of the PBMC at 80 pL/min sample flow rate.

Another approach was proposed by Cushing et al.!%® using negative acoustic contrast particles
(Figure 5.8d). By binding elastomeric particles to WBC and focus them towards the anti-node,
tumor cells were simultaneously enriched in the center fraction with efficiencies of >98% and
recoveries >85% while reducing the WBC background 52 to 86-fold.

Separation of WBC subsets

Specific WBC subpopulations such as T cells show similar acoustic properties to other WBCs
and are therefore difficult to acoustically separate. Using beads which target cells of interest and
make them more acoustic mobile as compared to unbound cells, they can be separated from
unbound cells. This was successfully shown for CD4 T helper cells'”” and CD8 cytotoxic T
cells'”® (Paper I and Paper II).

The main WBC subsets, i.e. lymphocytes, monocytes, and granulocytes, differ slightly in their
size and density. Grenvall et al.?*> showed the concurrent isolation of lymphocytes and gran-
ulocytes from fixed, non-viable WBC. Monocytes displayed similar acoustic properties as lym-
phocytes and granulocytes and were therefore harder to separate. Paper V, Urbansky et al.,2%4
describes the separation of viable WBC subsets with higher sample throughput, 300 pL/min

compared to 8 pL/min for fixed cells by Grenvall et al.,?*> and similar separation outcome.

Lissandrello et al.?%> claimed to purify lymphocytes from diluted whole blood by acoustic sep-
aration in a plastic microchannel. Enrichment for the lymphocytes was shown with recoveries
<40% while still containing a large fraction of RBC at sample flow rates <35 pL/min.
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6

Acoustofluidic device
fabrication, assembly and
setup

II acoustophoretic microfluidic devices used in this thesis were made of silicon and sealed

by a glass lid. Channel structures in silicon can be manufactured precisely in the desired
size range with straight vertical channel walls. The significantly higher acoustic impedance of
silicon as compared to water allows the generation of an effective acoustic standing wave field
for acoustophoretic separation. The microfluidic devices used in Paper I, II, IV, and VI were
fabricated in-house by anisotropic wet etching as described below (Figure 6.1), while the devices
in Paper IIT and V were fabricated by Micronit Microtechnologies (Enschede, Netherlands) using
Deep Reactive Ion Etching.

6.1 Microfabrication
Mask

A positive photoresist and chromium-covered glass is used as a mask substrate. The channel
structure is drawn on a computer, saved in a CAD-file and transferred to the mask using an UV-
laser only exposing the channel structures defined in the CAD-file. The UV-exposed photoresist,
e.g. the channel structure, is removed by a developer uncovering the chromium underneath
which in a next step is etched away.
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6. Acoustofluidic device fabrication, assembly and setup

Oxidation of silicon

Thermal oxidation is used to produce a thin layer (~1pm) of silicon dioxide on the surface of
a (100 )silicon wafer to protect the silicon and allow etching of the desired channel pattern
(Figure 6.1-2). The silicon wafer is heated for 6-8 hours at high temperatures of ~1000°C in
combination with oxygen or water vapour.

Photoresist patterning and oxide etching

After thermal oxidation the silicon wafer is spin coated on one side with a thin layer of positive
photoresist (Figure 6.1-3). To reduce stickiness and to harden the photoresist layer the wafer is
baked at 80°C for 25min. Next, the pattern from the mask is transferred by UV light exposure
(Figure 6.1-4), the photoresist is developed, a second baking step (120°C for 30min) hardens the
developed photoresist pattern (Figure 6.1-5), the uncovered silicon dioxide is etched away using
hydrofluoric acid (HF) (Figure 6.1-6) and the remaining photoresist is removed (Figure 6.1-7).

Anisotropic wet etching

The exposed silicon is etched for a few hours using potassium hydroxide (KOH) at 80°C, transfer-
ring the channel structure of desired depth from the silicon oxide layer into the silicon (Figure 6.1-
8). The remaining silicon dioxide on the wafer is afterwards removed by HF (Figure 6.1-9). Inlet
and outlet holes to the microfluidic channel on the backside of the silicon wafer can be done ei-
ther in a second process of oxide patterning and anisotropic wet etching or by drilling in the
silicon.

Anodic bonding

Finally, the channel structures from the silicon wafer and fitting glass lids are diced and cleaned
thoroughly. The glass is anodically bound to the silicon by placing the silicon on a heated plate
(450°C), working as one electrode, and placing another electrode on the glass placed on top of
the silicon substrate. When high voltage (1000V) is applied, a charge displacement between the
silicon and glass will form an electrostatic bond between the substrates, bonding the two pieces
together and thereby sealing the channel structure (Figure 6.1-10).
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6.2 Device assembly and experimental setup
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Figure 6.1: Fabrication steps for a silicon microfluidic device using anisotropic wet etching. The
channel structure is drawn on a computer and transferred to a mask. A silicon wafer is oxidized, spin-
coated with a photoresist and the channel structure is transferred from the mask to the photoresist using
UV-light. After oxid etching and removal of the photoresist the actual silicon is etched to create the desired
channel structure. Last, the oxide layer is removed and the channel is sealed by a glass lid using anodic
bonding.

6.2 Device assembly and experimental setup

Throughout this thesis the device assembly and experimental setup was only slightly modified. A
simplified schematic of the setup is shown in Figure 6.2. In general, piezoelectric ceramics (PZT)
with resonance frequencies of 2 MHz (main separation channel) and 5 MHz (pre-focusing chan-
nel) are glued to the backside of the microfluidic device using superglue. A function generator
connected to signal amplifiers is used to drive the PZTs using an oscilloscope to measure the
voltage over each transducer. A feedback loop consisting of a Pt1000 resistance temperature
detector attached to the PZT at the main separation channel and a Peltier element attached to
the acoustophoretic system is used for temperature regulation (Paper III, IV, VI). In Paper V an
air-cooling based unit is implemented for equal temperature distribution and removal of excess
heat instead of the temperature feed-back loop using a Peltier element. The fluidic setup is either
controlled by syringe pumps (Paper I and II) or through an in-hose build pressure-driven system
with feedback regulation monitored by flow sensors (Paper III-VI). For visual inspection of the
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6. Acoustofluidic device fabrication, assembly and setup

separation procedure the setup is equipped with a microscope and a camera.

Camera
Computer :
Microscope
Temperature sensor
_ - 0K ] Temperature
Fluidic setup Microfluidic device pe .
regulation unit
Transducer
Peltier element I
Function . .
unctio > Amplifier > Oscilloscope
generator

Figure 6.2: Schematic of the experimental setup for acoustophoretic separation as used in this thesis.

48



Summary of included papers

he aim of this thesis was to investigate the use of acoustophoresis for the preparation of blood

components and the outcome is summarized within this chapter. To address the challenge
of separating specific cell populations from complex samples, different strategies were developed
such as changing the acoustophoretic mobility of the cell samples (Paper I-III). Potential use
for clinical applications is shown in Paper IV for tumor cell purging in stem cell transplants.
Furthermore, our technical developments lead to a system for high throughput separation of three
different cell populations simultaneously (Paper V). And finally, Paper VI describes a statistical
method to retrieve biomechanical cell properties important for designing the conditions forf

acoustophoretic separations.

© Isolation of
Iymphocyte subsets

Tumor cell entichment
¢ and purging

Paper 111
—

MNC enrichment

Lymphocytes
Monocytes
Grdnulocytes,

Paper VI

Estimation of biomechanical cell properties
important for acoustophoreric separation

High throughput separation
of leukocyte subpopulations
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7. Summary of included papers

Paper I: Efficient purification of CD4+ lymphocytes from peripheral blood
progenitor cell products using affinity bead acoustophoresis

Label-free separation of a specific cell population from a complex biological sample is challenging
due to the similar acoustophoretic properties such as cell size and density. Paper I describes the
use of affinity beads to target cells of interest and increase the acoustophoretic mobility of the
bead/cell complex in relation to unbound cells. The use of a high-density wash buffer allowed
bead-bound cells to move to the pressure node in the acoustic standing wave field while creat-
ing a barrier for unbound cells (Figure 7.1). In this way, CD4+ T-helper cells were successfully
separated from peripheral blood mononuclear cells with high purity (87 &= 12%) and efficiency
(65 £ 22%). The separation results were comparable to standard magnetic cell sorting. Further-
more, acoustophoresis did not affect cell viability, T cell proliferation and cytokine production,
nor the colony forming ability of hematopoietic stem and progenitor cells of non-target cells post
separation.

BUu\/mmT | —— Tsowmm —

w1 A A B

sample Wash buffer Target Waste

Figure 7.1: Affinity-bead-mediated acoustophoretic separation. Cells with overlapping acoustophoretic
mobilities can be separated from each other via affinity bead acoustophoresis. Cells of interest are labeled
with beads (orange) and create large and dense bead-cell complexes. These complexes move faster in the
acoustic field than unbound cells (white). Using a high-density wash buffer creates an additional barrier for
unbound cells, so that only the bead-cell complexes can cross this barrier with the acoustic radiation force
moving them to the center of the microchannel. Unbound cells stay close in the original buffer stream and
are collected through the waste outlet.
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Paper II: Affinity-bead-mediated enrichment of CD8+ lymphocytes from pe-
ripheral blood progenitor cell products using acoustophoresis

Paper Il is a continuation of Paper I, describing the use of affinity-bead-mediated acoustophoresis
for the enrichment of CD8+ lymphocytes from peripheral blood mononuclear cells. The device
was able to separate less frequent cell populations at a two-times increased sample throughput
(600,000 cells/min and 60 pL/min) compared to Paper I, with preserved separation performance
in terms of purity and efficiency of 91 & 8% and 63%, respectively. Again, no influence of
the acoustophoretic separation was observed for cell viability, T cell proliferation capacity and
clonogenic capacity of hematopoietic progenitor cells. Furthermore, a more detailed description
of the need of high-density wash buffer for the separation outcome is included (Figure 7.2).
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Figure 7.2: Acoustophoretic separation of bead-labeled cells. (a) Cells of interest are labeled with beads
to create large bead-cell complexes (red). Due to their higher acoustophoretic mobility they are able to
cross a high-density barrier (yellow) and can be acoustically focused towards the center of the microchannel
and are separated from unbound cells (white). (b) The separation efficiency and purity of targeted CD8+
lymphocytes are shown for different wash buffer densities with (c) corresponding microscopic images from
the separation process at the outlet bifurcation where the orange/brown stream comprise the cell bead

complex and the white stream line the unbound cells.
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7. Summary of included papers

Paper III: Rapid and effective enrichment of mononuclear cells from blood
using acoustophoresis

Mononuclear cells (MNC), i.e. monocytes and lymphocytes, are routinely isolated from whole
blood for clinical and research applications. Acoustophoreitc separation of MNC from red blood
cells (RBC) is challenging due to their overlapping acoustophoretic mobility in standard saline
buffer. Paper III shows the use of density modified buffers to change the acoustophoretic mo-
bilities of the cells and enable acoustic separation (Figure 7.4). At optimized buffer conditions,
MNC were enriched 2800x in relation to RBCs with >60% recovery, and 53.3 £ 14.5% MNC
purity. Acoustophoresis has been shown to be a label-free and continuous microfluidic approach
as an alternative to the labor-intensive and time-consuming standard techniques with a sample
throughput of 10° cells/s, equivalent to 5 pL/min undiluted whole blood.
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Figure 7.3: Enrichment of mononuclear cells (MNC) from red blood cells (RBC). (a) Schematic of
the acoustophoretic separation of MNC from RBC using a microfluidic device with a pre-alignment step
and a main-focusing channel. (b) Theoretical calculations of the mobility of white blood cells (WBC) and
RBC in medium with varying stock isotonic Percoll (SIP) concentration. (c) Experimental data showing
the successful separation of MNC and RBC at increased SIP concentrations.
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Paper IV: Label-free neuroblastoma cell separation from hematopoietic pro-
genitor cell products using acoustophoresis - towards cell processing of com-

plex biological samples

Circulating tumor cells in stem cell collections provide important diagnostic and prognostic in-
formation and have been associated to contribute to relapse after stem cell transplantation. A
model system of peripheral blood and progenitor cell (PBPC) products spiked with cultured
neuroblastoma cells (NBC) demonstrated the possibility for label-free acoustophoretic enrich-
ment of viable NBC (Figure 7.4). The separation could be aimed for high tumor cell separation
efficiency (60-97%) or high NBC purities of up to 90% depending on the downstream appli-
cation. Purging of PBPC products was able with 1.5-2.3 log depletion of NBC, however, with
a low PBPC efliciency (>43%). A sample throughput of 100 pL/min was used, and separation
efficiencies were stable up to cell concentrations of 10° cells/mL (~1700 cells/s). Proliferation ca-
pacities and viability were not compromised after acoustic separation demonstrating a promising
step forward to label-free, non-contact cell separation of complex cell products.
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Figure 7.4: Acoustophoretic enrichment of tumor cells. Neuroblastoma cells (NBC) spiked in peripheral
blood and progenitor cell (PBPC) products could be acoustically enriched in a label-free, continuous way.
(a) Shown are the purging efliciency of NBC and separation efficiency for PBPC at increasing amplitude
of the acoustic standing wave. (b) A more detailed graph shows the separation efficiency for different
subpopulations of interest, namely lymphocytes (LC) and stem cells (SC), at different voltages in relation
to the purging efficiency of NBC.
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7. Summary of included papers

Paper V: Label-free separation of leukocyte subpopulations using high through-
put multiplex acoustophoresis

Temperature variations in the acoustofluidic device are known to influence the separation per-
formance. Paper V describes the design of a chip holder with air cooling and a free hanging
chip for optimal thermal distribution and minimal chip clamping for reduced acoustic power
dissipation, yielding an improved acoustophoresis performance. Concurrent separation of three
distinct particle populations (Figure 7.5) was possible for sample flow rates up to 500 pL/min
(~4.2x10° beads/s) with high efficiencies (>95.4%) and purities (>96.3%). Also, fractionation
of viable white blood cells (WBC) was shown for sample flow rates up to 300 pL/min (5000
cells/s) with high purities (>90%) for lymphocytes and granulocytes. Due to the overlapping
acoustophoretic mobility of monocytes their purity was compromised by the high sample flow
rate from 71.8 &£ 10.1% at 100 pL/min to 20.9 £ 10% at 300 pL/min.
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Figure 7.5: High throughput, label-free separation in multiplex acoustophoresis. The schemaric illus-
trates the multiplex separation in an acoustofluidic device. Randomly distributed cells (A) are pre-aligned
in width and height (B) before entering the main separation channel (C) where they are separated from each
other based on their acoustophysical properties. Fluorescence images on the top illustrate the separation
process of 2, 4, and 7 pmpolystyrene beads throughout the microchip while the photograph on the lower
right corner shows the design of the cooling unit using fans for optimal thermal distribution.
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Paper VI: Statistic Estimation of Biomechanical Cell Compressibility Based
on Acoustophoretic Separation Data

Acoustofluidic separation of different cell types is known to be based on the cells’ properties
such as size, density, and compressibility in relation to their surrounding medium. However,
in practice it is not always straight forward to predict the acoustophoretic mobility of differ-
ent cell types in different medium conditions as e.g. compressibility data scarcely is available
whereas density data is more often so. In Paper VI a theoretical approach is presented to esti-
mate cell properties, such as the compressibility, based on acoustophoretic separation data. Cells
with unknown acoustic properties were run through an acoustofluidic microchannel together
with reference beads at varying amplitudes (Figure 7.7). Based on the separation behavior of
the cells in relation to the reference beads with known acoustic properties, an estimation of the
cells’ compressibility was possible. The data is comparable to previously published estimations
while requiring considerably less cells for the experiments than macroscopic methods, enabling
the acoustophoretic characterization of rare cells. The theoretical model takes into account the
distribution of cell properties and the system parameters such as hydrodynamics, acoustic radi-
ation force, drag enhancement, and acoustic streaming. Compressibility measurements of three
tumor cell lines as well as WBC as a population, and the WBC subpopulations: lymphocytes,
granulocytes and monocytes and finally a head and neck squamous cell line were made using the
new method.
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Figure 7.6: Acoustophoretic separation data for statistic estimation of a cell’s compressibility. Cells
with unknown acoustic properties were run through an acoustofluidic microdevice together with reference
beads at varying applied voltages, which is proportional to the acoustic energy density Eac1/2. SSR describes
the side-stream recovery for the different beads and cells. Polystyrene (PS) microbeads at 5 and 7pm with
known properties were used to calibrate the acoustophoretic device and experimental data (dots) was fit
with the theoretical data (lines) using compressibility for the cells of interest as the fitting parameter.
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Conclusion and Outlook

Preparation of whole blood components is routinely done for various clinical and research
related applications, such as in diagnostics, blood transfusion, stem cell transplantation, and
immunotherapy. Separation methods are available both at the macroscale and microscale, all
having their advantages and disadvantages. In comparison to macroscale cell handling methods,
microfluidic system can handle small sample volumes and, due to the controlled fluid behaviour
in small volumes, flow patterns can be predicted and cells within liquids can be precisely control
by external forces.

This thesis showed the use of microscale acoustofluidics for preparation of whole blood compo-
nents. Microscale acoustofluidics has gained increasing attention over the last decades, describing
the fundamentals and physics of the method as well as showing technical improvements of typical
device setups. This knowledge has been implemented and further extended in the applications
presented in the papers of this thesis. In general, microscale acoustofluidics is a gentle and contin-
uous method for handling of biological samples. In this thesis both affinity-based and label-free
acoustophoretic implementations were demonstrated successfully for blood cell fractionation. In
agreement to theoretical calculations, separation of cells with similar acoustophoretic mobility
was enabled by buffer density modulation. Furthermore, a way to statistically estimate unknown
acoustic properties of particles based on experimental data is provided in the thesis. This al-
lows to better predict the behaviour of cells within an acoustic sound field and enables a more
straightforward way to optimize experimental conditions for cell separation.

Upscaling of sample throughput is a common challenge when working at the microscale. A
way of increasing sample throughput in acoustophoretic devices was shown by integrating an
air cooling system, allowing to operate the device isothermally at an increased acoustic energy.
Further research needs to be done to provide clinically relevant sample throughputs in the range
of millilitres per min of whole blood
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8. Conclusion and Outlook

As shown in this thesis, microscale acoustofluidics is a promising technology for blood cell frac-
tionation. Integration with other microfluidic devices for sample preparation or analysis could
further improve the impact of acoustophoretic cell separation in clinical and research related
applications.
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9

Popularvetenskaplig
sammanfattning

Celler ir byggstenar for alla levande organismer. De bygger minniskokroppens struktur, tar upp
niring frd n mat, himtar syre fran luften och omvandlar detta till energi for kroppen. Min-
niskokroppen bestar av trillioner celler och varje cell behéver sin egen energiférsérjning. Blod
ir vitskan som cirkulerar genom kroppen for att ta med sig alla viktiga niringskomponenter
till cellerna och ta bort avfallsprodukter. Blod bestar av en birvitska som kallas plasma samt
olika blodkroppar. De olika blodkroppar som ingér i helblod ir réda blodkroppar, vita blod-
kroppar och blodplittar. Alla har sina egna viktiga funktioner. Réda blodkroppar tar hand
om syretillforseln i kroppen genom att transportera syre frin lungorna till cellerna och ta med
sig koldioxid tillbaka frin cellerna till lungorna. Vita blodkroppar har hand om kroppens im-
munfrsvar nir bakterier, virus eller annat frimmande material tar sig in i kroppen. Blodplittar
hjilper till att stoppa blodningar i kroppens blodkirl genom att klumpa ihop sig (aggregera) och
ticka det 6ppna sdret.

Blod innehéller ocksa viktig information om minniskors vilbefinnande. Till exempel kan antalet
vita blodkroppar beritta om en person ir sjuk medan mingden av réda blodkroppar kan vara
ett tecken pa jirnbrist eller olika sjukdomar. For att fi information fran blodet och dven kunna
bedriva forskning pé de olika blodkropparna for att forstd deras funktion eller anvinda dem i
kliniska tillimpningar dr det nédvindigt att separera de olika blodkomponenterna fran varandra.

Denna avhandling underséker anvindningen av en teknik som kallas akustofores for att dela
upp blod i sina komponenter. Akustofores kommer frin engelska acoustophoresis som betyder
act flytta (migrera) med ljud. Man anvinder ultraljud vilket 4r ljud med frekvenser hégre in
grinsen fér minniskans horsel. Celler i ett ultraljudsfilt migrerar till olika platser i ljudfiltet
beroende pa deras fysikaliska egenskaper sdsom storlek, densitet och kompressibilitet, men ocksd
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9. Populirvetenskaplig sammanfattning

beroende pa den omgivande vitskans egenskaper. Akustofores gors ofta i en liten kanal som
kallas mikrokanal som vanligen ir mindre 4n tjockleken av ett kreditkort och s tunn som ett
blyertsstift. Fordelen med att anvinda en sidan liten kanal 4r att mingden blod som behévs
minskar markant, men 4ven att flddet i kanalen ir mer forutsigbart, littare att hantera och att
cellerna forflytear sig huvudsakligen pd grund av krafterna i det akustiska faltet. Figure 9.1 visar

forenklat hur akustofores fungerar.
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Figure 9.1: Principen for akustofores. Bilderna visar hur olika celler flédar genom en mikrokanal.
Fldesriktining ir frin vinster till héger och visas med pilarna. P4 den vinstra bilden finns inget ultraljud

nirvarande och cellerna héller sig nira kanalviggarna, dvs. ingen separation av de olika cellerna ir méjlig.
Den hogra bilden visar hur partiklar beter sig i ett akustiskt filt. De stora, blda cellerna 4r mer piverkade
av den akustiska kraften och flyttas snabbare till mitten av mikrokanalen medan de smd, rdda cellerna inte
ir lika mycket paverkade och haller sig nira kanalviggarna. I slutet av kanalen gir cellerna till olika utlopp
och dirmed separeras de frin varandra.

En del av avhandlingen fokuserar pa cellerna som kan anvindas for att behandla cancerpatienter.
Minniskor med blodcancer ir i behov av stamcellstransplantationer. Om det 4r majligt anvinds
patientens eget blod och man behéver isolera en specifik celltyp som kallas stamceller som hjilper
patienten att dterhimta sig efter cancerbehandlingen. Stamcellerna dr mycket sillsynta i blodet
och deras akustiska egenskaper liknar andra celler i blodet, dirfér behéver man justera blod-
provet for att kunna anvinda akustofores for att separera stamcellerna. Avhandlingen beskriver
en metod for att anvinda sma sfiriska partiklar som fister vid cellerna man ir intresserad av for
att gora dem stdrre och férindra deras akustika egenskaper. Det blir dirmed méjligt att isolera
cell-partikel-komplexen frin andra celler utan att paverka cellernas livskraft och funktionalitet.
Systemet har testats att fungerar pé att separera specifika vita blodkroppar frin stamcellsprepa-
rationer och visar dirmed méjligheten att isolera stamceller fran andra blodkroppar i framtiden.
Akustofores kan dven anvindas att separera tumérceller som cirkulerar i blodet av cancerpatien-
ter. I detta avseendet visar avhandlingen principen f6r hur man kan anvinda akustofores for att
isolera tumérceller frin stamcellspreparationer i syfte att minska risken for att aterge tumérceller
till patienten. De separerade tumércellerna kan anvindas for att karakeirisera tuméren. Sepa-
rationen fungerar utan att forindra cellerna eller den omgivande vitskan da den 4r baserad pa
skillnaden i akustiska storleksmissiga egenskaper mellan tumérceller och andra vita blodkroppar.

Som tidigare beskrivits spelar vita blodkroppar en viktig roll i immunférsvaret. Att isolera dem
fran blod &r inte sé litt eftersom det finns betydligt firre vita blodkroppar in réda blodkroppar,
bara en av tusen blodkroppar ir en vit blodkropp. Dessa skiljer sig inte heller nimnvirt i deras
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akustiska egenskaper frin roda blodkroppar. Avhandlingen analyserar hur man kan anvinda olika
vitskor som omger blodcellerna for act andra deras rorlighet i ect akustiske fale. Nar man byter den
omgivande vitskan till en med hdgre densitet sinks rorelsehastigheten pa vita blodkroppar sa att
de inte rér sig s fort som de réda blodkropparna och dirmed kan dessa separeras frin varandra.
Nista del av avhandlingen visar hur man kan skala upp processhastigheten och separera flera olika
grupper av vita blodkroppar frin varandra samtidigt vid relative hoga flodeshastigheter. Detta
oppnar pa sikt mojligheter for kliniska tillimpningar som kriver hantering av storre blodvolymer.

Den sista delen av avhandlingen visar ett sitt att estimera cellernas olika akustiska egenskaper med
hjilp av separationsdata och statistiska berikningar. Om man kinner till cellernas akustiska egen-
skaper blir det ldttare att forutsiga deras beteende i ett akustiske filt och dirmed hur man bista
skall anpassa sitt akustoforessystem for att utfora separationer av olika celltyper. Alla metoder
som visas i denna avhandling ger en uppfattning om hur man kan anvinda akustofores for att
separera olika blodkomponenter. Metodens méngsidighet demonstreras i det flertalet anvind-
bara tillimpningar inom kliniska eller forskningsrelaterade Zmnen som redovisas. Akustofores
kan hjilpa «ill act minimera blodvolymen som behovs for en cellseparation. Tekniken kan au-
tomatiseras och goras anvindarvinlig och den kan enkelt integreras med andra analystekniker.
Sammantaget har akustofores en stor potential inom kliniska och bioanalytiska tillimpningar.
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o Abstract
Processing of peripheral blood progenitor cells (PBPC) for clinical transplantation
or research applications aims to effectively isolate or deplete specific cell popula-
tions, utilizing primarily magnetic or fluorescence activated sorting methods. Here,
we investigated the performance of microfluidic acoustophoresis for the separation
of lymphocyte subsets from PBPC, and present a novel method for affinity-bead-
mediated acoustic separation of cells which can otherwise not be acoustically discri-
minated. As the acoustic force on a particle depends on particle size, density and
compressibility, targeting of cells by affinity specific beads will generate cell-bead
complexes that exhibit distinct acoustic properties relative to nontargeted cells and
are, thus, possible to isolate. To demonstrate this, PBPC samples (n = 22) were
obtained from patients and healthy donors. Following density gradient centrifuga-
tion, cells were labeled with anti-CD4-coated magnetic beads (Dynal) and isolated
by acoustophoresis and, for comparison, standard magnetic cell sorting technique in
parallel. Targeted CD4+ lymphocytes were acoustically isolated with a mean (£SD)
purity of 87 = 12%, compared with 96 * 3% for control magnetic sorting. Viabil-
ity of sorted cells was 95 * 4% (acoustic) and 97 * 3% (magnetic), respectively.
The mean acoustic separation efficiency of CD4+ lymphocytes to the target fraction
was 65 * 22%, compared with a mean CD4+ lymphocyte recovery of 56 *= 15%
for magnetic sorting. Functional testing of targeted CD4+ lymphocytes demon-
strated unimpaired mitogen-mediated proliferation capacity and cytokine produc-
tion. Hematopoietic progenitor cell assays revealed a preserved colony forming
ability of nontarget cells post sorting. We conclude that the acoustophoresis plat-
form can be utilized to efficiently isolate bead-labeled CD4+ lymphocytes from
PBPC samples in a continuous flow format, with preserved functional capacity of
both target and nontarget cells. These results open up for simultaneous affinity-
bead-mediated separation of multiple cell populations, something which is not pos-
sible with current standard magnetic cell separation technology.
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CELL separation technologies are essential tools in the processing of hematopoietic
cells for therapeutic administration, diagnostic purposes or research applications.
Separation by centrifugal force is generally employed for primary extraction of leu-
kocytes from whole blood or bone marrow (1), followed by selective affinity meth-
ods, such as magnetic activated cell sorting (MACS) (2), or fluorescence activated
cell sorting (FACS) (3), for isolation or depletion of specific cell populations.
Depending on sample characteristics and the specific cell sorting application, the
currently available techniques have distinct advantages as well as disadvantages in
terms of recovery, purity, and throughput (1).
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Hematopoietic stem cell transplantation using PBPC
apheresis products from healthy donors is a well-established
therapy for hematological malignancies. Transplanted cells
include stem/progenitor cells, which will restore bone marrow
function in the recipient, but also different lymphocyte cell
populations, such as CD4+ T-helper cells, which are capable
of mounting immunological anti-leukemic effects. This reac-
tion can, however, develop into a potentially lethal condition
involving a response against nonmalignant recipient cells;
graft-versus-host disease. Processing of PBPC for clinical
transplantation aims to effectively isolate or deplete specific
stem cell or lymphocyte cell populations, to provide the best
possible graft for the patient (4).

In the last decade, acoustophoretic sorting which is pri-
marily based on size, density, and compressibility (5) has
emerged as a simple, cost-effective and continuous flow based
separation technique with minimal impact on survival and
function of cells (6-8). In the light of recently reported appli-
cations in cell biology and clinical settings (9-11), acousto-
phoresis presents an interesting alternative to current cell
separation techniques. Moreover, the flow-through sorting
approach makes it suitable for lab-on-a-chip designs and for
integration into existing separation and analysis systems
(12,13). Continuous flow acoustophoresis utilizes a standing
wave field perpendicular to a laminar flow of suspended par-
ticles to induce particle movement across the width of a
micro-channel (14). The acoustic forces, which are propor-
tional to the particle radius to the 3rd power, move most par-
ticle types to the acoustic pressure node at the centre of the
channel while laminar flow maintains the central positioning
of the particles (5). By ending the channel in a trifurcation,
the acoustically focused fraction in the center can be separated
from the acoustically unaffected or less affected particles
located closer to the channel side walls. The direction of
migration in an acoustic field is also dependent on the acous-
tic properties of the particle relative to the surrounding media.
In aqueous systems, most rigid particles migrate to the pres-
sure node, while lipid particles (15) and recently developed
polydimethylsioxane (PDMS) micro spheres (16) are moved
to the pressure anti-node of the standing wave. Modification
of the chip design with an increased number of outlets for
simultaneously sorting of multiple targets, or adjustment of
medium density for efficient separation of cells or particles
which would otherwise behave similarly in an acoustic field,
have been demonstrated (17). Recently reported improve-
ments of the separation efficiency of such systems include the
use of a two dimensional acoustic prealignment procedure, in
which particles are focused in a tight band with uniform flow
velocity before entering the separation channel ensuring that
the acoustophoretic migration of all particles across the chan-
nel will start from identical positions as well as have the same
retention time in the separation zone (9). Further improve-
ment comprises constant temperature regulation to ensure
unperturbed acoustic standing wave conditions (18). Exploit-
ing the acoustic properties of affinity specific micro beads has
further extended the field of applying acoustophoresis. Very
small particles (<1 um) which are not affected by the primary
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acoustic radiation force, such as peptides or viruses, can be
extracted by the use of affinity micro beads which bind selec-
tively to the particle of interest. The acoustic properties of the
micro beads will thus enable target purification, as demon-
strated by Augustsson et al. utilizing antigen (grass pollen
allergen Phl p5) coated micro beads in a microfluidic phage
display selection process to selectively enrich and extract anti-
gen specific phages from a phage library (19). Phage particles
are too small to be influenced by the acoustic standing wave
field when operated in the standard 2 MHz range. However,
the use of target specific microbeads enabled acoustic extrac-
tion of phages, expressing antibodies specific for the grass pol-
len allergen. Specific extraction of molecular compounds from
complex samples for in proteomic sample preparation has
also been demonstrated using metal oxide affinity microbeads
(MOAC) to enrich and purify phosphopeptides prior to
MALDI MS analysis (20).

Although bead-mediated extraction of larger targets,
such as cells, proved to be a much more complex challenge in
terms of controlling the acoustic and fluidic parameters, we
demonstrate in the current study the feasibility of utilizing
affinity micro beads to allow separation of cells with otherwise
similar acoustic properties. Dynabeads (diameter 4.5 ym, den-
sity 1.6 g/cm®) were chosen primarily for their ability to alter
the acoustic properties, i.e., size and density, of bead labeled
cells versus nonlabeled cells, thus enabling acoustophoretic
isolation of targeted lymphocytes. Secondarily, the choice of
commercially available magnetic micro beads for labeling
allowed for a direct comparison of the acoustic cell separation
system to a standard magnetic cell sorting technique. Mag-
netic beads were previously used by Adams et al. to simultane-
ously separate three different particles by combining acoustic
and magnetic forces in a microfluidics system (21). Neither of
the micro beads were however used to perform affinity based
cell separation.

Choosing lymphocytes targeted with anti-CD4-coated
beads as a prototype for investigating bead-mediated acoustic
cell separation, we demonstrate for the first time that affinity
acoustophoresis can be utilized to efficiently isolate specific
cell populations, with preserved functional capacity of both
targeted and nontargeted cells. These results open up for
simultaneous bead-mediated separation of multiple cell popu-
lations, utilizing affinity micro beads with different acoustic
properties, something which is not possible with current
standard magnetic cell separation technology.

MATERIALS AND METHODS

Collection of PBPC Samples

Samples were obtained from peripheral blood progenitor
cell (PBPC) apheresis products collected after standard mobi-
lization treatment of healthy donors (granulocyte colony-
stimulating factor (G-CSF), Neupogen; Amgen, Thousand
Oaks, CA) and patients (protocol specific chemotherapy + G-
CSF). Large volume leukapheresis was performed with a Cobe
Spectra (Cobe, Lakewood, CO), using the MNC program, ver-
sion 7.0. On the day of the leukapheresis, or after a maximum

Isolation of CD4+ Cell by Acoustophoresis
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Figure 1. Overview of the acoustophoresis chip. A: Prefocusing zone. Sample (bead-labeled cells, nonlabeled cells, and unbound beads)
is entered into the prefocusing channel where particles are subjected to acoustic standing waves in two dimensions. The prefocusing
channel is designed to support a single node resonance from top to bottom at the same time as a double node resonance is generated
across the width of the channel. Thereby, the particles are focused in two parallel bands, which are oriented along the direction of the
flow and subsequently bifurcated to each side of a central inlet buffer flow, such that the particles are laminated towards the channel walls
as they enter the separation region (B). The pre-focusing step will ensure that the transfer of all particles across the separation channel
starts from identical positions, thereby eliminating loss in separation efficiency due to the laminar flow profile. B: Separation. In the sepa-
ration zone, bead-labeled cells are transferred into the Ficoll wash buffer in the center of the channel by a one dimensional acoustic stand-
ing wave and collected through the central outlet (target fraction), whereas nonlabeled cells are less acoustically affected and exit through

the side branches (nontarget fraction).

of 24 h storage, 1 mL of PBPC sample was removed from the
collection bag for quality control, using a standard automated
hematology analyzer (Sysmex KX-21N, Sysmex, Kungsbacka,
Sweden). Surplus cells were separated by Ficoll density gradi-
ent centrifugation (LSM 1077 Lymphocyte, PAA, Pasching,
Austria) and the isolated mononuclear cell (MNC) fraction
was used for further experiments. Sampling of patient and
donor PBPC products for use in the current study was
approved by the Regional Ethical Review Board. Written
informed consent was obtained from all participants involved
in the study.

Targeting of CD4+ Lymphocytes with Magnetic Beads

Dynabeads (Invitrogen-Life Technologies, Carlsbad CA,
Dynal CD4 positive isolation kit, cat. # 11331D, super-
paramagnetic polystyrene beads 4.5 pm in diameter), coated
with primary monoclonal anti-CD4 antibody were used to
label CD4+ cells. Briefly, 25 pl Dynabeads were added per 107
MNC. The cell-bead mixture was incubated at 2-8°C for 20
min under continuous agitation, and split in two equally sized
portions of 107 MNC in 1 mL for sorting in parallel on the
Dynal magnetic cell separation system and the acoustophore-
sis micro-chip.

Following magnetic and acoustic sorting, respectively, the
isolated cells were released from bound beads by incubation
with DETACHaBEAD (10 pl/107cells) at room temperature
for 45 min under continuous agitation. The cell-bead mixture
was then exposed to a Dynal magnet for removal of detached
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beads, and washed twice with 1 mL PBS + 2% fetal bovine
serum (FBS) (Gibco) and 0.6% acid-citrate-dextrose (ACDA)
(Terumo BCT. Inc.) such that released cells could be collected
from the wash buffer. Collected cells were washed twice by 5
min centrifugation at 400g, stained with trypan blue (Gibco-
Life Technologies Carlsbad CA) for exclusion of nonviable
cells and counted using a Neubauer chamber.

Magnetic Cell Separation

Magnetic separation was performed with the Dynal sys-
tem according to the manufacturers protocol. During mag-
netic isolation of bead-labeled cells, nonlabeled cells were
eliminated by washing three times with 1 mL PBS (2% FBS,
0.6% ACDA). Subsequently, bead-labeled cells were released
from the magnet and resuspended in buffer (100 pl/107
cells).

Acoustophoresis Chip Design

The chip design and fabrication process is described in
more detail by Augustsson et al. (9). In brief, the chip was
designed to consist of a sample inlet leading to a prefocusing
channel, a bifurcation that diverts the flow to each side of a
central wash buffer inlet, and a separation channel ending in a
trifurcation equipped with one central outlet and a common
outlet for the two lateral branches (Fig. 1). The silicon acous-
tophoresis channel was made by anisotropic wet etching using
Potassium hydroxide (220 g KOH in 550 MilliQ H,0) and
sealed with a glass lid using anodic bonding. The prefocusing
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channel width was set to 300 pm to match a wave length reso-
nance of 5 MHz, whereas the width of the separation channel
was set to 375 um to match half a wavelength resonance of 2
MH?z. Silicon tubing with an inner diameter of 1/16 inch was
glued to the inlets and outlets, to act as docking ports for flu-
idic tubing.

Acoustophoresis Set Up

The chip was connected to three syringe pumps (neM-
ESYS, Cetoni GmbH, Germany). Two pumps were set in with-
drawal mode and connected to 1 mL plastic syringes (BD
Plastipak, Franklin Lakes, NJ, USA) to control the flow
through the chip. The third pump was connected to the chip
central inlet, infusing Ficoll wash buffer (Histopaque-1077,
Sigma-Aldrich) from a 5 mL glass syringe (1005 TLL, Hamil-
ton Bonaduz AG, Bonaduz, Switzerland). All pumps were
connected via Teflon tubing (VWR Intnl. O.d. 1.54 mm, Ld.
0.05 mm) to the chip outlets. The PBPC sample was con-
nected to the chip pre-focusing channel inlet at a net flow rate
set by the three pumps. The ultrasonic standing waves were
generated by two piezoelectric transducers (PZ26, Ferroperm
Piezoceramics, Kvistgard, Denmark), at a resonance frequency
of 5 and 2 MHz, respectively, for the prefocusing and the sepa-
ration transducer. Both transducers were driven by Agilent
waveform generators (Agilent 33220A, Hewlett-Packard, Palo
Alto, CA) equipped with different signal amplifiers for the
pre-focus (Amplifier Research 75A250, Southerton, PA) and
the separation transducer (in-house build amplifier). Trans-
ducer driving voltage was monitored with an oscilloscope
(TDS 1002, Tektronix, Beaverton, OR) and visual monitoring
of the fluidics was performed using a Nikon SMZ800
microscope.

Fluidics and Sampling Procedure

Before sample processing, the flow system was pre-filled
with PBS to evacuate air. The two pumps in withdrawal mode
were set to provide a flow rate through each of the three exit
branches of 30 pL/min. The Ficoll wash buffer was infused at
a flow rate of 60 pL/min, leaving a net flow rate of 30 uL/min
(15 pL/min in each side inlet branch) for the PBPC sample
(107 MNC in 1 mL). The operational parameters were tuned
by visual inspection of the outlet trifurcation and set when
bead-labeled cells were optimally focused into the central out-
let and nonlabeled cells were distributed to the lateral
branches (Fig. 1). Processed sample was collected directly into
the syringes as target (labeled cells) and nontarget (nonlabeled
cells) fractions.

Flow Cytometric Analysis

PBPC samples as well as magnetic target fractions and
acoustic target and nontarget fractions, respectively, were ana-
lyzed for CD4+ helper T cell contents by flow cytometry
(Supporting Information Fig. S1), using a four-color flow
cytometer (FACSCalibur, BD Biosciences, San Diego, CA).
PBSC samples and acoustic nontarget fractions were also ana-
lyzed for cytotoxic T cell, hematopoietic stem/progenitor cell,
monocyte, NK cell and B cell contents. Cells were spun down
at 400g, 4°C for 10 min, resuspended in blocking buffer (PBS
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with 2% Gammanorm (Octapharm AG, Lachen-Switzerland),
and 1% FBS (Gibco)) and incubated with monoclonal
antibodies at 4°C in the dark for 35 min. Directly conjugated
antibodies were used in different combinations as follows:
anti-CD3 fluorescein isothiocyanate (FITC) (clone HIT3a),
anti-CD4 allophycocyanin (APC) (clone RPA-T4), anti-CD8
phycoerythrin (PE) (clone RPA-T8), anti-CD45 APC (clone
HI30), anti-CD34 FITC (clone 581), anti-CD14 PE (clone
MS5E2), anti-CD19 PE (clone HIB19), and anti-CD56 APC
(clone B159) (all from Becton Dickinson, BD, San Jose, CA).
For isotype controls IgG1 (FITC), IgG1 (PE) and IgG1 (APC)
were used (BD). Cells were washed by adding 1 mL FACS
buffer (PBS, 1% BSA, 0.1% sodium azide, Sigma-Aldrich, St.
Louis, MO) followed by centrifugation at 3,000 rpm for 5
min. 7-amino-actinomycin D (7-AAD, 200 pg/mL, Sigma-
Aldrich) was used for dead cell exclusion. 10,000 events were
acquired with the CellQuest software (BD Biosciences, San
Diego, CA) and data were analyzed by FlowJo software (Tree
Star Inc., Ashland, OR).

Hematopoietic Progenitor Cell Assays

PBPC samples and acoustic nontarget fractions were
evaluated for hematopoietic progenitor cell content in stand-
ard colony-forming cell assays using standard methylcellulose
culture (MACS HSC-CFU media complete with EPO, Milte-
nyi Biotec GmbH, Bergisch Gladbach, Germany, cat # 130-
091-280). Cells were plated at a concentration of 3,000 cells/
mL and incubated for 14 days (Thermo Forma Steri incuba-
tor, 37°C, 5% CO2). Colony forming units (CFU) were enum-
erated based on standard criteria using an Olympus IX70
microscope.

Lymphocyte Proliferation Assays

Proliferation of isolated CD4+ T cells was assessed by
carboxyfluorescein succinimidyl ester (CFSE)-based lympho-
cyte proliferation assays. Briefly, 1 X 10° CD4+ target cells
were suspended in 1 mL PBS (0.1% BSA, Sigma Aldrich) and
CEFSE solution (Invitrogen-Life Technologies Carlsbad CA, cat
# (C34554) at a final concentration of 0.5 uM, and incubated
at 37°C for 7 min. The staining was quenched by addition of 2
volumes of pre warmed FBS and incubation at room tempera-
ture for 10 min, followed by three washing steps with culture
media and centrifugation at 400g for 5 min. CFSE labeled
CD4+ cells were cultured at 25 X 10 cells per well in a 96-
well flat bottom plate (TRP) in final volume of 200 uL RPMI
1640 medium (Gibco Life Technologies, Carlsbad, CA), with
10% human AB serum (PAA) and 50 ng/mL of IL-2 (Miltenyi
Biotec). Cells were stimulated either with PMA (10 pg/mL)
and Tonomycin (100 ng/mL)(Sigma-Aldrich), or with anti-
CD3 (5 pug/mL) and anti-CD28 (2 ug/mL) (eBioscience, San
Diego, CA). On Days 1-6 of culture, cell proliferation, as
determined by successive halving of CFSE fluorescence inten-
sity, was analyzed by flow cytometry (FACSCalibur, CellQuest
and Flow]Jo software).

Lymphocyte Cytokine Secretion Assays
On day six of the CFSE-assay, the culture plate was centri-
fuged and the supernatants were collected for cytokine analysis.

Isolation of CD4+ Cell by Acoustophoresis
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Figure 2. Purity of acoustic and magnetic sorted CD4+ T lympho-
cytes. Comparison of CD4+ lymphocyte purities obtained with
parallel magnetic and acoustic separations (n = 22). Results from
the magnetic enrichments are plotted against results obtained
from the corresponding acoustic enrichments. The red line indi-
cates the diagonal isoeffective line. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Cytokine concentrations were measured using the Cytometric
Bead Array (CBA) Human Th1/Th2 Cytokine Kit (BD) accord-
ing to manufacturer’s instructions. For assay preparations,
Human Th1/Th2 Cytokines Standards were reconstituted in 2
mL Assay Diluent (top standard) and serially diluted: 1:2, 1:4,
1:8, 1:16, 1:32, 1:64, and 1:128, a pool of Human Th1/Th2
Cytokine Capture Beads was prepared by mixing equal volumes
of each Capture Bead solution in a single tube, and the sample
(CFSE-assay supernatants) was diluted 1:2 in Assay Diluent. To
perform the assay, 50 pL of pooled Capture Beads was added to
each test tube, followed by 50 pL of the Human Th1/Th2 PE
Detection Reagent, and finally 50 UL of either supernatant sam-
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Figure 3. Leukocyte subset distribution. Comparison of the mean
(+SD) relative distribution between CD3+/4+ CD3+/8+, CD34+,
C14+, CD19+, and CD56+/3- cells in the presort (PBPC) versus
postsort (nontarget fraction) samples (n = 6). As expected, the
selective separation of CD4+ cells to the target fraction was
coupled to a relative increase of nontargeted lymphocyte subpo-
pulations in the nontarget fractions, as compared with the PBSC
samples. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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ple, standard dilutions, or negative control. Tubes were incu-
bated for 3 h at room temperature in the dark, and washed
withl mL of Wash Buffer followed by centrifugation at 200g for
5 min. The bead pellets were resuspended in 300 uL of Wash
Buffer and analyzed by flow cytometry (FACSCalibur, Cell-
Quest, and FlowJo software).

Statistical Analyses

Statistical analyses were performed using Prism 5.0
(Graphpad San Diego, CA). Data are presented as mean *
standard deviation (SD). Statistical significance was deter-
mined by using unpaired Student’s t-tests.

Resurrs

Acoustophoretic Enrichment of Bead-labeled CD4+ T
Lymphocytes

PBPC samples were obtained from seven healthy donors
and 15 patients (multiple myeloma, #n = 11 or lymphoma, n
= 4) to evaluate the performance of Dynabead-mediated
acoustophoretic cell separation in comparison to standard
magnetic sorting (Fig. 2). Targeted CD4+ lymphocytes were
acoustically isolated with a mean (£SD) purity of 87 * 12%,
as compared with 96 * 3% for magnetic enrichment. The
purity of CD4+ lymphocytes in the acoustic target fraction
was >80% in all but two separations (sample no. 6 and 12) in
which however the frequency of CD4+ lymphocytes in the
corresponding presort PBPC samples was relatively low, 0.9%
and 3.0%, respectively. The purity of individual PBPC samples
is presented in Supporting Information Table 1. The mean
separation efficiency of CD4+ lymphocytes to the target frac-
tion was 65 + 22% of the total number of CD4+ lymphocytes
obtained in both target and nontarget fractions, compared to
a mean recovery of magnetically sorted CD4+ lymphocytes of
56 = 15%. Regarding the mean viability of sorted cells, acous-
tophoresis (95 * 4%) and magnetic separation were compara-
ble (97 % 3%).

Leukocyte Subpopulation Distribution

Flow cytometry analysis following acoustophoretic sepa-
ration (n = 6) revealed changes in the composition of leuko-
cyte subpopulations in pre- versus postsort samples (Fig. 3).
As expected, the selective separation of CD4+ cells to the tar-
get fraction was coupled to a relative increase of nontargeted
leukocyte subpopulations in the nontarget fraction, as com-
pared with the PBPC samples. The mean (£SD) relative dis-
tribution between mononuclear cell populations in the
presort (PBSC) versus postsort (nontarget fraction) samples
changed as follows: CD3+/4+ cells, 22 (+8.2)% versus 2.8
(£1.1)%; CD3+/8+ cells, 22 (*£8.9)% versus 27 (*7.4)%;
CD34+ cells, 1.3 (+0.6)% versus 1.8(*0.8)%; CD14+ cells,
37 (£9.2)% versus 48 (+9.5)%; CD56+/3-cells, 9.4 (£5.4)%
versus 13 (*+7.8)%, and CD19+ cells, 8.0 (+£6.3)% versus 8.7
(+6.8)%. For individual cell populations, the mean relative
increase in the postsorted (nontarget fraction) compared with
the presorted (PBPC samples) was 19% for CD3+/8+ cells,
27% for CD34+ cells, 24% for CD14+ cells, 25% for
CD56+/3- cells and 8% for CD19+ cells.
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Figure 4. CD4+ T lymphocyte proliferation. Induced proliferation capacity of sorted CD4+ cells as measured by cell division (CFSE), fol-
lowing 6 days of cultivation in the presence of activating PMA/lonomycin or anti CD3/CD28. Representative histograms from one of three
samples at Day 4 are shown (A). Acoustic sorted CD4+ cells were evaluated each day of culture in the presence of anti CD3/CD28. The pro-
liferation index, i.e., the ratio of the total number of dividing cells to the number of original parent cells, as well as the relative numbers of

proliferating cells in culture each day, are given (B).

Progenitor Cell Function Is Not Affected by
Acoustophoresis

Cells from PBPC samples (n = 5) were plated in methyl-
cellulose before and after acoustophoresis separation and eval-
uated for colony-forming ability (Supporting Information
Fig. S2). Results were comparable (P = 0.9344) in pre- and
postsort samples indicating a preserved clonogenic capacity
postsorting, with a mean (=SD) number of granulocyte mac-
rophage colony-forming units (CFU-GM)/3,000 plated cells
of 11 * 2.2 in the presort (PBPC) and 12 * 1.4 in the postsort
(nontarget fraction) samples, respectively. Similarly, a mean
(£SD) number of erythroid burst-forming units (BFU-E)/
3,000 plated cells of 7.0 == 0.8 were yielded in postsort samples
compared with 7.7 = 1.6 in presort samples (P = 0.4071).

CD4+ T-Lymphocyte Function Is Not Affected by
Acoustophoresis

Isolated CD4+ cells (n = 4) were cultured for six days in
the presence of activating PMA/Ionomycin or CD3/CD28
antibodies, to evaluate their functional capacity in terms of
proliferation and cytokine production following acoustic and
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magnetic separation, respectively (Figs. 4 and 5). The results
of in vitro activation indicated that acoustically isolated
CD4+ cells were equally responsive to stimulation with anti-
CD3/CD28 as were magnetically sorted cells (P = 0.9367),
with a mean (*SD) relative number of proliferating isolated
cells of 75 = 16% (acoustic) versus 74 * 5.9% (magnetic)
Following PMA/Ionomycin stimulation, however, cell prolif-
eration levels were slightly higher in magnetically (87 = 6.5%)
compared with acoustically sorted cells (75 = 9.4%), although
the difference was not statistically significant (P = 0.0808).
Another three samples of sorted CD4+ cells were evaluated at
Days 1, 2, 3, 4, and 6 of culture in the presence of anti CD3/
CD28. The proliferation index, i.e., the ratio of the total num-
ber of dividing cells to the number of original parent cells,
showed no significant difference in the immediate prolifera-
tive capacity of acoustically versus magnetically sorted CD4+
cells, indicating a lack of stress induced on the cells by either
of the two sorting techniques. The proliferation index for
acoustically versus magnetically isolated cells was at Days 1
and 2 (1.00 £ 0.00 versus 1.00 = 0.00), at Day 3 (1.30 * 0.24

Isolation of CD4+ Cell by Acoustophoresis
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Figure 5. CD4+ T lymphocyte Cytokine Production. Cytokine production of proliferating sorted CD4+ cells as quantified by the CBA
Human Th1/Th2 Cytokine Kit. Cytokine (IL-2, IL-4, IL-5, IL-10, TNF, IFNy) secretion levels of proliferating acoustic and magnetic sorted
CD4+ cells, respectively, are given as the mean (+SD) of four individual samples. No significant difference in the cytokine production lev-
els between acoustically and magnetically isolated cells could be detected.

versus 1.30 = 0.14), at Day 4 (1.86 * 0.25 versus 1.93 =*
0.16), and at Day 6 (3.59 % 0.37 versus 3.44 * 0.28) (Fig. 4B).

Moreover, there was no significant difference in cytokine
production levels between acoustically and magnetically iso-
lated cells (Fig. 5), as quantified by the CBA Human Th1/Th2
Cytokine Kit. Following PMA/Ionomycin stimulation of
acoustically and magnetically isolated cells, respectively, the
secretion levels (mean = SD pg/mL) were similar for interleu-
kin (IL)-2 (1,150 % 554 versus 2,029 * 1,203), IL-4 (11 = 2.4
versus 20 * 7.3), IL-5 (73 * 59 versus 148 + 105), IL-10 (11
+ 4.5 versus 24 * 19), tumor necrosis factor (TNF, 19 * 3.4
versus 28 * 13) and interferon gamma (INFg, 35 £ 15 versus
99 * 73). Following CD3/CD28 stimulation, the secretion lev-
els (mean * SD pg/mL) for acoustic versus magnetic isolation
were as follows: IL-2 (88 * 52 versus 71 = 36); IL-4 (13 + 5.2
versus 14 * 4.4); IL-5 (214 * 186 versus 183 + 138); IL-10
(5.8 = 1.4 versus 7.4 = 2.9); TNF (26 = 20 versus 24 = 9.7),
and INFg (89 * 80 versus 89 +65).

DiscussioN

Acoustophoresis provides a gentle method for continu-
ous flow separation primarily based on biophysical properties
of the cells or particles to be separated, i.e., size, density, and
compressibility (5). Recently, size-dependent acoustophoretic
separation with integrated prefocusing was demonstrated to
enable a highly discriminative separation of polystyrene

Cytometry Part A o 85A:933-941, 2014

microbeads (5 and 7 pm in diameter) as well as tumor cells
from white blood cells (9). Acoustic fractionation of more
complex cell or particle suspensions, that display partly over-
lapping acoustic properties in an aqueous system, can be suc-
cessfully addressed by altering the density of the suspending
medium (17), whereas the acoustic properties of affinity
micro beads can be exploited for selective extraction of targets
like bioanalytes (20) and phages (19), which would otherwise
be difficult to acoustically discriminate due to their small size.
On the basis of these principles, we investigated a micro-
fluidic acoustophoresis platform for the selective extraction of
a specific lymphocyte subset from a suspension of PBPC-
derived MNC, by utilizing affinity micro beads to alter the
acoustic properties of targeted cells. CD4+ lymphocytes were
chosen as a prototype to be labeled with commercially avail-
able magnetic micro beads (Dynabeads), thus enabling acous-
tophoretic separation and control magnetic sorting in parallel.
Given the relatively small size of the micro beads (4.5 pm)
compared with the targeted lymphocytes (7-10 pm) (22) and
the variable number of beads that bind to each cell, the result-
ing size distribution of labeled CD4+ cells will partly overlap
with nonlabeled MNC (7-20 um). Consequently, labeled and
nonlabeled cells display similar acoustic properties and cannot
be adequately separated by standard size-dependent acousto-
phoresis (9,10,12). However, the radiation force responsible
for particle migration in an acoustic field is also dependent on
density and compressibility of the particle relative to the
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Figure 6. The effect of wash buffer density adjustment. A: When PBS is used as wash buffer, labeled, and nonlabeled cells are both
affected by the acoustic forces in a similar way and distributed to both the central and lateral exit branches. Thus, separation is not
achieved. B: With the use of the denser Ficoll wash buffer, bead-labeled cells are successfully isolated through the central outlet (brown
streak in central outlet), while nonlabeled cells (white streaks) exit laterally.

surrounding media (5). With a wash buffer of equal composi-
tion to the original sample buffer, e.g., PBS, labeled cells can-
not be isolated from nonlabeled cells of overlapping size (see
Fig. 6A). By utilizing a wash buffer of a denser medium, such
as Ficoll (density 1.077 g/mL), the nonlabeled MNC (density
1.062-1.070 g/mL) (23) and the cells labeled with the dense
magnetic micro beads (1.6 g/cm’)will, however, display a sig-
nificantly different acoustic contrast factor in the central wash
buffer. The denser Ficoll wash buffer will, thus, provide an
acoustic impedance barrier preventing the unlabeled cells
from entering the Ficoll buffer in the center of the channel
when exposed to acoustic forces. This is seen in Fig. 6B where
the unbound cells are confined to a distinct band at the buffer
interface, exiting the side outlet, and the bead bound cells are
focused to the centre outlet. Accordingly, with the use of Ficoll
wash buffer the acoustic power could be tuned such that the
labeled CD4+ lymphocytes were efficiently separated (65%)
into the center of the channel at a high purity (87%), whereas
nonlabeled cells remained at the lateral walls (Fig. 1). The
selective separation of CD4+ lymphocytes to the target frac-
tion was coupled to a relative increase of CD8+ cells, CD34+
cells, CD14+ cells, CD56+ cell, and CD19+ cells, in the post-
sort (nontarget fraction) compared with the presort (PBPC)
samples. The observed changes in the distribution of nontar-
geted lymphocyte subpopulations were found to be within the
expected range. A negative influence of acoustophoresis on
cell viability could be ruled out, thus confirming previously
reported studies (7,12). Also, in agreement with our previous
experience (12), the functional capacity of early hematopoietic
progenitor cells was not affected by the acoustophoresis proce-
dure. G-CSF treatment for PBPC mobilization may alter
CD4+ T helper (Th) cell function, as indicated by a reduced
proliferative response to in vitro stimulation and a shift in
cytokine secretion profile from a Thl to a Th2 phenotype
(24,25). Notwithstanding, CD4+ T lymphocytes isolated
from PBPC grafts were similar in proliferative capacity and
cytokine production levels following acoustic and magnetic
separation, respectively.

The performance of the acoustic separation (separation
efficiency 65%, purity 87%), compared well to the control
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magnetic sorting (recovery 56%, purity 96%), and also to
what can be obtained using current standard technology for
large scale, clinical grade MACS (recovery 60%, purity 95%)
(26,27). However, technical improvements of the current
acoustophoretic setup, such as optimization of the resonance
frequency, wash buffer modification or adjustment of the rela-
tive flow rates at the inlets and outlets, may further increase
separation efficiency, target cell purity and sample through-
put. Moreover, automated temperature control of the acous-
tophoresis device may be employed to enhance separation
stability, as previously reported by Augustsson et al. (18). In
terms of sample throughput, large scale MACS for clinical cell
separation performs at a sample processing rate of 3—5 mL/
min (28). Operating multiple acoustic separation channels in
parallel would be a possible approach to increase sample
throughput, as was previously described for microchip-based
blood washing utilizing a device comprising eight separation
channels in a bifurcation tree at a flow rate of 0.5 mL/min
(29). Ultimately, an acoustic chip designed to enable targeted
micro beads with different acoustic properties to be sequen-
tially extracted would realize simultaneous affinity sorting of
multiple cell populations, which is not possible with current
magnetic separation technology.

Cell separation technologies are essential in processing of
PBPC for clinical transplantation or research applications. The
performance of cell separation techniques is characterized by
target cell recovery and purity, but should also include low
mechanical stress and minimal interference such that separated
cells maintain viability and biological function. Large-scale sep-
aration, such as in PBPC graft engineering, additionally
demands high capacity and throughput. Also, processing of
cells for therapeutic use must be carried out in closed systems
or, otherwise, under controlled environmental conditions in
conformity with Good Manufacturing Practice standards (30).
Acoustophoresis has recently emerged as an efficient and gentle
method for closed environment continuous flow cell separation
with potential applications in the field of PBPC graft engineer-
ing. Acoustic transfer of intact target cells to a clean suspension
medium (20,31) with concomitant platelet depletion (12) is
certainly an attractive alternative to the manual centrifugation

Isolation of CD4+ Cell by Acoustophoresis
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steps currently applied for cell wash (32), with accumulating
mechanical stress on target cells and risk of cell loss. Today,
advanced processing such as CD34+ progenitor cell selection
or T-cell depletion requires a complete switch to a second plat-
form, i.e.,, MACS, which is restricted to one-parameter sorting
(1). With the potential application of multitarget affinity-
acoustophoresis (i.e., the use of targeted microbeads), for dis-
criminative separation of multiple cell populations (T-cells, B-
cells, NK-cells, etc.), acoustophoresis has the potential to offer a
single platform technique for multiparameter cell separation in
PBPC graft engineering.

CONCLUSIONS

We demonstrate the efficient purification of CD4+ lym-
phocytes from a heterogeneous suspension of hematopoietic
cells without impairing lymphocyte or progenitor cell func-
tion, by combining affinity-bead-mediated acoustophoresis
and buffer density adjustment. Affinity-assisted acoustophore-
sis is, thus, an interesting technology for PBPC processing,
which has furthermore the potential to offer a single platform
technique for multiparameter cell separation.
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Supplementary Figure S1. Flow cytometry analysis of a representative PBPC sample before cell sorting
(A) and following parallel enrichment of CD4+ cells by magnetic and acoustic separation, respectively (B).

CD4+ cells and CD3+/4+ T lymphocytes are gated after exclusion of debris and dead cells (JAAD positive).
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Supplementary Table S1.The purity of CD4+ T lymphocytes in the acoustic target fractions isolated from
individual PBPC samples.
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Abstract: Acoustophoresis is a technique that applies ultrasonic standing wave forces in a
microchannel to sort cells depending on their physical properties in relation to the surrounding
media. Cell handling and separation for research and clinical applications aims to efficiently separate
specific cell populations. Here, we investigated the sorting of CD8 lymphocytes from peripheral
blood progenitor cell (PBPC) products by affinity-bead-mediated acoustophoresis. PBPC samples
were obtained from healthy donors (1 = 4) and patients (n = 18). Mononuclear cells were labeled
with anti-CD8-coated magnetic beads and sorted on an acoustophoretic microfluidic device and by
standard magnetic cell sorting as a reference method. CD8 lymphocytes were acoustically sorted
with a mean purity of 91% + 8% and a median separation efficiency of 63% (range 15.1%-90.5%) as
compared to magnetic sorting (purity 91% + 14%, recovery 29% (range 5.1%—47.3%)). The viability
as well as the proliferation capacity of sorted lymphocytes in the target fraction were unimpaired
and, furthermore, hematopoietic progenitor cell assay revealed a preserved clonogenic capacity
post-sorting. Bead-mediated acoustophoresis can, therefore, be utilized to efficiently sort less frequent
CD8+ lymphocytes from PBPC products in a continuous flow mode while maintaining cell viability
and functional capacity of both target and non-target fractions.

Keywords: acoustophoresis; ultrasound; CD8 lymphocytes; magnetic-beads; cell sorting; PBPC;
peripheral blood progenitor cells

1. Introduction

Hematopoietic stem cell transplantation (HSCT) is an established therapy for hematological
malignancies and other diseases. Potential stem cell sources are bone marrow, peripheral blood and
umbilical cord blood. Over the last two decades peripheral blood progenitor cells (PBPC), which are
collected after mobilization treatment, have replaced bone marrow as the main stem cell source for
transplantations [1].

A standard transplant contains a variety of different cells including stem and progenitor cells
as well as different lymphocyte populations [2—4], and it has been shown that an optimal graft
composition of the transplant is crucial for the transplantation outcome [5]. For example, CD8 depletion
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in nonmyeloablative allogeneic stem cell transplantation decreased graft-versus-host disease (GVHD)
while preserving engraftment and the graft-versus-leukemia (GVL) effect [6]. Other groups have shown
that a higher CD8+ cell dose in myeloablative as well as nonmyeloablative allogeneic HSCT correlates
with better T cell engraftment, improved freedom from disease progression and overall survival [7,8].
Therefore, graft processing methods have been developed aiming to provide an optimized transplant
by enrichment or depletion of certain cell types. Following collection of chemotherapy- and/or
hematopoietic growth factor-mobilized peripheral blood stem cells by large-volume leukapheresis [9],
further processing of PBPC products is nowadays usually performed by large-scale magnetic cell
sorting (MACS) [10,11]. Microfluidic approaches to separate lymphocyte subpopulations from clinical
samples in continuous flow-based magnetic separations have not been reported. However, studies
investigating the isolation of tumor cell lines spiked in blood have demonstrated high recoveries as
well as reasonable purities [12]. Fluorescence-activated cell sorting (FACS) is also an option which,
however, is limited by extensive processing times when sorting clinically relevant cell numbers and
difficulties in complying with current good manufacturing practices (GMP) regulations [13,14].

As an alternative cell handling and sorting tool, acoustophoresis has gained increased attention
for preclinical-scale cell sorting with a strong developmental potential towards later clinical
applications [15,16]. Acoustophoresis utilizes an ultrasonic standing wave generated in a microchannel
commonly of a width corresponding to half a wavelength [17]. The standing wave generates a pressure
node in the center of the channel and a pressure anti-node at the sidewall, and consequently, the
acoustic radiation forces will induce a movement of suspended particles either to the pressure node or
the anti-node, depending on physical properties such as size, density and compressibility in relation
to the suspending medium. Typically, denser particles such as cells or beads move to the pressure
node in aqueous systems while less dense particles such as lipid particles are focused towards the
pressure anti-node [18]. The magnitude of the radiation force increases with the cube of the particle
radius and, therefore, larger particles move faster compared to smaller particles with the same acoustic
properties [19]. Acoustophoresis, as a continuous laminar flow-based and easy-to-handle separation
method, has been shown not to affect cell viability or functional capacity [20-22], and thus might offer
an alternative for cell handling in clinical settings [15,23-26].

Recently, label-free separation of lymphocytes and granulocytes as well as platelets was
demonstrated using microchip-based free-flow acoustophoresis [25,27]. Based on these results we
developed a system to acoustically sort bead-labeled CD4 lymphocytes from peripheral stem cell
products [28]. Bead-labeling was introduced to form bead-target cell complexes which have a higher
net acoustic mobility than unbound cells and thus enable acoustophoretic discrimination of the target
lymphocytes from the general lymphocyte population. Label-free acoustic separation of lymphocyte
subpopulations is not possible due to the minute differences in acoustic properties, specifically in size.

In the current work, we investigated the performance of affinity-bead-mediated acoustophoresis to
separate CD8+ cytotoxic T cells from PBPC products and optimized the sorting for this cell population,
which is less frequent in the starting material compared to CD4+ cells. Following system optimization,
we were able to increase the processing speed by a factor of two, as compared to our earlier work on
acoustic separation of CD4+ cells [28], while still obtaining efficient separation with fully preserved
functional capacity of sorted cells. Affinity-bead-mediated acoustophoresis can therefore be used to
target and enrich specific cell populations in a continuously perfused microfluidic device. Furthermore,
these data represent a step forward towards acoustic sorting of even rarer cell populations, such as
peripheral blood stem cells and also open up the potential for simultaneous acoustic separation of
multiple cell populations.
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2. Materials and Methods

2.1. Ethical Statement

The use of patient and donor PBPC products in the current study was approved by the Regional
Ethical Review Board at Lund University. Written informed consent was obtained from all participants
involved in the study.

2.2. Sample Collection

Peripheral blood progenitor cell products were obtained by large volume leukapheresis performed
with a Cobe Spectra (Terumo BCT, Lakewood, CO, USA), using the MNC program, version 7.0. Samples
were collected after standard mobilization treatment of healthy donors (granulocyte colony-stimulating
factor (G-CSF), Filgrastim, Sandoz, Novartis, Basel, Switzerland) and patients (protocol specific
chemotherapy + G-CSF). On the day of leukapheresis, 1 mL of PBPC sample was removed from
the collection bag and the mononuclear cell (MNC) fraction was isolated by Ficoll density gradient
centrifugation for subsequent use in the experiments.

2.3. Labeling of CD8+ Cells with Affinity Beads

Superparamagnetic 4.5 um polystyrene Dynabeads (Invitrogen Life Technologies, Thermo Fisher
Scientific, Waltham, MA, USA) coated with primary monoclonal anti-CD8 antibody were used to
label CD8+ cells in the MNC fraction. Magnetic beads used in this study were chosen for acoustic
separation due to their commercial availability as well as to have a positive control of the separation
procedure using a standard method, in this case magnetic sorting. In general, affinity-bead-mediated
acoustophoresis can be performed with any kind of bead, as long as it has proper acoustic properties
to distinguish bead-bound cells from unbound cells in the acoustic field.

In brief, 25 uL Dynabeads were added per 107 cells/mL and incubated at 4 °C for 20 min
under continuous agitation. The sample was split equally for tube-based magnetic separation on a
DynaMag™.-15 magnet (Thermo Fisher Scientific) and acoustic separation on an acoustophoresis
micro-chip in parallel (see below).

Following magnetic and acoustic separation, the isolated cells were incubated with
DETACHaBEAD (10 uL per 107 cells) at room temperature for 45 min under continuous agitation
to release bound beads. The cell-bead mixture was exposed to a DynaMag™-15 magnet and the
supernatant containing released cells was transferred to a fresh tube. The beads were washed twice in
1 mL PBS + 2% fetal bovine serum (FBS) (Gibco Life Technologies, Thermo Fisher Scientific) and 0.6%
acid-citrate-dextrose (ACDA) (Terumo BCT) to recover residual cells. Collected cells were washed by
centrifugation at 400x ¢ for 5 min, stained with Trypan blue (Gibco Life Technologies) for dead cell
exclusion and counted using a Neubauer chamber.

2.4. Magnetic Cell Separation

Magnetic separation was performed according to manufacturer’s instructions (Dynabeads
CD8 Positive Isolation Kit, Invitrogen Life Technologies). Bead-labeled cells were isolated using
a DynaMag™-15 magnet while non-labeled cells were removed by washing three times with 1 mL
wash buffer (PBS with 2% FBS and 0.6% ACDA). Isolated cells were released from the magnet and
re-suspended in wash buffer (100 uL/ 107 cells).

2.5. Acoustophoresis Chip

A detailed description of the acoustophoresis chip design and fabrication process can be found in
Augustsson et al. [26]. In brief, the structure of the microchannel was made by anisotropic wet etching
in a silicon wafer using standard photolithography and anisotropic KOH etching, and sealed with a
glass lid using anodic bonding. The chip consists of a sample inlet, leading to a pre-focusing channel
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(10 mm x 300 pm x 150 um), a flow splitter that directs the flow to each side of a central fluid inlet, and
a main separation channel (20 mm x 375 um x 150 pm) ending in a trifurcation with one central outlet
and a common outlet for the two side branches (Figure 1). Docking ports for fluidic tubing were glued
to the inlets and outlets in form of silicon tubing with an inner diameter of one-sixteenth of an inch.

120 uI/mmT

Sample inlet
60 l/min
R Target outlet
.~ Wash buffer inlet \

Waste outlet

Figure 1. Schematic picture of the acoustophoretic chip design. The sample consisting of a mixture of
bead-bound cells (red) and unbound cells (white) is injected into the pre-focusing channel through
the sample inlet. In a first step particles are pre-focused into two parallel bands (A) using a 5 MHz
piezoceramic transducer that drives a full wavelength resonance across the channel width, with two
pressure nodes that superimpose with a half-wavelength resonance in the vertical direction. Following
the flow direction, the particles are then bifurcated to each side of the wash buffer inlet where Ficoll
is infused. Due to the pre-focusing step, cells enter the separation channel close to the channel walls
and are prealigned in the width and height dimension of the channel, ensuring an identical starting
position for the separation procedure and thereby maximizing the resolution of the separation. In the
main separation channel, acoustic forces in an ultrasonic standing wave field with a pressure node in
the center of the channel induce movement of cells and particles depending on their acoustophysical
properties. Bead-bound cells are forced into the Ficoll buffer (B) and can be collected through the target
outlet while unbound cells stay close to the channel wall and can be collected through the waste outlet.

A piezoceramic transducer resonant at 5 MHz was glued underneath the pre-focusing channel,
while a second piezoceramic transducer resonant at 2 MHz was attached underneath the main
separation channel. Both transducers were driven by a dual channel function generator (AFG3022B,
Tektronix, Beaverton, OR, USA), equipped with signal amplifiers (in-house build), and the voltage
over each transducer was measured via a two-channel digital oscilloscope (TDS 1002, Tektronix). For
visualization of the separation procedure a Nikon SMZ800 microscope (Nikon, Tokyo, Japan) was used.

2.6. Fluidic Setup and Sample Procedure

The flow through the chip was controlled by three syringe pumps (neMESYS, Cetoni GmbH,
KorbuBlen, Germany). Two of the pumps were coupled to the chip outlets in withdrawal mode and
connected to 1 mL plastic syringes (BD Plastipak, Becton Dickinson, Franklin Lakes, NJ, USA). The
third pump was used to infuse Ficoll wash buffer (Histopaque-1077, Sigma-Aldrich, St. Louis, MI,
USA) via a 5 mL glass syringe (Hamilton Bonaduz, Bonaduz, Switzerland) to the chip central inlet.
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Before sample processing, the system was flushed with PBS to evacuate air. The flow rate on
each of the three exit branches was set to 60 pL/min and the wash buffer was infused at a flow rate
of 120 pL./min. The bead-labeled PBPC sample (1 x 107 MNC in 1 mL) was connected to the chip
side inlet and entered into the pre-focusing channel at a net flow rate of 60 uL/min. Due to the
pre-focusing step, cells are prealigned in the width and height dimension and enter the separation
channel laminated towards the channel walls ensuring an identical starting position for the separation
procedure and thereby enhancing the resolution of the separation [26]. The operational parameters
such as frequency and voltage were set by visual inspection of the outlet trifurcation, showing an
optimal focus of the bead-labeled cells into the central outlet while non-labeled cells were distributed
to the side branches. Labeled cells in the center outlet (target fraction) and non-labeled cells in the side
outlet (non-target fraction) were collected directly in the syringes.

2.7. Flow Cytometric Analysis

A four-color flow cytometer (FACSCalibur, BD Biosciences, Becton Dickinson) was used to
analyze the PBPC samples before and after magnetic and acoustic processing. Cells were spun
down at 400x g, 4 °C for 5 min, re-suspended in PBS + 2% Gammanorm (Octapharma AG, Lachen,
Switzerland) + 1% FBS and incubated with monoclonal antibodies for 35 min at 4 °C in the dark.
Directly conjugated monoclonal antibodies used in different combinations in this study were: anti-CD3
fluorescein isothiocyanate (FITC) (clone SK7), anti-CD4 allophycocyanin (APC) (clone SK3), anti-CD8
phycoerythrin (PE) (clone SK1), anti-CD19 APC (clone HIB19), anti-CD34 PE (clone 581), anti-CD45
FITC (clone 2D1), anti-CD45 peridinin-chlorophyll protein (PerCP) (clone 2D1), and anti-CD56 PE
(clone MY31), as well as corresponding isotype controls (all from BD Bioscience). Cells were washed
by adding 1 mL FACS buffer (PBS, 1% BSA, 0.1% sodium azide (Sigma-Aldrich)), spun down for
5 min at 3000 rpm and re-suspended in FACS buffer. For dead cell exclusion 7-amino-actinomycin D
(7-AAD, 200 pg/mL, Sigma-Aldrich) or propidium iodide (PI, 1 ng/mL, Sigma-Aldrich) was added
to the cells. Data acquisition on the FACSCalibur was performed using the CellQuest software (BD
Biosciences), recording 10,000 events and analyzing the data with FlowJo software (Tree Star Inc.,
Ashland, OR, USA).

2.8. In Vitro Cell Proliferation Assay

The proliferation capacity of isolated CD8+ cells in response to anti-CD3/anti-CD28 stimulation
was evaluated by flow cytometry utilizing carboxyfluorescein diacetate succinimidyl ester (CFSE)
staining. In brief, 1 x 10° target cells were suspended in 1 mL pre-warmed PBS/0.1% BSA) and
CellTrace CFSE-solution (Invitrogen Life Technologies) at a final concentration of 0.5 uM. Following
10 min of incubation at 37 °C, the staining was quenched by addition of five volumes of ice-cold culture
medium (RPMI-1640 (Gibco Life Technologies), 10% human AB serum (Thermo Fisher Scientific)).
Following 5 min incubation on ice, cells were washed three times by centrifugation at 400x g for
5 min. CFSE labeled CD8+ cells were cultured in duplicates at 15,000 cells per well in a 96-well flat
bottom plate (TPP Techno Plastic Products) in a final volume of 200 pL culture medium. Cells were
stimulated with anti-CD3 (5 ug/mL) and anti-CD28 (2 ug/mL) (eBioscience) in presence of 50 ng/mL
IL-2 (Miltenyi Biotech) and incubated for up to four days (Thermo Forma Steri incubator, 37 °C, 5%
CO,). At indicated time points CFSE fluorescence intensity distributions were measured by flow
cytometry (FACSCalibur, CellQuest and Flow]o software) to analyze cell proliferation.

2.9. Hematopoietic Progenitor Cell Assay

Standard colony-forming cell assay using methylcellulose culture (MethoCult H4435 Enriched,
Stemcell Technologies Inc., Vancouver, BC, Canada) was used to evaluate the hematopoietic progenitor
cell content in PBPC samples and acoustic non-target fractions. Cells were plated at a concentration
of 5000 cells/mL and incubated for 14 days at 37 °C and 5% CO,. Colony-forming units (CFU)
were examined using a CK2 inverted microscope (Olympus, Tokyo, Japan) and counted based on
standard criteria.



Micromachines 2016, 7, 101 60f13

2.10. Statistical Analysis

Statistical tests were performed using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA,
USA). Using the paired or unpaired t-test, statistical significance was determined for p values <0.05.

3. Results

3.1. Enrichment of CD8+ Lymphocytes Using Affinity Bead Acoustophoresis

The performance of affinity-bead-mediated enrichment of CD8+ lymphocytes from PBPC products
using acoustophoresis was evaluated in comparison to standard magnetic cell sorting (Figure 2).
Results from 22 samples (healthy donor n = 4, lymphoma 1 = 7, myeloma n = 8, multiple sclerosis
n = 3) showed an efficient separation of targeted cells with a mean purity (+SD) of 90.9% + 8.3% for
acoustic sorting as compared to 90.9% + 13.8% for magnetic sorting. In the magnetic separation, two
samples had a purity of less than 65%, whereas for the corresponding acoustically-sorted samples
purities of 94.5% and 97.2%, respectively, were reached.
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Figure 2. Frequency of CD8+ cytotoxic T cells in pre-sorted peripheral blood progenitor cell (PBPC)
products and CD8+ purities following acoustic and magnetic separation post-sorted samples are shown.
Both, acoustic and magnetic separation allowed effective enrichment of CD8+ cells. Data are presented
as individual data points (triangles, circles, and quadrants) and corresponding means + SD, n = 22.

The median separation efficiency for acoustically sorted samples, as calculated by the ratio of
CD8 cells in the target and non-target fraction, was 63.2% (15.1%-90.5%) in comparison to a median
recovery of 28.6% (5.1%—47.3%) for standard magnetic separation as defined by the ratio of post-sorted
and pre-sorted CD8 cells. Furthermore, the viability of sorted cells, as obtained with 7-AAD staining,
was 97.6% + 1.8% in acoustically sorted samples as compared to 98.3% + 1.4% for magnetic sorting.

3.2. Distribution of Leukocyte Subpopulations

Flow cytometry analysis was chosen to reveal changes in the distribution of leukocyte
subpopulations (1 = 3) in pre-sorted PBPC samples compared to the non-target fraction after acoustic
sorting (post-sort). As expected, the selective removal of CD8+ cells into the target fractions led to a
relative increase of non-CD8+ cells in the non-target fraction as compared with the pre-sorted samples
(Figure 3).

Comparison of the mean (£SD) relative distribution between leukocyte subsets in the pre-sort
versus post-sort sample showed the following changes: CD3+/CD4+ T helper cells, 10.15% =+ 4.13%
versus 13.81% + 6.38%; CD3+/CD8+ cytotoxic T cells, 8.61% + 8.42% versus 3.20% + 4.14%;
CD19+/CD3— B cells, 0.26% + 0.15% versus 0.28% + 0.11%; CD34+ hematopoietic stem and progenitor
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cells, 2.65% + 0.76% versus 2.85% =+ 0.92%; and CD56+/CD3— natural killer cells, 2.45% + 2.46% versus
2.64% + 2.50%.

3 Pre-sort @ Post-sort
20

0
CD3+/CD4+ CD3+/CD8+  CD19+/CD3- CD34+ CD56+/CD3-

Figure 3. Flow cytometry analysis of the distribution of leukocyte subpopulations in the non-target
fraction (side outlet) of acoustically sorted samples. Comparison of the mean (+SD) percentages of
CD3+/CD4+, CD3+/CD8+, CD19+/CD3—, CD34+ and CD56+/CD3— cells in pre-sorted PBPC and
post-sorted non-target samples (1 = 3). Due to the removal of CD8+ cells from the sample and collection
in the target fraction, a relative decrease of CD3+/CD8+ cells is observed in the non-target fraction
compared to the input PBPC sample.

The low CD19+/CD3— B cell count is due to the fact that all three samples used for the leukocyte
subset analysis were from patients with multiple myeloma, for whom a statistically significant decrease
of the percentage of total CD19+ cells is observed compared with healthy controls [29].

3.3. CD3/CD28-Mediated T Cell Proliferation Capacity of Acoustically Sorted Cells Is Unimpaired

The proliferative response of acoustically and magnetically sorted CD8+ cytotoxic T cells
stimulated with anti CD3/CD28 was evaluated after two, three and four days of culture (n = 3). The
results show similar proliferation capacities of acoustically sorted cells compared to the magnetically
sorted cells (Figure 4). The mean (+SD) relative number of proliferating cells for acoustically sorted
cells versus magnetically sorted cells was: 10.7% + 8% versus 12.3% + 17.2% on day 2, 52.1% + 18.7%
versus 55.2% + 23.8% on day 3, and 84.9% + 7.7% versus 88.0% + 7.6% on day 4.
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Figure 4. CD3/CD28-mediated T cell proliferation of acoustically and magnetically sorted CD8+
cytotoxic T cells. Cells were stimulated in the presence of anti-CD3/CD28 and proliferation was
measured on days 2, 3 and 4 of culture using CFSE staining (1 = 3). For each day the relative number
of proliferating cells (a) as well as the proliferation index, i.e., the average number of cell divisions all
responding cells have undergone, are presented (b).



Micromachines 2016, 7, 101 80of13

In addition to the relative number of proliferating cells, the proliferation index, i.e., the average
number of cell divisions all responding cells have undergone, indicated no significant differences
between acoustically and magnetically sorted cells. The proliferation index for acoustically versus
magnetically sorted cells was 1.28% + 0.28% versus 1.18% + 0.03% on day 2, 1.83% =+ 0.20% versus
1.82% =+ 0.32% on day 3, and 2.45% + 0.32% versus 2.49% + 0.19% on day 4.

3.4. Hematopoietic Progenitor Cell Colony-Forming Ability Is Unaffected by Acoustophoresis

Colony-forming ability of hematopoietic progenitor cells as evaluated by standard methylcellulose
assay revealed a preserved clonogenic capacity post-sorting (Figure 5). The mean (+SD) number of
granulocyte macrophage colony-forming units (CFU-GM) /5000 cells was 14.6 + 6.5 for PBPC samples
(pre-sort) as compared to 11.3 + 5.9 in the corresponding acoustic non-target fraction (post-sort).
Correspondingly, there was no significant difference between the mean (+SD) number of erythroid
burst-forming units (BFU-E) /5000 cells in the pre-sort (12.6 + 6.5) versus post-sort samples (15.6 + 5.1).
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Figure 5. Hematopoietic progenitor cell colony-forming ability. The mean (+SD) number of granulocyte
macrophage colony-forming units (CFU-GM) as well as erythroid burst-forming units (BFU-E) is shown
for cells from pre-sorted (PBPC) and acoustically post-sorted (non-target) fractions (1 = 4).

4. Discussion

Acoustophoresis, as a gentle microfluidic separation method, is based on acoustophysical
properties such as size, density and compressibility of the particles in relation to the suspending
medium. Previously, acoustophoretic label-free cell separations based on significant size differences
have been shown for tumor cell enrichment from white blood cell samples [26], for blood lymphocyte
and granulocyte separation [27], as well as for the removal of platelets from PBPC products [25].

In the current study, separation of lymphocyte populations from PBPC products was investigated.
Similar acoustic properties of the different lymphocyte subpopulations make it impossible to realize a
label-free sorting strategy using acoustic forces. Therefore, we used 4.5 um affinity beads to label the
cells of interest, thereby increasing the size as well as changing the acoustic contrast factor such that the
bead-cell complex obtains an increased acoustic mobility as compared to non-labeled cells. However,
due to the large variety in the cell diameter of lymphocytes (6-20 um) [30-32] and the variable number
of beads that can bind to a target cell, is it likely that the size of the bead-cell complexes partly
overlaps with the non-labeled lymphocytes. We therefore also modified the medium properties of
the central buffer to adjust the acoustic forces on the different particles to improve the discrimination
of bead-bound cells versus non-bead-bound cells. This was performed by adjusting the density of
the medium in the central inlet of the acoustophoresis chip, utilizing the known fact that the acoustic
contrast factor and hence the resulting acoustic radiation force on a cell is dependent on the density
difference versus the surrounding medium. The option to tune the net acoustic force on different
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cells in a sample was previously demonstrated by Peterson et al. by adjusting the density of the cell
suspension buffer with cesium chloride [19].

The beads used in our experiments have a density of 1.6 g/mL, whereas unbound cells have a
lower density of 1.055-1.085 g/mL [33]. Using Ficoll with a density of 1.078 g/mL as a central buffer, an
acoustophoretic barrier is created across which the bead-cell complex is able to migrate. Unbound cells,
having a mean lower density than the central buffer, either cannot overcome this barrier or migrate
very slowly in the higher density buffer. They can thus be isolated from the bead-cell population and
collected at the side outlet of the acoustic chip (Figure 6). By optimizing the central buffer medium
properties it became possible to sort CD8+ lymphocytes from mononuclear cells with high purity
(90.9%) and efficiency (63.2%) into the center outlet. Analysis of lymphocyte subpopulations in the
non-target fraction of the acoustically sorted sample showed a slight relative increase of CD4, CD19,
CD34 as well as CD56 cells, which was due to removal of CD8 cells into the target fraction (Figure 3).
The distribution of the populations is thus in the expected range. The viability and proliferation
capacity of sorted cells were unimpaired, as was the colony-forming ability of hematopoietic stem
and progenitor cells in the non-target fraction. These results are in good agreement with previously
published data [15,22] and show that acoustophoresis is a promising sorting technology also for
possible clinical applications where optimizing the cell composition is of importance.
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Figure 6. Purity and separation efficiency of acoustically sorted CD8+ cells in relation to the central
buffer density. (A) Schematic drawing of the microfluidic device showing the effect of the high density
central buffer. Bead-labeled cells (orange) and unlabeled cells (white) enter into the main separation
channel. High density buffer infused in the central inlet (yellow) creates a barrier across which
bead-labeled cells can be acoustically moved into the center stream and collected in the central outlet
while unlabeled cells are not able to move into the high density buffer and thus exit the separation
channel through the side outlet. Arrows indicate the flow direction; (B) Ficoll was diluted in PBS in
different concentrations and used as central buffer. The purity of the acoustic separation as well as the
separation efficiency was determined (n = 3); (C) The image sequence of the central outlet illustrates
the effect on the acoustic separation at increasing levels of Ficoll in the central buffer. The increase
of the central buffer density creates a barrier through which bead-labeled cells (orange) are able to
move whereas unlabeled cells (white) are not and remain at the sidewall to be collected through the

side outlet.
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The use of affinity microbeads in acoustophoretic applications has previously been shown
to allow the capture of phage viral particles [34] and also to sort CD4 lymphocytes from PBPC
products [28]. In this paper, we show the ability to sort a lymphocyte population which is considerably
less abundant in the starting material as compared to CD4 cells, and our data clearly show that
optimized acoustic sorting as described herein can be successfully applied also to the sorting of less
frequent cell populations. Also, we were able to increase the throughput of the sample by a factor
of two (600,000 cells/min, 60 pL/min sample flow), as compared to acoustic sorting of CD4 cells
(300,000 cells/min, 30 uL/min sample flow), while maintaining high purity of the sorted sample
and preserving functional capacity of both the target and non-target cells. Affinity-bead-mediated
acoustophoresis can therefore be used to target and enrich specific cell populations in a continuously
perfused microfluidic device. Furthermore, this is a promising step towards the sorting of rare CD34+
hematopoietic stem and progenitor cells, which make up around only 1% to 2% of the MNC collected
from peripheral blood after mobilization treatment [35], as compared to 8.4% + 5.8% CD8+ cells
(own data).

Processing of PBPC products for clinical use is nowadays usually performed by large-scale
magnetic cell sorting using the Miltenyi CliniMACS system (Miltenyi Biotec, Bergisch Gladbach,
Germany). Here, the cells of interest are labeled with 50-nm-sized magnetic particles and are either
depleted or positively selected using a magnetic field in an automated device. Magnetic sorting
with the CliniMACS can be performed with high purities and recoveries of usually 95%-99% and
60%-70%, respectively [36-38], as well as high throughput of sample. The CliniMACS sorting process
is a batch process and the separation is limited by the loading capacity of the magnetic column [39],
whereas acoustophoresis offers a continuous flow-based separation procedure without limitation of the
processed sample volume. However, processing of clinical-scale samples by acoustophoresis would
require a substantial upscale of the throughput. When compared to the CliniMACS system, which is
able to process samples at a speed of 1 mL/min [40], the throughput of the acoustophoresis microchip
is much slower and would have to be increased by a factor of 10 to process PBPC at a clinical scale.
Likely, this can be achieved by increasing the length of the separation channel and/or by using several
microchannels in parallel [23]. However, the scope of the current work has been to show a proof of
concept that matches the performance of clinical practice and an up-scaled system having clinical
capacity is a next step in the technical development.

Our data show that the performance of acoustic separation is in the range of what is reported
for other systems and was even superior compared to the control sorting experiments performed in
parallel with the Dynabead system. Nevertheless, further improvements of the acoustic cell sorting
system are of course desirable, and could be realized by optimization of the experimental setup, for
example enhancing the separation stability of the acoustic setup, such as wash buffer modification,
maximizing flow rates and acoustic energy in the channel, temperature and frequency control and
implementation of a more stable pressure-driven flow control system as compared to syringe pumps.
Augustsson et al. [41] reported a temperature dependence of the resonance frequency and acoustic
energy in the microchannel and later implemented a thermostabilized system to enable long-term
stable operation at a fixed resonance frequency [26]. Moreover, the beads used in the experiments were
not optimized for acoustophoresis but rather chosen because they allowed a direct comparison with
magnetic sorting. Different bead materials and sizes as well as optimization of the binding capacity
therefore represent additional ways to potentially increase performance.

Acoustophoresis is an easy-to-handle separation technology and it provides an interesting
alternative in the handling of PBPC products for research purposes, pre-clinical as well as clinical
applications. The microfluidic device can easily be combined in line with additional up- and
down-stream applications, for example combining the separation of target cells with direct preparation
and analysis of the separated cells [24]. Also, the separation of multiple target fractions using
different-sized beads in a suitable microfluidic chip design [19] is possible and offers the opportunity
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for simultaneous sorting of two or more cell types, a feature which cannot be realized with current
magnetic sorting devices.

5. Conclusions

In this study we show that acoustophoresis of bead-labeled cells can be utilized to efficiently sort
the CD8+ lymphocyte population from peripheral blood progenitor cell products. Optimization of the
system substantially increased the performance, allowing us to double the processing speed compared
to previously reported acoustic CD4 separation while still facilitating an efficient separation with fully
preserved functional capacity of the sorted cells. Bead-mediated acoustophoresis can therefore be used
to target and separate specific cell populations from a complex sample in a continuously perfused
microfluidic device. Furthermore, the technology opens up the potential for simultaneous acoustic
separation of several cell populations on a single device.
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Effective separation methods for fractionating blood components are needed for numerous diagnostic
and research applications. This paper presents the use of acoustophoresis, an ultrasound based
microfluidic separation technology, for label-free, gentle and continuous separation of mononuclear
cells (MNCs) from diluted whole blood. Red blood cells (RBCs) and MNCs behave similar in an acoustic
. standing wave field, compromising acoustic separation of MNC from RBC in standard buffer systems.
. However, by optimizing the buffer conditions and thereby changing the acoustophoretic mobility of
: the cells, we were able to enrich MNCs relative to RBCs by a factor of 2,800 with MNC recoveries up
: to 88%. The acoustophoretic microchip can perform cell separation at a processing rate of more than
1 X 10° cells/s, corresponding to 5 pl/min undiluted whole blood equivalent. Thus, acoustophoresis can
be easily integrated with further down-stream applications such as flow cytometry, making it a superior
alternative to existing MNC isolation techniques.

: Mononuclear cells (MNCs), i.e. lymphocytes and monocytes, as part of the white blood cell population (WBC),
. play a critical role in the human immune system and are important in a variety of clinical and research applica-
¢ tions. Working with MNCs often requires enrichment or isolation of the cells which can be challenging due to
. their low abundance of less than 0.06% of all blood cells'.
: Separation of MNCs is commonly performed in batch processes either by density gradient centrifugation
- or red blood cell (RBC) lysis and centrifugation, both involving several manual handling steps. Alternatives to
. replace these labor-intensive methods are intensely researched within the microfluidics field. Miniaturized and
. automated fluid handling holds great promise of reducing several of the shortcomings encountered in macroscale
. handling of cell samples®. The deterministic behavior of fluids governed by the laminar flow conditions in micros-
. cale devices has driven the development of a wide range of modalities for separating cells, in which separation
. performances take advantages of physical scaling laws, but many times at the expense of system throughput®=*.
A key area of interest has been to develop methods that can differentiate cells solely based on their intrinsic
. parameters, which would enable a label free separation of the target cells and thereby reduce manual handling

steps and costs. To achieve this goal, the microfluidic systems have to be designed to utilize differences in phys-

ical properties of the cells such as size, shape, density, electrical charge and deformability. The benefits of these
. microfluidic concepts can then be fully realized by integration with downstream unit operations or other lab-on-a
: chip devices™!*!!,

‘When addressing label-free and continuous WBC separation from blood using microfluidics, different work-

. ing principles have been proposed including cross-flow filtration®', hydrodynamic filtration'*'*, hydrophoretic
. filtration®, deterministic lateral displacement’, inertial focusing'®-', dielectrophoresis?*?!, leukocyte margina-
: tion?, and erythrocyte lysis?*?!. However, most of the microfluidic devices reported thus far are either not suffi-
. ciently efficient in terms of separation performance or operate at low throughput rates ranging from 0.018 ul/min
. to 2ul/min of undiluted blood®*!* (Table 1). Furthermore, to our understanding, none of the described methods
. allows for direct separation of MNCs from whole blood with acceptable purities of the MNC fraction.
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8 Undiluted ~98% ~99.975% ~70.5% | ~28%%* ~2000 0.06 pl/min
Cross-Flow filter
12 Undiluted ~97.2% NA ~96.9% | ~39%* NA 0.33 pl/min
Hydrodynamic filtration 13 10x NA NA ~3.6% | ~1.4%* |~29 2 pl/min
Hydrophoretic filtration 15 20x (rat blood) | NA NA ~58% ~23.2%* | ~210 0.05 pl/min
. ) . ~96% (WBC) | _ B B B )
Deterministic lateral displacement | 9 Undiluted ~959% (MNC) 99.1% 9% 5.5% 110 0.018 pl/min
Microfiltration using rarchets 26 Undiluted ~98% (WBC) ~100% ~100% | ~40%* NA 0.083 pl/min
16 500x ~95% ~94% NA NA NA 3.6 ul/min
. . 18 400x ~89.7% ~99.8% ~91% ~36.4%* | NA 0.375 pl/min
Inertial focusing
19 20x NA NA ~48% | ~192%* |NA 240 l/min (30 pl/min
per channel)
Dielectrophoresis 21 5x ~92.1% ~87% NA NA NA 0.16 pl/min
Leukocyte margination 22 Undiluted NA NA NA NA ~34 NA
23 Undiluted ~100% >99.5% NA NA NA 0.5 ul/min
Continuous erythrocyte lysis
24 10x ~99% NA NA NA NA 100 pl/min
Slanted hydrodynamic filtration 27 20x ~85% NA ~80% ~32%%* NA 2 pl/min
) ) >43% (WBC) B B ~1000 (WBC) ]
Acoustophoresis This work | 20x 287% (MNC) >99.95% 54% 53% ~2800 (MNC) 5 pl/min

Table 1. Label-free, continuous separation of WBC from blood using microfluidics. *Calculated based on
assumption that ~40% of WBC are MNCs? **Whole blood equivalent.

Acoustophoresis, as an alternative microfluidic cell handling technique, offers a label-free and continuous cell
separation that provides both high throughput and good separation performance for bioanalytical and medical
applications?*-*!. Typically, an ultrasonic standing half wave is generated across a microchannel, in which acoustic
radiation forces induce a movement of suspended cells or particles either towards the pressure node in the center
of the channel or towards the pressure anti-node at the sidewalls. The magnitude and direction of the radiation
force is dependent on the physical properties of the cells such as size, density and compressibility in relation to
the surrounding medium™. In an aqueous system, denser particles, such as cells, are typically focused towards the
pressure node while less dense particles, such as lipids, move to the pressure anti-node****. Particles with the same
acoustic properties can be separated based on their size, as the acoustic radiation force scales with the particle vol-
ume and hence larger particles move faster than smaller particles®. Size based separation was successfully shown
for a variety of clinical relevant applications such as separation of lymphocytes from granulocytes, isolation of
tumor cells”’, separation of WBCs from platelets®, cell cycle phase synchronization in mammalian cells*” and
isolation of bacteria in blood from sepsis patients!’. Furthermore, acoustophoresis has been shown to be a gentle
method that does not affect the viability and proliferative capacity of acoustically-separated cells**0-%3,

There is a clear unmet need for a rapid, simple and efficient method to separate MNC from blood, with at
least a 3-log reduction of the RBC fraction and high MNC recovery above 80%, as an alternative to current
labor-intensive density gradient centrifugation or RBC lysis and centrifugation**. Acoustophoresis based cell
separation holds promise of addressing this shortcoming in view of the significant size differences between the
two cell types. However, acoustophoretic WBC isolation experiments indicated that WBC and RBC displayed to
alarge extent overlapping acoustophoretic mobilities when diluted in the most commonly used buffer systems,
such as phosphate buffered saline (PBS)*, which has so far prevented the use of acoustophoresis to generate pure
MNC populations from blood for bioanalytical and diagnostic purposes.

In this paper, we report the development of an acoustophoresis protocol that enables the efficient and rapid
separation of MNCs from diluted whole blood. The acoustophoresis chip was based on the earlier reported design
by Augustsson®” with a 2-dimensional pre-alignment zone preceding the separation zone but was modified by
increasing the channel length (both pre-focusing channel, from 10 mm to 26 mm and separation channel, from
20 mm to 43 mm) in order to enable an increased sample flow rate. Separation was realized by optimizing the
acoustic properties of the suspending medium, thereby changing the acoustophoretic mobility of MNCs versus
RBCs. This method has a much higher separation efficiency combined with higher throughput than previous
reports on the label-free microfluidic separation of WBC components from blood®*'>!*?!. The gentle, label-free
and continuous acoustophoresis separation protocol developed herein presents an important step towards inte-
gration of downstream diagnostic applications such as direct analysis of MNCs in flow cytometry.

Results and discussion

Optimizing the acoustic properties of the suspending medium.  The acoustic radiation force acting
on a particle in a one-dimensional ultrasonic standing wave field is dependent on particle properties such as size,
density and compressibility, and scales with the particle radius to the third power (Supplementary Equation 1).
In human whole blood, the cell volumes and densities differ between various populations. Mononuclear cells are
larger but less dense (diameter 6-20 um, volume 160-450 um?, density 1.055-1.070 g/cm®) as compared to red
blood cells (7-8 um, 80-100 pm?, 1.089-1.100 g/cm?)?>*>-%7, Calculations of the acoustophoretic mobility showed
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Figure 1. Microfluidic chip design. Diluted blood is injected into the pre-focusing channel where cells are pre-
aligned using a 5 MHz transducer. The transducer generates an acoustic pressure node from top to bottom as
well as a double node across the width of the channel, aligning the cells in height and width into two parallel
bands. Pre-aligned blood is bifurcated at the v-shaped flow splitter around the central buffer inlet and enters
the main focusing channel close to the channel wall. Due to the pre-alignment, cells are starting at identical
positions and at the same flow speed, enhancing the resolution of the separation. In the main focusing channel,
a2 MHz transducer creates an acoustic standing wave field with a pressure node in the center of the channel,
inducing movement of the cells depending on their acoustophysical properties. Cells with high acoustic
mobility are moved faster to the channel center and can be collected in the center outlet while cells with low
acoustic mobility stay close to the channel wall and are collected at the side outlet.

an overlap between WBCs and RBCs in PBS (Supplementary Figure 1a), indicating difficulties to acoustopho-
retically separate WBC or MNC from RBC under these conditions, which was confirmed experimentally. When
increasing the magnitude of the acoustic radiation force, both MNC and RBC started to move from the side
wall of the acoustophoresis channel (Fig. 1) towards the pressure node in the center fraction, revealing similar
separation profiles under standard buffer conditions (Fig. 2a). However, the acoustic radiation force on a cell is
also coupled to the acoustophysical properties of the surrounding medium. Changes of the medium properties
can thus alter the acoustic forces acting on a cell*>*# as expressed by the acoustic contrast factor*’. Usually,
particles that are denser than the suspending medium display a positive acoustic contrast factor and migrate
towards the pressure node in the acoustic field. By increasing the density and decreasing the compressibility of
the medium, the acoustic contrast factor of the cell decreases resulting in a reduction of the cell’s acoustophoretic
mobility*®. Ultimately, a movement towards the pressure anti-node can be accomplished if the acoustic contrast
factor becomes negative™.

By calculating the acoustophoretic mobility for WBC and RBC for modified buffer compositions using
increasing concentrations of Stock Isotonic Percoll (SIP) solution, a standard buffer density modifier, we antic-
ipated that the mobility of WBC should approach zero at a concentration of 70% SIP while the corresponding
average mobility value for RBC should be about 4000 um?/Pa-s (Supplementary Figure 1a). Based on these calcu-
lations, it thus could be expected that MNC would display similar discrimination properties with respect to their
acoustophoretic mobility in separation experiments.

We therefore investigated the acoustophoretic mobility of MNC and RBC, as measured by the obtained sepa-
ration efficiency, in buffer compositions with different SIP concentrations. Dilution of SIP decreases the density of
the medium as well as the speed of sound and increases the compressibility (Supplementary Figure 1b,d). For the
separation experiments, blood was diluted 100 times in SIP (at indicated concentrations), 500 ul of sample were
processed through the acoustic chip, and both outlet fractions were analyzed for their cell content.

For optimum separation, it was critical that the central inlet buffer had the same SIP composition as the buffer
used for the cell sample dilution. The acoustic impedance differences between the central buffer and the diluted
sample entering through the side inlets, would have otherwise led to an acoustic radiation force-induced translo-
cation of the two fluids, compromising the separation efficiency®!.

Figure 2b summarizes the outcome of our measurements, showing the separation efficiency for MNC and
RBC at different SIP concentrations. The amplitude settings on the 2 MHz transducer were adjusted to the differ-
ent acoustophoretic conditions as follows: 0% SIP (equivalent to PBS) 2V, 25% SIP 4V,,,, 50% SIP 6V, 75-85%
SIP 25V, and 90-100% SIP 30V, Based on the theoretical calculations (Supplemental Figure 1A) both MNCs
and RBC:s displayed a lower acoustophoretic mobility at increased SIP concentrations. Therefore, voltage settings
had to be increased in order to achieve suitable pressure amplitudes, to move the RBCs equivalently into the
center fraction at higher SIP concentrations. Scanning of the optimal voltage range was done for the different
buffer conditions (Supplementary Figure 2). For 0-25% SIP, no separation was possible regardless of the voltage,
which is due to the similar acoustophoretic mobility of MNCs and RBCs under these conditions (Supplementary
Figure 2). At a concentration of 50% SIP, the acoustophoretic mobility of the MNCs was reduced in relation to
RBCs, resulting in a mean separation efficiency (£SD) of 98.4 £ 1.2% of MNCs while 30.3 4-4.7% of the RBCs
were depleted. Optimal separation was achieved between 75-100% SIP, with RBC contamination rates of only
0.8 +0.6% and MNC separation efficiencies of 99.4 +0.4% at 75% SIP. Increasing the SIP concentration to 100%
also reduced the mobility of RBCs which was reflected by a decreased RBC depletion rate to 88.0 = 6.7% (Fig. 2b).
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Figure 2. Optimizing buffer condition changes acoustic mobility of blood cells and enables separation of
mononuclear cells (MNC) from red blood cells (RBC). (a) Separation efficiencies, defined as the ratio of cells
in the side outlet as compared to both outlets, are shown for MNCs and RBCs in PBS with increasing strength
of the acoustic field, peak-to-peak voltage, V,,, (b) as well as for varying buffer conditions by increasing the
percentage of Stock Isotonic Percoll solution (SIP). A range of 75-100% SIP changes the acoustic mobility

of MNCs and RBC:s sufficiently to enable separation of the two cell populations. (c) The relative enrichment,
calculated by the ratio of MNCs to RBCs after the separation compared to the input ratio, MNCs at different
SIP concentrations ranging from 75-100% and at different actuation voltages. (d) The separation efficiency for
different white blood cell populations is shown in the same SIP range for 25 V.. (mean + SD, n=3).

For SIP concentrations above 90%, RBCs did not have sufficient time to migrate into the center fraction before
reaching the outlets, resulting in a decreased RBC depletion rate. Theoretically, this decrease in RBC depletion could
be compensated by decreasing the flow rate, which however would also decrease the throughput. Alternatively,
increasing the length of the main separation channel would enable the RBCs to reach the center fraction even at SIP
concentrations >90%. Accordingly, design-modified chips, as well as increased amplitude of the acoustic field could
further decrease the RBC contamination when using high SIP concentrations. However, increasing the amplitude
significantly increases temperature losses in the piezoelectric actuator, causing a temperature drift of the system, and
ultimately leading to a drift in the resonance frequency of the acoustophoresis channel®2.

The acoustic separation outcome can be expressed as the relative enrichment of MNC to RBC, calculated by
MNC to RBC cell ratio after the separation divided by the corresponding input ratio. Figure 2c illustrates the
results for SIP concentrations between 75-100% for three different actuation voltages. The highest enrichment
was achieved at 80% SIP, 25VPP with a mean (£SD) of 390.6 &= 169.8-fold enrichment. Under these conditions,
increasing the voltage to 30V,,, resulted in a higher fraction of MNCs that was translocated to the center, thus
resulting in a decreased relative enrichment. In comparison, for higher SIP concentrations, more RBCs contami-
nated the side outlet fraction leading to a lower relative enrichment.

Lymphocytes and monocytes, as part of the MNCs, together with granulocytes are subpopulations of white blood
cells. Both lymphocytes and monocytes show a similar behavior in the acoustic field and can be collected in the
side outlet with high separation efficiencies at SIP concentrations ranging between 75-100% SIP and 25V, actua-
tion (Fig. 2d). In contrast, granulocytes display acoustophysical properties similar to RBCs and are therefore moved
towards the acoustic pressure node in the microchannel center. At SIP concentration of 75-90% less than 5% of all
granulocytes are collected in the side outlet fraction, resulting in a less contaminated and more purified MNC sample.

Blood concentration influences separation efficiency. When using external force fields in microflu-
idic separations, the particle concentration becomes a critical factor for the separation outcome, as also confirmed
by theoretical modeling of hydrodynamic particle-particle interactions®***. At high particle concentrations, the
hydrodynamic interaction between particles increases, which causes the suspension to move as a whole. For
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Figure 3. Whole blood dilution rates influenced separation outcome. (a) The separation efficiencies of MNC
(blue) and RBC (red) in the side outlet fraction as well as the relative enrichment of MNC to RBC as compared
to the input blood sample (boxplot) for different blood concentrations are shown (n =4). (b) The recovery of
MNC for the different blood concentrations was calculated as the percentage of cells in the output to the input
sample. Blood was diluted in 80% SIP and separated at 25 V,,, (mean + SD, n=4).

a given particle, the migration velocity towards the pressure node is lowered at higher particle concentrations
at the same time as other particles with lower acoustophoretic mobility are hydrodynamical coupled to faster
moving particles. The threshold for hydrodynamic coupling, estimated by monitoring the washing efficiency of
beads or cells, has experimentally been shown to range to between 107-10° particles/mL**"*” depending on the
particle size used. The theoretical estimates by Ley ef al.>* on the threshold values for hydrodynamic coupling in
acoustophoresis systems indicate that volume fractions above 0.01 significantly impact the separation. Human
undiluted blood has an average of about 5 x 10° cells/ml (volume fraction ~0,4) which is clearly above the thresh-
old for hydrodynamic coupling. Therefore, the influence of different starting blood concentrations diluted in
80% SIP on the acoustophoretic separation outcome was investigated. A 200 pl sample was separated at 25V,,,
and the separation efficiencies of MNCs and RBC:s for the side outlet fraction, as well as the relative enrichment
of MNCs to RBCs as compared to the input sample were recorded. Dilution of blood decreased the average cell
concentration to about 5 x 108 cells/ml (10% blood, volume fraction =0,04) and 5 x 107 cells/ml (1% blood,
volume fraction ~0,004). As shown in Fig. 3a, an increase in the final blood concentration led to a decrease in
mean separation efficiency (£SD) of MNC from 92.8 4 1.3% at a blood concentration of 1% to 80.7 4-16.1% at
10% blood concentration, in agreement with the theoretical threshold for hydrodynamic coupling. Interestingly,
increasing the starting blood concentration further to 20% resulted in a slightly higher mean MNC separation
efficiency (86.2 4 7.4%) compared to 10%. However, in this case also more RBCs were recovered in the side outlet
due to an overload of the central outlet, an effect which has been reported previously for washing of blood cells®.
Overall, the best results with a median relative enrichment of MNC to RBCs of 2806-fold (range 1318-5398) were
achieved for a starting blood concentration of 5% (Fig. 3a).

Acoustophoretic separation of blood cells outperforms other previously reported continuous and label-free
microfluidic separation devices, both in relative enrichment as well as sample throughput. The published literature
reports sample flow rates between 0.018 ul/min and 3.6 ul/min undiluted whole blood equivalent, however, relative
enrichment rates of WBCs versus RBCs are often as low as 15-110 fold®*!*!6212 compared to 2,800-fold of MNC
enrichment with our system. The most promising enrichment results obtained with other systems were reported
for a microfluidic cross-flow device®, which enabled to increase the ratio of WBC to RBC 2,000-fold as compared
to the initial sample with ~98% separation efficiency while recovering ~52% of the WBC. However, the overall
throughput of this system reached only 0.06 ul/min of undiluted whole blood equivalent, which is more than 80
times lower compared to the acoustophoretic system reported herein. Unfortunately, many studies in the field only
report separation results for the whole WBC population®'>!*2122 without considering that different WBC subtypes
might respond differently to the separation process and thus introduce a possible bias. This makes a direct compar-
ison of the published methods to acoustophoretic MNC separation difficult. Nevertheless, in our study, a sample
throughput of 5 ul/min whole blood equivalent (>10° cells/s) was achieved when using a 5% blood concentration.

When calculating the overall enrichment of WBC (accounting for the depletion of granulocytes of
82.1+11.5%) a median 1,013-fold enrichment of WBCs to RBCs was accomplished, which is considerably higher
than most other reported microfluidic systems.

The total MNC recovery, as calculated by the percentage of mononuclear cells in the side outlet compared to
the input cell amount, was lower than the measured separation efficiency (Fig. 3b). However, this can be explained
by the residual volume of the microfluidic system, such as connecting tubings and the microfluidic chip, in which
a significant fraction of the sample volume remains after processing. Obviously, this problem becomes less rel-
evant when higher volumes are processed and can easily be solved by introducing a final flushing step. This is
illustrated by running 200 ul sample of 1% blood which produced a total MNC recovery of 68% whereas MNC
recovery was increased to 88% by increasing the volume to 500 pl, which resulted in separation efficiency of 92%.
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Figure 4. Comparison of acoustophoresis and standard separation methods. (a) Recovery of MNCs, calculated
as the percentage of cells in the output compared to the input cell amount, and (b) depletion of RBCs are shown
for acoustic separation as well as for density gradient centrifugation (Ficoll) and RBC lysis (mean & SD, n=3).
(c) Purities of the different populations as obtained by each separation method were calculated as the ratio of
MNC:s (blue), granulocytes (black) and RBCs (red) respectively to the total number of cells in the separated
sample (mean £ SD, n=3). (d) Representative FACS plots show the distribution of the different cell types in the
starting blood sample (left) as well as after the different separation methods.

Acoustic separation in comparison to standard separation methods. Separation of MNCs can
be performed by various methods, all of them having their benefits and disadvantages. Here, we compared the
acoustophoretic separation to two standard methods, Ficoll separation and RBC Lysis. Isolation of MNCs using
Ficoll is based on differences in cell density using density gradient centrifugation, whereas RBC Lysis selectively
disrupts RBCs in the blood sample followed by washing and enrichment of MNCs by sequential centrifugation
steps. MNC recovery and RBC depletion are shown for the different separation methods in Fig. 4a and b, respec-
tively. All three methods reached comparable RBC depletion rates of over 99.97%. The lowest mean (£SD) recov-
ery of MNCs of 50.7 = 8.7% was achieved using Ficoll separation, which also required the largest volume of blood
(5mL). The highest recovery was obtained using RBC lysis with 79.4 4 21.7%. As described previously, MNC
recovery for acoustic separation is dependent on the starting blood concentration as well as on the processed
sample volume and was highest for 500 ul of 1% starting blood concentration (88.5 £ 15.6%). Figure 4 shows the
results for acoustic separation of blood at 5% starting concentration, 200 ul sample volume, run with 80% SIP at
25V,, which gave the highest relative enrichment of MNCs to RBCs (Fig. 3a).

Sample purities (Fig. 4c) as well as representative FACS plots (Fig. 4d) show the different distributions of cell types
in the input and output samples. Starting blood samples consisted to 99.86 +0.03% of RBCs, to 0.1 +0.03% of gran-
ulocytes and only to 0.044 4 0.005% of MNCs, which corresponded to a MNC to RBC ratio of 1 to 2292. Acoustic
separation considerably reduced the number of RBCs leading to a MNC to RBC ratio of 1.4 to 1, with a MNC purity
of 53.3+14.5%. In comparison, Ficoll density gradient centrifugation resulted in the highest ratio in MNC to RBCs
of 11.5to 1 and a MNC purity of 87 +8.9%. RBC lysis had the highest granulocyte contamination and gave the lowest
purity of MNCs of 27 & 3% but also the lowest RBC contamination with a MNC to RBC ratio of 9.7 to 1. Furthermore,
RBC lysis increased the amount of cell debris in the sample as indicated in the flow cytometry data (Fig. 4d).

Based on our results, acoustophoresis offers an alternative to standard MNC separation methods, and can also
be applied to separate other cell types which show overlapping acoustic mobilities in standard buffer conditions.
Furthermore, due to the continuous acoustic separation of MNC from blood, the device can be easily integrated
with downstream applications, such as direct analysis of MNC in a flow cytometer. Counting MNC from whole
blood with cell concentrations of ~5.000.000 cells/ul is not possible with current flow cytometer systems (flow speed
of 10.000-200.000 events/s, cell concentrations 5.000-1.000.000 cells/ul)**. Acoustophoresis can decomplex blood
samples sufficiently from ~115.000 cells/s to ~560 cells/s and thus enable analysis of a purified MNC fraction directly
in the flow cytometer without increasing the number of manual steps such as pipetting or centrifugation.
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Conclusion

‘We have shown that acoustophoresis can be used to enrich mononuclear cells from red blood cells with high efficiency
and recovery. In agreement with theoretical calculations we demonstrate experimentally that the acoustophoretic
mobilities of MNC and RBC can be differentially affected by modifying the acoustophysical properties of the buffer,
thereby enabling efficient separation of the two cell types with otherwise overlapping acoustophoretic mobilities.

Materials and Methods

Ethical statement. The collection of blood samples from healthy volunteers was approved by the Regional
Ethical Review Board at Lund University. All experiments were performed in accordance with relevant guidelines
and regulations.

Sample collection. Blood samples were obtained from healthy volunteers after informed consent at Lund
University Hospital, Lund, Sweden and collected in vacutainer tubes (BD Bioscience, San Jose, CA, USA), con-
taining ethylenediaminetetraacetic acid (EDTA) as anticoagulant.

Central inlet buffer preparation.  Percoll density medium (Sigma-Aldrich, St. Louis, MI, USA) was used
as central inlet buffer as well as to prepare dilutions of blood for the acoustophoretic separation. To adjust the
osmolality of undiluted Percoll, 1 part (v/v) of 1.5 M NaCl (Sigma-Aldrich) was added to 9 parts (v/v) of Percoll
to make a stock isotonic percoll (SIP) solution. Adjustments of the density of SIP were done by further dilution
of SIP in 0.15M NaCl.

Sample preparation, immunostaining and flow cytometric analysis. Blood samples were pro-
cessed within 10 hours after collection, stained with monoclonal antibodies for 15 min at room temperature in
the dark and further diluted in central inlet buffer. The following directly conjugated monoclonal antibodies were
used in this study: CD3-APC (clone HIT3a), CD14-PE (clone MpP9), CD19 FITC (clone HIB19), CD45-PerCP
(clone 2D1), CD61-PE (clone VI-PL2), CD66b FITC (clone G10F5) and CD235a APC (clone GA-R2), as well as
matched isotype controls (all from BD Bioscience, San Jose, CA, USA). Stained samples were analyzed before and
after separation on a FACSCanto II flow cytometer (BD Bioscience) and acquired data was further analyzed using
the Flow]Jo software (Tree Star Inc., Ashland, OR, USA).

Standard methods for mononuclear cell separation. Mononuclear cells (MNC) were isolated by
Ficoll density gradient centrifugation using Ficoll-Paque Premium (1.078 g/ml, GE Healthcare Life Sciences,
Little Chalfont, UK). In brief, 5mL blood was diluted four times and layered over 15 mL of Ficoll-Paque Premium.
After 40 min of centrifugation at 400 x g the mononuclear cell layer was removed and washed twice at 200 x g,
for 10 min.

For comparison, selective lysis of red blood cells (RBCs) to enrich the MNC fractions was performed using
BD Pharm Lyse (BD Bioscience, San Jose, CA, US). A total of 200 uL blood was lysed by adding 2mL of 1x lysing
solution, incubated for 15 min at room temperature in the dark and washed twice at 200 x g for 5 minutes.

Acoustophoretic setup.  Microfluidic chip design. The acoustophoretic chip was manufactured by
Micronit (Enschede, Netherlands) using Deep Reactive Ion Etching and sealed with a glass lid. The channel
structure was etched into silicon and consists of a sample inlet, a pre-focusing zone (26 mm x 300 um x 150 um),
a v-shaped flow splitter around the central buffer inlet, a main separation channel (43 mm x 375pm X 150 um)
and a trifurcation with a central outlet and a common side outlet for the two lateral branches (Fig. 1).

Acoustic actuation.  The standing wave field was created using piezoceramic transducers glued underneath the
pre-focusing channel as well as underneath the main separation channel. Frequencies were set to 4.831 MHz for
the pre-focusing channel with 5 V,,, amplitude and 1.956 MHz for the main separation channel. A dual channel
function generator (AFG3022B, Tektronix, Beaverton, OR, USA), connected to signal amplifiers (in-house build)
was used to drive both transducers while the voltage over each transducer was measured via a two-channel digital
oscilloscope (TDS 1002, Tektronix). Temperature regulation was achieved using a Peltier element and a PT100
resistance temperature detector attached to the acoustophoretic system.

Fluidic setup and sample procedur.  An in-house designed pressure driven system with feedback regulation was
used for controlling the fluids to and from the chip monitored by SLI-1000 Liquid Flow Meters (Sensirion AG,
Switzerland)®. A total volume of 200-500 ul diluted blood was infused through the sample inlet at 100 ul/min and
pre-aligned in width and height into two parallel bands in the pre-focusing channel. Pre-aligned blood entered
the main-separation channel, with a central inlet buffer flow rate set to 300 pl/min, and cells were separated in
the acoustic standing wave field, based on their acoustophysical properties into the center outlet fraction (100 pl/
min) or the side outlet fraction (300 ul/min). Samples of both outlet fractions were collected in 5ml tubes and
analyzed for their cell content.

Data availability. The authors declare that all data supporting the findings of this study are provided in the
paper and it’s Supplementary Information. Raw data is available on request.
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Supplementary
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Supplementary Equation 1. Acoustic radiation force F,*¢ acting on a particle in an acoustic standing wave field
where o, po, &p and g, are the compressibility and density of the fluid and particle, ¢ (&, p) is the acoustic contrast
factor, k is the wave number (2n/)), Exc is the acoustic energy density, z is the position of the particle along the wave
propagation axis, pa is the pressure amplitude, ¢, is the speed of sound in the medium®.
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Supplementary Figure 1. (a) Acoustophoretic mobility, calculated as the radius squared times the acoustic contrast
factor divided by the viscosity of the medium, a’®/n, is shown for WBC (blue) and RBC (red) at different
concentrations of stock isotonic percoll solution (SIP) with the colored area showing the variance associated with the
size variability of the population and the dashed line indicating the average mobility value (calculations are based on
values obtained by Cushing et al.?). (b) Both the density p and (c) speed of sound c at 25°C of SIP (black) as a function
of the SIP concentration were determined using a density and sound velocity meter (DSA 5000M, Anton Paar GmbH).
(d) The compressibility « was calculated from the obtained values as 1/(pc?).



-~

25% SIP

Separation efficiency [%)]

Amplitude [V, ]

75% SIP
100
90+
80
70
60
50
40+
30
20+
10+

0 T T T T T T T T T
0O 2 4 6 8 10 12 14 16 18 20

Amplitude [V ]

Separation efficiency [%)]

=

Separation efficiency [%)

=

Separation efficiency [%]

504

50% SIP

MNC

100

Amplitude [V, ]

100% SIP

904
804
704
604
504
40+
304
204
104

0

MNC

RBC

5

T T T T 1
10 15 20 25 30

Amplitude [V}, ]

Supplementary Figure 2. Increasing concentrations of SIP enabled the acoustic separation of MNC and RBC. Blood
was diluted in increasing concentrations of stock isotonic percoll solution (SIP) of (a) 25%, (b) 50%, (c) 75%, and (d)
100%, and perfused through the acoustophoretic chip at varying amplitudes of the acoustic field. Separation efficiency,
defined as the ratio of cells in the side outlet as compared to both outlets, is shown for mononuclear cells (MNC) and

red blood cells (RBC). (n=3)
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Label-free separation of leukocyte subpopulations
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Multiplex separation of mixed cell samples is required in a variety of clinical and research applications.
Herein, we present an acoustic microchip with multiple outlets and integrated pre-alignment channel to
enable high performance and label-free separation of three different cell or particle fractions simulta-
neously at high sample throughput. By implementing a new cooling system for rigorous temperature con-
trol and minimal acoustic energy losses, we were able to operate the system isothermally and sort suspen-
sions of 3, 5 and 7 um beads with high efficiencies (>95.4%) and purities (>96.3%) at flow rates up to 500
uL min™ corresponding to a throughput of ~2.5 x 10° beads per min. Also, human viable white blood cells
were successfully fractionated into lymphocytes, monocytes and granulocytes with high purities of 96.5 +
1.6%, 71.8 + 10.1% and 98.8 *+ 0.5%, respectively, as well as high efficiencies (96.8 *+ 3.3%, 66.7 + 3.2% and
99.0 + 0.7%) at flow rates up to 100 L min™ (~100 000 cells per min). By increasing the flow rate up to
300 pL min™ (~300 000 cells per min) both lymphocytes and granulocytes were still recovered with high
purities (92.8 + 1.9%, 98.2 £ 1 .0%), whereas the monocyte purity decreased to 20.9 + 10.3%. The proposed
isothermal multiplex acoustophoresis platform offers efficient fractionation of complex samples in a label-
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Introduction

White blood cells (WBC), leukocytes, play an important role
in the human immune system and can be divided into three
main  subpopulations:  lymphocytes, monocytes, and
granulocytes. Immediate and individual access to these WBC
subtypes holds significant value in research as well as clinical
applications, such as lymphocyte purification for diagnostic
purposes, or widely-applied standard lymphocyte function
tests and gene expression analysis. In clinical cell processing
WBC subtypes are used for manufacturing chimeric antigen
receptor T cells in immunotherapy,' for monocyte enrichment
to generate dendritic cells used in immunotherapy,” and for
separation of granulocytes for transfusion.>* However,
methods that offer rapid, simultaneous and label-free separa-
tion of the three blood cell subsets, in limited sample vol-
umes, still pose an unmet need.

Common separation methods such as fluorescence acti-
vated cell sorting (FACS) and magnetic activated cell sorting
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free and continuous manner at thus far unreached high sample throughput rates.

(MACS) require labeling of the cells, they are time consum-
ing, expensive and require trained personnel. Microfluidic
systems offer an alternative to label-based and/or affinity-
based separation methods and can be used for multiplex sep-
aration of cells based on their physical properties such as
size, density, shape, deformability, compressibility, charge,
polarizability and magnetic susceptibility. Multiplex separa-
tion of different particle types with high efficiency and purity
has been shown for several microfluidic devices such as de-
terministic lateral displacement (DLD),”® inertial micro-
fluidics,”"® dielectrophoresis (DEP),"'** acoustophoresis'*™*®
or combinations of different forces and flow designs.
However, working with complex cell suspensions is often
more difficult due to larger variation and overlaps in the bio-
physical cell properties. Previous reports on multiplex separa-
tion of lymphocytes, monocytes, and granulocytes at through-
puts that meet bioanalytical or clinical needs have shown
only limited success. Ramachandraiah et al.'® used selective
RBC lysis combined with inertial microfluidics to separate
the three WBC subpopulations with fair purities (86% granu-
locytes, 43% monocytes, 91% lymphocytes) but only modest
separation efficiencies (27% granulocytes, 90% monocytes,
53% lymphocytes) indicating a loss of especially granulocytes
and lymphocytes in their system. Grenvall et al.*> has demon-
strated separation of WBC using pre-aligned free flow
acoustophoresis. While this system showed sufficient
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separation efficiencies for lymphocytes and granulocytes but
low monocyte purity, the maximum throughput was only
8 uL min ' sample flow at a cell concentration of 10° cells
per mL, i.e. 8000 cells per min.

In acoustophoresis, commonly a half-standing wave field
is generated across a microchannel with a pressure node in
the center of the channel and a pressure anti-node along the
channel walls. The standing wave-induced acoustic radiation
force moves cells or particles based on their size, density and
compressibility in relation to their surrounding medium."®
Typically, larger and denser particles experience higher
acoustic forces and move faster towards the pressure node as
compared to smaller and less dense particles. Based on the
differences in the acoustophoretic mobility the various parti-
cles will end up in different lateral positions (stream lines) at
the end of the microchannel and can there be collected into
different outlets.

At higher throughput, the retention time for each particle
in the sound field is reduced and thus the acoustic force has
shorter time to act on the particle. To compensate for this,
an increased channel length or higher actuation voltage can
be employed. However, at higher voltages power dissipation
in the electro-mechanical conversion in the transducer may
result in elevated temperatures that require temperature con-
trol of the system.

2 MHz Transducer |
P——

Sample inlet Center buffer inlet

“w
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In this paper, we describe multiplex separation in a multi-
outlet acoustofluidic microchannel integrated with an acous-
tic pre-alignment channel. To allow operation of the
piezoceramic actuator at elevated voltages a new air-cooling
unit has been realized which alleviates thermal limitations in
the system and thus enables a significantly increased sample
throughput at unperturbed precision. In this study, we dem-
onstrate high throughput multiplex acoustophoresis for parti-
cle mixtures as well as viable WBC.

Materials and methods
Acoustophoretic setup

The microfluidic structure was fabricated using deep reactive
ion etching (Micronit, Enschede, Netherlands) and com-
prised a sample inlet, a pre-focusing channel (22 mm x 300
pm x 150 pm), a v-shaped flow splitter preceding the center
buffer inlet and a main separation zone (30 mm x 375 um x
150 um) leading towards three outlets at the end of the chan-
nel (Fig. 1). The chip was sealed by anodic bonding of a glass
lid and silicon tubings were glued to each inlet and outlet at
the bottom of the microchannel as docking ports for the flu-
idic tubings. A pressure driven unit (VEMA-LS-8N3-9-D1-M5-
22D9, Festo AB, Sweden) with flow sensor (SLI-1000 and SLI-
2000 liquid flow meters, Sensirion AG, Switzerland) based

PRE-ALIGNMEN
ZONE (B) ©

PARATION ZON|

Centel:l' utlet \l/

Sidel outlet
Side2 outlet
s

Fig. 1 Microfluidic chip and holder design. The schematic drawing shows the principle of multiplex acoustophoresis with acoustic pre-focusing as
implemented in this study. A sample is injected into the microchannel (A) and the particle/cells are pre-aligned in width and height (B) before
entering the main separation channel. Acoustic forces within the half-standing wave field in the separation channel will move the particles towards
the pressure node in the center of the channel based on their acoustophysical properties (C and D). Larger and denser particles move faster in the
sound field and can be collected into the center outlet (yellow) while medium sized particles move to sidel outlet (green) and the smallest parti-
cles are collected in side2 outlet (red). Fluorescence images (inserts in the top of the figure) were taken at different positions within the micro-
channel while acoustically separating 2 um (red fluorescence), 4 um (green fluorescence) and 6 um (green fluorescence) beads, respectively, to
support the schematic drawing. The picture on the lower right side shows the top view of the microfluidic chip holder with the positions of the in-
lets (A) and outlets (D) as well as the pre-alignment zone (B), the main separation zone (C), and the air-cooling fans.
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feedback loop control (in-house build) was used to control
the flow rates of the system. The flow rates at the different in-
lets and outlets for bead separation were set to 100 uL min*
sample in, 300 uL min™" center buffer in, 150 L min* center
out, 85 uL min~" side1 out and 165 pL min ' side2 out. Bead
experiments at increased sample throughput were run by
keeping the same split ratios at the inlets and outlets. Cell ex-
periments were performed at 100 pL min " sample in, 300 uL
min ' center buffer in, 150 uL min* center out, 30 uL min™"
side1 out, and 220 pL min ' side2 out. The acoustophoretic
standing wave field was generated using piezoceramic trans-
ducers glued underneath the pre-focusing channel (resonant
at 5 MHz) and main separation channel (resonant at 2 MHz).
Both transducers were driven by a dual channel function gen-
erator (AFG3022B, Tektronix, Beaverton, OR, USA), connected
to signal amplifiers (in-house build), and a two-channel digital
oscilloscope (TDS 1002, Tektronix) was used to measure the
voltage over each transducer. Temperature was monitored via
PT1000 resistance temperature detectors attached to the side
of the chip above the pre-alignment and main separation
transducer. For visual inspection of the microchip and for tak-
ing fluorescence images a SZX10 stereo microscope equipped
with a GFP filter, a XC10 camera (all Olympus, Tokyo, Japan),
and a X-Cite 120Q excitation light source (Lumen Dynamics,
Excelitas Technologies, Waltham, MA, USA) was used.

Holder design

The chip holder was designed in a 3D-CAD software
(Autodesk Fusion 360) and 3D-printed (Ultimaker2,
Ultimaker, Netherlands) in two pieces; the bottom piece
contained air flow channels, the top piece had two open air
conduits where two axial fans (Papst 412F2H, Elfa Distrelec,
Sweden) were mounted, see supporting Fig. S1Af The
acoustofluidic chip was placed in the center slit of the chip
holder. Besides four supportive regions where the tubings
exit the chip, the chip is free hanging with open air vents
above and below the chip. The fans push air through the
manifold that exits through the top and bottom center slits
where the chip is placed, see supporting Fig. S1B.{

Beads

Polystyrene beads in sizes 3, 5 and 7 pm (Sigma-Aldrich, St.
Louis, MO, USA) were mixed equally in MilliQ + 0.01% Triton-
X-100 (Sigma-Aldrich) and used as reference validation of the
separation performance of the multiplex acoustophoresis chip.
For fluorescence images, Fig. 1, FITC-marked melamine
resin micro particles in sizes 4 and 6 um (Fluka, Sigma-Aldrich)
and 2 pm Fluoro-Max red fluorescence polymer microspheres
(Thermo Fisher Scientific, Waltham, MA, USA) were used.

Blood sample collection

Sample collection was approved by the Regional Ethical Review
Board at Lund University, Sweden. Blood samples were
obtained from healthy volunteers after informed consent at
Lund University Hospital, Lund, Sweden and collected in

This journal is © The Royal Society of Chemistry 2019
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vacutainer tubes (BD Bioscience, San Jose, CA, USA), containing
ethylenediaminetetraacetic acid (EDTA) as anticoagulant.

White blood cell preparation and flow cytometric analysis

White blood cells (WBC) were obtained by selective lysis of
red bloods cells using either BD Pharm Lyse lysing solution
(BD Bioscience) for viable, non-fixed WBC samples, or BD
FACS lysing solution (BD Bioscience) for fixed WBC prepara-
tion according to manufacture instructions. Cells were
stained with monoclonal antibodies for 15 min at room tem-
perature in the dark and adjusted to 1 x 10° cells per ml in
1x PBS + 2 mM EDTA + 0.01% BSA (Sigma-Aldrich). The fol-
lowing directly conjugated monoclonal antibodies were used:
CD3-APC (clone HIT3a), CD14-PE (clone MgP9), CD19 FITC
(clone HIB19), CD45-PerCP (clone 2D1), and CD66b FITC (cl-
one G10F5), as well as matched isotype controls (all from BD
Bioscience). Propidium iodide (Sigma-Aldrich) was used as a
dead cell marker in viable WBC experiments. Immunofluores-
cent labeled samples were analyzed before and after acoustic
separation on a FACSCanto II flow cytometer (BD Bioscience)
and the acquired data were analyzed using FlowJo software
(Tree Star Inc., Ashland, OR, USA).

Cell property measurements

Lymphocyte, monocyte and granulocyte populations were sep-
arated using acoustophoresis and purities were determined
using a flow cytometer (all >90%). The size distribution of
each cell fraction was measured with a Multisizer 3 Coulter
Counter (Beckman Coulter, Brea, CA, USA), see Fig. S2.f

Statistics

If not otherwise stated, data are presented as mean + stan-
dard deviation (SD) with n = 3 biological replicates and three
technical repeats each.

Separation performance parameters

Separation performance parameters are reported as separation
efficiency linked to the purity of that same collected fraction,
where separation efficiency is calculated as the ratio of the
number of desired particles per cells in a target outlet to the
total number of desired particles per cells found in all outlets.
Purity is defined as the ratio of the number of desired parti-
cles/cells to the total number of particles in a collected
fraction. Furthermore, to also disclose system throughput in
an unbiased manner we report the sample input volumetric
flow rate and the particle/cell concentration of that same
input sample. Mixing ratio of bead suspensions is given and
for blood cell samples the initial sample as well as each col-
lected fraction is presented with full FACS data.

Results and discussion
1. Thermal characterization of the cooling unit

Temperature stability is of importance in acoustofluidic sys-
tems as temperature drift alters the speed of sound of the
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processed liquid, which in turn affects the resonance of the
acoustophoresis channel. That is, a change in temperature
causes a resonance frequency drift which results in a de-
crease in acoustic energy in the channel and thus the acous-
tic force acting on the particles is altered. Augustsson et al.”®
observed the shift in the acoustic resonance peak to be ~1
kHz °C™" and a complete change of the resonance mode at
temperature changes of 5 °C.

An increase of system temperature may originate from sev-
eral sources. However, most prominently from losses in the
piezo-mechanical coupling, where an increased voltage level
will cause mechanical losses in the piezo ceramic that give
rise to elevated temperatures. To counteract this temperature
drift and maintain a constant level is thus very important.>®
Previously reported ways of cooling the chip have included
the use of an aluminum chip holder with a Peltier element in
proximity to the chip and a temperature sensor mounted on
the piezo ceramic element linked to a feedback-loop con-
trol.>' Although this design provided a successful tempera-
ture control, the clamping of the chip to the holder dissi-
pated acoustic energy from the chip and thus the full
potential of the acoustic energy input was not utilized. Work
by Fong et al.>® also reported the use of a fan located 2 cm
from the chip to cool their acoustophoresis chips when driv-
ing the piezo actuator in the range of 1.4-1.8 MHz at voltages

View Article Online
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up to 23 V,, and a 2 °C temperature variation. Without the
fan, temperatures up to 70 °C were reported.

To alleviate the shortcomings of 1) a gradually rising tem-
perature of the acoustophoresis system (red trace, Fig. 2A)
causing a drift in optimal resonance frequency and 2) the
acoustic power dissipation through the peltier/aluminium
manifold, we have designed a 3D-printed air cooling manifold
where the chip is free-hanging, suspended only in the
connecting tubings. Furthermore, since the chip is positioned
in an ambient air-flow path, the chip temperature stabilises a
few degrees above ambient conditions (purple trace) within
~30 seconds. Two features transport heat from the
acoustofluidic chip in operation: a) the liquid flowing through
the chip and b) the fan driven convective transport of room
tempered air across the chip (Fig. S1B}). Fig. 2A shows the im-
pact of these different cooling aspects. At stop flow and no air
cooling (red line), the temperature has not reached steady
state even after four minutes of operation. With fluid flow ac-
tive and no air cooling (blue line) the temperature levels out
after 60 seconds at a five degree elevated temperature. Once
the air fans are in operation the cooling effect is rapid,
reaching steady state after 30 seconds at about two degree ele-
vated chip temperature, and most notable the fluid flow at 800
ul min™" through the chip does not significantly impact the
system temperature, c.f. purple line vs. green line.
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Fig. 2 Thermal characterization - (A) effects of cooling aspects at 800 L min* total flow rate. Red: Without any cooling and no flow; blue: with
flow and no air cooling; green: with air cooling and no flow; purple: both air cooling and flow. The pre-alignment transducer was driven at 4.3 V,,,
and the main separation transducer at 4.6 V.. (B) The effect of an increase of amplitude on the temperature at the pre-focusing transducer (left)
and main-focusing transducer (right) was investigated at total flow rates of 400 uL min™* (low flow rate, red) and 2 mL min? (high flow rate, green)
with air cooling turned on. The amplitude range was chosen based on the lowest and highest values used within the bead per cell experiments

and temperature was measured 30 s after starting the system (n = 1).
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Furthermore, experiments were conducted to analyze the
effect on the temperature by applying different voltages at
the pre-alignment transducer and main-separation trans-
ducer (Fig. 2B). The temperature is plotted against the voltage
squared (V) as V* is proportional to the acoustic energy in
the channel. The temperature increases less than 1.5 °C be-
tween 0 voltage applied and 6 V,, (Fig. 2B, left) for the pre-
alignment transducer and 12 Vp, (Fig. 2B, right) for the
main-separation transducer, whereas when operating the sys-
tem without the air cooling active the temperature rises ~5
°C already at an operating voltage of 4.6 Vp,
(Fig. 2A blue line). Going from 4.6 V,, to 12 V;,, corresponds
to a 7x increase in delivered acoustic energy. It should be
noted that the higher temperature increase of ~2 °C in
Fig. 2A (purple line) is due to the additional heating of the
microscope light source which was not activated in the exper-
iments for Fig. 2B where a maximum of 1.5 °C temperature
increase was seen. The free-hanging chip solution combined
with the increased length of pre-alignment channel, allowed
to operate the device at increased acoustic energy, resulting
in a significantly increased sample throughput.

2. Effect of pre-alignment voltage

The simultaneous acoustophoretic fractionation of three differ-
ent targets has been reported previously by Petersson et al'*
Separation efficiencies of 76-96% were reported with samples
containing 3, 7, and 10 pm polystyrene (PS) beads. The modest
performance can be explained by the lack of a pre-alignment
step which aligns all particles into the same flow vector and
minimizes the influence of particles moving at different veloci-
ties in the Poiseuille flow. This ensures that the particles have
the same retention time in the separation channel. The
acoustophoretic pre-alignment, introduced by Augustsson
et al.,”" was later utilized by Grenvall et al."® in order to achieve
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acoustophysical properties, thereby minimizing influence of
Poiseuille flow based dispersion. This resulted in significantly
improved separation performance, 88-98%, for 3, 7, and 10
um beads which also enabled WBC fractionation at recoveries
of 86.5%, 83.1% and 68.4% for lymphocytes, monocytes and
granulocytes, respectively.’> This acoustic device was short
with a pre-alignment length of only 10 mm and separation
length of 22 mm. This translated to short retention times in
the sound field, which required the use of very low flow rates
(8 uL min™") to achieve a reasonable separation performance.

The design reported herein includes a pre-alignment
channel of 22 mm length, a factor of 2.2 longer as compared
to the original report on pre-alignment by Augustsson et al.**
and later by Grenvall et al.'® The longer pre-alignment chan-
nel enables a proportionally higher flow rate at unchanged
pre-alignment performance. To show the influence and im-
portance of the pre-alignment for multiplex acoustophoresis,
an experiment was conducted in which the pre-alignment
voltage initially was set to zero (pre-alignment off) and then
gradually increased up to 18 Volts squared, see Fig. 3. At
0 Volts, i.e. no pre-alignment, a large fraction of 7 um parti-
cles (yellow) ended up in side outlet 1 instead of the center
outlet and 5 um particles (green) were collected in side outlet
2 instead of side outlet 1. As the pre-alignment voltage in-
creases and all particles end up in the same flow vector be-
fore the separation channel, the separation of the three parti-
cle sizes was greatly improved, now only depending on the
acoustophysical properties of the particles.

3. Bead separation efficiency versus flow rate

Previous publications on acoustic multiplex particle separation
reported maximum sample flow rates of 10 uL min '*
and 40 puL min~"."* To test the performance of the multiplex
acoustic chip reported here, an equal mixture of 3, 5 and 7 um
polystyrene beads at a total bead concentration of 10° beads

Side2
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Fig. 3 Separation efficiency vs. pre-alignment voltage squared. At zero voltage, i.e. pre-alignment turned off, it is clearly visible that the separation
efficiency is sub optimal with particle sizes ending up in several outlets. As the pre-alignment voltage is increased, all particles are effectively fo-
cused into the same flow vector with the same retention time in the main separation channel and thus the separation efficiency is purely deter-
mined by the acoustophysical properties of the particles. Note that the separation voltage controlling the one-dimensional standing wave was
maintained constant at 4.5 V,, and only the pre-alignment voltage was varied.
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per mL was run through the chip at increasing sample flow
rates. The split ratio of the inlets and outlets were fixed while
the acoustic energy was increased such that the 7 um beads
exited through the center outlet, while the 5 pm beads were di-
rected towards the sidel outlet and the 3 pm beads stayed
along the channel wall and exited through the side2 outlet
(Fig. 1). For sample flow rates up to 500 uL min~' the mean
separation efficiency, e.g. the number of desired beads in the
target outlet compared to all three outlets, was >99.2% for 3
um, >97.5% for 5 pm, and >99.9% for 7 pm, corresponding
to mean purities of >98.7%, >99.3%, and >98.2% for 3, 5
and 7 pum, respectively (Fig. 4). At 600 uL min " a drop of sys-
tem performance of up to 15% was observed mainly due to a
contamination of 5 pm beads into the side2 outlet resulting in
mean separation efficiencies (+SD) of 96.7 + 2.6%, 82.4 + 2.8%
and 98.2 + 0.1% and purities (+SD) of 83.5 + 2.2%, 94.9 + 2.4%
and 98.5 + 0.7% for 3, 5 and 7 um, respectively. A possible ex-
planation for the decrease in separation performance at higher
flow rates is the increased flow instability due to the measur-
ing range and accuracy of the flow sensors (SLI-1000: cali-
brated for ~80-1000 pul min~* with 6% error, and SLI-2000: cal-
ibrated for ~200-5000 pl min' with 6.5% error) used to
monitor the flow rate as well as the response time of the in-
house built feed-back loop. Furthermore, at higher flow rates
the beads may not have sufficient time in the pre-focusing
channel to be pre-aligned in width and height before entering
the main separation channel.

Recently, Wu et al.** combined acoustics and hydrody-
namics to pre-align particles prior to multiplex particle sepa-
ration using surface acoustic waves. Separation data on 10,
12 and 15 pm polystyrene beads showed purities around 90%
for the different bead sizes in their target outlets. However,
no data on bead concentration, flow rate, sample throughput
and separation efficiency/recovery are given for the multiplex
separation, which prevents a comparison of system through-
put and performance to the system reported herein.
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The acoustic radiation force acting on a particle scales with
the particle radius to the third power (eqn (S1)t). Considering
that previous multiplex acoustophoresis experiments were
performed with bead sizes of 3, 7 and 10 um, the separation
shown in this paper with 3, 5 and 7 um beads is more challeng-
ing due to the lower difference in acoustic mobility between the
different bead sizes (eqn (S2)t). More precisely, in previous pub-
lications'**® the acoustic mobility of 3 and 7 um polystyrene
beads differed by a factor of ~5.44 and for 7 and 10 um beads
of ~2.04, while in this work the difference in mobility for 3 and
5 um beads is only ~2.78, and for 5 and 7 pm beads ~1.96.
Furthermore, compared to previous publications'*'* an up to
60-fold increase in sample flow rate was achieved with com-
parable or even better separation performance.

4. Bead concentration influences separation efficiency

The initial sample concentration plays a crucial role for the
separation outcome. Augustsson et al.>* analyzed the washing
efficiency, i.e. the transition of beads/cells from one lami-
nated stream to another, for different particle concentrations
and showed a constant drop of efficiencies at volume frac-
tions >0.2%. This is in agreement with theoretical calcula-
tions from Ley and Bruus® which identified the threshold
for the wash efficiency in acoustophoretic systems to be at
around 1% particle volume fraction. At high particle concen-
trations the particle suspension starts to move as a whole
due to hydrodynamic interactions between the particles. The
migration velocity of a given particle towards the pressure
node is lowered at higher particle concentrations while parti-
cles with lower acoustophoretic mobility are hydrodynami-
cally coupled to faster moving particles. The effect of hydro-
dynamic interactions becomes even more crucial when trying
to separate two different particle per cell types from each
other. Magnusson et al.”® reported a drop in performance
when separating circulating tumor cells from white blood

100

Purity [%]
g
L

3pm 5pm 7 pm

3pm 5pm 7 pm{3 pm 5pm 7 pm

center side1 side2

== 300 pL/min === 400 yL/min =8 500 yL/min =W 600 pL/min

Fig. 4 Particle separation vs. flow rate. Acoustophoretic separation of an equal mixture of 3, 5 and 7 um polystyrene beads at a total
concentration of 10° beads per mL was performed at different sample flow rates varying the applied voltage squared from 25 to 130 at the main
separation transducer. Shown are the separation efficiency, i.e. the number of particles collected in one outlet compared to all outlets, and the
simultaneous purity of the targeted species at the three different outlets (n = 3, mean + SD).
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cells at an input concentration above 3.25 x 10° cells per mL,
which corresponds to a volume fraction of ~0.2%.

Herein, system performance based on the initial sample
concentration was investigated at 500 uL min~' sample flow
rate. Fig. 5 shows comparable separation efficiencies of
>98.6% for 7 um beads in the center outlet for sample con-
centrations up to 1.5 x 10”7 beads per mL (~0.13% volume
fraction). However, the efficiency to separate 3 and 5 pm par-
ticles in side2 and sidel outlet, respectively, decreased with
increasing sample concentrations from 99.3 + 0.4% and 97.5
+0.5% at 1 x 10° beads per mL (~0.009% volume fraction) to
85.4 + 0.8% and 89.1 + 3% at 1.5 x 10” beads per mL (3 and 5
um, respectively). Due to the carry-over of beads into non-
target outlets the purity of 7 um beads decreased from 98.5 +
0.3% to 93.1 + 2.2% with increasing sample concentrations,
while the purity of 5 um beads decreased from 99.3 + 0.4% to
82.2 + 6.9%. Only the purity of 3 um beads remained between
99.8 + 0.1% and 97.4 * 1% in the side2 outlet. Similar to
Magnusson et al.>® the concentration limit for optimal sepa-
ration is shown here to be below 0.2% volume fraction as
compared to the 1% volume fraction in bead washing appli-
cations. Both Grenvall et al.'® and Petersson et al.'* used very
high bead concentrations corresponding to 1.4 and 3.5-6%
volume fraction, respectively, which could be one of the rea-
sons for their lower separation outcome. Comparing the
throughput of beads per min, we could reach up to 7.5 x 10°
beads per min as compared to 1.5 x 10° beads per min'® and
6 x 10°-6.2 x 10” beads per min'* with similar or better sepa-
ration outcome despite working with a more challenging ini-
tial sample with small acoustic mobility differences between
the beads (3, 5 and 7 um beads used herein as compared to
3, 7 and 10 pm used previously).

5. Concurrent fractionation of white blood cells

Fractionation of white blood cells into lymphocytes, mono-
cytes and granulocytes is of interest for various clinical and
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research applications. Acoustophoresis offers the possibility
to simultaneously separate different particles and thus possi-
bly also different blood cell types with high efficiencies and
purities in limited sample volumes. Furthermore, acousto-
phoresis has been shown to be a gentle method which does
not impact cell viability or functional capacity of the separated
Sample.21,23,27*33

There is a large size overlap between the different white
blood cell populations with a median diameter (range) of
7.2 pm (5.5-10 pm) for lymphocytes, 9.5 pm (7.5-12 pm)
for monocytes and 9.5 um (8.5-11 um) for granulocytes as de-
termined by coulter counter measurements (Fig. S2t). The
size differences are also reflected in corresponding scatter dif-
ferences in fluorescent-activated flow cytometry analysis as
shown in the histogram of the forward scatter signal (FSC) in
Fig. 6A. The magnitude of the acoustic force acting on a parti-
cle is mainly depended on the particle size, which in this case
would make it challenging to acoustically sort the three WBC
subpopulations. However, also density and compressibility in-
fluence the acoustophoretic mobility of a particle. Typically,
the density varies between 1.055-1.070 g cm > for monocytes
and lymphocytes and 1.075-1.085 g cm™® for granulocytes.>*
Based on these differences in the acoustic properties
granulocytes show a higher acoustophoretic mobility in the
acoustic standing wave field as compared to lymphocytes and
move therefore faster towards the pressure node in the center
of the microchannel where they can be collected in the center
outlet. Lymphocytes on the other hand are less affected and
stay close to the channel wall being directed to the side2 out-
let. Monocytes show a more disperse acoustophoretic mobility
and are mainly directed towards the sidel outlet.

Fractionation of viable WBC into lymphocytes, monocytes
and granulocytes was shown successfully for different flow
rates (Fig. 6B) without impairing the cell viability (98.4 +
1.9% before and 98.2 + 2.1% after separation). At 100 pL
min~" sample flow and a throughput of 100 000 cells per min
99 + 0.7% of the granulocytes were translated to the center
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Fig. 5 Particle separation vs. sample bead concentration. Acoustophoretic separation of an equal mixture of 3, 5 and 7 um polystyrene beads was
performed at 500 uL min* sample flow while altering the initial sample concentrations. Shown are the separation efficiency and purity of the

different beads in the three outlets (n = 3, mean * SD).
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Fig. 6 Fractionation of viable white blood cell subpopulations. Simultaneous acoustophoretic separation of lymphocytes, monocytes and
granulocytes from lysed whole blood at a starting concentration of 1 x 105 WBC per mL. (A) FACS plot analysis showing the forward scatter and
side scatter plots of the input sample and the three different outlets for a typical run at 100 uL min sample flow. (B) Shown are the separation

efficiency and purity for varying sample flow rates (n = 3, mean * SD).

outlet, 66.78 + 3.2% of monocytes were directed towards the
sidel outlet and 96.8 + 3.3% of lymphocytes towards the
side2 outlet. This corresponded to purities of 98.8 + 0.5%,
71.8 + 10.1% and 96.6 + 1.6% for granulocytes, monocytes
and lymphocytes, respectively. Increasing the sample flow
rate, however, decreased the separation outcome. Especially
lymphocytes tended to contaminate the sidel outlet resulting
in a significantly lower purity of monocytes of 20.9 + 10.3%
and the larger drop in separation efficiency of lymphocytes to
72.6 + 13.8% at 300 uL min ' sample flow, maybe due to in-
sufficient time for complete alignment in the pre-focusing
channel before entering the main-separation channel.
Ramachandraiah et al.*® obtained similar purities of 91% for
lymphocytes, 43% of monocytes and 86% of granulocytes
using selective red blood cell lysis and inertial microfluidics.
However, the reported separation efficiencies in their spiral
microchannel indicated a considerable loss of granulocytes

Lab Chip

and lymphocytes in their system. We do see a shift in the
WBC subpopulation ratio before and after the acoustic sepa-
ration (Fig. S31). However, this discrepancy is mainly seen at
the lower sample flow rate of 100 uL, min~* (200 uL sample).
Due to the considerably lower flow rate in the sidel outlet,
i.e. the monocyte outlet, which is 30 uL min™ out of 400 uL
min~" total flow and the dead volume in the sample tubing,
not all monocytes are recovered into the sidel outlet tube.
This effect will be evened out by running larger sample vol-
umes, as seen for sample flow rates of 200 uL min™* (400 pL
sample) and 300 pL min~' (600 pL sample), or by flushing
the remaining cells in the tubing's after the acoustic run.
Compared to previous acoustophoretic multiplex separation
of leukocyte subpopulations, a higher separation efficiency
for lymphocytes and granulocytes was achieved at high flow
rates up to 200 uL min " (200 000 cells per min) with compa-
rable purities for the two subpopulations as well as higher

This journal is © The Royal Society of Chemistry 2019
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purity for monocytes. Even at 300 L min™" (300000 cells per
min) comparable outcomes were achieved with separation ef-
ficiencies of 94.1 + 3.2%, 54.1 + 13.5% and 72.6 + 13.8%, and
purities of 98.2 + 1%, 20.9 + 10% and 92.8 + 1.9% for
granulocytes, monocytes and lymphocytes, respectively. This
corresponds to flow rates that were 37.5 fold faster and a
37.5 fold faster cell throughput per minute than previously
reported.'®

However, it should be noted that Grenvall et al. used fixed
cells in the experiments (8 pL min ', 8000 cells per min).
This is important, as we can see a shift in the forward scatter
and side scatter signal in the flow cytometer indicating a
different size distribution as well as granularity distribution
between the different subpopulations when comparing fixed
and viable WBC (Fig. S47). Density and speed of sound mea-
surements by Cushing et al.®® furthermore revealed an in-
crease in the compressibility as well as a decrease in the
density and the acoustophoretic contrast factor for fixed
cells as compared to viable cells. Taken the reduced size dis-
tribution and acoustophoretic contrast factor of fixed WBC
into account an overall lower acoustophoretic mobility of
fixed WBC in the acoustic standing wave field is expected.
These results are in agreement with Augustsson et al.>* who
reported a difference in separation performance between
fixed and unfixed WBC. Lower acoustic energy was needed to
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move viable cells, which displayed a higher acoustophoretic
contrast factor, however a better separation outcome was
obtained using fixed cells due to changes in the acoustic
properties of the cancer cells after fixation. As a result of the
apparently bigger size overlap of fixed white blood cell sub-
populations (Fig. S4,f Fig. 7A) and the decrease in the
acoustophoretic contrast factor we expected a less promising
separation performance in our multi-outlet chip using fixed
cells. Separation data confirmed the assumption that we
cannot discriminate equally well between the three subpop-
ulations using fixed WBC (Fig. 7B). With a sample through-
put of 100 pL min™" (100000 cells per min) we achieved a
separation efficiency of only 76.1 + 13.3% for granulocytes,
56.4 + 13.8% for monocytes and 85 + 3.5% for lymphocytes
with purities of 98 + 0.7%, 12.6 + 5.3% and 85.6 + 14.8%
for granulocytes, monocytes and lymphocytes, respectively.
Especially the monocytes are more disseminated between all
three different outlets. The magnitude of the acoustic field
needed to be increased in order to optimally pre-focus the
cells which is in agreement with the observation of
Augustsson et al®' and the measurements of Cushing
et al.*® Possibly, the magnitude of the acoustic force in the
pre-alignment channel of the multi-outlet chip was not suf-
ficiently strong to completely focus the cells before entering
the main separation channel, which is indicated in the
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Fig. 7 Fractionation of fixed white blood cells. Acoustophoretic separation of lymphocytes, monocytes and granulocytes from lysed and fixed whole
blood at a starting concentration of 1 x 10° WBC per mL. (A) FACS plot analysis showing the forward scatter and side scatter plots of the input
sample and the three different outlets. (B) Shown are the separation efficiency and purity at 100 uL min* sample throughput (n = 3, mean * SD).
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increase of lymphocytes in the sidel outlet at elevated flow
rates. Optimizing the running parameters such as flow rate,
length of the pre-focusing channel and magnitude of the
acoustic field may further increase the separation perfor-
mance using fixed WBC.

Conclusion

We have demonstrated an acoustofluidic device with
unsurpassed throughput for concurrent fractionation of WBC
subpopulations. Sample flow rates were more than 10 times
higher than in previously reported acoustofluidic devices for
bead separation and more than 35 times higher for WBC
fractionation (>35x higher cell throughput) at significantly
better separation efficiency and purity. The novel design of
the chip holder provided effective air cooling of the chip with
minimal clamping of the acoustic device, which enabled
more efficient utilization of the net input acoustic energy.
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Holes for inlet and
outlet tubings
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Piezoceramic element Microfluidic chip holder

Figure S1. A) Exploded view of the microchip holder with air cooling. Dark grey bottom layer, white top layer
and the two axial fans (black). B) Schematic cross section of the air flow inside the air-cooling manifold.
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recovered. The effect is less prominent at higher sample flow rates.
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Figure S4. FACS plot with forward scatter (FSC) and side scatter (SSC) signal are shown for fixed (red) and
viable (blue) white blood cells indicating a shift in the relative size and granularity of the WBC subpopulations
due to fixation of the cells.
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Supplementary Equation 1. Acoustic radiation force F, acting on a particle with the radius a in an acoustic
standing wave field where xo, oo, &p and pp are the compressibility and density of the fluid and particle, ¢ (%, p) is
the acoustic contrast factor, k is the wave number (2n/A), Eac is the acoustic energy density, z is the position of the
particle along the wave propagation axis, pa is the pressure amplitude, co is the speed of sound in the medium?,
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Supplementary Equation 2. Acoustophoretic mobility of a particle in an acoustic standing wave field where a is
the radius and ¢ the acoustic contrast factor of the partice and n is the viscosity of the medium.



