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MINIATURIZED LABEL-FREE LEUKOCYTES SUBPOPULATION ISOLATION
FROM WHOLE BLOOD VIA CENTRIFUGAL FORCE

YUXI SUN
BIOMEDICAL ENGINEERING
ABSTRACT
Leukocytes carry critical information regarding the immediate immune and
inflammation status of the patients. Analysis of leukocytes requires isolation from blood
since the leukocytes only consist <1% of all blood cells. Commonly used isolation
processes exploit physical or biochemical differences between different cell types to
enable separations. Current isolation methods inevitably subject cells to physical or
biochemical stress that can activate leukocytes and change their natural state. Thus,
information contained within isolated leukocytes is a combination of the natural state of
the cell and an artifact of the isolation process. Microfluidics which takes advantage of
scaling effects within microscale structures can ensure rapid and gentle alternatives to
conventional isolation methods and is ideal for sorting, and analysis of cells and particles.
The precise control of flow/particles and scaling effects of microfluidics have been
applied for blood cells sorting and isolation. However, the limited processing capability
and throughput as well as complex fabrication and operations have hampered widespread
adoption of these approaches for replacement of conventional methods. My goal was to
develop a simple yet powerful microfluidic tool that enables rapid separation of
leukocytes while ensuring sufficient throughput, and minimizing isolation process
induced activation without the need any sample pre-processing. This project is divided
into two specific aims: i) to miniaturize the conventional density gradient centrifugation

using centrifugal microfluidics for PBMC isolation and evaluate separation efficiency



and activation status of isolated cells in comparison to conventional techniques; ii)
develop new approach for PBMC sorting using microfluidic phase partitioning to enable
separation of cells based on differences in cell surface energy. For specific aim 1, PBMCs
were isolated based on differences in densities using microfluidic density gradient
centrifugation. We show that PBMCs can be isolated from 100l whole blood within 5
minutes. Evaluation of leukocyte activation via profiling of expression of surface
integrins and chemokine receptors shows that our microfluidic approach significantly
reduced PBMC activation in comparison to conventional isolation approaches. In specific
aim 2, we sought to isolate cells based on differenced in surface energy using two-phase
partitioning of dextran (DEX) and polyethylene glycol (PEG). Proof of concept
demonstrations was accomplished using with polystyrene and silicon dioxide microbeads
which represent a mixture of white blood cells and red blood cells. The DEX and PEG
mixtures were introduced into a circular channel and phase separated under centrifugal
force into unique DEX and PEG phases. The bead mixture was isolated via differences in

their affinity to the two phases.
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INTRODUCTION
Background

White Blood Cells in Blood

Blood is a bodily fluid that delivers necessary biomolecules like nutrients, oxygen
and removes metabolic wastes through all parts of the body. Blood consists of plasma,
red blood cells (RBCs), white blood cells (WBCs) and platelets which circulate
throughout the entire body. Each of these components contains critical information
related to overall health of the body and associated tissues or organs'- %€, By volume,
plasma constitutes roughly ~ 50% of blood, RBC constitute~ 45% of blood and WBC
constitutes <1% of blood. WBCs cells can be extremely valuable for health monitoring,
disease diagnosis and prognosis, and understanding the overall health of the human body.
WABCs are a heterogeneous group of nucleated cells that are found in circulation.
Leukocytes are commonly referred to as WBCs as following isolation, WBC appear as an
enriched white buffy layer. There are 5 major subpopulations in WBC: lymphocytes,
monocytes, neutrophils, eosinophils and basophils. In healthy adults, neutrophils consist
roughly 60% of total WBC, lymphocytes consist roughly 30%, and Monocytes consists
roughly 5%. Despite the fact that WBCs account for <1% of total cells in blood, they
carryout both the innate and adaptive immune functions which protect the body in the
event of injury, infection and disease. WBCs therefore play an important and
indispensable role in inflammation and resolution of inflammation in the event of injury,

infection or disease 3. The role of WBC subpopulations in mediating the body’s



response to various diseases such as diabetes, cancers, cardiovascular disease,
autoimmune disorders, pulmonary disease and metabolic disorders has been studied
extensively 1418, Various subpopulations of WBC like neutrophils and macrophages
migrate to injured or diseased tissues like in the cases of cancer and atherosclerosis >°,
In other studies, the role of WBC in the initiation and progression of disease has been
elucidated via the knockout of WBC specific surface antigens. The current method of
validating the role of WBC in various disease pathologies relies on the study of WBC

counts altered in diseased populations compared with healthy populations, and the

expression of specific markers on WBCs as observed in disease. 2%

White Blood Cells

Blastria (Leukocytes)
~ 55%
Platelets
Buffy Coat <1% (Thrombocytes)

Red Blood Cells
mmmm—)  (Erythrocytes) O
~ 45%

Figure 1. The Composition of Blood. Blood accounts for 7% of body weight in an
average adult. In volume about 55% of blood is plasma. In plasma, 92% of the volume is
water, 8% of represents blood plasma proteins, and trace amounts of other materials. One

microliter blood contains 4-6 million RBCs, 4000-1000 WBCs, and 200,000-500,000



platelets. Reproduced from http://ib.bioninja.com.au/standard-level/topic-6-human-

physiology/62-the-blood-system/blood-composition.html

WBC for Health Monitoring and Disease Diagnosis

Specific WBCs (neutrophils and monocytes) that facilitate innate immune responses
are typically the first responder to any injury or infection and respond to local signaling
cues from affected tissue to maintain homeostasis. Other WBCs (lymphocytes) are
involved in adaptive immunity which is a late and programmed response where specific
lymphocytes (T and B cells) respond in a highly specific fashion via changes in gene and
protein expression resulting in rapid proliferation and production of antibodies or
cytokines 22, Evaluating these time-dependent changes provides a snapshot of the body’s
immediate status and has great potential for accurate early diagnosis of disease or injury
to provide optimal treatment options.

The current most commonly used WBC based diagnostic test is the evaluation of the
absolute number counts of subpopulations using Complete Blood Counters (CBC) 2324,
These instruments distinguish differences in different cell types typically via
measurement of electrical resistance, conductance or impedance as cells pass in between
two electrodes in a single stream. Another instrument that is commonly used to evaluate
leukocytes is the flow cytometer which relies on light scattering (forward and side
scatter) to distinguish cells based on shape, size, and cytoplasmic complexity?>%’. Flow
cytometry is therefore simple yet powerful. The absolute numbers of WBC subpopulation
could be predictive of the patient’s immediate prognosis in various conditions including

stroke and myocardial infarction 28 2°, Besides the absolute numbers, the changes to the



WBC cell surface and intracellular molecular expression can be of great value in research
laboratories or in the clinical setting. The challenge associated with analysis of WBCs is
that they are extremely sensitive to the environmental changes and can become easily
activated due to different stimuli®®. Moreover, isolation of blood from the body also
induces continuous changes in blood cells once they leave the body. WBCs can become
activated as a consequence of the isolation technique or prolonged maintenance outside

the body may not be accurate or reliable predictors of the patient’s condition®.

Neurological Alzheimer's dsease
disorders

Parkinson's dsease

Chronic
inflammation Cavcers

Human cancers
Chronic inflammatory
discases

Cardiovascular
discases

Fatty iver dsease

Obesity Metabolic He:
disorders

Bone, muscular &
skeletal discases

Figure 2. The Chronic Inflammation Disorders with Causal Origins in Inflammatory
Processes. The chronic inflammation refers to long-term inflammation that could last
from months to years. It can result from failure to eliminate cues of acute inflammation,
autoimmune disorder or exposure to low dose of irritant for long period. Inflammatory

abnormalities are a large group disorders that underline a vast variety of human disease



like cancer, atherosclerosis, obesity, diabetes and many others. Reproduced from

https://healthvigo.blogspot.com/2018/01/chronic-inflammation-definition.html

Blood Cell Sorting

WBC isolation from blood is necessary since WBCs only consist less than 1% of
blood cells in volume or numbers. The extremely large number of RBCs must be
removed before WBC can be analyzed. Blood cell isolation is accomplished by
exploiting differences in either physical or biochemical properties between different
blood cell types. The enrichment of WBC from whole blood consists of mainly removing
RBCs. The differences in density, shape, vulnerability to osmotic pressure, deformability,
electrophoresis properties and surface tension have been studied extensively for the
possible application of WBC isolation from whole blood 3%, Three methods of isolation
are most commonly used for WBC isolation and are considered superior to others:
affinity-based isolation 6, RBC lysis *” and density gradient centrifugation 3. Affinity-
based isolation has been used for over 20 years whereas RBC lysis and density gradient
centrifugation have been used for over 50 years. Despite development of several newer
techniques, none have shown the capability to improve or replace these three techniques
which are considered the gold standard. As we gain more knowledge with regards to
blood cells and their role in health and disease, we better understand the sensitivity and
responses of WBCs to various factors including isolation methods which can induce
WBC activation and changes of WBCs in terms of surface marker expression, gene

expression, and cytokine secretion 3942,


https://healthvigo.blogspot.com/2018/01/chronic-inflammation-definition.html

Conventional WBC isolation

Methods for isolation of WBCs and depletion of RBCs have been around for over 50
years. Several methods have been developed to isolate WBC or WBC subpopulations for
further studies or analysis. Amongst the various methods available for WBC separations,
three methods have been found superior to others due to important factors that include
isolation efficiency, ease of operation, ability to be performed using common lab
equipment and sufficient processing capability. These three techniques are: immuno-
affinity based separations ¢, density-gradient centrifugation isolation *, and RBC-lysis
43_

Immunoaffinity separations take advantage of the specific antigen-antibody
interactions for highly specific capture of WBC subpopulations to immobilized
antibodies. The strength of this method is the use of highly specific interactions to isolate
high purity samples of specific leukocyte sub-populations. However, the highly specific
interaction means the isolation is antibody biased and prior knowledge of the antibody-
antigen interaction needs to be known. Further for efficient isolations, the sample has to
be diluted and the throughput is extreme low due to time needed for interactions between
the cell surface markers and the immobilized capture antibodies to occur 4. Another
drawback is that the interaction of antigen-antibody can also initiate signaling cascades
within leukocytes causing them to become activated due to the antibody binding event 3.
RBC lysis methods are another popular method used for isolation of all major WBCs.
Typically, an ammonium chloride based lysis buffer is used to lyse RBCs by exploiting
the presence of the enzyme carbonic anhydrase which is present only within RBCs 3.
The mechanism of osmotic lysis is as follows: ammonium diffuses freely through the cell

membrane and increases the concentration of intracellular hydroxide. Hydroxide reacts



with intracellular carbon dioxide to form bicarbonate. In red blood cells, the intracellular
bicarbonate is exchanged with the extracellular chloride through the chloride/bicarbonate
transmembrane anion exchanger of RBCs. The result is an influx of H20 inside RBCs,
which causes cellular swelling and eventually rupture of the cell membrane. Another
commonly used lysis buffer is pure deionized water. Since RBCs do not contain a
nucleus, they are more vulnerable to osmotic pressure *°. By precisely control the time
RBCs are exposed to DI water, WBCs can be preserved while RBCs are lysed. Although
lysis techniques are simple and convenient to use, the collected samples contain total
WBCs including neutrophils, lymphocytes and monocytes. The neutrophils make up ~
70% of WBCs. Therefore, any analysis on lymphocytes or monocytes requires additional
purification steps for evaluation. The hemoglobin (heme and hemin) released from lysed

RBCs can also potentially activate WBCs *°.

After lysis




Figure 3. The RBC lysis for WBC isolation. RBCs are lysed by the immune chloride
solution under room temperature for 5 minutes. All the RBCs are removed and leave all
WBC subpopulations. Reproduced from https://www.novusbio.com/products/red-blood-
cell-rbc-lysis-buffer_nbp2-29442

Another popular method used for isolation of peripheral blood mononuclear cells
(PBMC) is the density-based centrifugation isolation. Density-based centrifugation
exploits the density differences between PBMCs (lymphocytes and monocytes) and
granulocytes or RBCs. The density of PBMCs is ~1.07g/ml, whereas the density of
granulocytes and RBCs are higher at is ~ 1.09g/ml and ~ 2.1g/ml respectively. When
whole blood is layered on top of a medium of intermediate density (Ficoll or
Percoll,1.077g/ml) and subject to centrifugal force at 300-700g for 20-40 minutes. The
PBMCs are concentrated on top of density gradient and granulocytes and RBCs pellet to
the bottom of the tube. By careful pipetting, the PBMC layer can be extracted. This
process is both time-consuming and labor-intensive. Isolation of the PBMC layer requires
careful pipetting and typically results in ~ 50% of the total PBMCs. Ficoll or Percoll
solutions used for this process could have a negative effect on PBMC activation “6. The
major issue with this approach is the high level of stress associated with the
centrifugation process which has been known to cause activation of WBCSs via changes in

intracellular signaling and expression of cell surface markers 34748,


https://www.novusbio.com/products/red-blood-cell-rbc-lysis-buffer_nbp2-29442
https://www.novusbio.com/products/red-blood-cell-rbc-lysis-buffer_nbp2-29442

e Plasma, CTCs
Centrifuge
Blood sample >

| WBC

Ficoll

Ficoll _) RBC, neutrophils

Figure 4. Conventional Density Gradient Centrifugation for WBC Isolation. By

exploiting the density difference between PBMCs and RBC. Diluted blood was layered
on top of the Ficoll and spun at 700g force for 20 minutes. Then the PBMCs are isolated
when RBCs and neutrophils are forced into Ficoll layer pelleting to the bottom and
PBMCs remain on top of Ficoll layer due to the density difference. Reproduced from
https://openi.nim.nih.gov/detailedresult.php?img=PMC4419234 BMRI2015-

239362.001&req=4

Isolation of WBC Subpopulations with Minimal-activation
To be able analyze WBCs which accurately reflect the immediate status of the body,
WBC activation needs to be minimized as much as possible prior to analysis. The most
important factor is the time between WBC collection and analysis. Once WBCs are
removed from circulation in the body, WBCs undergo continuous changes due to the

influence of various environmental factors %°. Therefore, the time between blood



collection and WBC analysis is the critical for accurate analysis of WBC to reflect the in-
vivo status. Another important factor is the isolation process itself °. Each of the above
three methods introduces unnecessary stress (physical or biochemical) which elicits a
response from the WBCs. Immuno-affinity based approaches result in activation via
antibody-antigen interactions and take extended duration of time for processing, lysis
based techniques do not isolate WBCs into different subpopulations and cause activation
via exposure to hemoglobin (heme and hemin) released from RBC lysis *° and
conventional density gradient centrifugation are time consuming and results in exposure
of WBCs to high levels of physical centrifugal stress during processing and loss of cells
during manual fractionation 505 46,

Following blood draw, activation of WBC:s is inevitable. However, if activation can
be limited by minimizing time between blood collection and WBC analysis along with
limiting various physical and biochemical stimuli that impact cells during the isolation
process, then the isolated WBC sample will provide significantly higher quality
information. To accomplish this, microfluidic lab-on-a-chip techniques are ideal as they
provide the opportunity to process samples immediately following blood draw and enable
analysis within a matter of minutes as opposed to hours as with conventional methods.
Moreover, miniaturization also provides additional opportunities to significantly
minimize physical and biochemical stress experienced by WBCs during the isolation

process.
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Microfluidic Cell Sorting

Microfluidic techniques have been used for cell sorting due to several advantages
associated with miniaturization. First, the microfluidic channels have extremely high
surface area-to-volume ratio that can be beneficial in terms of providing additional
surface area for a given volume of blood as in the case of affinity-based approaches.
Second, at these size scales unique flow phenomena including laminar flow, Deans flow
etc. come into play providing new approaches to manipulate and sort cells. Microfluidics
can also provide techniques where every single cell is evaluated/sorted under the exact
same conditions 52°3 and this has led to widespread use of microfluidic approaches
especially for isolation of rare cells that are present in extremely low numbers in the
blood at a frequency of ~one cell per milliliter. Despite several microfluidic based
approaches, the only FDA approved method for isolation of circulating tumor cells
(CTCs) is the Veridex CELLSEARCH which employs a size filter to separate CTCs from
other blood cells and achieves confirmation via imaging >*. Microfluidic techniques for
isolation of WBCs from blood employ various techniques including inertial focusing
effects, microfluidic centrifugation, surface tension, pillar-like structures as filters, lateral
displacement, deformability of cells and immuno-affinity based approaches. However,
these microfluidic approaches have been limited to proof-of-concept demonstrations and
have not found widespread use in laboratories or clinics due to low throughput, poor
efficiency and the need to pre-process samples prior to use. Recent advances in

microfluidic approaches for cell sorting are highlighted in Figures 5-7°°.
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Figure 5. (A) Filtration using a 3D microfilter device and (inset) the applied forces on a
trapped cell. FL: force caused by the fluidic flow pressure. FS: supporting force from the
bottom membrane. FT: tensional stress force on the plasma membrane. (B) Microfluidic
ratchet cell sorting mechanism. Smaller and more deformable cells can squeeze through
the funnel constrictions during forward flow. However, they are unable to pass back
through the funnels when the flow direction is reversed periodically to unclog the filter.
(C) A Deterministic lateral displacement (DLD) device with one inlet and two outlets
(collection and waste). Using a symmetrical design, large cells dispersed in the inlet are
focused against the central channel wall, where they can be collected at the collection
outlet, while smaller cells enter the waste outlet. (D) A DLD device designed to separate
WBCs from RBCs and platelets. 13 sections of post arrays with different critical
diameters and spacings were used to separate cells with a range of diameters. (E)
Schematic illustration of the separation principle for high-throughput CTC isolation using
Dean Flow Fractionation. Under the influence of Dean drag forces (blue arrows), the
smaller hematologic cells migrate along the Dean vortices towards the inner wall, then

back towards the outer wall again. The larger CTCs will experience additional strong

12



inertial lift forces (red arrows) and focus along the microchannel inner wall, thus
achieving separation. (F) The principle of a vortex chip based on inertial forces. At the
channel inlet, cells are randomly distributed and experience two opposing lift forces, the
wall effect FLW and the shear-gradient lift force FLS. As a result, cells migrate to
dynamic lateral equilibrium positions, Xeg. Upon entrance into the reservoir, the wall
effect is reduced. Larger cells still experience a large FLS and are pushed away from the
channel centerline into the vortices. Smaller cells do not experience enough FLS and

remain in the main flow. Reproduced from Yan et. al. 2016.
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Figure 6. (A) A continuous-flow chamber based on dielectrophoretic field-flow-
fractionation (DEPFFF) to isolate tumor cells from peripheral blood mononuclear cells
(PBMNS). (B) Schematic diagram of a microfluidic device for cancer cell separation
using multi-orifice flow fractionation (MOFF) and DEP. In the first separation region, the
relatively larger MCF-7 cells and a few blood cells pass into the center channel and enter
the DEP channel, while most blood cells exit at Outlet I. In the focusing region, all cells
experience a positive DEP force and then align along both sides of the channel. Finally,
the second separation region selectively isolates MCF-7 cells via DEP. (C) An illustration

of a microfluidic device using an optically induced-dielectrophoretic (ODEP) force for
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cancer cell isolation. Six sections of animated (moving in the direction of the red arrows)
light-bar screens were digitally projected onto the CTC isolation zone. Reproduced from

Yan et. al. 2016.
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Figure 7. (A) Schematic of a magnetophoretic microdevice with two inlets and two
outlets. Inset shows how magnetic beads flowing from the upper source path are pulled
across the laminar streamline boundary into the lower collection path when subjected to a
magnetic field gradient. (B) Capture principle of a magnetic sifter. A whole blood sample
is labeled with magnetic tags and pumped through the pores by an applied external

magnetic field. Magnetically labeled target cells are captured at the pore edges where
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high magnetic field gradients exist. Unlabeled cells pass through the pores. (C) Operating
principle and practical implementation of the Ephesia system. A hexagonal array of
magnetic ink is patterned on the bottom of a microfluidic channel. The application of an
external vertically-aligned magnetic field induces the formation of a regular array of
magnetic bead columns localized on top of the ink dots. After the passage of 400 Raji

cells, numerous cells are captured on the columns. Reproduced from Yan et. al. 2016.

Microfluidic approaches have been widely explored for cell sorting especially to
address complex problems like rare cell sorting in complex blood samples. These
approaches exploit scaling effects and confined volumes possible in the microscale and
rely on flow phenomena in conjunction with unique geometries, immobilized antibodies

or externally applied force field to enable separations as illustrated Figures 5, 6 and 7.

Microfluidic Density Gradient Centrifugation: Design Considerations

The major design challenge in miniaturizing conventional density gradient
centrifugation is accounting for scaling effects that distinguish microscale fluid behavior
from fluid behavior in the macroscale. Fluid flow in microfluidic channels is primarily
laminar. However, in low aspect ratio channels, at higher Reynolds number flows, when
cells and particles comparable to the size of the flow channels, the parabolic flow profile
that develops within these channels results in a velocity gradient across the cross-section
of the channel which generates inertial lift forces that force cells and particles to the outer
walls®®5". The wall lift forces push back on the cells/particles and equilibrium is
achieved, resulting in focusing close to the walls with larger particles closer to the wall

and smaller particles further away. When rectangular channels arranged in a curved/spiral
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fashion, secondary Deans forces also develop resulting in rotational effects on the
flowing fluid. This results in a single focusing position close to the inner wall. To enable
microfluidic density gradient centrifugation, it is essential to maintain laminar flow while

minimizing inertial focusing effects and Deans flow.

To determine if microfluidic density gradient centrifugation is indeed possible, it is
essential to understand the fluid flow within our design. Specifically, we need to evaluate
both Reynolds number (Re) and Deans number (De). Reynold’s number (Re) is a
parameter that is used to describe flow regime: laminar or turbulent. Turbulent flow is the

most common flow profile in conventional systems and is chaotic and unpredictable.

D
Re :&

where p is the density, u is the velocity, D is the hydraulic diameter and u is the flow
viscosity. The hydraulic diameter is a computed value that depends on the cross-sectional
geometry. When Re>2300, flow tends to be chaotic and become turbulent. When
Re<2300, flow tends to be stable where flow streams are side by side but not mixing

except diffusion and become laminar.
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Figure 8. The Flow Streamlines in Laminar and Turbulent flow. Reproduced from

https://www.simscale.com/forum/t/what-is-laminar-flow/70247

De is a parameter that is used to predict the secondary flow profile in curvature
channels. With circular or spiral geometry, Deans flow could lead to two counter-rotating
vortices shown in figure 9. The current physics behind Dean flow dynamics in spiral
microchannel is based on the assumption of two counter-rotating vortices that develop
due to the longer path that the fluid on the outer part of the channel takes in comparison

to the fluid closer to the inner wall. De number could be calculated as:

d pvd
De = /—ﬂ
2r u
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Where r the radium of the curvature, p is the density, u is the velocity, d is the hydraulic
diameter and u is the flow viscosity. Deans flow along with inertial focusing effects has
been exploited for rare cell sorting shown in Figure 9.
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Figure 9. Schematic illustration of the separation principle for high-throughput CTCs
isolation using Dean Flow Fractionation (DFF). Blood sample and sheath fluid are
pumped through the outer and inner inlets of the spiral device respectively. Under the
influence of Dean drag forces (Fp (blue arrows)), the smaller hematologic cells (RBCs
and leukocytes) migrate along the Dean vortices towards the inner wall, then back to

outer wall again (Dean cycle 1), while the larger CTCs experience additional strong
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inertial lift forces (FL (red arrows)) and focus along the microchannel inner wall, thus
achieving separation. (B) Overall workflow of device operation and coupling with 96-
well plate for various downstream applications such as CTCs enumeration and culture

of sorted CTCs. Image reproduced from Hou et. al. 2013.
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Figure 10. Schematic illustrating two counter rotating vortices in a curved rectangular
channel. Image reproduced from Nivedita. et. al.2017

Inertial focusing of particles and cells in straight microchannel has been extensively
studied for cell sorting. The focusing occurs due to parabolic flow profile-induced inertial
lift force and wall-induced lift force. The focusing position is dependent on the size of the
particles or cells.

Conceptually, for our setup to work, first, we require the centrifugal forces to be
much greater than the inertial lift forces rendering the focusing effects due to fluid flow
in the channels irrelevant and second, we also require the viscous forces to be
significantly stronger than the secondary Deans forces to avoid mixing to the two phases
and allow the two phases to flow in laminar streams side by side. This is achieved by
achieving specific geometries for a given spinning speed to ensure that the Reynolds
number which dictates the magnitude of the inertial lift forces and Deans number which
dictates the magnitude of forces that cause fluid rotation within the channels to be small

enough to not affect the flow and separation within the microfluidic channels.

Microfluidic Centrifugation Platform for Blood Cell Separations

Microfluidic centrifugation platform has many advantages over other microfluidic
systems which require pumps for transport of fluid. The centrifugation platform is
relatively small and consists of a flat disc to immobilize the microfluidic device and
enable spinning at predetermined speeds. A microfluidic device with samples loaded in
the reservoirs can be operated via spinning the flat disc on the rotary platform. The

rotary motion provides both the centrifugal forces necessary of the cell separations and to

20



induce transport of the cell sample and Ficoll into the microfluidic channels. This simple
setup can easily be translated into a portable platform compatible with operation at
bedside in a clinical setting for rapid sample processing. The rotational motion generates
significant centrifugal force to cause migration of cells/particles as well as liquid of
interest based on differences in densities for cell/particle separations. There have been
prior studies that have miniaturized conventional density gradient centrifugation with
Ficoll and Blood®"->°. However, this platform utilizes a small sample of blood preloaded
into the device rather than reproducing this process in a continuous flow format. The
disadvantages with this approach include the small sample volume, complexities
associated with fractionation and operation of the device. This approach is shown in the

Figure 11 below.

(a) Blood loading (b) Centrifugation (c) Blood stratification (d) Siphon priming (e) Upper Siphon Valve Opens () Lower siphon valve opens

Figure 11. WBC isolation using a dual siphon, split pneumatic chamber. (a) The disc is
loaded with DGM as the whole blood is introduced during disc acceleration. (b) RBCs
sediment. Note that the siphons have a number of capillary burst valves. The upper
capillary valve on the lower siphon prevents the DGM pre-priming siphon while the disc
is stopped for blood loading. (c) Stratified blood in the chamber. Note that the plasma
remains below the siphon crest points. (d) The disc is decelerated and the bulk liquid is
displaced radially inwards and the siphon prime. The siphon priming is halted by the
capillary burst valves. The siphons must be primed at a lower frequency (~2.5 Hz) than

the nominal frequency (~15 Hz) to prevent the capillary valves from bursting early or out
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of sequence. However, due to the low hydrostatic priming pressure at this spin rate, the
crest of the lower siphon required treatment using a surfactant to achieve reliable
priming. The upper siphon was not treated. (e) The spin rate is increased and the burst
valve of the upper siphon capillary is opened, thus removing the plasma to the collection
chamber. (f) The spin rate is increased further and the lower siphon valve opens for
removing the WBCs (with some plasma and DGM) to the WBC collection chamber
This study has validated the possibility of isolating WBC from whole blood with
miniaturized density gradient. However, due to the intrinsic drawback of the
microchannel, the blood sample loading (10ul) and throughput has prevented this
platform to be practical for subsequent analysis. Image reproduced from Kinahan. et. al.

2016

Activation of Leukocytes

Lymphocytes are responsible for both adaptive and innate immunity and travel from
the blood to inflamed sites through a multi-step process involving recognition of a
chemokine gradient and activated vascular endothelial cells via a process extravasation.
Chemoattractant cytokines (chemokines) regulate this trafficking by forming a
concentration gradient that directs migration of leukocytes®*-¢2, The endothelium
proximal to the injury site also becomes inflamed and caused activated monocytes and
granulocytes to initially roll, attach and transmigrate across the endothelium thereby
extravasating into the injured tissue. The production of chemokines in inflammation
triggers the overexpression of the chemokine receptors on the surface of WBCs and is

considered an early marker of leukocyte activation. Further, expression of integrins is
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also important for leukocyte rolling and attachment to the inflamed endothelium and an
increase in the expression on the surface of leukocytes can also be considered a marker of
early leukocyte activation. Both chemokine receptors and integrins can be impacted by
the isolation process and evaluation of both these markers can serve as an indication of

impact of the isolation process on artefactual activation of leukocytes 5364,

LFAI-ICAMI
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PSGL1 Selectin PI3K MACI JAMs ICAMI
VLA4 signalling Chemokines VAVI, VAV2, VAV3 ICAMI ESAM PECAMI?
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Figure 12. The Updated Leukocytes Adhesion Cascade. The original three steps are

Basement membrane

Endothelial cells

shown in bold: rolling, which is mediated by selectins, activation, which is mediated by
chemokines, and arrest, which is mediated by integrins. Progress has been made in
defining additional steps: capture (or tethering), slow rolling, adhesion strengthening and
spreading, intravascular crawling, and paracellular and transcellular transmigration.

Image reproduced by Ley. et. al. 2007.
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Aqueous Two-phase Partitioning

Phase partitioning has been used for extraction and purification of biomolecules and
cells. Agueous two-phase systems (ATPSs) is most common phase partitioning approach
which takes advantage of two immiscible polymer solutions under certain temperature,
ionic strength, and polymer concentration. Even though the mechanism is not fully
understood, they have been applied for numerous extractions of biomolecules like nucleic
acids and proteins for its simple yet efficient approach %5-%. The selection and purification
relies on surface tension, ion charge based on certain parameters like the choice of
polymer types, buffer ions and use of specific ligands. When two immiscible phases like
polyethylene glycol (PEG) and Dextran (DEX) are dissolved in a salt solution like
phosphate buffered saline and allowed to separate, PEG and DEX separate with the
heavier DEX at the bottom and the lighter PEG at the top. While the saline partitions
equally, various salts do not partition equally resulting in each of the solutions acquiring
a net charge. When a mixture of cells or biomolecules are introduced within this
environment, they migrate to energetically favorable locations either in the PEG phase,
DEX phase or at the interface . Conventional phase partitioning is performed in a 15 or
50 mL tubes and requires ~ 24 hours for complete partitioning. By miniaturizing phase
partitioning we aim to exploit both centrifugal forces and microscale channels to enable
rapid phase partitioning within a few minutes with automated fractionation of phase
separated cells. By using a microfluidic device on a rotary platform we aimed to
accomplish phase partitioning. The microchannel consists of segments for mixing
featuring serpent shape channel and phase partition straight shape channel. At the end of
the microchannel, each phase can be extracted to the designated outlet via resistance

manipulation. Previous miniaturized WBC isolation uses charged dextran and PEG after
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phase partitioning for selective cell sorting >%%7°, Our goal is to integrate dextran/PEG
mixing, phase partitioning along with cell sorting, and extraction into a single device.
Compared with conventional cell sorting principles, phase partitioning introduces less

stress in biofriendly environment that is ideal to preserve WBCs in their natural state.

PEG PEG
B
wholo blood —>%. L #0-0-508 —> g
A 0 e g !
A/ &
Dex
Dex + RBCs

Figure 13. Schematic illustration of leukocyte separation based on microfluidic aqueous
two-phase system (ATPS). In this exmaple, whole blood diluted in PEG is exposed to a
PEG-Dex interface, represented by the dashed line. Due to differences in surface
energies, the leukocytes prefer the interface while RBCs migrate into the Dex region.

From SooHoo et. al. 2009.

Thesis Goals

My goal is to apply microfluidic approaches particularly in the context of techniques
that exploit centrifugal forces to either significantly improve on conventional separation
techniques or to develop completely new technigues not possible in the macroscale.

There are two parts to my thesis project: (1) miniaturize conventional density gradient
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centrifugation for isolation of PBMCs from whole blood and (2) develop new phase

partitioning technique for WBC subpopulation isolation.

Hypothesis and Specific Aims

Microfluidic provides a powerful platform to achieve sorting of leukocyte sub-
populations from whole blood with great potential to be translated into point-of-care
technologies for rapid isolation thereby minimizing the time between blood draw and
attainment of target cells. . Microfluidics also provides unique opportunities to minimize
both physical and biochemical stress. Therefore, | hypothesized that “Centrifugal
microfluidic adaptation of conventional density gradient centrifugation will result in a
rapid and gentle technique capable of isolation of PBMCs from whole blood where all
PBMC subpopulations are preserved with minimal isolation process induced activation”.
Moreover, this process does not require the use of pumps or complex manipulation and is
compatible with point-of-care adoption in the clinical setting. | also hypothesized that
“Microfluidic phase partitioning represents a new technique for separation of cells based
on differences in surface energy and microfluidic adaptation will result in rapid and
efficient partitioning of phases and separation of cell enabling a completely new

approach for blood cell sorting”.
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To test my hypothesis, | formulated three specific aims:

Specific Aim1: To demonstrate feasibility that density gradient centrifugation can be

accomplished within a microfluidic platform where the sample stream and the Ficol
stream can be layered side-by-side with sufficient centrifugal forces to enable separation
of particles of different densities while at the same time minimizing Deans forces that

cause fluidic rotation and mixing.

Specific Aim2: To accomplish separation of PBMCs from whole blood using microfluidic

density gradient centrifugation and demonstrate that various PBMC sub-populations can
be preserved while minimizing isolation process induced activation of different sub-

populations.

Specific Aim3: To demonstrate preliminary proof-of-concept demonstrations that rapid

and efficient phase partitioning can be accomplished using centrifugal microfluidics and

this partitioning can be used to separate beads with different surface energy.

My thesis project therefore will test my two hypotheses via completion of these three

specific aims.
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Abstract:

Density gradient centrifugation is a label-free approach that has been extensively used
for cell separations. Though elegant, this process is time consuming (>30 mins), subjects
cells to high levels of stress (> 350 g) and relies on user skill to enable fractionation of
cells that layer as a narrow band between the density gradient medium and platelet-rich
plasma. We hypothesized that microfluidic adaptation of this technique could transform
this process into a rapid fractionation approach where samples are separated in a
continuous fashion while being exposed to lower levels of stress (< 100 g) for shorter
durations of time (< 3 mins). To demonstrate proof-of-concept, we designed a
microfluidic density gradient centrifugation device and constructed a setup to introduce
samples and medium like Ficoll in a continuous, pump-less fashion where cells and
particles can be exposed to centrifugal force and separated via different outlets. Proof-of-
concept studies using binary mixtures of low density polystyrene beads (1.02 g/cm?) and
high-density silicon dioxide beads (2.2 g/cm®) with Ficoll-Paque (1.06 g/cm?®) show that
separation is indeed feasible with > 99% separation efficiency suggesting that this

approach can be further adapted for separation of cells.

Keywords: Cell Separations; Label-free cell separation; Microfluidics; Density gradient

centrifugation
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Introduction

Cells in the body are either organized as complex multi-cellular tissue or as
heterogeneous mixtures in fluids such as blood. Separation of cells into different sub-
populations is an essential step for various applications such as immune-phenotyping,
tissue engineering and evaluation of systemic inflammation 27’7, The focus of the
majority of cell separations approaches is the isolation of cells in blood as they provide
important prognostic and diagnostic information #7276, Blood consists of plasma,
erythrocytes, leukocytes and platelets.

Leukocytes or white blood cells are responsible for maintenance of immune
homeostasis and for protecting the body from injury and infections. Therefore, sampling
leukocytes from a patient provides valuable information regarding the immediate immune
and inflammatory status of the patient 443’8 Cell separation approaches exploit
differences in either physical properties or biochemical specificities of different cell types
to accomplish separation of cells into different sub-populations. Commonly used
techniques include erythrocyte or red blood cell lysis which relies on selective
susceptibility of erythrocytes to lysis when suspended in an ammonium chloride buffer
43 density gradient centrifugation which takes advantage of differences in mass density
between mononuclear leukocytes and erythrocytes and granulocytes ° and immuno-
affinity separations which rely of antibody-cell surface antigen interactions to enable
capture 3. Leukocyte sub-populations provide superior diagnostic and prognostic
information in comparison to total leukocytes. However, isolation of leukocytes into sub-
populations requires the use of antibodies or methods like density gradient centrifugation

which can both lead to activation of leukocytes due to the leukocyte binding event & or
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due to high levels of stress “° during the isolation process. Considering the fact that
leukocytes are highly sensitive to isolation process induced stress which can result in

artificial leukocyte activation 4°

, it is important to develop antibody-free approaches
which minimally stress cells during the isolation process.

Density gradient centrifugation is one of the most commonly used separation
methods for fractionation of leukocyte subpopulations from the perspective of efficiency,
purity and cost. By exploiting density difference among leukocyte subpopulations and
erythrocytes, less dense peripheral blood mononuclear cells (PBMCs) are enriched in a
suspended buffy layer after following >350¢g centrifugation for 30 minutes. User skills
are critical for extraction to ensure efficient fractionation via removal of the thin band of
PBMCs layered in between the Ficoll-Paque layer and platelet-rich plasma. However,
this approach imposes stress cells leading to activation of leukocytes °.

Microfluidics provides a powerful platform for analysis of small biological samples
via precise manipulation of the fluids. Several microfluidics based approaches have been
developed to isolate and analyze leukocyte populations. The most common microfluidic
approaches for isolation of mononuclear leukocytes or peripheral blood mononuclear
cells (PBMCs) have exploited size difference to achieve separation of target cells via
either filtration or inertial focusing based platforms®:-8%, However, these approaches have
not found use in the clinical setting due to inherent limitations with these techniques to
distinguish cells with small size difference. Microfluidic filtration approaches also have
to deal with issues such as cell deformability and the tradeoffs between throughput and
clogging of microfluidic filters 8. Inertial focusing also relies on cell size differences to
accomplish cell sorting but size difference among blood cells is not sufficient enough to

isolate PBMC and may require significant sample dilution to work effectively .
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Microfluidic magnetophoretic, dielectrophoretic and acoustophoretic devices have been
developed and used either with or without antibodies but their throughput and separation
efficiency have prevented widespread adoption in the clinic or research setting 838689,
Therefore, while microfluidics provides new opportunities for cell separation with
potential to minimize isolation process induced activation of cells by minimizing stress
and processing times, we have yet to see clinical adaptation of these techniques.

There have been several prior efforts that have utilized centrifugal force to drive
fluids or achieve cellular separations using microfluidic approaches. However, there
approaches do not accomplish high fidelity miniaturization of conventional density
gradient centrifugation where red blood cells and PNMs are isolated from PBMCs in
unique fractions. Al-Fagheri et al present an excellent review summarizing centrifugal
force based microfluidic efforts for cell separations®. Other works of importance to the
method discussed in this paper include a manuscript by Balter et al used centrifugal
microfluidics to label and count leukocyte populations®, a manuscript by Yu et al where
they use centrifugal forces to drive fluid flow and accomplish leukocyte capture on
immuno-modified surfaces®”, Ramachandraiah et al ® developed a lab-on-a-chip DVD
for labeling and counting of CD4" cells, a centrifugally driven immunoassay where
antibody coated beads are transported via centrifugal forces and an ELISA like readout is
used to facilitate accurate dosing of VEGF®*, Schaff et al *developed an immunoassay
using centrifugal microfluidics for evaluation of biomarkers in blood, and another
manuscript by Zhang et al *®where a centrifugal microfluidic platform was used to
separate plasma from the blood cells and used to separate plasma and determine
hematocrit. There are also few examples of density gradient centrifugation using

miniaturized platforms. Kinahan et al °" developed a spira mirabilis inspired geometry for
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blood processing using density gradient media. Later they developed a similar platform to
fractionate mononuclear blood cells®. Rather than operate in a continuous mode, they
developed a valving system to contain samples within a chamber during application of
centrifugal force. Another paper by Moen et al®® describes a density gradient process
where total leukocytes are separated from red blood cells at high efficiency. Finally,
Ukita et al 1 developed a percoll gradient based density gradient centrifugation to
separate beads of different densities. The technique presented in this paper is unique as it

faithfully mimics conventional density gradient centrifugation using Ficol Paque.

The major design challenge in miniaturizing conventional density gradient
centrifugation is to account for scaling effects that distinguish microscale fluid behavior
from conventional macroscale effects. Fluid flow in microfluidic channels is primarily
laminar. However, in low aspect ratio channels, at higher Reynolds number flows, when
cells and particles comparable to the size of the channel flow via these channels, the
parabolic flow profile that develops in these channels results in a velocity gradient across
the cross-section of the channel which generates lift forces that force cells and particles to
the outer walls. The wall lift forces push back on the cells/particles and equilibrium is
achieved, resulting in focusing close to the walls with larger particles closer to the wall
and smaller particles further away. When rectangular channels arranged in a curved/spiral
fashion, secondary Deans forces also develop resulting in rotational effects on the
flowing fluid. This results in a single focusing position close to the inner wall.

For our setup to work conceptually, we require the centrifugal forces to be much
greater than the inertial lift forces rendering the focusing effects due to fluid flow in the

channels irrelevant and for minimal generation of secondary Deans forces which can
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cause mixing to the two phases flowing side by side. This is achieved by achieving
specific geometries for a given spinning speed to ensure that the Reynolds number which
dictates the magnitude of the inertial lift forces and Deans number which dictates the
magnitude of forces that cause fluid rotation within the channels to be small enough to

not affect the flow and separation within the microfluidic channels.

pulL

d pvd
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This paper details an approach that has great potential to be adapted for separation of
PBMCs in the clinical setting. Conventional density gradient centrifugation with Ficoll-
Paque was miniaturized as a pump-free, continuous, label-free microfluidic system that
when mounted onto a custom built rotary platform can enable separation of cells based on
differences in density. While conceptually simple and straightforward, the significance of
inertial effects in microfluidic channels and Deans forces associated with microfluidic
channels that have curvature associated with them, it is important to minimize both these
effects to ensure laminar flow of blood and Ficoll streams side by side as they transit the
entire microfluidic device. This was accomplished via careful manipulation of channel
dimensions, fluidic resistances, orientation of inlets and outlets and direction of rotation.
To demonstrate successful proof of concept of this technique to separate cells/particles of
different densities, we utilized low density polystyrene beads (PS) (1.02 g/cm®) and high

density silicon dioxide (SD) beads (2.2 g/cm®) with Ficoll-Paque (1.06 g/cm?).
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2. Materials and Methods

2.1. Materials Microfluidic Device Fabrication

Microfluidic devices were fabricated using methods previously established in our
laboratory 1%, Briefly, a 2D layout of the channel architecture was created using
AutoCAD layout software (Autodesk, Inc., San Rafael, CA) and printed using a high-
resolution printer on a mylar sheet (Fineline Imaging, Colorado Springs, CO). This
photolithography mask was then used to define channel structures using a negative
photoresist (SU-8 50, Microchem Corp, Westborough, MA) on a silicon wafer. Using
standard  soft-lithography, the microfluidic devices were molded using
(poly)dimethylsiloxane (PDMS) (Dow Corning, Midland, MI) and bonded to either a
silicon or glass wafer. Access holes for the 2 inlets and 2 outlets were punched using a
22-gauge blunt syringe needle and tubing was press fitted to introduce and remove fluids.
Two holes were also punched close to the center of the device to hold 2ml Nalgene
Cryogenic Vials (Thermo Scientific, Waltham, MA) reservoirs. The caps of reservoirs
were punched holes by 22-gauge needle for delivering samples contained within the

reservoirs into the main channel via the connecting tubing.

2.2. Centrifugation System

A system was designed and fabricated to enable microfluidic density gradient
centrifugation. The system consists of a variable speed DC motor (AO Smith, Pitt City,
OH) and a custom designed rotary platform that can be mounted on the motor to hold the

microfluidic device (Fig. 1). The rotary platform has a machined slot to hold the silicon
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wafer in place during spinning and two slots at diametrically opposite locations to collect
the samples from the two outlets. The system spins clockwise with maximum speed of

1725 rpm.

2.3. Particles and Fluids

To demonstrate proof-of-concept, we used 2 different particles with different
densities and a Ficoll-Paque solution with an intermediate density. Specifically, we used
low density fluorescently labeled polystyrene beads (1.02 g/cm3) (Thermo Fisher
Scientific, Waltham, MA) and high density silicon dioxide beads (2.2 g/cm3) (Thermo
Fisher Scientific, Waltham, MA) with Ficoll-Paque (1.06 g/cm3) (GE Healthcare,
Uppsala, Sweden). The particles were suspended as a 2% solution in 1X phosphate
buffered saline (PBS) with either a detergent or 1% bovine serum albumin (BSA) to
prevent aggregation. The solutions were vigorously shaken prior to use, loaded in beads
reservoir along with Ficoll-Paque and accelerated rapidly to 50% of maximum speed for

5 minutes and then gradually decelerated until the system came to rest.

2.2. Flow Characterization

1X (PBS) (Thermo Fisher Scientific, Waltham, WA) and Ficoll-Paque Plus (GE
Healthcare, Uppsala, Sweden) were loaded in each reservoirs and the centrifugation
system was operated at 20%,30%, 40%, 50%, 70% and 90% of maximum spinning speed

for 5 minutes (n = 3). After spinning stops, the inlet reservoirs and outlet collection tubes
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were removed and the quantity of liquids in each was measured to estimate the collective

and relative flow rates.

2.5. Evaluation of Samples

Evaluation was of samples within the channels and collected in the reservoirs were
evaluated using bright field and fluorescence microscopy (Nikon TE 2000, Nikon
Instruments, Melville, NY). For evaluation of beads within the channels, PDMS devices
bonded to glass were directly imaged at different locations. Samples collected in the
reservoirs were analyzed using a hemocytometer. Fluorescently labeled polystyrene

beads were distinguished from silicon dioxide beads via fluorescence imaging.

3. Results

3.1. Device Dimensions for Optimal Laminar Flow and Layering

Various designs were evaluated for establishment of optimal laminar flow and
layering of the sample stream over the Ficoll-Paque stream. The design that produced the
optimal results without inducing mixing due to inertial forces and Deans forces was a 3
mm wide with a pitch of 45 mm (Fig 1). The total channel length was 20 cm and the
channel ran along the circumference of the silicon/glass wafer with room provided for the
inlets and outlets. The width of the channels was 3 mm and the height was 50 pum
resulting in an aspect ratio of 60:1 (w:h). To avoid secondary forces that typically
develop in microfluidic channels, we found that channel heights greater than 100 pm
result in inertial forces that cause particle migration towards the side walls and Deans

flow resulting fluid rotation within the channels which disrupts the laminar flow within
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the channels. Therefore, a channel height of 50 um and a channel width of 3 mm were

selected to avoid fluid rotation and inertial particle migration within the channels.

(A) E i

T Distal Outlet
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Figure 1. Setup for microfluidic density gradient centrifugation. (A) Simplified
schematic of the device (B) Picture of the centrifugation system consisting of the
custom designed rotary platform mounted onto the motor to hold the
microfluidic device. (C) Schematic and actual image of layering of colored 1X

PBS streams within the device.

3.2. Characterization of Total and Relative Flow Rates
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Figure 2: Characterization of fluid flow rates (1X PBS and Ficoll-Paque) at
20%. 30%,50%,70% and 90% of the motor’s maxmum speed (1750rpm) (n = 3).
The ratio of PBS to Ficoll was maintained constant at 1:3 by adjusting the

resistances of the tubing.

To estimate the total and relative flow rates of particle samples and Ficoll-Paque, we
measure the quantity of liquid in the inlet reservoirs and in the outlet collection tubes
following spinning at different speeds ranging from 400 to 1600 rpm (Fig. 2). The ratio
of particle sample to Ficoll-Pague was maintained at 1:4 via adjustment of fluidic
resistances leading into the main flow channel. This ratio remained relatively constant
regardless of the spin speed and was ideal for particle separations. The total flow rate
ranged from 50 mL/min at 550 rpm to a maximum flow rate of 330 mL/min at 1600 rpm.

These results were consistent (n = 3) and the standard deviations negligible.

3.3. PS Bead Separation

To demonstrate initial proof-of-concept, a 2% solution of PS beads (1.02 g/cm?®)
suspended in a 1X PBS solution were flowed into the system and layered over either 1X

PBS (1.00 g/cm?®) or Ficoll-Paque (1.06 g/cm®) when the device was spun at a speed of
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875 rpm which generates centrifugal force of ~ 40g. As expected when layered over 1X
PBS, the centrifugal force pushes the PS beads through the lower density 1X PBS
resulting in > 99% of PS beads being collected via the distal outlet (Fig. 3, top).
However, when the PS beads were layered over the higher density Ficoll-Paque, the PS
beads remain at the interface of the Ficoll-Paque layer unable to transit through the higher
density medium resulting in > 98% of PS beads fractionated via the proximal outlet (Fig.

3, middle). Results are represented as means = SD (n = 5).

3.4 SD Bead Separation

SD beads with a density of 2.2 g/cm?® are heavier than Ficoll-Paque and we sought to
determine if we could isolate SD beads via the distal outlet when the device was spun at a
speed of 875 rpm which generates centrifugal force of ~ 40g. Results confirm that the
heavier SD particles do indeed transit through the Ficoll-Paque and > 99% of the beads
can be fractionated via the distal outlet (Fig. 3 bottom). Results are represented as means

+SD (n = 5).
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Figure 3: Proof-of-Concept Studies were established by flowing either PS or SD
beads solutions with either 1X PBS or Ficoll to determine migration behavior
and isolation via either the proximal or distal outlets. On the left is the schematic
with hypothesized path of travel through the microfluidic channel at a speed of
875 rpm (40g) and on the right is a plot with % of beads collected at each outlet
for the following conditions: (A) PS Beads and 1X PBS, (B) PS Beads and

Ficoll and (C) SD Beads and Ficoll (n =5).

3.5 Separation of PS-SD Bead Mixture

Finally to the ability of this device to achieve separation of particles of low and high

density particles with a medium of intermediate density was accomplished. A 1X PBS

41



solution containing a 4% solution of equal amounts of PS and SD beads was layered over
Ficoll-Pague and the device was spun at 875 rpm (40g). Bright field and fluorescence
images of PS and SD beads at different locations (inlet, intermediate location within the
channel and outlet) during this process are shown in Figure 5. Results confirm that high
efficiency separation of PS and SD beads can indeed be accomplished using this
approach with > 99% PS beads collected via the proximal outlet and > 99% of SD beads

fractionated via the distal outlet (Fig. 4). Results are represented as means + SD (n = 5).
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Figure 4: Quantitative assessment of beads collected via the proximal and distal
outlets using a hemocytometer under bright field imaging and fluorescence
microscopy. Results show that > 99% of PS beads were obtained via the
proximal outlet whereas > 99% of SD beads were obtained via the distal outlet

(n=5).
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Figure 5: Images of PS (fluorescently labeled) and SD (unlabeled) beads at

different locations during the microfluidic density gradient centrifugation
process. PS beads are visible in both the brightfield and fluorescence images
whereas the SD beads are only visible in the fluorescence images. (A) At the
inlet, both PS and SD beads are closer to the inner wall, (B) as the beads transit
through the device, centrifugal force moves the heavier SD beads through the
Ficoll and the SD beads can be seen close to the outer wall (highlighted region)
whereas the PS beads are unable to migrate into the Ficoll and (C) Collected
samples at the proximal and distal outlets confirm separation of PS and SD

beads via the proximal and distal outlets respectively.
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4. Discussion

Density gradient centrifugation is an elegant technique that exploits differences in
cell mass densities to achieve separation of PBMCs from erythrocytes and
polymorphonuclear cells (PNMs). While this technique has been extensively used for
over 50 years, shortcomings associated with high levels of stress imposed on cells,
extended processing times and need for skilled technicians to cleanly isolate the
fractionated samples have not been addressed. Microfluidics systems have great potential
to miniaturize conventional macroscale separation approaches where samples confined in
micrometer sized channels can be manipulated to enable faster, more precise and highly
effective separations. To overcome the high levels of stress on cellular samples and
minimize separation time, we sought to develop a microfluidic adaptation of conventional
density gradient separation process focused on minimizing duration and magnitude of
centrifugation induced stress on cells.

To accomplish this, we designed a system that could house a microfluidic device that
was bonded to a 4” silicon wafer and subject it to rotary motion to induce centrifugal
force for cell and particle separation. The microfluidic device itself consists of channel
where cell/particle samples can be layered as a laminar stream over medium like Ficoll-
Paque. Within microfluidic devices, low Reynolds number flows ensure that viscous
forces are dominant and laminar flow is achieved. In order to minimize inertial effects
and potential Deans forces that can induce rotational mixing of the sample stream with
the Ficoll-Paque, the width of the channel (3 mm) was significantly larger than the height
of the channels (50 um) resulting in an aspect ratio of 60:1 (w:h) and ensuring large

interfacial contact area between the fluids and the device. This ensured that introduction
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of two streams of fluids with different viscosity and density can be maintained as laminar
streams and the layering is maintained during rotational motion of the device. It is also
critical that the samples flow direction is in the same direction of the rotary motion to
avoid disruption of the layering process. Further it is important to position and orient the
inlet reservoirs and inlets correctly to ensure proper flow of samples and Ficoll-Paque
into the device. In our pump-less system, centrifugal force was used to induce fluid flow
by ensuring that the outlets were placed further from the center of the wafer than the
inlets. The ratio of fluids was adjusted by controlling the fluidic resistances (tubing and
inlet channel length and diameter). To achieve proper fractionation, the fluidic resistance
of the two outlets was adjusted to ensure proper fractionation of low and high density
particles. Finally, to avoid trapping and retention of the high density particles within the
channels, the spin speed (magnitude of centrifugal force) needs to be controlled to ensure
that the high density particles travel into the Ficoll-Paque layer but do not travel all the
way to the outer wall.

Prior to optimizing this system for separation of cells, we sought to demonstrate
proof-of-concept using particles. Polystyrene (PS) particles have a lower mass density
than Ficoll-Paque whereas silicon dioxide (SD) particles have a higher mass density and
provide ideal particles for feasibility demonstrations. Initially, to confirm that beads
introduced within the system experienced centrifugal force and moved across the channel
we tested PS beads in solution with PBS. Our results confirm that higher density PS
particles move through the lower density PBS and are collected via the proximal outlet.
When the same PS beads were layered over Ficoll-Paque the higher density Ficoll-Paque
retarded the motion of the PS beads and the PS beads were collected via the distal outlet.

When SD beads were layered over Ficoll-Paque, the higher density SD beads easily
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transited through the Ficoll-Paque and were collected via the proximal outlet. Finally,
when a binary mixture of PS and SD beads were layered over Ficoll-Paque, the low
density PS beads remained at the interface of the Ficoll-Paque layer and were collected
via the distal outlet whereas the high density SD beads transited through the Ficoll-Paque
and were collected at the proximal outlet. The separation efficiencies for all separations
were > 99% confirming that the conventional Density Gradient Centrifugation can be

effectively miniaturized.

We believe that this technique is directly translatable to separation of blood cells. We
utilized a maximum spinning speed of 875 rpm which translates to a residence time of 16
seconds within the device. This speed was sufficient to generate enough centrifugal force
to move SD beads (2.2g/cm®) which have a significantly higher density than Ficoll-paque
(1.07g/cm?) close to the outer wall. Increased spinning speeds resulted in pinching of SD
beads against the walls due to higher centrifugal force which prevents collection of SD
beads out of the channels. For blood cells we anticipate that based on the insignificant
density difference between red blood cells (1.08 g/cm®) as well as granulocytes (1.077
g/cmq) and Ficol-Paque, that a higher spin speed (~ 2500 rpm) and longer residence time
(42 Seconds) was necessary for red blood cells and granulocytes depletion. These

calculations were made using a modified stokes settling velocity equation.

5. Conclusions

In summary, we demonstrate successful microfluidic adaptation of conventional
density gradient centrifugation. Proof-of-concept studies demonstrate high efficiency

separation of low density PS beads from high density SD beads when separated using a
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medium like Ficoll-Paque. These results suggest that this approach can potentially be

adapted for separation of PBMCs from whole blood.
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ABSTRACT

Density gradient centrifugation exploits density differences between different blood cells
to accomplish separation of peripheral blood mononuclear cells (PBMCs) from
polymorphonuclear (PNM) cells, and erythrocytes or red blood cells (RBCs). While
density gradient centrifugation offers a label-free alternative avoiding the use of harsh
lysis buffers for blood cell isolation, it is a time-consuming and labor-intensive process
during which blood cells are subject to high-levels of centrifugal force that can
artifactually activate cells. To provide a low-stress alternative to this elegant method, we
miniaturized and automated this process using microfluidics to ensure continuous
PBMCs isolation from whole blood while avoiding the exposure to high-levels of
centrifugal stress in a simple flow-through format. Within this device, a density gradient
is established by exploiting laminar flow within microfluidic channels to layer a thin
stream of blood over a larger stream of Ficoll. Using this approach we demonstrate
successful isolation of PBMCs from whole blood with preservation of monocytes and
different lymphocyte subpopulations similar to that seen with conventional density
gradient centrifugation. Evaluation of activation status of PBMCs isolated with this
technique shows that our approach achieves minimal isolation process induced activation
of cells in comparison to conventional lysis or density gradient centrifugation. This
simple, automated microfluidic density gradient centrifugation technique can potentially
serve as tool for rapid and activation-free technique for isolation of PBMCs from whole

blood for point-of-care applications.
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INTRODUCTION

Blood cells contain vital information as changes in immune and inflammatory status
of the body are almost immediately reflected in changes in the numbers and activation
status of leukocyte sub-populations.t®192-1% There has been significant interest in trying
to use this information for advanced diagnosis, to predict patient clinical trajectories, and
for determination of patient-specific treatment alternatives. The presence of large
numbers of erythrocytes or red blood cells (RBCs) presents a significant challenge as
unique signatures indicative of injury or disease in specific leukocyte sub-populations are
often not distinguishable when dealing with complex heterogeneous mixtures of cells.*%®
Therefore, at a minimum, depletion of RBCs and isolation of leukocytes or leukocyte
sub-populations is necessary to obtain highly specific information that can be used for
evaluation of patients. Leukocytes are extremely sensitive to changes in environment and
stress 106197 solation of blood and prolonged maintenance ex-vivo after isolation impacts
both viability and activation status of leukocytes in a time dependent manner.%1% Even
the method of collection can alter gene expression profiles of isolated leukocytes.1%810°
Physical or chemical stress during isolation represents additional stimuli that can activate
also leukocytes.3*4¢ Therefore it is critical that leukocyte isolation be accomplished

rapidly following blood draw with minimal stress during the isolation process.

Immuno-affinity techniques provide an elegant method to achieve highly selective
isolation of leukocytes and leukocyte sub-populations but the antibody binding event
itself can be a source of activation.*%'* Further, it is essential to have prior
understanding of cell surface markers to enable isolation of target cell populations.*?

Therefore, label-free approaches are highly desirable to minimize activation and bias
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during the isolation process. Two commonly used techniques for label-free isolation of
leukocytes from whole blood are (A) Density gradient centrifugation (DGC) and (B)
Erythrocyte or red blood cell (RBC) lysis (LYSIS). DGC is an elegant process that relies
on differences in mass densities of different cell types to enable separation in a label-free
fashion. DGC is typically accomplished with a density gradient medium like ficoll,
percoll, sucrose or dextran which has intermediate mass density between peripheral blood
mononuclear cells (PBMCs) and polymorphonuclear cells (PNMs) and RBCs 79113,
LYSIS utilizes different osmotic lytic agents like deionized water, NaCl buffer, NH4ClI-
KHCOj3 buffer to accomplish isolation of total leukocytes by selective lysis of RBCs 14,
While both DCG and LYSIS methods are label-free and do not require the use of
antibodies which can be an additional source of activation, DCG is associated with
exposure of leukocytes to high levels of stress (~800g) for extended periods of time (~ 20
mins)!® whereas LYSIS exposes leukocytes to osmotic solutions and contact with free
hemoglobin (heme and hemin) form lysed RBCs which both cause leukocyte

activation, 16

Leukocytes express various surface markers that can be qualitatively and
quantitatively evaluated to determine activation status.®’ Transcriptionally regulated
markers of activation require a certain amount of time (i.e. transcription of mRNA and
translation of proteins) to be useful in evaluating activation. Therefore we focused on
activation markers that do not require transcriptional regulation but are already either
expressed on the cell surface and become damaged following activation or are contained
in vesicles within the cell and translocate to the cell surface following activation.

Monocytes in circulation do not express high levels of integrins on the cell surface.
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However, immediately following activation the expression of integrins (CD11b/CD18) is
transiently upregulated to enable monocytes to roll and attach to the endothelium and
transmigrate into the underlying tissue.'*” Therefore evaluation of CD11b/CD18 can be
utilized as a highly sensitive marker of monocyte activation and has been previously been
used as a highly sensitive marker to evaluate isolation process induced monocyte and
granulocyte activation following RBC lysis.*'® There have also been several reports that
chemokine (C-C and C-X-C motif) receptors in particular are highly sensitive to stress
from isolation processes like DGC. In reviewing literature, we found that expression of
CCR2 and CCR4 receptors on lymphocytes and CCR2 on monocytes was significantly
reduced following DGC. This reduction in expression was found to be a long-term effect

and could not be recovered even with treatment with pro-inflammatory stimuli.1*8

Microfluidics deals with manipulation of fluids within devices in the sub-millimeter
scale and can significantly enhance efficiency in comparison to conventional macroscale
processes. Scaling effects can also be enhanced to exploit phenomena like low Reynolds
Number (Re) laminar flow to enable processes not possible in the macroscale. Previously,
our group miniaturized RBC lysis process within a microfluidic platform and
demonstrated high efficiency isolation of leukocytes with minimal isolation process
induced activation.*® However, RBC lysis results in isolation of total leukocytes and
evaluation of heterogeneous populations is associated with loss in quality of information
in comparison to isolated sub-populations.®® Several groups including ours have
previously sought to miniaturize conventional DGC but most demonstrations have been
limited to proof-of-concept studies using beads which have significant differences in

density.®>*® One group achieved microfluidic separations of blood cells but the platform
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used requires step-by-step layering of blood over Ficoll and processing of small (< 20
pL) of blood and requires complex operation of valves to be able to fractionate separated

layers.?°

In this study we sought to develop a continuous and automated microfluidic device to
accomplish isolation of PBMCs (monocytes and lymphocytes) from RBCs and PNMs
(granulocytes, basophils, eosinophils, mast cells) by miniaturizing conventional density
gradient centrifugation to transform this technique from a high-stress and lengthy
isolation process into a rapid and low-stress alternative. Specifically, we hypothesized
that establishment of laminar flow and reducing the separation distances by over an order
of magnitude will drastically reduce the time and forces necessary to achieve high
efficiency density gradient centrifugation. We ultimately envision this device to be
adopted for point-of-care processing of blood from patients for isolation of PBMCs. Our
design allows for evaluation of blood without any pre-processing, automated metering
and delivery of blood and Ficoll into the device, and seamless collection of different
cellular fractions via different outlets. Further, this device will require only a simple
rotary platform and both fluid transport and centrifugal force are generated via rotary

motion of this platform.

MATERIALS AND METHODS
Device Operation

The device design for microfluidic density gradient centrifugation (MICRO) and
images of the actual device with blood and Ficoll layers is detailed in Fig. 1A-C. The

device is initially primed with Ficoll and rid of any air bubbles. Then blood and Ficoll
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were loaded into the reservoirs with tubing connections as shown in Fig. 1A and the
device is subject to rotary motion. Centrifugal forces generated as a consequence of the
rotary motion cause flow of both blood and Ficoll into the microchannels arranged in a
spiral fashion. The centrifugal force also acts on the blood and Ficoll streams to establish
a continuous density gradient across the width of the channel. Force balance on cells
within the microchannels shows that cells experience drag forces in the direction of the
fluid flow along with centrifugal and buoyancy forces that act in opposite directions
across the width of the channel (Fig.1D). For heavier cells (RBCs and PNMs) the
centrifugal force is >> than the buoyancy forces and the net result is movement of cells
towards the outer wall and collection in the bottom outlet that fractionates fluid in the
lower half of the channel. For lighter cells (PBMCs) the buoyancy force > centrifugal
force and the net result is maintenance of cells at the blood/Ficoll interface and collection

via the top outlet which fractionates fluid in the upper half of the channel.

Device Design and Fabrication

Devices were fabricated using previously established techniques for soft-lithography
in our laboratory.*?"'2 Briefly, channel architectures were laid out using AutoCAD
(Autodesk, San Rafael, CA) and printed as a 2D dark-field mask onto a transparency
using a high-resolution printer (Fineline Imaging, Boulder, CO). The mask was then used
to define a mold using negative photoresist SU-8 (Microchem, Westborough, MA) that
was spun onto a 4” silicon wafer at a thickness of 25 um and developed using SU-8
developer (Microchem, Westborough, MA). Following creation of mold, the devices
were cast using polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, Midland,

M), holes for placement of reservoirs and for inlet and outlet tubing were punched and
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irreversibly bonded to either a 4” glass or silicon wafer following treatment with oxygen
plasma. The spiral microchannels have the following overall dimensions: H=25um,

W=3mm and L~60cm).

Device Characterization

Based on estimations of centrifugal forces necessary and upper limits for both
Reynolds Number (Re) and Deans Number (De), we evaluated multiple designs and
shortlisted 3-4 promising configurations. These configurations were then extensively
tested and the locations of the blood and Ficoll reservoirs, lengths and diameters of the
inlet and outlet tubing and the spin speed of the rotary platform were all optimized to
ensure delivery of a narrow (~ 100 pm) stream of blood over a thick stream (~ 3 mm) of
Ficoll, sufficient residence time and force to cause movement of all RBCs to the outer

wall and flow rates sufficient to process ~ 30uL/min of blood.

Microfluidic density gradient centrifugation (MICRO)

Devices were primed with Ficoll and fresh blood purchased from a commercial
vendor and Ficoll was loaded in reservoirs and collection tubes were placed at the outlets.
The device was mounted on a rotary platform and spun at 3000 rpm for 3 minutes. The
samples from each outlet were collected separately and the PBMCs from the inner outlet
was washed and resuspended in 1X PBS prior to staining, fixation and evaluation using

flow cytometry.

Conventional Density Gradient Centrifugation (DGC)

60



For DGC, blood was diluted with PBS at 1:1 ratio and 1 ml of diluted blood was
carefully layered on top of 4ml Ficoll-Paque in a 15 mL tube and spun at 700g for 20
minutes in a refrigerated centrifuge. Then the plasma layer was removed and buffy coat
layer containing the PBMCs was carefully fractionated. The collected sample was
washed and resuspended in 1X PBS prior to staining, fixation and evaluation using flow

cytometry.

RBC Lysis (LYSIS)

Isolation of total leukocytes using LYSIS was performed by mixing 1ml of whole
blood with 14ml of RBC lysis buffer (NH4ClI buffer) for 5 minutes. The mixture was then
spun at 200g for 4minutes, the supernatant was discarded and pellet was resuspended in

1X PBS prior to staining, fixation and evaluation using flow cytometry.

Stain, Fixation, Isolation Protocol (SFI)

To preserve native expression levels of various surface markers, 1 mL of whole blood
was first stained with fluorescently labelled antibodies associated with phenotypic and
activation markers for ~ 40 minutes at room temperature and immediately fixed using 1%
paraformaldehyde solution. This sample was then depleted of RBCs using standard RBC

lysis protocol and resuspended in PBS for subsequent analysis.

Immunolabeling and Flow Cytometry Analysis
Isolated cell populations were stained with antibodies specific to phenotypic markers
(Lymphocytes: CD3, CD4 and Monocytes: CD14) and activation markers (Lymphocytes:

CCR2, CCR4 and Monocytes CCR2 and CD11b) for ~ 40 minutes at room temperature,
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immediately fixed using 1% paraformaldehyde and resuspended in flow cytometry buffer
for analysis using flow cytometry (FACSCalibur, Becton Dickinson, Franklin Lakes, NJ).
Flow cytometry was used to obtain both forward and side scatter information from cells
along with expression levels of various phenotype and activation markers. Cell activation
was scored using unpaired t-tests with two-tailed significance p<0.05 for sample sizes of

n >3.

RESULTS
Establishment of Laminar Flow and Layering of Blood over Ficoll

In order to facilitate MICRO separation, it is essential that laminar flow is established
to ensure layering of blood and Ficoll layers. To accomplish this we ensured that ‘Re’ <
100 and ‘De’ was < 40 to ensure laminar flow and minimal impact of rotational
secondary flows. Our design with a channel height of 25 um and width of 3mm at the
spin speed of 3000 rpm resulted in laminar flow as evidenced by visualization of distinct
streams of water layered over Ficoll (colored to enable visualization) within the device at
these conditions (Fig. 1A-D). Our experiments suggest that maintaining high channel
aspect ratios (w:h) is critical to ensuring generation minimal levels of rotational forces.
We were able to achieve layering for aspect ratios > 1:60 (w:h). Another critical factor
for efficient separation is the relative width of the blood and Ficoll streams. We
experimentally determined that ratio of widths of blood stream to Ficoll needs to be at

least 1:5 to achieve efficient separation (Fig. 2).

Isolation of PBMCs and Depletion of RBCs and PNMs
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To ensure that the MICRO protocol can efficiently isolate PBMCs while ensuring
depletion of more dense RBCs and PNMs we compared cell populations isolated using
MICRO with both DGC and LYSIS protocols. DGC should result in isolation of PBMCs
with efficient depletion of RBCs and PNMs whereas LYSIS protocol should isolate all
leukocytes free of RBCs. A total of 1 mL blood was processed using LYSIS and DGC
whereas 100 pL was processed using MICRO. Flow Cytometric evaluation of various
cell populations (Fig. 3) using light scatting suggests that all three techniques result in
efficient depletion of RBCs as evidenced by clear identification of leukocyte sub-
populations on the forward scatter (FSC) vs. side scatter (SSC) plot with both DGC and
MICRO showing depletion of PNMs in addition to the RBCs. Even though a majority of
PNMs (> 99%) were depleted using both DGC and MICRO, a small number of PNM

contamination is visible from both scatter plots.

Effect on Lymphocyte Sub-Populations and Monocytes

Following confirmation that the MICRO protocol can indeed be used to isolate
PBMCs and deplete RBCs and PNMs we sought to confirm if the relative ratios of
different PBMC sub-populations isolated using MICRO was comparable to that seen with
LYSIS and DGC. To phenotype lymphocyte sub-populations we gated for the
lymphocyte region on the FSC vs. SSC plot and evaluated expression of phenotype
markers CD3 vs. CD4. To evaluate monocytes we gated the monocyte region on the FSC
vs. SSC plot and evaluated expression of monocyte phenotype marker CD14. There are
multiple populations of lymphocytes and can be characterized as T-helper cells
(CD3*CD4"), Cytolytic T cells (CD3*CD4) and other lymphocytes including B-cells and

NK cells (CD3CD4). Following LYSIS we see that ~ 33% of lymphocytes are
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CD3*CD4*, ~ 23% of lymphocytes are CD3*CD4 and 40% of lymphocytes are CD3"
CD4 (Fig. 4A). With DGC the ratios were different with ~ 26% of lymphocytes are
CD3*CD4*, ~ 20% of lymphocytes are CD3*CD4 and 50% of lymphocytes are CD3"
CD4 (Fig. 4B). MICRO appears to be closer to the ratios obtained with LYSIS with ~
39% of lymphocytes are CD3"CD4", ~ 23% of lymphocytes are CD3"CD4" and 34% of
lymphocytes are CD3'CD4" (Fig. 4C). There was no statistical significance between
LYSIS and MICRO for all lymphocyte sub-populations but differences were significant
when DGC was compared to both techniques for the CD3*CD4* and CD3CD4
populations. Monocyte purity was evaluated by determining the number of cells
expressing CD14, a monocyte phenotype marker in the monocyte region on the FSC vs.
SSC plot. LYSIS resulted in ~ 70% of CD14" cells in the monocyte gate whereas this

number was > 90% with DGC and > 95% with MICRO (Fig. 5).

Lymphocyte Activation

To determine if the isolation process resulted in activation of lymphocytes, we
evaluated expression of chemokine receptors CCR2 and CCR4 which are known to be
lost following high stress DGC. To establish a control we developed a stain-fix-isolation
(SFI) protocol which provides accomplishes staining and fixation immediately after the
blood draw thereby labeling and preserving expression of cell surface markers prior to
RBC depletion via lysis. Expression of CCR2 and CCR4 was evaluated on all
lymphocytes isolated using LYSIS, DGC and MICRO and compared to expression on
lymphocytes isolated via SFI (Fig. 6). All lymphocytes in the lymphocyte gate on the
FSC vs. SSC plot were considered. Our results confirm that in comparison to SFl,

lymphocytes isolated using MICRO and LYSIS appear to have similar number of cells
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with high and low expression of CCR2 and CCR4 receptors. However, DGC resulted in
significant reduction in number of cells with high expression of CCR2 receptor. DGC
also resulted in lower level of CCR4 expression on lymphocytes but this change was not

statistically significant.

Monocyte Activation

To evaluate isolation process induced activation of monocytes, two activation
markers that are highly sensitive to stress during the isolation process (CCR2 and
CD11b) were selected. CD14* monocytes isolated using each of the four techniques
present in the monocyte gate in the FSC vs. SSC plot were evaluated for expression
levels of CD11b and CCR2 (Fig. 7). Our results suggest that even though the mean
fluorescence intensity levels were lower following LYSIS, the number of CD11b* was
significantly lower suggesting that there may be selective loss of monocytes expressing
CD11b. There was no significant difference in levels of expression CD11b or relative
numbers of CD14" cells using SFI, MICRO and DGC. Evaluation of CCR2 expression
on monocytes suggests that LYSIS resulted in significant loss of CCR2 expression on
monocytes whereas the relative expression levels on CCR2 on CD14* monocytes isolated

using MICRO and DGC were very similar to that seen with SFI.

DISCUSSION

Inflammation is the primary response the body to injury, infection and disease and
involves activation of the body’s immune response to provide protective function. The
primary mediators of the inflammation are leukocytes and different sub-populations of

leukocytes mediate innate and adaptive immunity. After the threat or insult is sufficiently
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addressed, inflammation is gradually resolved via anti-inflammatory activities of
different subsets of leukocytes signaling a return to normal function. Inflammation is a
key player in our body’s defense and satisfactory resolution is critical as chronic
sustained inflammation can cause the body significantly more harm. Leukocytes are an
integral part of the body’s inflammatory response and the numbers and presence of
different sub-populations of leukocytes correlate to the body’s immediate immune and
inflammatory status. Profiling of leukocyte subpopulations therefore provides unique
opportunities to monitor and individual’s immediate status and provides important
information that can be used to diagnose profile, monitor, treat and evaluate effectiveness
of treatment. Blood is commonly sampled in the clinical setting and used for rather
simplistic evaluation of cell counts and presence of inflammatory secretome in serum.
More complex evaluation of leukocytes for expression of markers of activation using
techniques like flow cytometry or molecular expression techniques have not been
commonly pursued due to complexities associated with ensuring that isolated cells are an

accurate representation of the status of the patient.

Given the number of RBCs in whole blood, it is not surprising that evaluation of
whole blood samples for molecular expression studies provides significantly lower
quality information when compared to isolated leukocytes.'® Therefore, at a minimum,
RBC depletion is necessary for analysis of leukocytes and/or leukocyte sub-populations
to ensure that samples can provide vital information regarding the state of the body.
However, with increased processing involved in separation of leukocytes into different
sub-populations, the information contained in the cells has greater potential to be

compromised due to time and stress associated with these additional processing steps.

66



Antibody-based approaches that rely on affinity to specific antigens on the surface of the
cell to enable isolation provide highly specific alternatives for cell sorting. Concerns
relate to the fact that the antibody binding event and steps involved in ensuring binding
and subsequent isolation can be a significant source of unnecessary activation.*'® Further,
antibody based approaches rely on known antibody-cell interactions and require prior
knowledge of molecular expression patterns on the cell surface. Therefore, label-free
approaches like RBC lysis and DGC are more commonly used to ensure unbiased

separation of leukocytes and leukocyte sub-populations.

Microfluidics provides unique opportunities to miniaturize conventional separation
processes and minimize critical factors like time, stress and sample processing volumes.
The RBC lysis has been previously miniaturized and results confirm that isolation high
quality total leukocytes with minimal cell loss or activation can be accomplished using
this approach.*® This technique is highly suitable for isolation of total leukocytes but
subsequent processing is necessary if isolation of leukocyte sub-populations is desired.
To enable isolation of leukocyte sub-populations, several groups have attempted to
miniaturize conventional DCG using microfluidics.®®?0124125 \While there have been
some successful attempts to miniaturize DGC, most approaches have demonstrated
feasibility using bead solutions but have been unable to translate their approaches for
continuous blood sorting. One group used pre-loaded samples to achieve separation of
PBMCs from RBCs and PNMs but the capability to process sufficient sample volume
was limited due to the small volume of the microfluidic chamber (< 20 pL of blood).*?°
In this manuscript we report a new approach focused on taking microfluidic DGC beyond

simple proof-of-concept studies using beads and demonstrating that this effort can be
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used to isolate PBMCs from whole blood samples without any sample pre-processing.
This is not a trivial process as several variables need to be optimized to ensure both
laminar flow of Blood and Ficoll streams and sufficient centrifugal force to ensure clean
separation of RBCs and PNMs. To accomplish this, we optimized the design including
reservoirs, flow control elements (resistances at inlets and outlets), microfluidic channel
dimensions and outlets to ensure that the device does not require any external
manipulation and the rotary platform can provide both the centrifugal force necessary for
separation and the driving force necessary for fluid flow. Following separation, the
collection tubes can also be centrifuged to remove the supernatant and resuspend cells in
physiological buffers for whole/live cell analysis or with lysis buffers for gene and
protein expression analysis. The use of a single rotary platform to perform all necessary
functions involved with cell separations ensures that this process can be automated and

adapted for point-of-care deployment.

Our results validate our initial hypothesis that microfluidic adaptation of DCG will
result in a faster and gentler process for isolation of PBMCs which ensures recovery of
cells with minimal loss and minimal isolation process induced activation. Comparison of
MICRO with LYSIS and DGC confirms that both lymphocytes and monocytes can be
isolated without contamination with RBCs or granulocytes. Further evaluation of
lymphocytes using phenotypic markers CD3 and CD4 suggests that the relative ratios of
T-helper cells (CD3*CD4"), Cytolytic T cells (CD3"CD4°) and other lymphocytes
including B-cells and NK cells (CD3°'CD4) is consistent with both LYSIS and MICRO
but DGC produced higher number of CD3"CD4" cells and lower numbers of CD3"CD4*

cells suggesting either selective enrichment of CD3°CD4  cells or selective depletion of
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CD3*CD4" cells. Evaluation of cells within the monocyte gate for CD14, a monocyte
phenotype marker shows that the number of CD14" monocytes was high with both DGC
and MICRO but significantly lower with LYSIS. This suggests either preservation of
cells that are not monocytes within the monocyte gate or damage to monocytes that
causes changes to the expression of CD14 on these monocytes.

Our activation studies focused on highly sensitive markers of PBMC activation and
rely on expression of chemokine receptors CCR2 and CCR4 on lymphocytes and CCR2
on monocytes which are known to be extremely sensitive to stress along with profiling of
expression of CD11b on monocytes which is an integrin that is upregulated following
activation in monocytes. To obtain a standard for comparison, we developed a new stain-
fix-isolate technique which ensured staining of leukocytes in whole blood immediately
following blood draw, fixation and then removal of RBCs via lysis. This accurately
preserves the molecular expression signatures prior to the isolation and ensures that the
isolation process itself does not change expression of cell surface markers as the cells are
fixed during the RBC lysis process. Evaluation of lymphocytes isolated with different
techniques suggests that in comparison to the SFI technique, CCR2 and CCR4 expression
on lymphocytes was impacted following isolation with DGC but not with MICRO or
LYSIS but only loss of CCR2 on lymphocytes isolated with DGC was statistically
significant. This is consistent with prior studies that suggest that CCR2 receptors are lost
on lymphocytes following high stress DGC and cannot be recovered even with
stimulation®®. Evaluation of monocyte populations for expression of CCR2 and CD11b
shows that in comparison to SFI, LYSIS results in loss of expression of both CCR2 and
CD11b which could either be damage of these surface markers or loss of cells expressing

these markers. In comparison, both MICRO and DGC were similar to SFI. These results
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collectively suggest that MICRO is the only technique that preserves cellular populations
and expression patterns seen in whole blood as evidenced by the close similarity between

MICRO and SFI in these activation studies.

In summary, we developed a microfluidic protocol for isolation of PBMCs from
whole blood using density gradient centrifugation within microfluidic channels. This
required significant design and validation to ensure laminar flow, layering and generation
of sufficient centrifugal forces to facilitate separation of PBMCs from contaminating
RBCs and PNMs. Evaluation of numbers and activation status of isolated cells suggests
that this approach can potentially preserve monocytes and different lymphocyte sub-
populations with minimal isolation process induced activation. Finally, the use of a
simple rotary platform to deliver samples, facilitate separation and sample collection is
ideal for transformation of this approach into a point-of-care device for isolation of

PBMC:s for rapid evaluation of patient blood samples.
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FIGURE LEGENDS

Figure 1: (A) Actual setup with reservoirs mounted in the center of the device containing
the spiral microfluidic channel, (B) Demonstration of layering and establishment of
laminar flow using saline solution and colored Ficoll solution, (C) Proof-of-concept
showing movement of RBCs introduced at the top of the channel across a colored stream
of Ficoll solution and (D) Force balance on cells or particles introduced into the
microchannel. For lighter particles Buoyancy Forces > Centrifugal forces which ensures
that particles are confined to the top stream whereas for heavier particles the Centrifugal

Forces > Buoyancy Forces causing movement towards the outer wall.

Figure 2. Flow rate of Blood and Ficoll streams as a function of spin speed of the rotary
platform. Experiments were performed at a spin speed of 3000 rpm where the ratio of the
widths of the Blood and Ficoll streams were ~ 1:5 resulting in a Blood flow rate of 30-35

puL/min.

Figure 3. PBMC Recovery: Flow cytometry scatter plots to distinguish leukocyte sub-
populations based on forward scatter (FSC) and side scatter (SSC) on samples isolated
using (A) RBC Lysis (LYSIS), (B) Density Gradient Centrifugation (DCG), and (C)

Microfluidic Density Gradient Centrifugation (MICRO).

Figure 4. Lymphocyte Recovery: Flow cytometric evaluation of expression of CD3 vs.
CD4 on cells that fall within the lymphocyte gate on the FSC vs. SSC plot for samples
isolated using (A) RBC Lysis (LYSIS), (B) Density Gradient Centrifugation (DCG), and

(C) Microfluidic Density Gradient Centrifugation (MICRO).
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Figure 5. Monocytes Recovery: Evaluation of expression of CD14 on cells that fall
within the monocyte gate on the FSC vs. SSC plot for samples isolated using (A) RBC
Lysis (LYSIS), (B) Density Gradient Centrifugation (DCG), and (C) Microfluidic

Density Gradient Centrifugation (MICRO).

Figure 6. Lymphocyte Activation: Determination of activation status of Lymphocytes
evaluated using expression of chemokine receptors CCR2 (top) and CCR4 (bottom) for
samples isolated using (A) Stain-Fix-Lyse protocol (SFI) (B) RBC Lysis (LYSIS), (C)
Density Gradient Centrifugation (DCG), and (D) Microfluidic Density Gradient

Centrifugation (MICRO).

Figure 7. Monocyte Activation: Determination of activation status of Monocytes
evaluated using expression of integrin CD11b (top) and chemokine receptor CCR2
(bottom) for samples isolated using (A) Stain-Fix-Lyse protocol (SFI) (B) RBC Lysis
(LYSIS), (C) Density Gradient Centrifugation (DCG), and (D) Microfluidic Density

Gradient Centrifugation (MICRO).
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Figure 2:
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Figure 3:
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Figure 6:
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Introduction: Aqueous two-phase partitioning system (APTS) is a simple yet powerful
technique that has been used for isolation of proteins and other biomolecules.
Conventional ATPS occurs when a mixture of two immiscible aqueous polymers in
physiological buffer separates into two distinct phases under gravity or under influence of
centrifugal force. During this phase partitioning, salts within the buffer do not partition
equally resulting in a net charge in the partitioned phases. It is known that different cells
like white blood cells and red blood cells preferentially partition to different phases based
on differences in cell surface energy. Microfluidic APTS separations have been attempted
previously for cell separations but required phases to be partitioned prior to cell sorting.

We have developed a new approach where partitioning and cell separations are integrated

and the cells/particles separate with the phases for more efficient and unique cell sorting.

Hypothesis: We hypothesize that miniaturization of phase partitioning using centrifugal
microfluidics will enable a new technique for label-free and rapid separation of unique

WBC sub-populations.

Methods: A microfluidic device was fabricated using soft lithographic techniques with a
curved channel for APTS. Two reservoirs, one for polyethylene glycol (PEG) and one for

dextran (DEX) were used to introduce the two solutions into the main channel. The main
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channel consists of mixing and phase partitioning segments prior to the two outlets.
Following entry into the main channel, microstructures were used to enable efficient
mixing and remaining part of the channel was used to separate the phases using
centrifugal force to expedite phase partitioning. The dimensions of the channel and flow
rate were optimized to ensure laminar flow and prevent secondary Deans flow.
Polystyrene (PS) beads and silicon dioxide (SD) beads introduced with the PEG solution

were used to demonstrate proof-of-concept.

Results: An image of the mixing and phase partitioning segments is shown in Fig. 1.
We show that we can enable mixing and phase partitioning using centrifugal force via
spinning the device on a rotary platform. Polystyrene beads (fluorescent) and silicon
oxide beads were separated into unique locations within the two separate phases under
the centrifugal force as shown in Fig. 2 demonstrating preliminary feasibility of this

approach.

Figure 1. The Mixing and Phase Partitioning Segments of the Device.

86



Figure 2. Separation of PS and SD Beads from Beads Mixture.

Conclusions: We performed proof-of-concept demonstration of phase partitioning in a
centrifugal microfluidic device by enabling sample input, mixing, phase partitioning and

sorting of beads. This approach has great potential to be applied for sorting of cells.
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Abstract

Blood-based liquid biopsies provide a minimally invasive alternative to identify
cellular and molecular signatures that can be used as biomarkers to detect early-stage
cancer, predict disease progression, longitudinally monitor response to chemotherapeutic
drugs, and provide personalized treatment options. Specific targets in blood that can be
used for detailed molecular analysis to develop highly specific and sensitive biomarkers
include circulating tumor cells (CTCs), exosomes shed from tumor cells, cell-free
circulating tumor DNA (cfDNA), and circulating RNA. Given the low abundance of
CTCs and other tumor-derived products in blood, clinical evaluation of liquid biopsies is
extremely challenging. Microfluidics technologies for cellular and molecular separations
have great potential to either outperform conventional methods or enable completely new
approaches for efficient separation of targets from complex samples like blood. In this
article, we provide a comprehensive overview of blood-based targets that can be used for
analysis of cancer, review microfluidic technologies that are currently used for isolation
of CTCs, tumor derived exosomes, cfDNA, and circulating RNA, and provide a detailed
discussion regarding potential opportunities for microfluidics-based approaches in cancer

diagnostics.

Keywords: Microfluidics, cancer diagnostics, circulating tumor cells, exosomes, tumor

cell DNA.
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1. Overview

Cancer remains one of the leading causes of death worldwide. In the United States
alone, there were ~ 1.6 million new cases and nearly 500,000 cancer related deaths in
2016 126127 According to the American Cancer Society, solid tumors of the breast, lung,
bronchus, prostate, colon, rectum and bladder remain the most common causes of cancer
127 1t is estimated that in the United States, > 15 million people are currently living
beyond a cancer diagnosis with this number expected to rise to almost 19 million by 2024
representing an enormous cost burden (> $ 130 billion/year) 12627, New technologies
have made detection of solid tumors routine process; but to improve prognosis, enhance
quality of life, drive down treatment costs, and enable positive outcomes for cancer
patients, better technologies are necessary to enable detection of cancers before
symptoms appear, monitor disease progression and evaluate patient response to

treatment.

Advances in genomics and molecular technologies have created great interest in the
use of liquid biopsies as a non-invasive alternative to surgical biopsies to evaluate the
wealth of information contained in cancer-associated cells and biomolecules found in
bodily fluids *28-132, Apart from being relatively low-risk to patients, these measurements
can be made dynamically, enabling correlation of disease burden and progression to
quantifiable biomarkers 32134133 | jquid biopsies are not limited to blood 2*'** and can
be performed using other bodily fluids including urine 35337 stool %813 saliva 140-142,
and cerebrospinal fluid 143145, However, urine or stool samples only provide insights into
specific types of cancers (bladder or colon) whereas blood is more universal and can

potentially be used to detect all cancers. The disadvantage of blood samples is the
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presence of vast amounts of other cellular and molecular content that can greatly
complicate detection and evaluation of biomarker targets. This review focuses on blood-
based liquid biopsies, the challenges of isolating CTCs and other tumor-related products
that are present at an extremely low frequency in blood and the use of microfluidics
based technologies to sort through complex samples to identify specific targets. Fig. 1
highlights locations of the primary tumor, metastasis of circulating tumor cells from the
primary tumor location to secondary sites, and extravasation and establishment of the
secondary tumor. During this process of metastasis, several cells (CTCs) and cell derived
products (exosomes, cell-free DNA and RNA) are released and transit via circulating
blood and can be sampled to provide valuable screening, prognostic and diagnostic
information that can benefit patients via personalized therapeutics and to evaluate

response to treatment.

Solid tumors originate in the epithelium of organs like the breasts, lungs, and colon
and are the primary cause of malignancies 4614, Metastasis from solid tumors accounts
for > 90% of cancer-related deaths and each stage of this process can result in release of
specific cells or cell-derived products into the bloodstream 47148, The formation of a
primary tumor requires the acquisition of resistance to apoptosis or programmed cell
death 149151 Metastasis begins with tumor cells from the primary site invading adjacent
tissues, migrating into blood circulation, travelling through the circulatory system,
extravasation following arrest at a distal organ or tissue and expansion at the new location
132152 The primary stages of metastasis involve the detachment of epithelial cells from
the extracellular matrix (ECM) and disruption of the actin cytoskeleton resulting in a

rounded and unattached phenotype which typically is a trigger for apoptotic cell death via
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anoikis and amorphosis (due to loss of contact of adherent cells with the ECM) 1%3-1%,
This is followed by some cells migrating and entering circulation 4%, Once metastatic
cells enter circulation, only a fraction of cells successfully evade the body’s immune
surveillance and establish metastatic foci at secondary locations %8, After
establishment at a secondary locations, tumors expand by recruiting new blood vessels
and impacting normal function of tissues and organs °":1%¢, Metastasis and tumor growth
are intrinsically linked to the host circulation and blood is used to transport of cells
(CTCs), tumor-derived exosomes, and cell-free ctDNA and RNA. Therefore, liquid
biopsies of blood have great potential to identify and evaluate biomarkers to aid in early
detection of cancer, monitoring disease progression and evaluating the response to

treatment 132133159

Microfluidic devices allow for manipulation of fluids within architectures on the size
scale of 10s of micrometers (comparable to the size of a single cell) 60162,
Miniaturization offers benefits both in terms of speed and costs using small amounts of
reagents and buffers at significant faster sample processing rates*62%3, Devices can be
designed to ensure levels of precision not possible with conventional macroscale
approaches while ensuring that every cell or biomolecule is evaluated in a homogeneous
fashion which is extremely important when probing low abundance cells and
biomolecules %4, Microfluidics can also enable design of entirely new separation
techniques where scaling effects can be exploited to ensure laminar flow, amplify
secondary forces, and define unique geometries to selectively direct/confine/capture cells
and cell-derived products °21%°, Thus far, there is significant interest in microfluidic

technologies for cancer diagnostics to isolate cancer cells and cell-derived products. The
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vast majority of microfluidics-based approaches have focused on CTC isolation 166:167,
This can be attributed to various factors including the rapidly growing interest in CTCs in
cancer diagnostics, the complexity of the problem of isolating CTCs which occur at
extremely low frequency in circulating blood, and the inability of conventional
macroscale approaches to satisfactorily address this issue. Other cancer cell-derived
products like exosomes and circulating cell-free genetic materials have not been pursued
with the same level of interest as CTCs possibly due to the fact that they can be isolated
with a fair degree of reliability using conventional approaches. Therefore, microfluidic
adaptation of these approaches has been relatively slow despite potential advantages that
could transform these laboratory scale processes into point-of-care devices with

enhancements in speed, purity and efficiency.

Currently, the only FDA approved test for evaluation of CTCs is the ELLSEARCH®
Circulating Tumor Cell Kit. CELLSEARCH® is not intended for early diagnosis but is
routinely used to monitor and predict cancer progression in metastatic cancer and
evaluate response to chemotherapy 8. CTCs counts using CELLSEARCH® have been
shown to be a reliable independent predictor of progression-free survival (PFS) and
overall survival (OS) in a percentage of patients with metastatic breast 16> colorectal
169 and prostate cancer %%, While this test is not accepted as a substitute for solid tumor
imaging, it is used to supplement imaging in the assessment of disease progression in
patients. CELLSEARCH® uses a combination of immuno-magnetic capture along with
live-cell imaging to identify CTCs and discriminate them from leukocytes using
conventional macroscale approaches. Several companies including Inivata 4, Epic

Sciences "8, Guardant *, Janssen Diagnostics 7°, Cellsee %, Rarecells & , Biofluidica *°

93



and SRI International 8offer tests for CTCs and cfDNA. Some of these approaches
utilize microfluidic interfaces to enhance capture efficiency or to provide confined
geometries for sorting and isolation. In the research community, there is ongoing interest
in microfluidic adaptation of CTC capture using both immuno-affinity based approaches
and via exploitation of unique physical properties of these cells. There is also high
interest in microfluidics-based approaches for capture of exosomes. However, thus far,
these approaches are still in the pre-clinical or early clinical testing phases and will

require more time before FDA approval is obtained and offered to patients.

In this review, we provide an extensive overview of different microfluidics
approaches for isolation of different targets from blood-based liquid biopsies that can
provide prognostic or diagnostic value. We also discuss the origins of each of these
targets, their frequency of occurrence in blood, their physical and biochemical properties
that can be exploited to enable separations, and the type of predictive information
contained within these targets. This review is intended to provide researchers and
commercial entities seeking to implement new technologies for cancer monitoring with
the background necessary to understand the biological significance and complexities
associated cancer biomarkers, identify potential biomarkers, and establish design
parameters to successfully translate microfluidics-based technologies into the clinical
setting.

2. Circulating Tumor Cells
2.1. Origins and frequency of occurrence
CTCs in blood were identified in 1869 from blood samples of a patient suffering from

extensive breast cancer 1’1, Since then, there have been efforts to identify the origin and
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gain a broader understanding of the process of CTC migration into blood and
extravasation into secondary sites 2. CTCs originate either from the primary tumor or
from a secondary metastatic site and enter blood circulation 1’2, The exact mechanisms
underlying the migration of CTCs into the blood stream is still not fully understood but
various events including the hypoxic tumor environment 3, ECM remodeling 174, active

174 and epithelial to mesenchymal transition (EMT) 1 are all recognized as

proliferation
possible mediators of increased migratory potential of CTCs. Following entry into the
blood stream, the CTCs are present in circulating blood transiently, possibly resulting
from immune clearance, apoptosis, or secondary localization which translates to an
extremely small number in circulation 16, CTCs have been found in blood of a small
percentage of patients well before clinically detectable metastasis '"1’®, However,
consistent identification of CTCs is difficult due to variability in how cancer progresses
in different individuals and in part due to the low sensitivity of methods to enumerate
them 7°. Relatively, numbers of CTCs in circulation can increase as a function of
expansion of the primary tumor or tumor cell proliferation at metastatic sites '&. Recent
work has also shown that the numbers of CTCs in circulation can decrease in response to
reduction in tumor burden with effective therapy . In developed metastatic cancer,

CTCs are found at a rate of 1-10 CTCs per 10 mL of blood or 1 CTC per billion

nucleated cells 172,

2.2. Predictive information in CTCs
The most basic information that can be obtained from CTCs is the confirmation of
their presence and the evaluation of their numbers [31,32]. Quantification of numbers of

CTCs is now commonly used as a prognostic marker in metastatic cancer to evaluate
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effectiveness of therapy via correlation of CTC numbers to disease state, with a decrease
in CTC count suggesting successful targeting of the tumor 8183, Given that CTC
numbers have poor correlation with tumor burden and the fact that there is high patient-
to-patient variability, the patient’s baseline threshold is used as a point of comparison
rather than evaluation based on pre-defined threshold 8. Intact and viable CTCs have
been maintained using cell culture to determine proliferative potential and responsiveness
to chemotherapeutic drugs %18, More recently, CTC clusters comprising of 2-100s of
cells have been identified in circulation and have been found to possess 100-fold higher
metastatic potential 13718, The presence of even a single CTC cluster in blood liquid
biopsies correlates with significantly reduced progression-free survival rates in patients
with various types of cancers 1%, CTCs can be profiled as a mixture or via single cell
profiling to characterize disease in patients, identify CTC heterogeneity and determine
distinct subsets of cells which can provide information that can be used to direct patient
specific therapy %1%, Molecular expression signatures of CTCs also provide important
information regarding the patient’s status. Proteins contained within cells and cell surface
markers including cell-surface receptors can be evaluated using immunofluorescence
microscopy or flow cytometry and used to classify disease phenotype.'®31% Specific
mutations and splice variants can be profiled using genetic screening and also used as
measures of disease burden to guide effective treatment.%>1% While there is little doubt
regarding the wealth of information regarding the patient’s immediate condition,
identifying consistent and universal biomarkers has been the major challenge. Reliable
and highly sensitive methods to isolate intact CTCs from blood liquid biopsies will

hasten progress in identification of new and reliable biomarkers.
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2.3. Physical and biochemical characteristics of CTCs

CTCs are a heterogeneous population and their characterization can play a major role
in the selection of technique used for their isolation. They range in size from 4-20 um,
stain positive for epithelial cell adhesion molecule (EpCAM) and negative for cluster of
differentiation 45 (CD45) '*7. CTCs can also be found in clusters of 2-100 cells and can
range in size from 10-100s of micrometers in diameter. To avoid bias associated with
EpCAM-mediated cell capture, cancer-type specific biomarkers can be exploited using
antibodies or aptamers targeted towards specific markers. When isolated using density
gradient centrifugation using a Ficoll or Percoll gradient, CTCs fractionate along with
peripheral blood mononuclear cells (PBMCs) with an estimated density ~ 1.064-1.065
g/cm3.1%, CTCs are more deformable than WBCs which is an aspect that has been
exploited for isolation 1%°. CTCs are known to express both epithelial and mesenchymal
proteins as a consequence of EMT 2%, More specific markers including different
cytokeratins and specialized markers like prostate-specific membrane antigen (PSMA)
can allow identification of CTC associated with different organs and metastatic sites 2°2.
Despite information regarding cancer-type specific labels and biomarkers, it is important
to understand that there is no universal biomarker that can be used to classify CTCs and
these cells are a heterogeneous population with a percentage of cells expressing a
particular marker. Detailed molecular characterization of CTCs at the gene and protein
level can provide valuable insights into the biology of the specific type of cancer and
potential for metastasis 2°2. This information can then be used to classify patients for
metastatic risk, select therapeutic options and monitor disease progression and

effectiveness of therapy 2%,
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2.4. Microfluidic devices CTC capture

As previously discussed, CELLSEARCH® is the only FDA approved test for
evaluation of CTCs in patients with cancer and is used as a surrogate for imaging to
provide additional information as an independent predictor of cancer progression in
metastatic cancer and to evaluate response to chemotherapy 8. Considering the potential
for microfluidics to significantly outperform conventional macroscale devices, it is
interesting to note that the only FDA approved device is a macroscale device. While
microfluidics based approaches have only recently been pursued for cancer monitoring,
this is possibly due to the fact that microfluidics-based approaches have yet to
demonstrate efficiency and reliability necessary to serve as standalone monitoring tool.
Another important factor could be the lengthy nature of the FDA approval process. The
complexities associated with CTC detection make reliable isolation of CTCs with
conventional macroscale techniques difficult to accomplish and not surprisingly,
microfluidics-based approaches have been aggressively explored. Detection and isolation
methods exploit physical or biochemical differences between cells to enable
discrimination. Microfluidics provides technology to discriminate between cells at the
single-cell level thereby enabling separation efficiencies not possible with bulk methods.
The CELLSEARCH® system is not a microfluidic system and uses a combination of
magnetic nanoparticles to separate target cells and imaging to confirm that the captured
cells are indeed CTCs. Critical parameters for evaluation include throughput (mL of
blood that can be processed per hour given the low numbers of CTCs), capture efficiency
(% of spiked CTCs that can be captured from a known volume of blood) and purity (% of
cells captured that are CTCs). The CELLSEARCH® platform can process large volumes

of blood (several mL), has a capture efficiency of ~85% but is associated with low purity.
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This process utilizes several processes including the labeling and capture steps, that if

miniaturized could be significantly improved.

Demonstration of microfluidics-based systems for CTC isolation started with the
CTC-chip in 2007 where a microfluidic device with silicon pillars was functionalized
with capture antibodies.?% Following the success of this device in achieving successful
identification of CTCs in > 99% of patient samples, several other groups and companies
began developing microfluidics-based approaches to capture CTCs. While a majority of
these efforts focused on exploiting cell surface markers to enable isolation, others
focused on unique physical characteristics (label-free) of CTCs such as size, shape,
deformability, and behavior under conditions of microscale flow. Thus far, label-free
approaches have yet to demonstrate the efficiencies associated with immuno-affinity
based methods but with development of new methods and devices, it appears that label-
free technologies may provide not only the sensitivity to compete with immuno-affinity
based techniques but provide superior performance in terms of throughput. Overall, while
there is significant potential for microfluidics to impact CTC isolation, microfluidics is
also associated with some limitations. These limitations primarily relate to throughput
and the ability to process sufficient amounts of sample to be able to isolate or detect
suitable number of CTCs for subsequent analysis. While parallel processing has been
suggested as means to address this issue, it still is a major challenge that will need to be
addressed. Other challenges involve non-specific capture of cells and dealing with the
heterogeneity within CTC populations. A more detailed discussion on the limitations of

microfluidics can be found in the ‘Future Directions’ section. Tables 1A and 1B
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summarize microfluidic approaches for immuno-affinity and label-free capture of CTCs

respectively and are organized based on capture efficiency.

2.4.1. Microfluidic devices for immuno-affinity capture of CTCs

The first microfluidic device for capture of CTCs was demonstrated in 2007 by
Nagrath et al.?®* and consists of a silicon microfabricated platform with 78,000 pillar
structures (Fig. 2A). The silicon surface was functionalized with a capture antibody
targeted towards EpCAM to enable capture of CTCs of epithelial origin. Preliminary
studies focused on demonstration of the ability of this device to capture cancer cell-lines
associated with prostate, bladder, lung and breast cancer followed by evaluation of blood
samples from cancer patients. This device was able to identify CTCs in 115 out of 116
samples processed demonstrating its utility for detection. Captured CTCs were confirmed
using a combination of both positive (DAPI/Cytokeratin) and negative (CD45)
immunofluorescence staining. Apart from screening, this platform was also used to
monitor patient response to treatment and showed that the CTC numbers of correlated
with response to treatment. A follow up study used the same platform to evaluate specific
mutations in epidermal growth factor receptor (EGFR) 2%. In terms of performance, this
device operated at a flow rate of 1 mL/hour at a capture efficiency of ~ 60% with a purity

of ~ 50%.

The basic concept of immuno-affinity capture with silicon post was further enhanced
by using design optimization to determine size and organization of the posts and
translated into a ‘geometrically enhanced differential immuno-capture’ (GEDI) device

206 This device was used with different capture antibodies and used to probe prostate
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cancer using both cell-lines and patient samples. Optimization of post geometry and
arrangement resulted in a capture efficiency of ~ 80% and purity of ~ 68% which is an
appreciable advance over the original CTC chip. Murlidhar et al. 2°7 further optimized
post shape to minimize flow separation around the posts and enhance cell interaction with
the post surface, unlike commonly used flow through configurations, the sample flows
radially outward and can process samples at flow rates up to 10 mL/hour. The reported
capture efficiency is between 80-100% with lower efficiency at higher flow rate.

However, the purity is increased with increasing flow rates.

Other device designs and modifications were incorporated to enhance throughput,
capture efficiency while minimizing non-specific capture. Stott et al. 2% developed a
herringbone (HB)-chip which incorporates a staggered double herringbone structure on
the roof of the microchannel to induce rotational flow that results in chaotic mixing
within microfluidic channels (Fig. 2B). Cells travelling through the channel are forced to
interact with the capture surface thereby enhancing interactions between the cells and
capture antibodies. The HB-chip when operated at a flow rate of 1.2 mL/hour resulted in
an extremely high capture efficiency of ~ 90% at ~ 15% purity. The low purity is
presumably due to the low flow rate which is insufficient to dislodge cells that are weakly
bound to the capture channel. The concept of the HB chip was combined with the concept
of the GEDI chip and resulted in a geometrically enhanced mixing (GEM)-chip 2°° which
operated at a higher flow rate (3.6 mL/hour) and maintained the capture efficiency. The
capture purity was significantly improved to > 80% which can be directly attributed to

the higher flow rate which is sufficient to dislodge weak non-specifically bound cells.
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Apart from design variations, other modifications have included the use of different
types of materials for microfluidic device construction; high-aspect ratio structures
fabricated via embossing of polymethylmethacrylate (PMMA) was used to construct a
high-throughput microsampling unit (HTMSU) 219211, Further complexity was
incorporated in the form of sensors for on-chip conductivity measurements which
correlates to cell counts. Despite its name, the operating flow rate was low, at ~ 1.2
mL/hour with a capture efficiency of ~ 95%. Yoon et al. ?*2 combined nanotechnology-
based approaches to develop a graphene oxide (GO)-based chip which enhances antibody
presentation to the flowing sample. The GO-chip operated at a flow rate of 1 mL/hour is

associated with a capture efficiency of ~ 95% with minimal non-specific binding.

CTCs captured within immuno-affinity capture devices are typically stained and
evaluated on-chip or lysed to extract proteins and nucleic acids. With the need to isolate
intact CTCs for further analysis or cell culture, some groups have focused on developing
methods to release CTCs following capture. Using the basic concept of the HB chip,
Reategui et al. 22 developed a technique where layer by layer deposition of gelatin and
streptavidin were used to immobilize streptavidin coated nanoparticles to ultimately bind
biotinylated antibodies for CTC capture. Following capture, the captured cells were
released by increasing the temperature to dissolve the gelatin or through acoustic
activation. Another group also developed a system based on the HB-chip and developed
thermoresponsive polymers that could make immobilized antibodies either available
(room temperature) or unavailable (when cooled to below critical solution temperature ~
4 deg C) 2'*. This NanoVelcro system can capture and release cells via targeted

temperature changes. Both approaches operate at relatively high flow rates but attain high
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efficiency capture (> 90%) at relatively high purities. In another example, Hou et al. 21°
demonstrated that capture and release could be accomplished using polymer grafted

silicon structures.

With importance being placed on retrieval of captured cells, there have also been
efforts to miniaturize conventional immuno-magnetic separation techniques. While every
aspect of immuno-magnetic separation including sample-bead mixing and incubation,
capture, washing and release can benefit from miniaturization, there are examples of
where one or more of these approaches have been exploited for CTC isolation. The
VeriFAST system utilizes blood samples mixed with paramagnetic beads conjugated with
capture antibodies in a microfluidic device with two unmixable fluids.?'® The labeled
cells are manually moved from the blood sample containing well across an oil-pinning
well using a hand held magnet. In another example, the CTC-iChip exploits size-based
separation to de-bulk the sample of blood cells and then accomplished CTC isolation
using immuno-magnetic beads (Fig. 2C) ?17. Both these techniques have relatively high
throughput (>5 mL/hour), high efficiency (> 90%) and reportedly high purity 2. More
recently, there appears to be a continuing trend to incorporate two or more approaches to
accomplish sample pre-processing or debulking followed by more specific immuno-
affinity capture. Ahmed et al. used a pillar array to debulk non-target cells followed by
imaging, detection and analysis of captured CTCs with a capture efficiency of 92% and a
capture purity of 82% 2*°. Shields et al. used a three stage process where cells were first
aligned using standing acoustic waves (SAW), seprated using antibody-conjugated
magnetic beads and isolation of individual CTCs into microwells for single cell analysis

220 Green et al. used a combination of shear stress and immuno-affinity capture to isolate
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phenotypically unique CTCs based on EpCAM expression levels 221, Finally, optical
trapping and photoacoustic detection of nanoparticle labeled CTCs has also been

developed to obtain high efficiency CTC capture 222223,

2.4.2. Microfluidic devices for label-free CTC capture

Label-free approaches for CTC isolation have focused on three specific properties of
CTCs: size, deformability, surface energy/charge. Given the heterogeneous nature of
CTCs and the wide distribution in the levels of expression of different biomarkers, label-
free approaches may provide the means to avoid biomarker ‘bias’ and potentially isolate
larger numbers of cells with diagnostic/prognostic value. However, at the same time, the
disadvantage is the lack of specificity which can lead to lower levels of purity of captured
cells. Several companies have commercially available products for enrichment focused
on size-based discrimination of CTCs from other blood cells. Size-based sorting does not
compare in terms of purity associated with antibody-based approaches, however, these
approaches provide significantly higher throughput. The use of size also prevents
EpCAM induced screening bias and identification of CTCs of non-epithelial origin
including mesenchymal CTCs that are common in metastasis. These types of assays are
associated with a quick initial enrichment step followed by staining and analysis;
Screencell offers a simple 6.5 um filter for enrichment of fixed CTCs and 5.5 um filter
for unfixed CTCs.?>* Confirmation of CTCs is then accomplished via imaging of the
enriched sample. Several other companies including Parsortix (weir-type filter),?%
Creativ Microtech (precision micromachined filters),??® Ikonisys (size filtration combined

with size based isolation) 22" have all developed similar methods where cells are sorted by
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size and further evaluated using imaging. Harouaka et al. developed a highly sensitive
filter array using flexible springs fabricated using Parylene C.?28 This flexible micro
spring array (FMSA) processes whole blood in a very gentle fashion to enable separation
of cancer cell lines spiked into whole blood (Fig. 3A). Separation efficiency was ~ 90%
at a throughput of 45 mL/hour. The feasibility of this approach was also demonstrated
using samples from patients with a variety of cancers and the number of CTCs isolated
corresponds well with results from the CELLSEARCH platform 2%°. Gogoi et al. exploit
both the size and deformability of CTCs to enable trapping and automated staining and
screening of CTCs using a microfluidic device reporting 94% sensitivity and 100%
specificity 2°. CTC clusters are significantly larger and have been sorted from blood
liquid biopsies which contains individual cells in suspension via a process called
deterministic lateral displacement (DLD) which causes preferential migration of cells in
flow via interaction with obstacles placed at locations along the flow path. Using a two-
stage process Au et al. demonstrated separation of small and large clusters of breast
cancer cell lines spiked in blood with 99% recovery of large clusters, cell viabilities over

87% and greater than five-log depletion of red blood cells 23,

Cells in flowing fluid can also be fractionated into unique populations based on size
differences. In microfluidic channels the balance between inertial lift forces and wall lift
forces in high aspect ratio microchannels enables focusing of particles at unique locations
close to the wall 22223, The larger the particle the closer the focusing location was to the
outer wall. This phenomenon has been exploited to separate CTCs or cancer cell lines
from red blood cells and white blood cells in a continuous flow fashion at relatively high

throughputs. Straight rectangular channels are associated with multiple focusing locations
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(2 or 4 depending on the aspect ratio) which can be reduced to one focusing location
within curved channels. There have been many examples of rectangular cross-sectional
channels organized in a spiral fashion to enable focusing and separation of CTCs 234236,
Examples of these types of devices include, simple spiral (> 85% efficiency, 3 mL/hour,
3 log depletion) (Fig. 3B) 2%, 6-loop double spiral (> 85% efficiency, 20 mL/hour,
enrichment factor of 19) 28 multiplex spiral 2*° cascaded spiral (> 85% efficiency, 33
mL/hour, 98% depletion)?*® and 8-loop slanted spiral where the walls were at different
height with the outer wall being taller than the inner wall (> 80% efficiency, 55 mL/hour,
4 log depletion) 241, While these flow-based technologies for size-based separation offer
reasonable efficiency and high throughput, they cannot process whole blood directly and
require some prior pre-processing. Even with sample pre-processing, the contamination
with non-specific cells is high, for example a 99.9% depletion of red blood cells still

amounts to a RBC: CTC ratio of 1 x 10%:1 which is a major obstacle to evaluating CTCs.

Other approaches that exploit inertial effects uses a rectangular flow channel with
chambers on either side of the microchannel. The fluid within these small chambers is
stagnant for the most part and fluid flow in the rectangular channel results in generation
of vortices within the chambers. Particles migrating to the walls of the channels interact
with the recirculation associated with these vortices and remain trapped in the chamber
and are subsequently released from the chambers at higher flow rates. Sollier et al. 24
demonstrated that such a design can be used to capture CTC but the efficiency was ~
20% and the purity just over 50%. The same technology was used for classification of
large captured CTCs 243 and for labeling of CTCs with magnetic beads 2**. Parichehreh et

al. 24524 developed a system that exploits both inertial focusing effects and surface
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energy based migration in a technique called ‘inertia enhanced phase partitioning” (Fig.
3C). Cells are introduced into a microfluidic channel as a thin stream flanked on either
side by Dextran. For red blood cells, the energetically favorable location is within the
Dextran whereas the CTCs and white blood cells prefer saline and do not migrate towards
the Dextran. As red blood cells move to the dextran, inertial focusing effects move the
red blood cells towards the outer wall whereas CTCs and white blood cells remained in
the middle between the two Dextran streams. Operating at a flow rate of 1.2 mL/hour, a
two-pass system using this device resulted in > 99% depletion of red blood cells with

98% recovery of spiked cancer cell line cells.

Acoustic waves in the form of tilted angle standing surface acoustic waves (taSSAW)
have been used to influence particle migration within microfluidic channels. Ding et al.
241,248 optimized the power and angle of inclination that could efficiently separate cancer
cell-lines spiked in red blood cell depleted blood. At a maximal flow rate of 1.2 mL/hour,
this technique achieved 83% purity with 1 log depletion of white blood cells.
Dielectrophoresis (DEP) is used in a commercially available device called ApoStream to
sort CTCs from other blood cells 242, A combination of acoustic focusing and DEP
was used to pre-concentrate target cells using acoustic focusing and trapping of target
cells using DEP was used for CTC isolation with 76% recovery of target cells and only
0.12% contamination with non-target cells 2°1. With optimized voltage, frequency, buffer
and electrode configurations, this device can operate at a maximum flow rate of 1.5
mL/hour with 70% purity and 2-3 log depletion of white blood cells. But the viability of

cells was excellent suggesting potential for sub-culturing isolated cells.
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Both immuno-affinity and label-free microfluidics approaches have shown great
promise for CTC capture. Several factors including throughput, ability to directly process
blood samples without significant pre-processing and strategies to deal with the large
heterogeneity associated with CTCs need to be addressed prior to widespread clinical

adaptation.

3. Tumor Cell Derived Exosomes
3.1. Origins and frequency of occurrence

Exosomes are vesicles that are shed directly from cells via budding of the plasma
membrane.?%>2%* Exosomes vary in size ~ 25-300 nm and play important roles in
transport of signaling molecules to facilitate cell-cell communication 2°42%, Exosome
contents include nucleic acids (DNA and RNA), proteins, metabolites, and lipids and
facilitate normal physiological processes 2°6?%, In disease, exosomes can also mediate
pathological signaling 2°82%, Formation of exosomes involves initiation, budding of
endocytotic membrane into the cell lumen, formation of multi-vesicular bodies, selection
and degradation or secretion of vesicular bodies. Exosomes are secreted in various bodily
fluids including blood and are highly stable under physiological conditions and are found
at relatively high abundance 2542, Typically 1 mL of serum is known to contain between
1 x 10° — 1 x 10* exosomes.?! While there is evidence to suggest that the exosome cell-
surface markers and intra-vesicular contents contained within exosomes change in
patients with cancer 26228 there is also evidence to suggest that the numbers of

exosomes in serum increases due to cancer 265266,
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3.2. Predictive information in exosomes

An increase in number of circulating exosomes can be used as a simple but non-
specific evaluator of cancer 2%>2%¢_ Exosome surface markers provide valuable
information that can be used to determine their origin and signaling associated with the
cells from which they were secreted. These cell surface markers have been widely used to
enable isolation using immuno-affinity capture. Expression of epithelial derived markers
like EpCAM can be used to identify tumor cell-derived exosomes 26"-2%8, |dentification of
specific organs associated with the tumor can also be identified via examination of
specific protein biomarkers to distinguish different types of cancer. Specific protein
markers have been identified for breast 26927, prostate 2/%2’2, pancreatic >’ ovarian 24,
and colorectal cancers 2’°. The DNA and RNA contained within the exosomes are similar
to cell-free DNA and RNA and can be profiled and used as biomarkers for diagnosis and
longitudinal disease monitoring 2627°, A more detailed discussion regarding the

predictive information of DNA and RNA is available in sections below.

3.3. Physical and biochemical characteristics of exosomes

Exosomes are variable in size ranging from 25-300 nm and their isolation typically
requires ultracentrifugation of serum samples.?® Exosomes also have well-defined
surface markers that have been utilized for immuno-affinity separations. Non-specific
capture of exosomes uses common exosome markers CD9, CD63, and CD81281282 gjther
immobilized to a surface or coupled to magnetic beads whereas cancer specific exosomes
can be isolated using CD24,2672%° CD37,%2 CD53,2% CD73,2% CD82,%%? and
EpCAM.[127,128] Exosomes characterization can be accomplished by profiling for

specific protein markers based on the endosome biogenesis pathway associated proteins
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including annexins 2, flotilin 287, Alix 2%, Tsg101 2%, tetraspanins 2®27" heat shock

proteins 70 and 90 ?%°, and EpCAM [127,128].

3.4. Microfluidic approaches for capture and analysis of exosomes
Conventional approaches for isolation of exosomes include ultracentrifugation 268291,
ultrafiltration 26229 or immuno-magnetic bead based techniques 2°-2%, While all three of
these approaches successfully isolate exosomes, each is associated with disadvantages
which can have a significant impact on targeted isolation of tumor cell associated
exosomes which are observed at low frequency in circulation 2%, Ultracentrifugation is a
time consuming (4-5 hours), associated with low yield (< 25% recovery), high impurity
(all vesicular components), compromised integrity of the vesicle and need for highly
skilled personnel 2°72%, Density gradient ultracentrifugation can enhance purity and
fractionate vesicular components but the additional processing further complicates an
already tedious process. Ultrafiltration using membranes with small pores has also been
used to remove large contaminants via size-exclusion. Since this process relies
exclusively on size as a basis for separation, protein contamination is a significant issue.
Moreover, nanometer sized pores on the filters combined with small open area for fluid
transport provides high fluidic resistance and requires large pressure to move fluid across
the membrane resulting in limited throughput. Immuno-magnetic bead-based approaches
offer a simpler alternative and are increasingly being used for exosome isolation despite
issues with capture efficiency and purity. Finally, a simple and easy to use commercially
available product Exoquick accomplishes isolation of exosomes via precipitation; despite

its scalable nature, the yield of exosomes is low and variable 2. Microfluidic options for

exosome isolation are similar to those available for CTC isolation and either relies on
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immuno-affinity mediated capture or label-free approaches. Considering the size of
exosomes, exploitation of physical properties to enable separation is limited in

comparison to CTCs.

The main advantage of microfluidics based approaches for exosome capture is the
adaptability for low abundance exosomes (i.e.) exosomes shed from cancer cells as
opposed to exosomes commonly found in circulation. Microfluidic approaches for
exosome isolation primarily rely on enhancing immuno-affinity capture via
miniaturization and exploiting microarchitectures, high surface-area to volume ratios, and
flow phenomena to immobilize a large number of capture probes and enhance and
prolong interaction of exosomes with the capture probes. Other label-free microfluidic
approaches have also been developed to isolate exosomes using electrophoresis,
dielectrophoresis, sieves, physical trapping and optical trapping. Table 2 summarizes
microfluidic approaches for both immuno-affinity and label-free capture of exosomes

organized based on capture efficiency.

3.4.1. Immuno-affinity based approaches for exosome isolation

A microfluidic device was developed by Chen et al. as an alternative to conventional
ultracentrifugation for isolation of exosomes 2*°. To accomplish capture of exosomes, the
authors covalently immobilized CD63, an antibody that is specific to exosomal vesicles
to the surfaces of a microfluidic channel (Fig. 4A). The channel floor contained a
herringbone structure to induce fluidic rotation within the channels and enhanced

interaction of the exosomes within the channel with the capture antibodies on the walls.
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This technique was rapid, simple and processing of ~ 400 uL of serum samples from non-
small cell lung carcinoma patients resulted in isolation of sufficient number of exosomes
for isolation and analysis of tumor RNA 2%, Kanwar et al. took this concept further by
enabling detection capabilities to quantify captured exosomes via staining with a
fluorescent carbocyanine dye (DiO) that specifically labels the exosomes and can be
quantified using a standard plate reader 3°°. Comparison of serum samples from patients
with cancer and healthy controls revealed a nearly 2.5 fold increase in captured exosomes
in cancer patients with detectable differences in miRNA profiling. After processing 400
pL of serum they were able to isolate nearly 15-20 pg of protein and 10-15 ng of total
RNA 3%, Zhang et al utilized Y-shaped microposts functionalized with CD81 antibody
along with a graphene oxide/polydopamine coating to prevent non-specific adhesion and
enhance capture of exosomes via an increase in capture surface area and reported a

recovery yield of 72% with almost no non-specific binding 3.

Several other groups have combined immuno-affinity capture with different types of
detection and quantification techniques. Examples include electrokinetic, force-based,
optical, electro-chemical, electro-optical and acoustic-based approaches. One specific
example is the nano-plasmonic exosome sensor (NPLEX) where immuno-affinity capture
within microfluidic channels is coupled with surface plasmon (SPR) resonance based
detection 3°2, Rather than focus on a single capture ligand, nPLEX contains an array of
up to 36 different proteins to enable phenotyping of captured exosomes. Using this setup,
ovarian cancer patients were differentiated from healthy controls via differential

302

phenotyping **<.  While immuno-affinity capture on surfaces has been successful in

isolating useful amounts of target exosomes, non-specific binding of contaminating
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species is a cause for concern 23394, These species can affect detection techniques and
are particularly an issue when intra-vesicular contents of the exosomes need to be

retrieved 3%,

To enhance sorting efficiency and minimize non-target molecules and vesicles,
Dudani et al. developed an approach which combines immuno-affinity capture of
exosomes on modified polystyrene beads which were then separated from the original
sample solution into a buffer via inertial migration in rectangular cross-section
microfluidic channels 3®. Using this setup, exosomes were isolated from blood spiked
with supernatant from cancer cell cultures. Following red cell lysis and incubation with
the immuno-modified beads, a suitable number of exosomes were captured on the surface
of the polystyrene beads 3%. While the separation mechanism exploits microfluidic
advantages, a four hour incubation period is necessary for binding of the exosomes to the
beads limiting the attractiveness of this approach for clinical applications. Several other
groups (Shao et al. 3%, He et al. 3’and Zhao et al. 2’*) have also used immuno-affinity
capture using functionalized microbeads to separate exosomes from bodily fluids using
magnetic separation within microfluidic devices, however, only Shao et al. 3% reported
capture efficiency of > 93%, whereas; others did not evaluate capture efficiency of their
devices. Typical samples volumes that can be processed are in the range of 10s to 100s of

microliters.

3.4.2. Label-free approaches for exosome isolation
The small size of exosomes limits the use of flow phenomena for focusing, trapping

or directed migration within microfluidic channels. Microfluidic adaptation of
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ultrafiltration can potentially be used to fractionate exosomes based on size. One group
attempted to achieve microfluidic ultrafiltration as a means to separate exosomes from
whole blood %, Exosomes were transported across a size-exclusion membrane either
using pressure or an electrical field (~ 80 ng RNA from 100 pL blood).While reported
results seem comparable to conventional macroscale ultrafiltration, there was no
significant improvement. While the pressure driven approach was faster, the electric field
driven separation resulted in higher purity 2. However, there appears to be several
disadvantages associated with purity, throughput and processing speed. More recently,
Woo et al. developed a lab-on-a-disc for exosome isolation called the ‘Exodisc’ which
utilized centrifugal force for transport of fluid across a size-exclusion filter and using
urine samples reported removal of > 95% contaminating proteins and > 95% recovery of
exosomes in addition to reporting >2 orders of magnitude higher RNA than exosomes
isolated using conventional ultracentrifugation 3%°. Lee et al. accomplished capture of
exosomes from packed red blood cell units via use of acoustic force to enable transport
through a filter and demonstrated > 80% recovery 31°. Another approach that exploits the
size difference between exosomes and other larger cells, vesicles and molecular species
in blood consists of an array of posts containing ciliated structures *!* (Fig. 4B). The
ciliated structures are silicon nanowires and serve two purposes. First, they act as a
barrier to the entry to larger contaminants. Once a vesicle interacted with the posts, it was
trapped within the cilia ensuring capture of the target species. Depending on the spacing
between the cilia, specific size vesicles can be targeted 3'*. While capture is accomplished
within 10s of minutes and imaging of vesicles is relatively straightforward, isolation of
intact vesicles requires dissolution of the silicon nanowires and can be complicated. This

device was tested with a binary mixture of vesicles of two different sizes 3. It is difficult
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to speculate how this technology will translate to capture of exosomes from serum or
blood in terms of throughput and purity. Santana et al. used micro-pillar architectures
within microfluidic channels to separate exosomes from cell culture medium based on
vesicle size and demonstrated recovery of > 35% of all vesicles 3*2. More recently, the
use of deterministic lateral displacement (LDL) was used in silicon nanofluidic devices
where the precisely machined silicon structures in low Peclet (Pe) number flows enabled
particle movement via diffusion and displacement to compete with each other resulting in
separation of exosomes and colloids between 20-110 nm 323, Liu et al. exploited elastic
lift forces when samples are suspended in a viscoelastic medium to enable sorting of
exosomes from other vesicular bodies and reported a >80% purity and > 90% recovery of

exosomes in fetal bovine serum 314,

Microfluidic technologies for exosome isolation are still in early stages of
development but results confirm that microfluidics may provide simpler and efficient
techniques to conventional filtration and centrifugation based approaches. A better
understanding of the utility of exosomes in cancer monitoring and a better understanding
of the physical and biochemical markers of target exosomes will enable development of

more sophisticated microfluidic approaches.

4. Cell-free tumor cell DNA (ctDNA) and Circulating RNA
4.1. Origins and frequency of occurrence

DNA: Recent high throughput sequencing studies have identified specific genetic
mutations that enable survival and expansion of solid tumors. Virtually all cancers carry

somatic DNA mutations which are only present in tumor cell DNA. Identifying tumor
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DNA provides a highly specific biomarker that can be used to for disease diagnosis and
monitoring. While tumor cell DNA is abundant in tumors, their analysis requires invasive
biopsies or the capture and analysis of CTCs. Tumor cell associated DNA has been
reported in blood samples of patients with malignant and non-malignant cancer 31°,
Presence of tumor DNA in blood is a consequence of tumor cells undergoing apoptosis or
necrosis causing nucleosomes to be released into blood, circulating freely in plasma
316317 ‘Necrosis results in larger fragments of up to 10,000 base pairs (bp) and apoptosis
leads to DNA fragmentation resulting in fragments as small as ~ 100 bp. The half-life of
cell free ctDNA is very short and is cleared from circulation within a couple of hours. In

aggressive cancers, the increased tumor burden results in higher levels of necrosis leading

to large amounts of cell free ctDNA 318,

RNA: Tumor cell associated RNAs have been reported in blood liquid biopsies of
patients with different types of solid tumors 31°. Considering the role of messenger RNAs
in cellular function, RNA from apoptotic or necrotic cancer cells in circulation could
potentially provide valuable information regarding intracellular tumor cell phenotype and
function. There are several types of circulating RNA including coding RNA or messenger
RNA (mMRNA), and non-coding RNAs like micro RNA (miRNA), long non-coding RNA
(IncRNA), and small interfering RNA (siRNA). The abundance of mRNA in circulation
is low as it is unstable and subject to degradation. In contrast, non-coding RNAs are

stable and usually found at detectable levels within circulation 3%,
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4.2. Predictive information in ctDNA and circulating RNA

The identification and relative amount of ctDNA in circulation correlates with tumor
burden. Screening for ctDNA within blood can provide a monitoring tool for early
diagnosis and monitoring of response to treatment. The size of ctDNA fragments can
provide information regarding the mechanism of cell death which can be used to
understand tumor regression or remodeling. The most promising utilization of ctDNA
may in the identification of specific mutations that are predictive of acquired resistance to
chemotherapy via selection of resistant tumor cells during drug treatment. The tumor
genome also plays a critical role in how patients respond to chemotherapeutic drugs.
Genome sequencing has resulted in identification of somatic genetic mutations and
genomic, transcriptomic and epigenetic changes in various tumors have being mapped.
This information can be used to develop chemotherapeutic drugs that have the best

chance for clinical benefit in cancer patients.

The presence of circulating mRNA in cancer patients has been known for over two
decades. Evaluation of circulating mRNA can potentially provide information regarding
key intracellular processes in tumor cells and serve as biomarkers for diagnosis and
monitoring. Their increased presence in serum or blood has been previously found to be
predictive of clinical outcome and disease prognosis 321322, Of the non-coding RNAs,
mMIiRNA is the most promising target and is actively being evaluated as a cancer
biomarker. miRNAs are highly conserved short strands of non-coding RNA and is known
to play a role in repressing or activating translation of proteins. miRNAs are known to be
dysregulated in cancer enabling crucial processes like proliferation, metastasis, apoptosis

and angiogenesis. Profiling and quantification of miRNAs in circulation can provide
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important information for diagnosis, longitudinal patient monitoring and development of
therapeutics 32-3%, Other non-coding RNAs like small interfering (siRNAs) and long
non-coding RNA (IncRNASs) are attractive targets, however, there is not much

information regarding how they might influence onset and progression cancer.

4.3. Microfluidic approaches for capture and analysis of ctDNA and circulating
RNA

The use of microfluidic approaches for DNA and RNA isolation in the context of
cancer has not been extensively explored. This can be attributed to the fact that there is
limited information available in terms of circulating DNA or RNA in blood or serum
samples and their relevance to cancer. While microRNAs are stable and commonly found
in circulation, other nucleic acids like DNA and mRNA are usually found within intact
cells or exosomes where they are protected from degradation and clearance. In cancer,
rapid turnover of cells via either apoptosis or necrosis results in detectable amounts of
cell-free ctDNA and mRNA in circulation with the amounts directly correlating to stage
of cancer and the size of the tumor 36317, While tumor cell DNA and mRNA can
provide valuable insights into specific mutations and transcriptional activity, the use of

this information for evaluation of cancer requires more extensive investigation.

Microfluidic approaches for isolation of nucleic acids present both in low and high
abundance have been widely explored for several non-cancer based applications. These
techniques are broadly applicable to any disease where nucleic acids need to be isolated
from fluids that contain other molecular and cellular contaminants. Therefore, in this

section we will review promising microfluidic-based approaches for nucleic acid
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isolation from blood or plasma samples that can be readily adapted for cancer
diagnostics. Microfluidic approaches for nucleic acid isolation are typically preferred if
the sample volume is small and if either the target nucleic acids occur at low frequencies.
Microfluidics also offers rapid and high-efficiency separations with the potential to
integrate pre- and post- isolation process into a seamless fashion to create point-of-care
(POC) technologies that can be deployed in resource limited settings or in the clinic.
Microfluidic devices for isolation of nucleic acids can be broadly classified as either solid
phase isolation or liquid phase isolation. Solid phase isolation techniques rely on the use
of a charged surface or immobilized probes to bind and capture nucleic acids. Liquid
phase isolation techniques rely on the mobility of nucleic acids via charge/polarizability
or solution chemistry for separation. A summary of possible microfluidic approaches that
can be adapted for capture of ctDNA and circulating RNA are listed in Table 3 and

organized based on reported sensitivity of the approach.

4.3.1. Microfluidic Solid Phase Extraction

The microfluidics field has heavily borrowed techniques and processes from the
semiconductor fabrication industry and it is not surprising that a majority of early
generation microfluidic devices used silicon as the primary substrate for device
fabrication. Silica is negatively charged and when treated with high concentrations of a
chaotropic agent like guanidinium or sodium iodide, a salt bridge forms between the
negatively charged silica and the negatively charged nucleic acid backbone to enable
non-specific binding 2. To capture cell-free nucleic acids, it is important to debulk the
sample of cells and vesicles to ensure that cellular or vesicular nucleic acids are not

captured as chaotropic agents can potentially cause lysis and release of intra-cellular or
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intra-vesicular contents. Captured nucleic acids can be extracted by washing with organic
solvents like ethanol or isopropyl alcohol. The most basic version of this device is a
rectangular cross-section microfluidic channel which still has significantly larger surface
area to volume ratio than available with any macroscale approach. Silica beads packed
within microfluidic channels have also been used for capture of nucleic acids to further
increase the capture surface area 32", Beads are packed into narrow microfluidic
channels or capillaries using a weir structure that enables packing of beads within the
channel. Packed silica beads have been successfully used to capture both DNA and RNA
which have either been eluted for further processing or subsequent processing including
amplification and detection performed on-chip 3. A major disadvantage of this approach
is the extremely high fluidic resistance resulting in high back pressure. An improvement
over packed silica bead capillaries is embedding of silica beads in hydrogels 3. Silica
beads were directly incorporated into the hydrogel solution prior to gelation resulting in
free standing structures or channels filled with silica bead containing hydrogel. Due to the
high porosity of the hydrogel, the back pressure necessary to feed sample through is
diminished. Successful DNA isolation has been demonstrated using this approach.
Hydrogels have been incorporated into both glass and polymer microfluidic devices with
the polymer devices providing cheaper alternatives. Variations of the same approach have
been accomplished using construction of silicon microstructures using surface
micromachining or bulk micromachining approaches with the goal of increasing surface
area available for a given volume for nucleic acid capture 332-3%, Precisely defined
microstructures greatly minimize variability typically seen with packed beads or beads in
hydrogel but the cost of manufacturing these structures is high. Silicon microstructures

have been used for DNA isolation and integrated within micro total analysis systems
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(UTAS) for seamless integrated processing. There are also several other examples

337 338

including silica membranes °°‘, porous silica-based structures °*°, etched silica structures

339 which have all been used for nucleic acid isolation The major drawback of silica or
silicon based capture is the use of the harsh chaotropic agent which can interfere with

downstream processing 3%,

An alternative to immobilized beads is the use of paramagnetic beads to enable either
immobilization or extraction of captured nucleic acids to minimize the amounts of non-
specific contaminants 34343, paramagnetic beads have large surface area to volume ratio,
can be temporarily immobilized to interact with sample and then extracted during
washing steps from the microfluidic device or moved to another chamber within the
microfluidic device for subsequent processing. Other tunable features that can be adjusted
depending on the application are: the charge on the surface of the beads, surface
chemistry, and immobilization of specific capture moieties. Beads can be introduced in
suspension within the sample and efficient mixing can enhance interaction of the
magnetic beads with targets thereby minimizing incubation times. Examples of
paramagnetic bead-based approaches include silica coated beads that possess the ability
to bind nucleic acids non-specifically in the presence of a chaotropic agent. The most
common approach using silica coated paramagnetic beads involves immobilization of
beads within a microfluidic channel using an external magnetic field with sample
solutions and washing buffers flowing over the beads. Once the capture and washing
steps are complete, the magnetic field is removed to allow elution of the beads in an
elution buffer 3. In other examples the solution is maintained stationary and the beads

directed through the solution via application of a magnetic field. The beads are then
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exchanged from the sample solution into buffer solutions 3#43%°, There are also examples
of silica coated paramagnetic bead-based isolation techniques integrated within pTAS 34,
Alternatives to silica coating include the use of electrical charge to selectively capture
negatively charged nucleic acids. This is accomplished by coating the beads with a
multivalent cationic polymer like polyethyleneimine which is positively charged at low
pH. The sample is introduced into the microfluidic device where beads are immobilized
in a low pH solution for capture, following capture, the solution is washed and then a
higher pH elution buffer is used to collect the captured nucleic acids **4347, This approach
has been shown to be highly effective for low abundance nucleic acids and has been
integrated within uTAS **3, Finally, isolation of mMRNA can also be accomplished using
non-specific probes such as oligo-dT which binds to the polyadenosine tail. This
technique provides a degree of specificity in isolating only mRNA sequences and the
combination of this approach with paramagnetic beads can be scaled up as the beads are
not saturated with non-specific nucleic acids 34834, This approach can potentially be of
great value when probing cell-free mMRNA released from tumor cells into circulation. If
the target nucleic acid sequence is known, then specific oligonucleotide sequences can be
generated and functionalized into paramagnetic beads to enable capture of desired targets
340350.351 The only drawback of this approach is the fact that there needs to be prior

knowledge regarding the target sequences.

Microfluidic devices with functionalized surfaces have also been used for capture of
nucleic acids. Depending on the type of material used to construct the microfluidic
device, these approaches can vary. Silicon and glass have been commonly used for

fabrication of microfluidic devices but are expensive. Cheaper alternatives include

122



various polymeric materials that have already been shown to be effective for nucleic acid
isolation including polycarbonate (PC) **2, (poly) dimethyl siloxane (PDMS) and
polymethylmethacrylate (PMMA). Surface modifications can either be accomplished via
simple adsorption, covalent cross-linking or deposition. Examples of coatings used for
nucleic acid capture include oligonucleotides 333, chitosan %637, aluminum oxide

358,359 activated polycarbonate 36031 and amines 32,

4.3.2. Microfluidic Liquid Phase Extraction

Liquid phase extraction refers to techniques that do not utilize probes to capture
nucleic acids, rather, nucleic acids are selectively trapped or migrated based on their
response to an applied electric field or specific solution chemistry. Both electrophoresis
(EP) and dielectrophoresis (DEP) have been used to selectively migrate or trap negatively
charged nucleic acids to separate them from positively charged contaminants. DEP is
primarily used for trapping and has been used with the commercially available Nanogen
platform that exploits the polarizability of nucleic acids to trap chromatin from lysed cells
using an alternating field and then using a direct current field to remove contaminants
363364 Gel electrophoresis within microfluidic channels has been used to separate nucleic
acids based on their differences in length 3%°. Nucleic acids fractionated using this
approach can be extracted as it exits the gel using buffer solutions. Another approach that
exploits charge is isotachophoresis where a two buffer system containing a leading and
trailing electrolyte with electrophoretic mobility higher and lower than the nucleic acids
respectively. When an electric field is applied, the nucleic acids migrate to the interface
where the field gradient exists away from the impurities. Microfluidic adaptation of this

approach has been successfully validated for isolation of DNA from lysed blood samples
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366-369 \While charge based approaches are effective and can result in highly pure nucleic
acid samples, they are more complex in terms of both device fabrication and device
operation. The throughput may also be limited and their integration with uTAS may be

more complicated.

Liquid phase extraction using organic solvents like phenol-chloroform extraction is a
commonly used macroscale approach to exploit aqueous and organic phases to enable
partitioning of biomolecules into energetically favorable locations. Following cellular
lysis, biomolecules including cellular debris and proteins fractionate into the organic
phase leaving nucleic acids in the organic phase. This approach has been adapted within a
microfluidic platform which allows automated metering and collection of the two phases
which can then be processed on-chip for subsequent amplification and detection 337°,
The purity of nucleic acids attainable using this approach is very high but there are also
issues involving the use of hazardous solvents which make operation and disposal a

problem.

Given that circulating cell-free DNA and RNA are not aggressively being pursued as
markers to monitor cancer, there have not been many efforts to develop microfluidic
devices to isolate and evaluate circulating cell-free nucleic acids. However, recent
literature suggests that both cell-free DNA and RNA may contain important prognostic
and diagnostic information that can be harnessed to monitor, stage and treat cancer. This
section summarizes microfluidic approaches for capture of nucleic acids and any of these
approaches can be adopted and modified to process blood liquid biopsies. There may be

some sample pre-processing that needs to be accomplished prior to nucleic acid
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isolation. We also refer you to recent reviews by Ansari et al. 3! and Bruijins et al. 372
that provide greater detail on microfluidic approaches for isolation and analysis of nucleic

acids.

5. Future Directions

Miniaturization offers advantages over conventional approaches and can enable
completely new separation methods not possible using macroscale techniques. Despite
these obvious advantages, adoption of microfluidics based approaches for clinical or
commercial applications has not been widespread. This can be attributed to the
complexities associated with translating laboratory prototypes to pre-clinical or clinical
devices and the reluctance of users to adopt new and unfamiliar technologies. Prior to
pursuing a microfluidics option, it is important to ask the following questions (1) Is there
a critical or unmet clinical need? (2) Will this problem benefit significantly from
miniaturization? (3) Can this process be performed reliably and consistently in the
clinical setting? (4) Can the miniaturized protocol be automated with minimal user
intervention? As long as the answer to the first two questions is ‘yes’ and the answer to
the third and fourth questions are not ‘no’, it is worth the time and effort to develop

microfluidic options to address the particular problem.

For cancer diagnostics, the answer to the first two questions is ‘yes’ and recent
progress in CTC and exosome isolation suggest that the answer to both questions three
and four is ‘highly probable’. Isolation of CTCs for example has been likened to ‘finding
a needle in a haystack’ where the need is to develop technologies to find 1-10 cells in 10

mL of blood, 1 in 1 X 10° RBCs or 1 in 1 X 10’ WBCs. This is a problem that
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conventional macroscale approaches cannot address in a reliable fashion with
consistently high levels of purity and efficiency. Another critical issue is the biomarkers
used to classify and isolate CTCs and exosomes. CTCs and exosomes are highly
heterogeneous populations and expression of various cell surface and intracellular
markers are reflective of various factors including the physiology of the individual,
organ/tissue of origin, interaction with the local microenvironment, location within the
primary tumor, stage of the tumor, mechanisms that enabled release into circulation, their
interaction with other cellular and biomolecular components in blood. Therefore it is
important to understand that biomarker selection is critical and can dictate the success of
the type of separation process in demonstrating clinical benefit. Microfluidic approaches
have shown clear superiority where miniaturization and unique flow phenomena have
been exploited to isolate CTCs in numbers not possible using conventional methods. This
high sensitivity in terms of being able to probe low-abundance targets comes at the cost
of throughput and purity. Most CTC platforms have high efficiency (ratio of captured
target cells to target cells in the sample) but there is also an increase in non-specific
binding of leukocytes. Profiling of cells contained in small volumes adversely affects
throughput and this can be a major issue with CTC profiling as sometimes ~ 50 mL of
blood needs to be processed to obtain a significant number of cancer cells for analysis. To
address the issue of throughput, integrating multiple smaller devices in a massively
parallel fashion has been proposed. This however is a challenge and care needs to be
taken to ensure that there is a high-level of consistency between devices integrated in
parallel. Other options include sample pre-processing to de-bulk the initial sample of
contaminating cells. Any technique seeking to address CTC isolation must understand

and provide solutions that can address issues with processing of 10s of mLs of sample in
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a relatively quick time. Techniques like density gradient centrifugation or even inertial
focusing have been used to separate out red blood cells from the samples to provide
highly de-bulked samples that contain CTCs at higher concentrations and are easier to
process. The disadvantages include the time and effort to de-bulk the samples and
additional opportunities to lose already rare CTCs during processing. The issue of non-
specific binding can be partially addressed by using appropriate blocking strategies with
surface functionalization using proteins (albumin) or cell repulsive compounds like
(polyethylene glycol or pluoronic). Important parameters to be considered include
functionalization density and anchorage mechanism which can greatly affect their
function and utility. Addressing or overcoming issues related to purity and throughput
and increasing numbers of captured intact CTCs is the key to addressing important gaps
in knowledge. Given the multitude of uses of intact CTCs in early diagnosis, longitudinal
monitoring of patients, drug testing and developing patient specific therapeutics, there are
a large number of companies developing CTC isolation Kits. A majority of these
companies have adopted microfluidics-based approaches 364043447881 and are faced with

the challenge of addressing concerns with throughput and purity.

Microfluidic isolation of exosomes faces similar challenges to those associated with
CTC isolation, however, the number of exosomes is significantly larger than CTCs and
issues concerning throughput are minimal. Given the success of conventional macroscale
approaches in isolating intact exosomes, microfluidic approaches may need to focus on
isolation and quantification of cancer specific exosomes which are available at lower
frequencies and where microfluidic advantages associated with interrogation of samples

in small volumes is a significant advantage. While microfluidics may not have significant
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benefit over conventional approaches when it comes to unbiased evaluation of exosomes
in serum, microfluidics certainly has an advantage when it comes to identification cancer
cell-associated exosomes with specific surface markers. Microfluidic approaches can be
used to accomplish rapid and highly efficient identification with opportunities to integrate
further analytical complexity downstream including lysis and extraction of nucleic acids,
proteins, metabolites and lipids. An area that needs to be addressed is the sample pre-
processing to rapidly remove cellular components and abundant proteins from plasma
without loss of exosomes. Currently, the use of exosomes for cancer diagnostics is still in
the early stages and significant work needs to be done prior to use of exosomes or
exosomal contents for diagnosis or patient monitoring. As a result, there are not many
efforts to commercialize platforms for exosome isolation for cancer. Examples discussed
in this review clearly demonstrate that there is great potential for microfluidic approaches
and with advances in our understanding of exosome cancer biology and advancements in
microfluidic separations, it is only a matter of time before commercially available

exosome based cancer screening assays become available.

A variety of microfluidic techniques for capture and isolation of nucleic acids were
discussed in this review and clearly establish that microfluidic adaptation can accomplish
both specific and non-specific capture of target nucleic acids in a highly efficient and
rapid fashion. Microfluidics provide two unique advantages: (1) integration of nucleic
acid capture within uTAS to accomplish cell capture, lysis, nucleic acid isolation,
amplification, quantification, and detection all on a single platform for point-of-care
applications, and (2) The ability to isolate low-abundance nucleic acids found in

circulation or in a single cell at high efficiency. While there are several examples of
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integrated devices, the integration of different components is not always seamless and
operation of these devices may also be complicated. Regardless, with advancements in
technologies to design and fabricate microfluidic devices will provide unique tools to
probe low-abundance nucleic acids efficiently and rapidly. As with exosomes, there is
limited knowledge regarding cell-free DNA and RNA and how they can be exploited for
cancer diagnostics and monitoring. There are already a handful of companies offering
tests to probe cell-free tumor cell DNA and it appears that with new knowledge regarding
the relevance of these markers, that the number of applications will expand rapidly and

microfluidics-based approaches will become essential for point-of-care translation.

As mentioned earlier, a major concern with microfluidics-based approaches is the
poor rate of translation of promising technologies to the research or clinical setting and
ultimately commercialization. Particularly in the area of cellular and biomolecular
separations, it is rather surprising that microfluidics-based approaches have not
supplanted conventional approaches given the advantages of microfluidics-based
technologies. In reviewing literature, there appears to be a large disparity between the
numbers of new microfluidics technologies being developed versus those actually
undergoing commercialization or clinical translation. To achieve commercialization, it
may be beneficial to learn prior shortcomings. Shields et al. 33 present a comprehensive
review detailing the challenges with translation of microfluidics-based approaches for
cell sorting including (a) Changing from a mindset where we develop technologies and
then search for an application to a mindset where we design new approaches based on a
critical unmet need, (b) creating user-friendly interfaces that can enable ease of operation

of complex microfluidic devices, minimizing the need for initial setup for smooth
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translation as a commercial product, (c) developing modular solutions and standardized
manufacturing to address the cost and volume issues necessary for successful
commercialization, and (d) adopting aggressive strategies to protect intellectual property
and efficient marketing new technologies. For other applications, conventional
technologies may provide a comparable solution; but in the case of cancer monitoring,
the low abundance of target species necessitates successful translation of microfluidics
based approaches to accomplish better treatment options and disease management.
Therefore, it is critical that these issues be carefully considered prior to development of
new technologies to enable smooth and rapid translation to the research and clinical

setting.
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FIGURE LEGENDS.

Figure 1: Schematic highlighting progression of cancer and presence of cancer cells and
cell-derived products in blood circulation and the use of microfluidics-based approaches
to process liquid biopsies from patient’s blood and enable isolation of specific targets
which can then be used for a wide array f processes that can impact screening,

diagnostics, prognostics and treatment of patients.

Figure 2: Examples of microfluidic devices for immuno-affinity based capture of CTCs.
(A) CTC chip: the first example of a microfluidic device for isolation of CTCs from
blood 2%, (A1) Complete setup for delivery of blood samples to the CTC chip, (A2)
Pressure source which drives fluid flow, (A3) CTC chip with blood perfusing the chip,
and (A4) Picture of micromachined posts with captured CTC. (B) Herringbone Chip:
Demonstration of how efficient mixing can enhance interaction of CTCs with capture
surfaces 2%, (B1) Herringbone chip perfused with blood, (B2) Design and placement of
herringbone structures within the microfluidic channel, (B3) Schematic demonstrating
rotational fluid flow within the microfluidic channels, and (B4) Simulation of fluid flow
within the channels. (C) CTC-iChip: Example of how multiple separation mechanisms
can be integrated together on a single platform to de-bulk samples and enable efficient

separation 2.

Figure 3: Examples of microfluidic devices for label-free capture of CTCs. (A)
Filtration: Exploiting size differences to ensure separation of CTCs based on differences
in size and deformability 2. (A1) Microscopic images of flexible spring microarrays that

are used for exosome capture, and (A2) Actual setup including a schematic of the various
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components of the capture system. (B) Spiral Devices: Demonstration of the use of
inertial focusing within microfluidic channels to enable size based separation of cancer
cell lines from other blood cells 2. (B1) Design and mechanism of separation of cells
and particles using spiral microchannels, and (B2) Actual devices and workflow for
processing of samples for CTC isolation. (C) Surface Energy: Using differences in cell
surface energy to enable initial phase partitioning and the initial separation is enhanced
via inertial forces 2424, (C1) Schematic of the device for inertia enhanced phase
partitioning, (C2) Actual fabricated device and (C3) Setup for operation of the device.
Figure 4: Examples of microfluidic devices for isolation of exosomes: (A) Herringbone
Chip: The herringbone chip was the first demonstration of microfluidics to isolate
exosomes. Capture was accomplished using affinity of exosomes to specific antibodies
immobilized within the device 2. (B) Ciliated Structures: Ciliated structures exploit size
difference between exosomes and cells in blood to enable selective trapping of exosomes
for subsequent isolation 3!*. (B1) Schematic demonstrating the process of size exclusion
and capture using ciliated structures, and (B2) High magnification images of the posts

with ciliated structures including and image of exosomes captured on the structures.
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Table Legends:

Tablel: Summary of (A) microfluidic immuno-affinity based and (B) label-free
approaches for isolation of circulating tumor cells (CTCs). Note: Table is organized
based on reported capture efficiency.

Table 2: Summary of microfluidic techniques for isolation of exosomes for diagnosis and
evaluation of cancer. Note: Table is organized based on reported capture efficiency.
Table 3: Summary of microfluidic approaches for isolation of nucleic acids. Note: Table

is organized based on reported sensitivity of the approach.
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Figure 3:
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Table 1 (A-B)

Circulating Tumor Cells (Antibody based approaches)

Authors Description of Method Sensitivity Purity Downstream Clinical Application
Nagrath et al. EpCam antibody and microposts rocking Epithelially derived cancer detection,
99% 50%
204 chip diagnosis, and monitoring
Adams et al. High throughput microsampling unit and Epithelially derived cancer detection,
97% >99%
21 EpCAM antigen diagnosis, and monitoring
Herringbone-Chip microfluidic mixing and Epithelially derived cancer detection,
Stott et al. 28 93% 14%
EpCAM antigen diagnosis, and monitoring
Reéategui et Gelatine nanocoating, microfluidic mixing, CTC detection, diagnosis, and
93% 80%
al. 28 EpCam, EGFR, and HER2 antigens monitoring
Murlidhar et Radial flow mixing with bean-shaped Epithelially derived cancer detection,
93% -
al. 207 microposts and EpCAM antigen diagnosis, and monitoring
Sheng et al. GEM microfluidic mixing and EpCAM Epithelially derived cancer detection,
90% 80%
209 antigen diagnosis, and monitoring
CTC-iChip system. Inertial focusing,
Ozkumur et
antigen coated magnetic bead sorting, cell 90% 98% CTC enrichment and quantification
al. 28
size sorting
Gleghorn et GEDI chip: Microfluidic mixing and Diagnosis and monitoring prostate
85% 68%
al. 208 prostate-specific membrane antigen cancer progressiong
Allard et al. CELLSEARCH: ferrofluid antibody Outcome diagnostic for epithelial
85% Low
374 enrichement derived cancers
Graphene oxide nanosheets and EpCAM Epithelially derived cancer detection,
Yoon et al. 212 73% -
antigen diagnosis, and monitoring
Microfluidic and thermoresponsive anti- Epithelially derived cancer detection,
Ke et al. 24 70% 35%
EpCAM adhesion diagnosis, and monitoring
Circulating Tumor Cells (Antibody free approaches)
Authors Description of Method Sensitivity Purity Downstream Clinical Application
Warkiani et Centrifugal throughput, Dean's drag, and
100% 80% CTC detection and analysis
al. 241 inertial lift
Sollier et al.
Micro-scale vortices and inertial focusing 100% 57-94% CTC detection and analysis
242
Ding et al. 247 Acoustic wave focusing 99% 83% CTC enrichment and quantification
Gupta et al.
Dielectrophoretic field-flow fractionation 99% 73% CTC detection and analysis

249
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Parichehreh

etal. 246

Hou et al. 27

Ozkumur et

al. 218

Harouaka et

al. 228

Sun et al. 238

Inertial focusing

Centrifugal throughput, Dean's drag, and
inertial lift
CTC-iChip system. Inertial focusing,
antigen coated magnetic bead sorting, cell

size sorting

Micro spring array

Dean's drag and inertial lift

>95%

93%

90%

90%

89%
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>99%

85%

98%
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enrichment

CTC enumeration

CTC detection and analysis

CTC enrichment and quantification

CTC enrichment and quantification

CTC quantification



Table 2:

Exosomes
Authors Description of Method Sensitivity Purity Sample
Shao et al. 3% Immunomagnetic beads (Exo chip) 90% - Exosome isolation from plasma sample
Exosome isolation from urine sample
Liang et al. 37 Filtration 81% 90%
and cell culture medium
Exosome isolation from cell culture
Liu et al. 314 Viscoelastic flow >80% >90%
medium
Exosome isolation from cell culture
Lee et al. 310 acoustic force >80% -
medium
Chen et al. 2° Immunoaffinity 42-94% - Exosome isolation from serum sample
Zhao et al. 274 Immunomagnetic beads 42-97% - Exosome isolation from plasma sample
Wang et al. 3% filtration through nanowires 45-60% - Liposome isolation from water/PBS
filtration through microarrays based on the
Exosome isolation from cell culture
Santana et al. 32 principle of deterministic lateral 39% 99%

He et al. 3°7

Kanwar et al. 3%

Dudani et al. 35

displacement

immunomagnetic beads

Immunoaffinity

Immunobead combined with inertial force
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medium

Exosome isolation from plasma sample

Exosome isolation from serum sample

Exosome isolation from cell culture

medium



Table 3:

Cell-free nucleic

acids
Authors Description of Method Sensitivity Purity Sample
Wu et al. 352 Photoactivated polycarbonate surface 98% - DNA extraction from E.coli
DNA extraction from lysed whole
Cao et al. 37 pH mediated Chitosan-coated beads 75% -
blood
Monolithic tetramethyl orthosilicate-based DNA extraction from lysed whole
Wu et al.3% ~70% -
sol-gels blood
Wen et al. 338 Capillary-based photopolymerized monolith. 69% - DNA extraction from whole blood
Magnetic silica beads in polyester Nucleic acid extraction from lysed
Duarte et al. 31 >65% -
microfluidic device whole blood
DNA extracted from lysed whole
Giinal et al. 3% Monodisperse-porous silica microspheres 50% -
blood
Amine-coated surface based on the
DNA extraction from lysed whole
Nakagawa et al.3%? electrostatic interaction between surface 27-40% -
blood
amine groups and DNA.
Sonnenberg et al. 550ng/ml Cancer related DNA isolated
Dielectrophoresis. -
368 from 25ul from whold blood directly
Phenol-chloroform extraction of nucleic acid 10 fold
Zhang et al. 37° - DNA isolation from P.aeruginosa
from low copy/single bacteria higher

Yang et al. 3%

Persat et al. 367

Root et al. 3%°

Electrophoretic

Isotachnophoresis

Oligonucleotide capture matrix
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DNA extracted directly from
blood plasma
Nucleic acid extraction from lysed
whole blood
RNA extraction from 10% serum

sample
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CONCLUSION
In summary, it is essential that techniques that can accomplish rapid and activation-
free isolation of WBC sub-populations be developed to harness the enormous and
valuable information contained within WBCs for diagnostics, patient monitoring and

determination of accurate management of patients.

In my thesis, | developed unique technologies to enable centrifugal microfluidics
based cell separation techniques. I first developed a platform where conventional density
gradient centrifugation can be enabled by ensuring laminar flow and minimizing
secondary Deans flow. Proof of concept studies were accomplished using binary bead
mixtures. | then demonstrated the potential for centrifugal microfluidics to rapidly isolate
WBC subpopulations in a manner that results in minimal activation. Finally, I have also
used centrifugal microfluidics to demonstrate that conventional phase partitioning can be

miniaturized and potentially used for sorting of cells.
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