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Recent advances in microfluidic cell
separation to enable centrifugation-
free, low extracorporeal volume
leukapheresis in pediatric patients

Mubasher Igbal’, Anton Mukhamedshin®, Dalia L. Lezzar*, Kumar Abhishek?,
Alexandra L. McLennan?, Fong W. Lam?, Sergey S. Shevkoplyas*

Leukapheresis is a common extracorporeal procedure for leukodepletion and
cellular collection. During the procedure, a patient’s blood is passed through
an apheresis machine to separate white blood cells (WBCs) from red blood
cells (RBCs) and platelets (PLTs), which are then returned to the patient.
Although it is well-tolerated by adults and older children, leukapheresis
poses a significant risk to neonates and low-weight infants because the
extracorporeal volume (ECV) of a typical leukapheresis circuit represents a
particularly large fraction of their total blood volume. The reliance of existing
apheresis technology on centrifugation for separating blood cells limits the
degree to which the circuit ECV could be miniaturized. The rapidly advancing
field of microfluidic cell separation holds excellent promise for devices with
competitive separation performance and void volumes that are orders of
magnitude smaller than their centrifugation-based counterparts. This review
discusses recent advancements in the field, focusing on passive separation
methods that could potentially be adapted to perform leukapheresis. We
first outline the performance requirements that any separation method
must meet to replace centrifugation-based methods successfully. We then
provide an overview of the passive separation methods that can remove
WBCs from whole blood, focusing on the technological advancements
made in the last decade. We describe and compare standard performance
metrics, including blood dilution requirements, WBC separation efficiency,
RBC and PLT loss, and processing throughput, and discuss the potential of
each separation method for future use as a high-throughput microfluidic
leukapheresis platform. Finally, we outline the primary common challenges
that must still be overcome for these novel microfluidic technologies to enable
centrifugation-free, low-ECV leukapheresis in the pediatric setting.
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INTRODUCTION

Leukapheresis is a complex medical procedure during which blood is continuously

removed from a patient by an apheresis machine to separate leukocytes (white blood
cells, WBCs) from the rest of the blood, which is then returned to the patient’. This
procedure is used for two main applications in medicine: leukodepletion (to urgently



reduce a dangerously elevated WBC count) and
cellular collection (to harvest various WBC subsets for
manufacturing cellular therapies)*2.

Leukodepletion is indicated in patients exhibiting
symptomatic hyperleukocytosis, which is defined as a
circulating WBC count of >100,000/puL and can occur
in patients with acute lymphoblastic or acute myeloid
leukemia (ALL and AML, respectively). The lymphoblasts
(ALL) and myeloblasts (AML) seen in leukemia may
lead to leukostasis due to the increased blood viscosity
and decreased deformability of the abnormal cells*s.
Additionally, there may be increased adhesion of
leukemic cells to vascular endothelium, potentially due
to increased expression of cellular adhesion molecules
on endothelial cells induced by cytokines released by
blasts®. Leukostasis in the microcirculation causes
tissue hypoxia/ischemia and organ dysfunction which,
when occurring in the brain and lungs, results in severe
complications such as stroke, acute lung injury, and
pulmonary hypertension’. In addition to leukostasis,
hyperleukocytosis predisposes leukemic patients to the
risks of blast lysis and dangerous electrolyte/chemical
derangement, known as tumor lysis syndrome®.
Mortalityin patients with acute leukemia presenting with
hyperleukocytosis can be as high as 40% within the first
month, and lower WBC count is associated with fewer
early deaths®®°. Leukapheresis is used to rapidly remove
excessive WBCs and thus alleviate hyperleukocytosis
symptoms in ALL and AML while cytoreductive
chemotherapy is taking effect®?*. The American Society
of Apheresis has listed leukapheresis as a category II
indication (“Disorders for which apheresis is accepted as
second-line therapy, either as a standalone treatment
or in conjunction with other modes of treatment”)
for symptomatic hyperleukocytosis and category III
(“Optimum role of apheresis therapy is not established.
should be
asymptomatic hyperleukocytosis in patients with ALL
or AMLY. In addition, the ability to rapidly reduce the

number of activated WBCs in a patient’s blood has made

Decision making individualized”) for

leukodepletion an attractive drug-free treatment for
several emergent indications, including inflammatory
bowel disease* ™, steroid-resistant nephrotic syndrome®,
critical pertussis in infants***, and refractory systemic
juvenile idiopathic arthritis.

Cellular collection via leukapheresis is the key initial
step for an increasing number of highly effective
cell-based treatments for some of the most devastating
disorders affecting millions of adults and children
worldwide?. For instance, CD34+ cells obtained via
leukapheresis have become a common source of grafts
for hematopoietic stem cell transplantation®? and the
initial cellular material for novel gene-based therapies
designed to cure sickle cell disease and -thalassemia®®*.
CD14+ monocytes isolated from leukapheresis samples

are used for generating patient-derived, tumor
antigen-loaded dendritic cells to treat various
malignancies, including medulloblastoma?. CD3+

lymphocytes (T cells) are used to manufacture a rapidly
expanding number of chimeric antigen receptor (CAR)
T cell therapies for treating hematologic malignancies
and other types of cancer®?°. CDs6+ lymphocytes (NK
cells) are engineered to attack tumors that may evade
T cell recognition®. Less frequently, granulocytes
are collected by leukapheresis for transfusion to
high-risk neutropenic patients with known bacterial
or fungal infections that are unresponsive to regular
antimicrobial therapies®>*.

Depending on the case, the required cells may be
collected from the patient themselves (autologous) or
from a healthy volunteer donor (allogeneic)’. Allogeneic
leukapheresis represents a fairly small fraction
of all apheresis procedures conducted on healthy
individuals, and itis usually performed separately from
the significantly more common apheresis collections of
platelets (PLTs) and red blood cells (RBCs)***. However,
the frequency of allogeneic leukapheresis varies greatly
depending on the required cell type and specific
therapy: for example, granulocyte donations are
almost always allogeneic, while lymphocyte collections
for CAR T cell therapies are generally autologous®.
both
leukodepletion and cellular collection is performed

Currently, leukapheresis for therapeutic
using centrifugation-based apheresis machines,
which separate WBCs from RBCs and PLTs based
on the differences in the mass density of the cells.
Leukapheresisis generally well-tolerated by mostadults
and older children (minor side effects include nausea,
and musculoskeletal pain).

headaches, However,

performing this procedure in neonates and low-weight
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infants is much more technically challenging and
clinically risky*?¢+°. Centrifugation-based apheresis
machines have a substantial extracorporeal volume
(ECV), typically ranging from 150 to 250 mL?, while
the total blood volume (TBV) of a 4 kg neonate is only
~400 mL, and ~800 mL for a 10 kg infant***4-42, Because
ECV represents a particularly large fraction of their TBV,
these vulnerable patients experience a significantly higher
incidence of hypotension, symptomatic hypocalcemia,
allergic reactions, catheter-related thrombosis, infections,
and even death’2*#°. The use of
centrifugation by conventional apheresis machines limits

severe anemia,

the degree to which their ECV could be minimized.
Therefore, new approaches to cell separation are urgently
needed to enable low-ECV leukapheresis, particularly in
pediatric patients.

Microfluidic cell separation could offer an exciting
and safer alternative to centrifugation-based apheresis
because of the high separation efficiency and innately
small void volumes microfluidic devices could
have. Passive separation methods are particularly
attractive because devices based on these methods
are generally simpler to fabricate and operate and can
be easily adapted to work with existing supporting
technologies such as medical-grade tubing, pumps,
and other extracorporeal devices. This review aims
to discuss recent advancements in microfluidic cell
separation with a focus on passive methods that could
potentially be adapted to perform. leukapheresis.
We first outline the performance requirements
that any separation technology must meet to be
competitive with centrifugation-based methods. We
then provide an overview of the passive separation
methods that can separate WBCs from whole blood
(WB), focusing on the technological advancements
made in the last decade. We describe and compare
standard performance metrics, including blood
dilution requirements, WBC separation efficiency,
RBC and PLT loss, and processing throughput, and
discuss the potential of each separation method as a
future microfluidic leukapheresis platform. Finally,
we outline the remaining challenges that must still be
overcome for these novel microfluidic technologies to
enable centrifugation-free, low-ECV leukapheresis in

pediatric patients.
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OPERATING PARAMETERS AND SEPARATION
PERFORMANCE IN CURRENT LEUKAPHERESIS
PRACTICE

Centrifugation-based leukapheresis for
leukodepletion

A typical pediatric patient undergoing leukodepletion
is severely anemic with hemoglobin (Hb) of ~7 g/dL, or
~20-25% hematocrit (HCT), and has a WBC count far
exceeding the 100x10°/uL threshold (300-500x10°/uL on
average, and can be as high as 9oox10*/uL)##. Before
the procedure, the extracorporeal circuit is primed with
saline and the anticoagulant citrate dextrose solution
formula A (ACD-A) or with a unit of packed RBCs
(if the ECV exceeds the patient’s TBV by more than ~10%).
During the procedure, the patient’s blood is processed
at a flow rate of 10-25 mL/min, with the anticoagulant
added continuously at the ACD-A:blood ratio of
1:12-15 and the WBC fraction collected at the rate of
3-7 mL/min. For instance, Zeng et al. reported that the
volume of processed blood was 1,888+612 mL, using
13645 mL of ACD-A for anticoagulation, while collecting
285+97 mL of the WBC fraction®. A single leukapheresis
procedure may reduce the WBC count by ~35% when
processing 1-2 TBV and by ~50% when processing 2-3 TBV,
although the effectiveness of leukoreduction varies widely
between patients. In fact, the stated objective of reducing
the WBC count below 100x10*/uL is rarely accomplished
in just one procedure®*. Because centrifugation of WB
typically creates a clear separation between the RBC
and buffy coat layers, the RBC losses are relatively low;
therefore, patients’ HCT remain virtually unchanged by
the procedure®. However, the buffy coat layer contains a
significant fraction of PLTs, which are removed at similar
rates as WBCs. In the same study, Zeng et al. reported
that the reduction of PLTs (31+14%) was similar to that of
WBCs (35+15%) after a single leukodepletion procedure®.
The drop in PLT counts could exacerbate bleeding from
catheter sites or, worse, lead to hemorrhagic conversion of
strokes due to cerebral leukostasis®.

Centrifugation-based leukapheresis for cellular
collection

A typical pediatric patient undergoing leukapheresis for
cellular collection is moderately anemic (Hb of ~9-10 g/dL, or
~30% HCT) and has a WBC count ranging from as low as
0.5x10*/uL to as high as 85x103/uL*>***. The leukapheresis



circuit is primed with irradiated, leukocyte-depleted
packed RBCs for patients weighing less than 20-30 kg,
those with severe anemia, or for whom ECV is greater than
~10% of their TBV*°#54¢, Because the cells of interest can be
scarce (pre-apheresis counts of <100/uL for CD34+ cells¥
and <150/uL for CD3+ cells*), leukapheresis collections
are often performed by processing 3-5 TBV*#, To process
such a large volume of blood in a reasonable amount
of time (<300 min**¥), inlet flow rates ranging from
10-50 mL/min**, and in some cases even as high as
100mL/min®, are used. Because the inlet flow rateislimited
by how much ACD-A can be infused safely, heparin is added
to provide anticoagulation while reducing the ACD-A:blood
ratio to less than 1:20, thus mitigating the risk of citrate
toxicity and circulatory overload at high flow rates**#. The
separated WBC fraction is collected ata rate of ~1 mL/min to
minimize the patient’s blood volume loss**#¢#¢, For example,
in one study of CD34+ cell collection, the median volume
of processed WB was 4957 mL (range 2,101-8,672 mL), and
the median volume of infused ACD-A was 240 mL (range:
113-416 mL); the blood was processed at a median inlet
flow rate of 22 mL/min (range: 10-47 mL/min), and
separated WBC fraction was collected at a rate of
1.0 mL/min for a total volume of 242 mL (range:
191-304 mL)*. While the loss of RBCs is typically low,
the depletion of PLTs when performing large-volume
leukapheresis may be significant**+. At the same time, a
high level of contamination of the collected WBC fraction
by RBCs and PLTs may interfere with downstream cellular
therapy manufacturing steps®. In the study of CD34+ cell
collection referenced above, the leukapheresis procedure
reduced the median WBC count by 37% and the median PLT
count by 49%, while Hb was reduced by only 129%.

Design goals for future microfluidics-based

leukapheresis

In addition to separating WBCs from RBCs and PLTs

with high efficiency, any future microfluidics-based

leukapheresis platform will need to demonstrate the

following functionality to meet or exceed the performance

expectations outlined above:

- Operate in a recirculation regime to return RBCs, PLTs,
and plasma to the patient.

« Reduce ECV to <10% of a patient’s TBV to avoid priming
the circuit with stored RBCs and minimize the effect of
the procedure on the patient’s hemodynamics.

« Work for whole blood with HCT in the range of 20-40%
and WBC count as high as 300x10*/uL.

« Minimize the loss of RBCs and PLTs (<10%) to reduce the
need for blood transfusion after the procedure.

« Be compatible with ACD-A, heparin, and (potentially)
other anticoagulants approved by the FDA for use in
human subjects undergoing leukapheresis.

« Achieve the inlet flow rate of at least 10 mL/min for the
procedure duration to be comparable to conventional
leukapheresis.

« Process large volumes (liters) of whole blood without
clogging or a decline in separation efficiency.

« Prevent damage to the cells to mitigate adverse outcomes
after the procedure and preserve the viability and
functional properties of collected WBCs.

MICROFLUIDIC TECHNOLOGIES FOR
SEPARATING WBCS FROM WHOLE BLOOD

In their work on the continuous flow microfluidic

diffusive filter, Sethu ef al. were the first to propose using
microfluidic devices for performing leukapheresis®.
Since then, the field of microfluidic cell separation
has undergone significant development, with several
technologies showing great potential to finally accomplish
that goal. The microfluidic techniques for separating
WBCs from whole blood can be categorized broadly
into active and passive methods. Active methods rely on
external forces such as the magnetic, acoustophoretic, or
dielectrophoretic force (or their combination) to separate
the target cells and direct them into specific outlets.
These methods generally allow for excellent control over
the positions of the cells of interest within the device,
leading to high-purity separations***. However, these
methods typically require extensive sample preparation
(such as RBC lysis) and complex setups, making them
impractical for many clinical settings®>*. In contrast,
passive separation methods exploit properties intrinsic
to the device or the sample, such as the channel geometry
and the hydrodynamic forces occurring due to the flow
of the sample in the device, as well as the differences
in cell shape, size, and deformability*#*>. This review
focuses on the passive separation methods because they
are generally simpler to fabricate, do not require a power
source or complex control systems to operate, can process
whole blood directly with minimal sample preparation,
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and are easier to interface with downstream sample
processing, making passive cell separation methods a
particularly attractive choice for replacing conventional
centrifugation®67,

Table I compares the different categories of passive
microfluidic cell separation technologies in terms of their
characteristics relevant in the context of leukapheresis.
When describing individual devices, the separation
performance is reported using a set of common metrics
either as given by the authors or calculated using the
available data to simplify comparisons. For example, in
this review, "WBC recovery" was defined as the percentage
of WBCs of the input sample collected in the WBC-rich
output sample, "WBC purity" as the percentage of cells
in the output sample that are WBCs, and "RBC loss" as
the percentage of RBCs in the input sample that were
not collected in the WBC-rich outlet sample. While most
reviewed papers adhered to these definitions, some
defined the metrics of separation performance differently
or had their own terminology altogether. In such cases,
both the original metrics and the recalculated values of
the standard metrics were provided.

Filtration through porous membranes and
micropillar arrays

Microfluidic separation methods that utilize filtration
to separate WBCs from other blood cells by size typically
fall into one of two broad categories: dead-end filtration
(or microfluidic trapping) and crossflow filtration. In
devices that implement dead-end filtration, blood is
pushed through a porous membrane, and WBCs (which

(a)

®) . lew el o ©

are larger than the pores) are retained on the surface
of the membrane (Figure 1a). Microfluidic trapping, a
generalization of dead-end filtration, utilizes transient
plugging of a microfabricated filter element (usually
an array of micropillars) to selectively trap WBCs while
allowing the rest of the blood to pass through the device
unimpeded (Figure 1b). The fundamental disadvantage
of dead-end filtration/trapping is that WBCs inevitably
plug the filter elements, thus significantly degrading the
separation performance over time and limiting the total
processed volume. In crossflow filtration, blood flow
is directed parallel to the surface of the membrane, and
a pressure gradient is established to carry blood cells
smaller than the pores across the membrane (Figure 1c).
Crossflow filtration is therefore significantly less sensitive
to clogging because WBCs accumulating on the surface of
the membrane are continuously swept away by the blood
flowing tangentially to the membrane.

Alvankarian et al. implemented the dead-end filtration
approach using U-shaped arrays of square pillars to
separate WBCs from WB*. Fabricated out of polyurethane
methacrylate (PUMA) resin, these arrays had a gap of
~5.5 um between the pillars, which trapped WBCs but
allowed RBCs and PLTs to flow through the structure
unobstructed. The efficiency of RBC removal (percent of
input RBCs that passed through the array) ranged from 84
to 89% at flow rates of 15-50 uL/min (0.015-0.050 mL/min).
However, the average WBC separation efficiency (percent
of input WBCs trapped in the array) was only 25% at
15 wL/min and was further reduced to ~18% at 50 uL/min.

Figure 1 - Filtration through porous membranes and micropillar arrays
(a) Dead-end filtration: the blood sample flows perpendicular to the surface of the membrane with pores smaller than the size of WBCs (blue),
which are retained by the membrane. (b) Microfluidic trapping: microfabricated filter elements selectively trap WBCs while allowing smaller cells
(red) to pass through the structure freely. (c) Crossflow filtration: the blood sample flows parallel to the surface of the membrane, and a pressure
gradient is established to carry blood cells smaller than the pores across the membrane. Green arrows indicate the direction of flow.
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This decline was likely due to higher flow rates increasing
the pressure gradient across WBCs stuck in the pillar
arrays, causing the cells to deform more and thus escape
through the gaps between the pillars. Furthermore, the
use of undiluted WB led to rapid obstruction of the pillar
arrays, thus severely limiting the capacity and separation
efficiency of the device®.

To circumvent the adverse effects of pore clogging seen in
dead-end filtration, Li et al. designed a crossflow filtration
device®®. Made of polydimethylsiloxane (PDMS), the
device consisted of two microfluidic channels separated
by a microfiltration membrane (also made of PDMS) with
4 pum pores. A stream of blood sample and a stream of
phosphate buffered saline (PBS) buffer (sheath flow) were
injected into the top channel in such a way that the sheath
flow forced the blood cells through the membrane. Cells
larger than the pore size (e.g., WBCs) remained above
the membrane and were collected with the sheath buffer
from the top channel. Smaller cells (e.g., RBCs) passed
through the membrane pores and were collected from
the bottom channel outlet. When processing porcine WB
at a flow rate of 0.5 mL/hr (0.008 mL/min) with a sheath
buffer flow rate of 10 mL/hr, the device demonstrated
WBC separation efficiency of 46.4+1.8% and WBC
purity of 65.245.1%. At a higher flow rate of 1 mL/hr
(0.017 mL/min) with a sheath buffer flow rate of
20 mL/hr, the WBC separation efficiency decreased to
27+4.9% but WBC purity increased to 93.5+0.5%. The
viability of separated WBCs was ~97% for either flow rate
and therewasnosignificantdifferenceinviability of WBCs
before and after the separation. The crossflow filtration
design, the high porosity, and the large surface area of
the microfiltration membrane significantly extended the
clog-free operation of the device; in experiments with
microbeads, no signs of clogging were observed within
the first 30 minutes®.

Similar to Li et al8, Cheng et al.* developed a
cross-filtration device that comprised two microfluidic
channels stacked on top of each other and separated by
a microporous membrane®. In this case, however, the
embedded membrane was made of polycarbonate and
featured smaller 3 pm pores. Furthermore, the device
incorporated a rotatory micropump which was used to
circulate the sample within the chip. Prior to separation,
the device was filled with PBS buffer and then loaded with

a 300 pL sample of WB. The sample was driven through
the membrane to filter out RBCs and PLTs, and then the
flow was reversed to flush out WBCs trapped within
the pores. The flow rate within the device was limited to
545 uL/min as faster flow rates increased the pressure drop
across the membrane, increasing WBC deformation and
allowing the cells to squeeze through the pores and escape
with the filtrate®s. Additional buffer (for a combined
total of ~3 mL of PBS) was continuously introduced
during the procedure to help wash out RBCs and PLTs.
The filtration/reverse flushing cycle was repeated five times,
resulting in a WBC recovery of ~72%, RBC removal of 99.7%,
and an effective sample processing rate of 37.5 uL/min
(0.0375 mL/min) i.e. taking 8 minutes to process 300 uL*.

A device developed by Guo et al. used an anisotropic filter
created by an array of specially designed micropillars and a
combination of crossflow and oscillatory flow patterns to
separate WBCs from WB*. The device consisted of an array
of micropillars designed to shape the inter-pillar gaps as
funnels. The effective pore size of the funnels in each row
decreased from 8 um at the bottom to 2 um at the top of the
array. An oscillatory flow pattern directing cells in (from
bottom to top) and out (from top to bottom) of the funnels
was superimposed over the crossflow directed from left
to right in the device. During the separation, a sample of
undiluted WB was injected at the bottom left conner of
the array. Deformable RBCs were able to pass through the
successively narrowing funnels moving generally toward
the top right conner of the array. WBCs became stuck in
the funnels and were released when the oscillatory flow
was reversed, allowing them to be swept toward their
respective outlets by the tangential crossflow. The device
demonstrated a WBC separation efficiency of >98% with
100% purity (no RBC contamination), but at a flow rate of
only ~5 uL/hr (8.3x10° mL/min). Although no cell viability
measurements were done, the authors postulated that the
deformations experienced by the cells were too small to
have any effect on viability*.

Finally, Kuan et al.>* combined crossflow filtration with the
so-called "plasma skimming" effect, which occurs at vessel
bifurcations (where the daughter branch with the highest
flow receives a disproportionately larger fraction of blood
cells)*>®, to separate WBCs from RBCs and plasmas*. This
device consisted of two inlet channels (for injecting WB
and sheath buffer) that converged into a straight segment
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featuring a series of branches on one side for extracting
plasma and RBCs and connected to a massive array of
rectangular and triangular pillars designed for capturing
WBCs. During the separation, a 6 pL sample of WB passing
through the device at 0.3 uL/min (0.3x10° mL/min) was
pushed by the sheath flow (PBS at 3 uL/min) toward the
side branches to enhance the extraction of plasma and
RBCs. The flow of WB sample mixed with the sheath
buffer was directed into the pillar array for WBC trapping.
The device isolated 1,200-1,800 WBCs from 6 uL of WB,
which equates to WBC removal of ~2.5-4% (assuming
a normal WBC count of 7,500-8,000/uL)>%. Analyses
of the extracted plasma suggested minimal hemolysis.
Furthermore, clogging was reduced by incorporating large
gaps between each subsequent row of pillars*.
Microfiltration-based  microfluidic =~ devices  show
a significant potential for enabling leukapheresis
applications because minimal or no dilution is required
to work with WB. Additionally, high levels of WBC
separation efficiency have been achieved in several recent
designs. However, the flow rates demonstrated so far
remain very low, and inherent plugging reduces WBC
separation performance over time, limiting the ability of
the devices to process large volumes of blood. Multiplexing
to increase the overall flow rate and novel approaches to
counteract plugging (like the ones described by Cheng
et al.®* and Guo et al.*) could potentially help overcome
these shortcomings.

(@)

Separation due to inertial forces acting on cells in
fluid flowing through microchannels

Blood cells flowing in suspension through microfluidic
channels experience a combination of the shear-induced
lift force (F), which pushes the cells toward the walls of the
channel, and the wall-induced lift force (F ), which pushes
the cells toward the centerline of the channel (Figure 2a).
The interplay between these two inertial forces results
in the lateral migration of the cells across the channel
cross-section to equilibrium positions determined by
cell size, channel geometry, and flow rate®*. In curved
channels, fluid experiences centrifugal acceleration under
a combination of viscous and inertial forces, which leads
to the formation of two counter-rotating Dean vortices in
the upper and lower halves of the channel cross-section.
These vortices are responsible for exerting the Dean drag
force (F,) on the cells (Figure 2b). A cell’s position in the
cross-sectionof a curved rectangular microfluidic channel
is determined by the ratio of the sum of the lift forces to
the Dean force and is proportional to the cell diameter (d),
(FF JIF, oc &. As aresult, smaller cells become entrained
in the Dean flow more than larger cells which tend to
remain closer to the equilibrium positions defined by the
balance of the lift forces. In a rectangular channel with a
width much larger than height, this phenomenon leads to
WBCs positioning closer to (and RBCs and PLTs further
away from) the wall of the channel nearest to the center of
the curvatures®<*.

JPE e inner
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Figure 2 - Separation due to inertial forces acting on cells in fluid flowing through microchannels

(a) Cells flowing in a microfluidic channel experience the shear-induced lift force (F,), which pushes the cells toward the channel walls, and the
wall-induced lift force (F,), which pushes the cells toward the channel centerline. The interplay between these two inertial forces results in the
lateral migration of cells within the channel cross-section to equilibrium positions that depend on cell size. (b) Fluid flow in curved microchannels
generates two so-called Dean vortices counter-rotating symmetrically in the upper and lower halves of the channel. The balance of the net inertial
lift forces (F,) and the Dean drag force (F,) determines each cell’s position in the channel cross-section in a size-dependent fashion.

502



A major challenge when using spiral channels for
separating blood cells is confining the vast number of
RBCs present in WB to their equilibrium position defined
by the inertial forces. The ubiquitous cell-cell interactions,
particularly at higher HCTs, de-focus and expand the
RBC band to overlap with the equilibrium position of
WBCs. To address this issue, Wu L. ef al. developed a
separation device with a spiral channel of a trapezoidal
cross-section (the outer wall taller than the inner wall) to
change the geometry of the Dean vortexes and shift the
equilibrium position of the smaller cells further away
from the inner wall®. Because of this modification, RBCs
formed a band closer to the outer wall (and hence further
away from WBCs, which were localized near the inner
wall) and in the widest part of the channel (better able to
accommodate de-focusing due to cell-cell interactions).
The device processed reconstituted mixtures of RBCs
and WBCs suspended in PBS buffer containing 0.5% BSA
with HCT of the suspension ranging 0.5-2% at flow rates
as high as 0.8 mL/min. Depending on sample HCT, WBC
recovery was 98-89% and RBC removal was 84-95%. The
viability of WBCs was >98% and there was no significant
difference in WBC activation before and after separation.
The authors postulated that the risk of clogging was
minimized by the large dimensions of the microchannels,
a consideration common among most of the inertial
forces-based devices™.

Nivedita et al. developed a cell separation device that
consisted ofaspiralrectangularmicrochannelwith aninlet
at the center of the spiral and several outlets at the end of
the spiral for collecting separated WBCs, RBCs, and PLTs".
When passing through the device, blood cells migrated to
positions within the channel cross-section according to
their size, with WBCs clustering near the inner wall of
the channel (the wall closest to the center of the spiral).
When processing WB diluted to 0.1% HCT at a flow rate
of 1.8 mL/min, the device demonstrated WBC separation
efficiency (percent of total output WBCs collected from
the WBC outlet) of 95+2.2% and RBC separation efficiency
(percent of total output RBCs collected from the two RBC
outlets) of 94+2.5%. Platelets failed to separate and were
distributed between all outlets™.

Wu, Z. et al. developed an inertial separation device that
consisted of a straight rectangular channel with a section
containing a series of paired square microstructures

protruding symmetrically from the side walls. The
gap between the microstructures was kept at 30 um
to minimize the possibility of blood cells clogging
the channel. The sudden narrowing/expansion of the
channel lumen caused by the microstructures induced
localized secondary flows that enhanced the separation®'.
The device was tested with WB diluted with PBS to
0.25-0.5% by volume (0.10-0.26% estimated HCT) at flow
rates ranging from 50 to 200 pL/min. The separation
performance was maximized at a flow rate of 150 puL/min
(0.15 mL/min). For the 0.10% HCT sample, the separation
efficiency was 89.7% for WBCs and 99.8% for RBCs (the
corresponding purity was 91.0% for WBCs and 99.6%
for RBCs). With a higher HCT (0.26%), the separation
efficiency declined to ~75% for WBCs and ~98% for RBCs.
The authors postulated that their device could be easily
multiplexed to increase the overall throughput, but this
was not evaluated experimentally®.

Zhang et al. took another unique approach to inertial
separation by utilizing a series of U-turns to generate
the secondary flows™. A device comprising eight such
serpentine channels multiplexed in parallel achieved
a flow rate of 288 mL/hr (4.8 mL/min) and, when tested
with WB diluted 20 times with PBS (2-3% estimated HCT),
demonstrated a WBC separation efficiency of >90% and
purity of 48.1%. Although not explicitly reported by the
authors, the RBC and PLT loss can be estimated from the
provided flow cytometry data to be <1%. Furthermore,
due to the channels’ large width (200 pum) and lack of
structural obstructions, there were no clogging issues
associated with the device. The authors also suggested
that the shear rate was too low to cause any functionality
and viability issues for the separated WBCs™.

Zhou et al. combined inertial focusing and shear-induced
diffusion with the elastic force at the interface between
Newtonian (buffer) and non-Newtonian (WB) fluids in
a co-flow system to separate blood cells by size”7. Their
device consists of a straight rectangular microchannel
in which a stream of buffer is flanked on either side by
two streams of diluted WB. The authors postulated that
cells first migrate from the WB streams toward the buffer
stream under the influence of the shear-induced diffusion
and the elastic force, and then continue to migrate within
the buffer stream toward the channel centerline due to
the inertial forces. Because larger cells migrate faster
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than smaller cells, WBCs accumulate preferentially in
the central buffer stream””. In their earlier work, a
sample of WB diluted with saline or PBS down to 22.5%
HCT was spiked with Hep G2 cells and perfused through
the device at a flow rate of 112.5 uL/min (0.133 mL/min),
with the buffer flow rate also at 112.5 uL/min. As a result,
the buffer stream outlet contained 89.1% of the Hep G2
cells and 2.9% of the RBCs initially present in the input
sample; separation efficiency for WBCs or PLTs were not
reported”. In a follow-up study, the device was tested by
processing a sample of WB at a flow rate of 133 uL/min
(0.133 mL/min), with the flow rate of the buffer being
267 uL/min. WBCs migrated into the buffer stream faster
than RBCs and hence their relative frequency increased by
about 2.6-fold. However, no additional information on the
device separation performance for WBCs, RBCs and PLTs
was provided”.

Finally, Jeon et al. developed a multi-dimensional double
spiral (MDDS) device comprising two different spiral
channels connected serially. In this two-stage design,
the first spiral channel had smaller dimensions and a
rectangular cross-section to perform general focusing of
the cells in the sample. The second spiral channel had larger
dimensions and a trapezoidal cross-section to enhance the
separation of cells by size”. When tested with a sample of
WB diluted 1:500 with PBS, the MDDS device operating in
the flow-through regime demonstrated a WBC recovery
of >95%, while removing >92% of RBCs at a flow rate of
2.3 mL/min. Further, the authors presented a multiplexed
device comprising eight MDDS wunits which also
incorporated a built-in check-valve to recirculate the
WBC-rich output back through the device for additional
enrichment and concentration. This version of the device
could operate at flow rates as high as 18.4 mL/min; however,
best separation results were obtained at 9.2 mL/min for
which recovery of 80% of WBCs with purity of 45% was
demonstrated, while removing >99.9% of RBCs and ~99%
of PLTs. Flow cytometry analysis showed no significant cell
activation despite the relatively high flow rate”.

Overall, separation devices utilizing inertial forces hold
great promise because of the considerable flow rates and
excellent separation efficiencies demonstrated in recent
studies. Additionally, these devices have simple designs
that could be relatively straightforward to fabricate
commercially for eventual clinical trials. However, a
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significant drawback is that most of these devices require
significant dilution of WB to operate efficiently. Therefore,
a leukapheresis platform based on inertial focusing
technology will likely need to incorporate hemodilution
before and hemoconcentration after passing through the
device to be useful in the clinical setting.

Separation using deterministic lateral displacement
and other similar methods in micropillar arrays
Deterministic lateral displacement (DLD) technology
utilizes arrays of pillars to separate cells based on size.
Unlike microfluidic filtration or trapping, the gaps
between the pillars in a DLD array are larger than the
cells and therefore present no physical hindrance to their
movement. Instead, the geometry of the pillar arrays is
used to manipulate the streamlines in such a way as to pre-
determine the path of cells depending on the relationship
between the cell size and streamline width*’. In a
classical DLD array, the subsequent rows of pillars are
shifted relative to one another to effectively split the flow
passing through a gap in one row and direct a streamline
of a certain width to pass on the other side of the pillar
in the next row. As a result, cells with an effective radius
smaller than the streamline width follow the streamline
zig-zagging through the array, while larger cells are
"bumped" by the pillars and shift laterally further with
each row (Figure 3)7. This effective size cutoff (known as
the "critical diameter") depends on the geometry of the
DLD array, including the gap size, pillar size and shape,
and the degree of row shift”.

Civinetal. developed a WBC separation device with a DLD
array that consisted of three distinct zones that featured
critical diameters progressively decreasing in size (8 um,
5.5 um, and 4 um)®. The design included a central channel
carrying a stream of buffer flanked by two mirror images
of the DLD array on either side carrying blood sample
streams; the flow rate ratio between the two fluids was
~1:1. These two arrays "bumped" WBCs into the central
stream, which was ultimately collected through a product
outlet. Smaller cells (RBCs, PLTs) continued following
the initial flow direction toward the downstream waste
outlets. The device was tested using WB diluted 1:1 by
volume (estimated HCT of 20-26%) with the run buffer
that consisted of PBS with 5 mM EDTA and 1% of either
BSA or Poloxamer 188 solution (P-188). The device was
able to process the diluted WB sample at ~0.011 mL/min



Figure 3 - Separation using deterministic lateral displacement and similar methods in micropillar arrays

(a) Each subsequent row of pillars in a classical DLD array is shifted relative to the previous row to split the flow passing through the inter-pillar
gap in one row and direct a streamline of a certain width to pass on the other side of the pillar in the next row. Because the effective radius of
WBCs (blue) is larger than the streamline width, they are "bumped" by the pillars displacing laterally further with each row. RBCs and platelets
(red) follow the streamline zigzagging through the array. (b) The lateral displacement of WBCs can be enhanced by taking advantage of the
wall-induced lift force (F,) experienced by the cells flowing near rectangular pillars elongated in the direction of flow. (c) The degree of separation
between WBCs and RBCs can be enhanced by extending the pillars laterally to make the smaller cells travel further within the device after each

streamline splitting bifurcation.

(200 pL in ~18 minutes), recovering on average 88% of
WBCs and removing on average >99.985% of RBCs.
The authors minimized the possibility of clogging by
filtering all blood samples through a 20 pm filter prior to
introduction into the device®.

Mutlu et al. enhanced the traditional DLD design by taking
advantage of the strong dependence of the inertial lift
forces on the size of cells flowing near rectangular pillars
that were elongated in the direction of flow®. In their
design, a stream of blood and a stream of buffer were
pumped through a DLD array of elongated pillars. Smaller
cells (RBCs, PLTs) followed the streamlines to remain
within the bloodstream, while larger WBCs migrated
toward the buffer stream under the combined influence
of the DLD bumping and the wall lift force. Multiplexing
104 devices in parallel allowed for the processing of
diluted WB (1:1 dilution with PBS containing 1% F-127, an
estimated HCT of 20-26%) at ~4.4 mL/min (800 mL over
~3 hours) with 95.7-96.6% WBC recovery, 0.0047-0.0059%
RBC loss, and 94.9-99.6% WBC viability. In these large
volume experiments, the ratio of the buffer flow rate to
the blood sample flow rate was ~4.6:1 and no clogging was
observed for entire duration of the separation procedure®.
Yamada et al. made another novel modification of the
classical DLD array by extending the pillars laterally to
effectively create a lattice composed of "main channels"
(slanted against the macroscopic direction of flow at a
fixed angle ranging from 15-45°) and "separation channels"

(crossing the main channels at a 90° angle)®> . The density
of separation channels was 30-100 times greater than that
of the main channels, producing an asymmetrical flow
distribution ateach bifurcation. The device had three inlets
(for injecting a stream of blood flanked by the streams of
buffer on either side) and six outlets (for collecting cells
of different sizes). Cells that were larger than the width
of the streamline entering the separation channels were
"bumped" at each bifurcation to continue along their initial
path through the main channels. Smaller cells entered
the separation channels and followed the characteristic
zip-zag motion through the lattice away from the
larger cells. When processing WB diluted 1:20 with PBS
containing 0.2% BSA (an estimated HCT of 2.0-2.6%) at a
flow rate of 40 pL/min (0.04 mL/min), with the flow rates of
the two buffer streams being 30 and 50 uL/min, the device
removed >90% of WBCs with an RBC loss of <5%. There
was no clogging observed during a 30 min operation of the
device. The authors also described a multiplexed device
comprising eight individual lattice devices arranged in
parallel that operated at a sample flow rate of 0.4 mL/min,
but this device has yet to be tested with blood®2.

Campos-Gonzilez et al. used the same classical DLD
design as Civin et al.*® to develop a device for separating
WBCs for cellular therapy applications®. The device
consisted of 14 DLD arrays multiplexed in parallel and was
tested using samples of concentrated mononuclear cells
(MNCs) recovered from the leukoreduction system (LRS)
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chambers of an apheresis machine after routine donor
plateletpheresis procedures. These samples had RBC counts
similar to WB, but they contained virtually no granulocytes
and had a much higher count of MNCs (10-20-times) and
PLTs (10-times) than in a typical WB sample. To test the
separation performance of the device, the LRS samples
were diluted 1:4 with either PBS, containing 0.5% F-127 or
1% BSA, or an isotonic elutriation buffer, containing 1.0%
BSA (an estimated HCT of 10-13%). The device recovered, on
average, ~80% of WBCs while removing ~97% of RBCs and
>83% of platelets at a sample flow rate of 1.16 mL/min. The
viability of cells after the separation was 96%*.

Overall, the separation devices based on DLD require
minimal WB dilution, demonstrate excellent separation
efficiencies, and can operate at substantial flow rates
when multiplexed. These characteristics make DLD-based
devices highly competitive as candidates for replacing
centrifugation-based methods in many cell separation
scenarios. However, producing DLD arrays requires
precise microfabrication technique and processing that
may not be readily available to commercial manufacturers.
Moreover, operating these devices requires multiple
pumps and an associated control system to precisely
balance and maintain the streams of buffer and blood
within the device. These significant challenges must be
addressed before DLD technologies become suitable for
leukapheresis applications.
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Figure 4 - Separation by leveraging cell-cell interactions

Separation by leveraging cell-cell interactions in
microfluidic channels

Cell-cell interactions cause WBCs to separate from RBCs
when flowing through the microvascular networks in
vivo+®, Many of these naturally occurring phenomena
can be mimicked in microfluidic channels in vitro and
subsequentlyutilized forthe purposesof cell separation®®¢.
For example, the formation of "comet tails" (the densely
packed RBC trains forming behind individual WBCs as
they traverse narrow capillary microchannels) can be
used for efficiently capturing WBCs into microfabricated
sprouts®. The natural microcirculatory phenomena can
alsobeartificially enhanced by manipulating the geometry
of microfabricated capillaries®. For example, rectangular
microchannels with a low aspect ratio cross-section make
WBC margination (the lateral migration of WBCs towards
the vessel wall induced by RBCs interactions) particularly
effective at separating WBCs from the rest of the blood
(Figure 4a)°>®*%, Because these natural phenomena are
driven by RBC-WBC interactions, the separation processis
notoriously probabilistic, and therefore, several separation
units may need to be cascaded to increase efficiency. Using
this approach, a microfluidic device comprising a series
of repeated expansions and contractions of a straight
microchannel (to mimic RBC-induced margination of
WBCs in post-capillary venules) can separate WBCs from
WB with high efficiency®.

(a) When flowing with WB at physiologic HCT in rectangular microchannels, WBCs (blue) migrate laterally toward the channel walls (marginate) due
to the cell-cell interactions with RBCs (red). (b) The efficiency of WBC separation using margination can be significantly enhanced in a rectangular
microfluidic channel with a classical hydropheresis design, such as having an array of rectangular "pits" built into one of the channel walls.
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Kim et al*° used the
of their device’s features to amplify the natural
RBC-WBC interactions to separate WBCs from WB*.

Their device consisted of a linear microfluidic channel

geometrical configuration

with a rectangular cross-section and a slanted array of
discontinuous rectangular "pits" built into its top wall,
similar to a typical hydrophoresis design (Figure 4b)™.
Unlike in hydrophoresis, however, the displacement of
WBCs was driven by their interactions with RBCs that
tended to occupy the pits at physiologic levels of HCT
(rather than by collisions with the walls of the features).
Pushed outwards by the RBCs, WBCs migrated towards
one of the sidewalls of the main microchannel, driven
by the secondary transverse flows generated by the pit
array®. Four devices were multiplexed in series to improve
the purity of WBC separation. When tested with undiluted
WB, the multiplexed device was able to separate WBCs
with 80% recovery, 10.4% purity, and 99.8% viability, while
operating at 150 pL/min (0.15 mL/min)*.

Overall, methods that rely on interactions between WBCs
and RBCs tend to work best at physiologically high levels
of HCT, which is a unique advantage of these methods.
Because no buffer is used in any part of the separation
process, the separated RBCs and PLTs could be returned
to the patient, without any postprocessing. However,
because the separation efficiency decreases for lower
HCTs, these methods may not work as well for anemic
patients. Additionally, the separation channels often
need to be relatively small to take maximal advantage
of the cell-cell interactions and several separation units
need to be cascaded in series to increase the purity and
yield. Narrow, shallow, or lengthy channels increase the
fluidic resistance of the device, which ultimately limits
the flow rate at which the separation can be performed.
Nevertheless, the WBC separation methods based
on cell-cell interactions hold great promise for use in
leukapheresis applications either as stand-alone devices
or as part of a hybrid platform.

Separation by skimming off streamlines

A diverse group of microfluidic cell separation methods
operate by skimming off streamlines of a certain width
from the main flow and diverting them away through a
series of side channels (Figure 5)°>°7%2. Cells that are smaller
than the streamline width follow the streamlines into the
side-channels, and those that are larger continue with the

main flow. In a sense, these methods implement "plasma
skimming”, a natural microcirculatory phenomenon
occurring at uneven capillary bifurcations in vivo, where
the daughter branch with the fastest flow receives most of
the cells entering the bifurcation®>®. The cell size cutoff
is determined by the width of the extracted streamlines,
not the dimensions of the side-channels, which is the
fundamental difference between these innovative designs
and the classical filtration methods discussed earlier.
Unlike the DLD-based designs, the "skimming" methods
divert the smaller cells extracted with the streamlines into
the side channels and thus completely avoid back mixing
caused by reintroducing separated cells into the main
flow?2949s,

Strachanetal. utilized these concepts using the "controlled
incremental filtration" (CIF) approach®® to enrich
WBCs from MNC leukapheresis samples**. Following
a typical CIF design, their device consisted of a central
channel separated from two side channels on either side
by a series of pill-shaped pillars®. Every two sequential
pillars defined a filtration gap through which a small
fraction of the central channel flow was extracted into the
corresponding side channel (Figure 5). The geometry of the
pillars and gaps remained the same, while the widths of
the side and central channels changed along the length
of the device to accommodate the redistribution of flow.
The changes in widths of the central and side channels
were iteratively calculated and adjusted to maintain
a constant width of the streamline extracted through
each subsequent gap along the length of the device. Cells
smaller than the size cut-off defined by the streamline
width (i.e., RBCs and PLTs) were carried by the extracted
fluid into the side channels, while larger cells (i.e., WBCs)
remained in the central channel and were collected with
the retentate. Forty-eight of such CIF devices multiplexed
in parallel processed the MNC leukapheresis samples with
minimal or no dilution required at flow rates ranging
from 4 mL/min (gravity-driven flow) to 50 mL/min (flow
driven by a syringe pump). At 30 mL/min, the multiplexed
device removed >85% WBCs with >98% viability, while
losing about 20% of RBCs and PLTs**.

More recently, Lezzar et al. tested whether a CIF-based
device could be used for separating WBCs from blood in
the recirculation regime”. The device comprised 48 CIF
elements multiplexed in parallel with an overall design
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Figure 5 - Separation by skimming off streamlines

A typical design consists of a series of side channels, each diverting a streamline of a certain width away from the flow in the main channel. Cells
smaller than the streamline width (e.g., RBCs) follow the streamlines into the side channels, and those that are larger (e.g., WBCs) continue to

flow in the main channel.

similar to Strachan et al.?®. The CIF device was tested using
samples of WB with HCT adjusted from 5 to 30% by dilution
with normal saline and at flow rates ranging from 10 to
30 mL/min. In the flow-through regime, the separation
performance of the device was maximized (>85% WBC
separation efficiency, <15% RBC and PLT loss) for WB
samples with 10% HCT at a flow rate of 10 mL/min. For WB
with 20% HCT, the CIF device removed ~60% of the WBCs
passing through the device, while similarly minimizing
theloss of RBCs and PLTs. When tested in the recirculation
(10% HCT,
10 mL/min flow rate), the device demonstrated a similar

regime with the optimal parameters
level of separation performance, virtually depleting WBCs
in the recirculating blood (~98% reduction) by the end of
a 3.5-hour simulated leukapheresis procedure. The device
operated without clogging or any noticeable decline in
separation performance during recirculation. Although
WBC viability was not measured, an extensive analysis
revealed that the device did not increase the activation of
WBCs and PLTs above a benchtop control and caused no
measurable damage to RBCs?””.

Microfluidic devices utilizing CIF for blood cell separation
hold great promise because of a particularly favorable
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combination of high separation efficiencies and flow
rates that can be achieved for concentrated suspensions
of blood cells. CIF is also the only microfluidic cell
separation technology for which operation in the
recirculation regime has been successfully demonstrated
to date. Recent studies have shown that these devices are
capable of processing large volumes of blood (>600 mL)
over extended periods of time (hours) without clogging
nor decline in separation performance. Additionally,
CIF-based technologies maintain a high viability of
separated WBCs with minimal activation and no
noticeable damagetocellsin recirculating blood. However,
further research is needed to fully ascertain whether
CIF-based devices could separate WBCs from patient
blood with sufficient volumetric throughput and high
separation efficiency to ultimately enable centrifugation-
free leukapheresis.

CHALLENGES AND OPPORTUNITIES AHEAD

Microfluidic has
transformative advancement in the last decade. Many

cell separation undergone a

of the design milestones for enabling microfluidic
leukapheresis have been achieved by at least some of



the technologies. For example, a recent study from our
laboratory demonstrated efficient separation of WBCs in
the recirculation regime, with RBCs and PLTs returned
undamaged to a blood bag meant to simulate the TBV of a
pediatric patient”. Several of the recently reported devices
demonstrated flow rates ranging from 5 to 50 mL/min,
although higher flow rates were typically associated with
lower separation performance. This negative association,
however, was often due to device deformation rather
than any fundamental limitations of the microfluidic
separation methods®***7. Our recirculation study®, as well
as other reviewed studies that tested their cell separation
devices in the flow-through regime®*¢, have also shown
the feasibility of processing large volumes (>100-600 mL)
of minimally diluted WB with no significant clogging
or performance issues. In general, the microfluidic cell
separation preserved the viability of separated WBCs,
had a minimal effect on PLT activation, and did not cause
hemolysis””. However, very few studies comprehensively
evaluated the effect of processing on PLTs and RBCs, likely
because theiroriginal research focus was on WBC isolation
rather than the preservation of RBC and PLT function.
Reporting the effect of microfluidic cell separation on
RBCs and PLTs would be particularly important when
studying methods that require shifting the cells into a
stream of a buffer as part of the separations+s®73:80-83
or rely on small features as narrow/shallow channels
represent notoriously high shear environmentsss852.5,
The narrow focus on maximizing WBC isolation was
also likely the reason why most of the reviewed studies
used anticoagulants (e.g., K2EDTA) and dilution buffers
(e.g., PBS with BSA and/or various poloxamers) that are
incompatible with the current leukapheresis practice.
More recent publications have shown that microfluidic cell
separation devices can function equally well when using
FDA-approved anticoagulants (e.g., ACD-A, Heparin) and
buffers (e.g., normal saline)® %7,

Furthermore, even with significant multiplexing,
microfluidic devices have naturally small void volumes.
For example, the void volume of the CIF device described
in our recent study was 0.4 mL (excluding connecting
tubing)”. Even if microfluidic channels were to occupy
the entire footprint of the assembled device (~10
cm in diameter), its void volume would still be only
~1.1 mL, a volume >100-times less than that of the

smallest collection set used by centrifugation-based
leukapheresis machines. Therefore, the desired reduction
of ECV to <10% of a patient’s TBV (e.g., to <80 mL for a
10 kg infant) would be eminently achievable for virtually
any microfluidic cell separation method discussed in
this review.

Significant challenges common to all microfluidic cell
separation devices remain, including improving the
efficiency of separation at physiologic levels of HCT and
demonstrating separation for samples with elevated
WBC counts. Although some of the reviewed microfluidic
technologies work with undiluted WB, their separation
performance decreases significantly for higher flow
rateg>s+5%59749°  Therefore, a substantial degree of
multiplexing must be utilized to reach the relevant level
of volumetric throughput for these methods. Several cell
separation devices based on DLD and CIF technologies
have shown excellent separation performance with
WB diluted to 5-20% HCT®"#297; after some additional
design improvements, these devices will likely be able to
process WB samples with HCT as high as 15-20% (which
may already be acceptable for some patients). Pediatric
patients undergoing leukodepletion are severely anemic
(~20-25% HCT)**, and those undergoing leukapheresis
for cellular collection are moderately anemic (~30%
HCT)*#¢#5, During leukapheresis, the HCT of WB is
further reduced due to dilution with saline that is used
to prime the extracorporeal circuit (<10% of patient’s
TBV) and the citrate-based anticoagulant that is
continuously infused during the procedure (a dilution
ratio of 1:12 is common). In principle, WB could also
be diluted with saline to the appropriate HCT before
entering a microfluidic cell separation device, then
later concentrated back to the physiologic HCT using
a standard hemoconcentrator (e.g., Hemocor HPH
Junior, Minntech Corp., Minneapolis, MN, USA) before
returning to the patient.

The initial WBC count of pediatric patients who undergo
leukodepletion is typically 300-500%10*/uL, butit can also
be as high as 9oox10}/uL***. The WBC count of pediatric
patients who undergo cellular collection can range from
0.5x10°*/uL to 85x10% /L8, It is unlikely that a single
microfluidic cell separation device could work equally
well over the entire range of WBC counts encountered
among pediatric patients undergoing leukapheresis.
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Therefore, multiple specialized microfluidic devices
(each utilizing a different cell separation method) may
have to be developed to fully account for the heterogeneity
of patient characteristics and treatment modalities
encountered in clinical practice.

The remarkably high WBC separation efficiencies
demonstrated in recent studies by several microfluidic
devices®®597 suggest that the loss of RBCs and PLTs
during the leukapheresis procedure could be significantly
the

Replacing centrifugation-based methods with a more

reduced, minimizing need for transfusion.
efficient microfluidic cell separation technology would
potentially transform the convenience and safety of
the leukapheresis in the pediatric setting. The main
limitation of performing leukapheresis in young children
is the need for large-bore catheters to accommodate
the very high flow rates required for conventional
centrifugation-based machines. In small patients whose
peripheral veins may not be able to accommodate even a 17
Ga rigid needle for blood removal, central venous access is
oftentheonlysuitableroute®. Placementofacentralvenous
catheter is associated with significant risks, including
catheter-related thromboses, vascular and organ
injury, and the need for procedural sedation and ICU
care, especially in patients who are not amenable to
non-pharmacologic calming interventions (e.g., young
children and infants)”. Performing leukapheresis with
a high-efficiency microfluidic device would allow for
the reduction of flow rate during the procedure, thus
obviating the need for large-bore catheters and central
venous access. In the context of leukodepletion, more
efficient removal of WBCs would help reduce the amount
of blood that needs to be recirculated and the overall
duration of the procedure. Shorter procedures may benefit
patients by being safer, more rapidly deployable, and less
expensive. This, in turn, may lead to new studies into the
use of leukapheresisin the early treatment of ALLand AML
since the barriers to the procedure (e.g., need for large
bore catheters, delay of chemotherapy initiation) may be
abrogated'®. In the context of the cellular collection, the
use of high-efficiency microfluidic cell separation devices
could enable isolating a sufficient number of desired
cells from a standard soo mL unit of WB obtained via
venipuncture, thus eliminating the need for leukapheresis

at least in some patients.
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