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Abstract This paper is focused on the development of a six-
stage cascade paramagnetic mode magnetophoretic separation
(PMMS) system for separating suspended cells in blood based
on their native magnetic properties. The design and fabrica-
tion of a PMMS system are presented and the microfluidic
separation system is characterized experimentally using
human whole blood as the case study. The PMMS system
can separate blood cells types continuously using the
magnetophoretic force produced from a high magnetic field
gradient without magnetic or fluorescent tagging. Experimen-
tal results demonstrated that red blood cell separation in the
PMMS system at a volumetric flow rate of 28.8 pL / hr,
resulting in a separation time of 10.4 min for a 5.0 puL blood
sample with a separation efficiency of 89.5+0.20%. The
PMMS system was tested at higher volumetric flow rates of
50.4 uL / hr and 72.0 puL / hr. The measured separation
efficiencies were 86.2+1.60% and 59.9+6.06% respectively.
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1 Introduction

This work presents the design, fabrication and experimental
characterization of a six-stage cascade paramagnetic mode
magnetophoretic separation system using human whole
blood as the case study.

The ability to manipulate suspended biological cells is
fundamental to medical research and clinical applications.
Examples of applications include concentration of sparse
cancer cells from low density suspensions, preparation of
cell-free plasma or serum samples from whole blood, and
genetic analysis from white blood cells in blood samples.

One of most widely used macro systems for cell
separation and collection is fluorescence activated cell
sorting (FACS) based on immuno-fluorescence. FACS can
separate many types of cells with high efficiency using
fluorescent tags (Herzenberg et al. 2002). Magnetically-
activated cell separation (MACS) provides a gentler and
faster enrichment technology by labeling cells with mag-
netic beads and separating them using magnetic forces
(Thiel et al. 1998). Despite their high separation and
enrichment efficiency, FACS and MACS have several
drawbacks including a relatively large minimum sample
size, the need for labeling the samples using fluorescent and
magnetic tags, and expensive equipment. Density gradient
centrifugation provides a cheaper and easier alternative.
However, it is a discontinuous batch process and requires
additional steps for down stream cell manipulation and
collection. Filtration through micro-pores is an easily
accessible option in separating cells using size differences,
but clogging problem makes it only suitable for batch type
separations.

Microfluidic cell separation systems are of great interest
because of the ability to create very strong forces over
distances on the same geometrical scale as most biological
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cells of interest (Toner and Irimia 2005). Also, these
microsystems generally exhibit shorter processing times,
less operational costs, the potential to be used as a point-of-
care device due to their compact size, and the potential to
be integrated with additional analytical functions to realize
complex analytical systems in micro device format. Various
microfluidic systems have been developed for separating
cells based on size differences (Yamada and Seki 2006;
Vankrunkelsven et al. 2004; Chen et al. 2008; Choi and
Park 2007; Maenaka et al. 2008), intrinsic dielectric affinity
differentiation (Gascoyne and Vykoukal 2002; Becker et al.
1995; Han and Frazier 2008; Pommer et al. 2008; Cheng et
al. 2007), and optical interaction (Applegate et al. 2004;
Dholakia et al. 2007; MacDonald et al. 2003, 2004; Sun et
al. 2007; Wang et al. 2005; Ozkan et al. 2003).

Separating target cells other than RBCs in the whole
blood without microenvironment alteration has been a
challenge for integrated microsystem for several reasons
including the complexity of the fluid and the density of the
cells. Human whole blood consists of 45% blood cells and
55% plasma with 98% of the blood cells being red blood
cells (RBCs) with a cell density of around 5x10° cells / pL.
Therefore, using whole blood as an input sample requires
the integration of essential functionalities such as purifica-
tion, washing, and extraction technologies in order to
achieve most blood-based analytical goals.

High gradient magnetic field separation (HGMS) has
been shown to be an effective method for removal of metal
or radioactive particles from waste fluid and gases in many
macro scale industrial applications (Ebner et al. 1999;
Kakihara et al. 2004; Ngomsik et al. 2005; Sarikaya et al.
2006). Additionally, HGMS has been applied to biological
applications, such as purification of proteins (Ditsch et al.
2006), extracting synthesized organic compounds from
water (Moeser et al. 2002) and locally targeted drug
delivery (Chen et al. 2004; Ritter et al. 2004; Yellen et al.
2005). Various cell sorting or extraction systems using
HGMS have been successfully demonstrated in macroscale
systems (Miltenyi et al. 1990; Thomas et al. 1992; Richards
et al. 1996) and in microscale systems (Pamme and
Wilhelm 2006; Pamme et al. 2006; Schneider et al. 2006;
Adams et al. 2008). However, the above mentioned
biological applications require magnetic tagging of the
cells and molecules in order to produce enough force for
the systems to achieve effective separations.

It has been reported that in whole blood, deoxyhemoglobin
RBCs show a much higher magnetic susceptibility than other
biological cells and can be treated as paramagnetic particles,
while white blood cells (WBCs) behave like diamagnetic
particles (Melville et al. 1975). Using their native magnetic
properties, deoxyhemoglobin RBCs have been manipulated
in macroscale HGMS devices (Melville et al. 1975;
Takayasu et al. 2000; Zborowski et al. 2003). Microscale
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HGMS devices have the advantage of producing much
higher magnetic field gradients in the proximity of micro-
scopic magnetic structures (Toner and Irimia 2005), thus
RBCs, WBCs and other rare circulating cells (e.g. circulating
tumor cells) can be separated more successfully (Xia et al.
2006; Han and Frazier 2005a, 2006a).

Previously proposed paramagnetic microsystems for blood
cells separation (Han and Frazier 2006b) have shown high
separation efficiency of 93.5% for RBCs and 97.4% for
WBCs at a volumetric flow rate of 5 pL / hr corresponding
to 2.5x10° cells / hr. However, the separation efficiencies
decreased to 75% and 65% as the volumetric flow rate
increased to 20 pL / hr and 30 pL / hr, which hindered its
application to fast processing of small volumes of blood
sample (~5 pL) from the finger tip or a cotton swab, etc. The
six stage cascade PMMS system discussed in this work can
separate RBCs from human whole blood sample continu-
ously with minimal damage to the cellular components of
blood with a separation throughput of 28.8 uL / hr and
50.4 pL / hr. Experimental results show a separation
efficiency of 89.5+0.20% and 86.2+1.60% for red blood
cells respectively.

This paper presents the design, fabrication steps and
experimental setup of a six stage PMMS system. Quanti-
tative measurements of RBC separation efficiencies using
the six stage cascade PMMS system are reported for
various flow rates.

2 Method
2.1 Design

A cross sectional schematic of the PMMS system is shown
in Fig. 1. A uniform external magnetic field generated by

| Permanent Magnet |

A) | Bottom Glass

Electroplated NiFe |
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Fig. 1 A high magnetic field gradient is generated in the region (A)
around ferromagnetic structures using permanent magnets as the field
source. The RBCs are attracted toward the ferromagnetic capture
structure by the paramagnetic force created by the gradient
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an external permanent magnet is deflected around the
ferromagnetic structures, and a high gradient magnetic field
is created near the ferromagnetic structures. In a high
gradient magnetic field, blood cells experience an attractive
or repulsive magnetophoretic force depending on their
native magnetic properties. The magnetic force, Fpc, on a
blood cell based in our previous work (Han and Frazier
2004) can be expressed as

BC
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where p,, pp and p,, are the magnetic susceptibilities of the
air, the buffer solution, and the ferromagnetic structures,
respectively; H, is the external magnetic filed; xzc and xp
are the magnetic susceptibilities of the blood cell and the
buffer solution; Ax (= xzc_xs) is the relative magnetic
susceptibility of a blood cell with respect to the buffer
solution; Vpc is the volume of the blood cell; a is the radius

of the circular ferromagnetic wire, which is half of
rectangular wire’s height; w and % are the width and height
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of rectangular wire; » and ¢ are the cylindrical coordinates
of the distance and angle; and d, and g, are unit vectors for
the distance and angle in the cylindrical coordinate,
respectively.

From Eq. 1, when magnetic particles are placed on the x-
axis or in the microfluidic channel in Fig. 1 (¢~=0° or 180°,
sin 2¢=0, cos 2¢~=1), magnetic particles whose Ay is
positive (paramagnetic particles) are attracted toward the
ferromagnetic structures, while those that have negative Ay
are pushed away from the ferromagnetic structures. Deox-
yhemoglobin RBCs have a positive Ay in most buffer
solutions and are thusly attracted toward the ferromagnetic
capture structure by the paramagnetic force (Han and
Frazier 2006a).

Previously proposed paramagnetic microsystems for blood
cells separation have shown high separation efficiency of
93.5% for RBCs and 97.4% for WBCs at a volumetric flow
rate of 5.0 pL / hr, but suffered a drastic drop in the separation
efficiencies as the volumetric flow rate was increased to
20 pL / hr and 30 uL / hr. To increase the volumetric flow rate
while maintaining high separation efficiency, this work
presents a new magnetophoretic microseparation system
design to introduce several changes. One of the most
important factors considered in the design of six stage
magnetophoretic separation system was the required trapping
time for the RBCs to move from position (X;, y) to position
(X2, ¥), X1=>X». In our previous work (Han and Frazier 2006b),
the trapping time was calculated as

xf +Ka?* 73y2> :|
)
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where 7 is the apparent viscosity of the blood cells in the
buffer solution; 4 is the maximum cross-section area
presented perpendicular to the velocity; / is the character-
istic length of the blood cell in the direction of velocity
vector; Mg is the saturation magnetization field of the
rectangular wire; and By, is the external magnetic flux.
One design option was to increase the number of
separation stages. By increasing the number of separation
stages, already captured RBCs would be swept into the
center collection channel providing more space for other
RBCs to be attracted to the ferromagnetic structures
consequently increasing the separation efficiency. Also if
the size of glass slide containing the microseparation
system is limited and the diagonal collection channels are
saturated with separated RBCs, increasing the number of

separation stages in the design consequently increases the
number of diagonal collection channels and the total
volume of collected RBCs. Thus, to achieve similar
separation efficiency, the required effective trapping time
could be decreased. However, the number of separation
stages can not be increased indefinitely. To move RBCs
from one point in the outer feed channels to a point in the
outer channels where the cells can be swept into diagonal
collection channels, the RBCs need to be exposed to the
lateral magnetophoretic forces for at least a minimum
critical amount of time as described in Eq. 2. Shortening the
length of each stage reduces the collection time for RBCs in
the main, outer separation channels. The minimum design
length for each stage has been chosen long enough so that
the residence time of the RBCs at each stage was greater
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than the minimum capture time at a given volumetric flow
rate. In this work, the total length of main separation
chamber was chosen to be 48 mm. For the cells to pass
through the separation chamber within 5 min, the average
flow velocity should be higher than 0.16 mm / s. To achieve
the volumetric flow rate of 20 uL / hr or higher with the
fore-mentioned minimum flow velocity and 5 min analysis
time, the cross sectional area of each of the two main
channels should be approximately 1.74x10% um? or larger,
and is decided as 2.0x10* pum”. The channel depth was
chosen to be 100 um considering the available fabrication
process. The required trapping time for RBCs was
calculated to be approximately 35 s. Considering the
trapping time, the minimum average flow rate, and the
channel dimensions, each separation stage should be
5.6 mm or longer length. The actual length of separation
stage was chosen to be 8.0 mm, thus the number of
separation stages was increased to six.

The second design option was increasing the cross
sectional area of the separation channels. In the previous
paragraph, the microchannel depth was increased from 50 pm
to 100 wm. Moreover, to achieve the minimum cross sectional
area of 2.0x10* um?, the channel width was increased to
200 um. However, those cells initially positioned 100 pm or
greater away from the ferromagnetic structures would be
hard to capture efficiently. To overcome this limitation, the
channel width of first separation stage was chosen to be
200 pum, but in subsequent separation stages, the width was
decreased down to 180 wum, 160 um, 140 pum, 120 pum,
100 pum, and 100 pm by designing the width of ferromag-
netic structures wider.

As shown in Fig. 2, the whole blood sample entered the
PMMS system and was subsequently split evenly between
the two outer separation microchannels flowing parallel to
the ferromagnetic structures. The RBCs were attracted to the
ferromagnetic structures by the force produced by the
magnetic field gradient and forced into the center micro-
channel through the diagonal collection channels, while
WBCs and other rare cells were forced outward and travel

along the two outer channels. The fluid channel network was
designed so that only the RBCs forced to the edge of the
ferromagnetic capture structure were swept into the diagonal
collection channels, while other cells in the flow stream had
a low probability of being swept into the collection channels.
The remaining RBCs in the outer channels were attracted
and separated into the center flow channel at the subsequent
separation stages. By combining six separation stages in a
cascade mode, the RBC level in the outer channel was
reduced stage by stage and after six separation stages, the
RBCs were removed from the flow stream in the two outer
channels (Fig. 2).

2.2 Fabrication

The PMMS system consisted of microfluidic channels,
ferromagnetic structures, microfluidic interconnections, and
the supporting packaging. In the fabrication of the
separation system, a 500 A chromium layer and a 2000 A
gold layer were sputtered on both sides of a Schott
Borofloat glass substrate (SB-1, S. I. Howard Glass Co.,
Inc., Worcester, MA, USA) using a Unifilm DC sputter
(PVD-300, Unifilm Technology, LLC., Boulder, CO,
USA). Positive photoresist was spin-coated at 5,000 rpm
for 30 s on the front-side of the glass substrate and soft
baked in a vacuum oven at 120°C for 1 min. The
microfluidic channel was patterned through ultraviolet
(UV) light exposure using the OAI Mask Aligner (Optical
Associates, Inc., San Jose, CA, USA) and developed. The
back side and perimeter edges of the substrate were coated
with positive photoresist and hard baked in a vacuum oven
at 120°C for 5 min. The exposed Cr/Au layers on the front
side were subsequently etched in Cr and Au etchant, and a
100 pwm deep microchannel was realized by wet etching of
the glass for 1 h in 49% hydrofluoric acid diluted 3:3:1
using deionized water and nitric acid (Fig. 3(a)). After
removing the photoresist and metal masking layers, 150 A,
1500 A, and 1000 A titanium/copper/chromium electro-
plating seed layers were sputtered over the surface of the

‘ External M/aqnetic Field ‘

|Center Outlet | | Side Outlet

Fig. 2 Operation of the PMMS system: The RBCs are attracted to the
ferromagnetic structure and forced into the center channel, while
WBCs and other rare cells are forced outward and travel along the
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and separated again subsequent separation stages
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Fig. 3 The fabrication process for the six-stage cascade PMMS
system

etched glass substrate using the Unifilm DC sputter. Thick
photoresist was spin coated at 300 rpm over the surface of
the etched glass substrate, resulting in a measured thickness
of photoresist over the 100 wm deep microchannel area of
130 pum. The substrate with uncured photoresist on the top
surface was planarized by leaving it on a flat, level surface for
30 min before soft baking. Afterwards, the substrate was soft
baked on a hot plate at 110°C for 20 min. The ferromagnetic
capture structure electroplating molds were patterned by UV
light exposure using the Karl Suss MA-6 Mask Aligner (Karl
Suss America, Inc., Waterbury Center, VT, USA) and
development in photoresist developer (Fig. 3(b)). The
ferromagnetic capture structures located within the patterned
flow channel, 100 um thick, were realized by electroplating
NiFe permalloy using a Nig Fe;q electroplating bath (Frazier
1993) on the pre-defined seed layer after removing the
exposed Cr layer. The electroplating process was carried out
at room temperature with a current density of 20 mA / cm>.
Following the electroplating process, the thick photoresist
molds and seed layers were removed by chemical etching,
resulting in the patterned ferromagnetic structures within the
microfluidic channel network (Fig. 3(c)).

A Viper™ SLA® stereolithography system (3D Systems,
Co., Rock hill, SC, USA) was used to fabricate a drilling
guide to enable correct positioning of the inlet and outlet
ports in the top glass. The inlet and outlet holes were
defined in the blank top glass using a 1.0 mm diameter

diamond drill bit for drilling. In earlier work, the drilled top
glass was aligned and thermally bonded with the patterned
bottom glass in a box furnace at 685°C for 3.5 h in a
nitrogen gas environment (Fig. 3(d)). The Curie tempera-
ture of NigiFe;9 alloy powder is 567°C and the thermal
bonding process at 685°C is known to decrease the
permeability of Nig,Feo alloy (Colling 1969). Therefore
in these studies, the top and bottom glasses were aligned
and bonded using UV curable adhesive resin (Renshape®
SL 5510, Vantico A&T US, Inc. Lansing, MI, USA)

‘ Microscope |

Syringe

Syringe Pump

| Blood Sample Inlet Port |

Microseparator | | SLA Jig | | Magnets

Fig. 4 Instrument set-up for testing the PMMS system
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applied between the two glasses by capillary force and
cured under a UV lamp for 30 min.

A microfluidic interface was fabricated using the
Viper™ SLA® system. The microfluidic interface includ-
ed fluid interconnects for connecting external tubing, and
an o-ring was added to provide reliable, leak-free fluid
interconnection and sealing between the microsystem and
the external capillary tubing (Han and Frazier 2005b).
Finally, the SLA-based microfluidic interface was bonded
to the microseparator chip using UV curable resin
(Renshape® SL 5510, Vantico A&T US, Inc. Lansing,
MI, USA) between the microsystem and the interface. The
resin was cured using UV light exposure for 30 min (Fig. 3
(e)). A jig was fabricated using stereolithography to enable
proper alignment of the external magnetics to the micro-
separation system, Fig. 3(f). The alignment jig was

()

composed of two side pockets to hold the permanent
magnets and one center cavity to hold the assembled
microsystem.

2.3 Experimental setup

Human venous blood was collected at the on-campus health
center under an Institutional Review Board-approved
protocol for blood collection for research purposes. The
samples were drawn into evacuated glass tubes, containing
ethylenediamine tetraacetic acid (EDTA) as an anticoagu-
lant. A 3.0 mM deoxidizing isotonic solution was prepared
by dissolving sodium hydrosulfite (Sigma-Aldrich Co., St.
Louis, Mo, USA) in a calcium and magnesium free
phosphate-buffered saline (PBS) solution (Mediatech, Inc.,
Herndon, VA, USA) at room temperature. The deoxidiza-

Outer Channel

= \

- | N d )

N1V &V v AP W18

\ |

Fig. 5 The fabricated PMMS system (a), package(b), and Micrographs of the blood cell separation at each stage(c)
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tion and dilution of the blood sample were achieved by
adding 500 pL of the 3 mM isotonic sodium sulfite solution
to 50 uL of whole blood. SYTO-13 fluorescent dye was
used to identify the nucleated cells during experiments. The
blood sample with SYTO-13 fluorescent dye was incubated
for 1 h.

Before introducing the sample, the PMMS system was
first treated with Pluronic® F108 tri-block copolymer
surfactant (BASF Co., Florham Park, NJ, USA) solution
to reduce the adhesion of blood cells on the channel
surfaces. After treating the glass surfaces, the substrates
were subsequently washed several times with PBS solution.

The fabricated device was mounted onto the center
cavity inside the SLA alignment jig and permanent magnets
were inserted into the side pockets to create an external
magnetic flux. A 500 uL gas tight glass syringe (Hamilton
Co., Reno, NV, USA) was used to load the incubated blood
sample and connected to capillary tubing through Luer-
tight™™ fitting (Upchurch Scientific, Inc., Oak Harbor,
WA, USA). The other end of tubing was connected to the
device inlet port through the SLA microfluidic interface. A
PHD 2000 syringe pump (Harvard Apparatus, Holliston,
MA, USA) was used to provide the desired constant
volumetric flow rates during the separation process. The
assembled microsystem was placed under a fluorescent
microscope and the trajectory of blood cells under a high
magnetic gradient flux was monitored using the microscope
camera and video capture tools (Fig. 4). 2.5 uL of fluid was
collected at each outlet port using adjustable pipettes
(Series 2000, Eppendorf North America Inc., Westbury,
NY, USA). The separation efficiency of the PMMS system
was characterized by counting the RBCs in the fluid
collected at each outlet port using a Coulter cell counter

100 ~

(Z1 Coulter Particle Counter, Beckman Coulter, Inc.,
Fullerton, CA, USA).

3 Results

The fabricated six-stage cascade PMMS system is shown in
Fig. 5(a). The 100 pum tall ferromagnetic structures inside
the microchannel can be seen. The separation systems were
fabricated at the perimeter of glass substrates to minimize
the distance between the separation channel and the
permanent magnets and thusly maximize the magnetic field
gradient and magnetophoretic force on the untagged blood
cells. The inlet holes were placed away from main channel
to give more room for microscope lens movement above
the separation chamber during the experiments. The outlet
holes remained open to air to collect the separated blood
samples with the adjustable pipettes. A holding tip was
used in the removable part of the alignment jig to hold the
microsystem during the experiments.

Figure 5(b) shows the PMMS system packaged inside the
alignment jig with the permanent magnets in the side pockets.
The alignment jig was designed such that the permanent
magnets could be positioned to create a magnetic field
perpendicular to the sample flow inside the microseparator.
The removable holding tip was used for easier installation and
removal of the microseparator chip between experiments.
Open cavities in the alignment jig under the microchannel
area were used to enable monitoring of the blood cell
movement during separation by providing light passage from
the bottom-side microscope light source.

The separation efficiency of the microsystem was
characterized by counting the RBCs in 2.5 pL of the fluid

7N

28.8 plhr (no
magnet)

28.8 pL/hr

50.4 plL/hr 72.0 pluhr

| O Center ™ Side‘

Fig. 6 Measured separation efficiency of RBCs at each outlet for two volumetric flow rates
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collected at each outlet port using a Coulter cell counter (Z1
Coulter Particle Counter, Beckman Coulter, Inc., Fullerton,
CA, USA). The PMMS system was first tested with s
prepared blood sample without an applied magnetophoretic
force acting on blood cells by removing the permanent
magnets from the package. At the flow rate of 28.8 uL / hr,
60.4+£5.25% of blood cells were collected into the center
channel. Figure 5(c) shows images of the RBC separation
inside the microchannel at an average flow rate of
28.8 uL / hr with permanent magnets placed in the side
pockets. As the blood sample traveled the length of the
microseparator, the RBC level in the outer channels
decreased, while the number of RBCs in the center channel
increased after each stage. At the output of the central
channel in the microseparator, the separation efficiency was
measured to be 89.5+£0.20% for RBCs. The PMMS system
was tested at higher volumetric flow rates of 50.4 pL / hr
and 72.0 pL / hr. The measured separation efficiencies were
lowered to 86.2+1.60% and 59.9+6.06% respectively. As the
whole blood traveled at a higher flow rate, the residence time of
blood cells inside the magnetic field gradient decreased, while
the drag force by the flow increased. Thus, the chance for RBCs
to be captured into the center channel was reduced (Fig. 6). No
clogging due to cell coagulation inside the channel was
observed during the separation. However, trapped air bubbles
in the channel introduced between experiments blocked the
microchannel and prevented further characterization if not
removed before starting the separation process.

4 Discussion

The six-stage cascade paramagnetic mode magnetophoretic
microseparator was successfully demonstrated for the
separation of RBCs from whole blood based on the native
magnetic properties without the need for magnetic or
fluorescent tagging of the blood sample. Permanent
magnets were used to generate an external magnetic field
and a high magnetic field gradient around the ferromagnetic
structures, enabling a portable hand-held size device. Using
a six-stage cascade design, the volumetric sample through-
put was increased over previously reported designs to
50.4 pL / hr, which resulted in a processing time of 6.0 min
for a 5.0 uL blood sample. With the increased throughput
in separating blood cells in a continuous fashion, the
presented microsystem can enable fast processing of small
volumes of blood sample (~5 pL). The presented micro-
separator combined further with miniaturized downstream
cell sub-classification, detection and analysis systems has
the potential to enable high-throughput and efficient blood
cell separation and identification as well as to contribute to
the development of clinical point-of-care devices for
abnormal cell isolation, analysis, and treatment.
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