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Abstract; Conventional ways of blood processing, such as
centrifugation and filtration, are fairly limited by processing
time, separation purity, clogging, and other factors. To solve
this problem, a high-throughput, inertial microfluidic device
composed of a stepped spiral channel is proposed for the
separation of plasma from high-concentration blood. First, the
particle-focusing characteristics of the stepped spiral channel
are studied through the coupling of laminar flow and particle
tracking modules in the COMSOL Multiphysics® software.
Next, polystyrene beads are used to investigate the inertial
focusing performances of the stepped spiral channel at different
flow rates. Based on the experimental results of particle
focusing, an optimized stepped spiral channel is applied in
blood plasma separation from samples of different cell
concentrations. It can be observed that the reject ratios of the
blood cells are (99.72 +£0.13)% and (99.44 +0.17) % with
hematocrit (HCT) values of 0.9% and 2.25% , respectively,
at an optimal flow rate of 1.5 mL/min. The ratios of blood
cells rejected by the stepped spiral channel are (97. 02 +
0.56)% and (92.92 +1.53)% at ultrahigh HCT values of
4.5% and 9% , respectively. The experimental findings
demonstrate that the stepped spiral channel can efficiently
separate plasma from ultrahigh-concentration blood samples.
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lood and blood components (i.e. , red blood cells
(RBCs), white blood cells ( WBCs) , platelets,
and plasma) are of utmost importance for clinical diag-
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nostics. Blood plasma is typically used to identify the in-
flammatory response and potential diseases of a patient.
Although conventional ways of blood processing, such as
centrifugation and membrane filtration, can separate
blood plasma with satisfactory efficiency, they are limited
to some extent by processing time, separation purity,
clogging, and other factors'''. Centrifugation, in particu-
lar, can activate cells and affect the concentration of criti-
cal factors of analysis, such as eosinophil activity mark-
ers””’. Microfluidic technologies provide a promising so-
lution to overcoming the limitations of conventional meth-
ods. To date, many active and passive microfluidic tech-
nologies have been proposed for fluid and particle/cell
manipulation*™*'.  Among these technologies, passive
manipulation by inertial microfluidics has attracted con-
siderable interest in the last decade owing to its simple,
precise, label-free, and high-throughput operations”™®’.
The earliest report of the inertial focusing phenomenon
was presented by Segré et al. '’ in 1961, which described
particle focusing in terms of an annulus in a cylindrical
pipe of 1 mm diameter, known as the tubular pinch
effect. Subsequently, based on microfluidic technology,
researchers reported a series of microchannel designs and
attempted to unveil the underlying physics of inertial fo-
cusing. A straight channel is the simplest form of conduit
for studying inertial focusing. Because only pure inertial
forces are included in a straight channel, an overall un-
derstanding of the particle migration and focusing is pos-
sible. Many studies proved that the focusing behaviors of
particles in straight channels mainly depend on channel
#2) Reynolds number (Re) ', particle prop-
, and fluid properties'”'. The force balance
becomes considerably complex upon inducing secondary
flows in straight channels. A typical method of inducing
secondary flows is using symmetric or asymmetric con-
traction-expansion arrays ( CEAs)'*'. In a CEA chan-
nel, larger particles experience higher lift forces and are
trapped by Dean vortices in the expansion region, while
smaller particles follow fluid streamlines in the contrac-
tion channel; thus, particles of different sizes can be sep-
arated "', Using grooves'”™  herringbones' ', and
pillars ™/ onto the wall surfaces can also induce strong
secondary flows in straight channels, which can be used
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for modification of inertial focusing behavior. A universal
method of inducing stable secondary flows is using curved

6,23-24] and

channels. Curved channels,
asymmetric curving channels > | produce a set of sec-
ondary flows in the cross-section, which effectively re-
duces the number of focusing bands and enhances the in-
ertial focusing compared with straight channels.

Furthermore, the shape and strength of secondary flows

such as spiral"

can be altered by using micro-obstacle arrays, such as mi-
cropillar arrays ™' and microbar arrays ™"’
flows in microchannels. By introducing a micro-obstacle
array, the resulting acceleration of secondary flow can be
used to enhance particle focusing. Another effective way
of modifying secondary flows is to alter channel cross-
section. For example, upon changing the cross-section
from rectangular to trapezoidal, the asymmetry of the
trapezoid modifies the shape of the velocity profile and
results in the formation of strong Dean vortex cores that
skew toward the wall with larger channel depth'®’ | resul-
ting in higher cell separation resolution™"'. Other de-
such  as triangular >’ |

, to confine

signs, semicircular ™ |
U-shapedm] , and combined"*’ cross-sections, were also
used to modify secondary flows. However, these channel
designs are rarely applied due to difficulty in fabrication.

To date, many plasma separation methods have been
reported by using the above-mentioned inertial microfluidic
channels, such as straight channels with CEAs™"""%
serpentine channels'”’”’ | spiral channels with rectangular

401 " spiral channels with slanted cross-
]

’

among others. These methods have undoubtedly exhibited
satisfactory plasma separation efficiency. For instance,
Yuan et al. '’/ presented a straight channel with asymmet-
rical expansion-contraction cavity arrays to extract plasma

cross-sections'

1

. 1 . . . [30
sections''’ | spiral channels with ordered microbars'

from 20 x diluted blood with a viscoelastic fluid at a flow
rate of 50 wL/ min. Zhang et al. ) reported a serpentine
channel to separate plasma with the same dilution ratio at
a flow rate of 350 wL/min. Our group developed a spiral
channel with a rectangular cross-section for plasma sepa-
ration at a higher flow rate of 700 pL/ min'”"'. Later,
Rafeie et al. "'’ used a spiral channel with a slanted cross-
section to increase the blood processing throughput to 1.5
mL/min; however, their method required a whole blood
dilution ratio higher than 45 x. To separate plasma from
low-dilution blood in a high-throughput manner, Shen et
al. ™ proposed a spiral channel with ordered microbars to
separate plasma with a dilution factor of 15 x at a flow
rate of 1 to 5 mL/min. Although the past years have wit-
nessed increased effort toward efficient plasma separation,
extracting plasma from whole blood at low dilution ratios
and high throughputs is still challenging.

To address the challenge, a novel inertial microfluidic
device composed of a stepped spiral channel is proposed
for plasma separation from high-concentration blood.

First, the secondary flow and particle inertial focusing
characteristics are studied by finite element simulations in
the COMSOL Multiphysics® software. Next, the inertial
focusing behaviors of polystyrene ( PS) beads in the
stepped studied.
optimized, stepped spiral channel is explored for plasma
separation.

1 Materials and Methods

spiral channels are Finally, an

1.1 Theory of inertial focusing

In a confined straight microchannel, particles suspen-
ded in a fluid experience inertial lift and viscous drag
forces. The inertial lift forces include the shear gradient
lift force F,¢, induced by the parabolic curvature of the
fluid velocity profile, and the wall lift force F, , induced
by the flow field interaction between the particles and ad-
jacent walls. For particles satisfying a/D, =0.07 ( where
a represents the particle diameter and D, the hydraulic di-
ameter of the microchannel) ">’ | the initial randomly dis-
persed particles laterally migrate to stable equilibrium po-
sitions within the channel cross-section under the influ-
ence of the net inertial lift force F, , as the shear gradient
lift force directs the particles away from the channel cen-
ter and the wall lift force repels the particles away from
the wall. Additionally, the particles experience the Saff-
man lift force F,,, which originates from particle rota-
tion. However, F,, is considerably weak and almost neg-
ligible in a low-aspect-ratio channel. F, can be expressed

4
as*!

F _pUza4
LT fL(Re»Zc) (1)
h

where p and U represent fluid density and maximum ve-
locity, respectively; f, (Re, z.) denotes a dimensionless
lift coefficient and is a function of particle position within
channel cross-section z. and Reynolds number Re.

Upon introducing curvature into the rectangular chan-
nel, a secondary flow appears due to the difference in flu-
id speed across the cross-section, forming two symmetri-
cal vortices known as Dean vortices.
duces a drag force on the particles, which regulates iner-
Assuming a Stokes’ drag, the
magnitude of the Dean drag force F, can be expressed

[42
as- :

A Dean vortex in-

tial focusing progress.

Fy =3mual, (2)

where y represents the fluid dynamic viscosity and U, the
average Dean velocity. Hence, the focusing performance
of particles mainly depends on the balance between F
and F| . If F is equal to or weaker than F| , the particles
focus and migrate to the equilibrium positions near the in-
ner wall.

In this study, the proposed microfluidic device includes
a spiral channel of stepped cross-section, and the height
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of the inner wall is considerably larger than that of the
outer wall. The reason for choosing the cross-section de-
sign was to increase F, in the inner channel in a bid to
capture high-concentration blood cells near the inner
wall. The stepped spiral channel could be regarded as a
combination of two rectangular channels, so two pairs of

independent Dean vortex cores formed in the combined
channel ™. The increased F, induced by the inner Dean
vortex cores helped to trap and focus the blood cells that
could not occupy the equilibrium positions in the inner
channel. Thus, plasma could be separated from the blood
sample with high concentration of cells (see Fig.1(a)).
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Fig.1 Prototype of the stepped spiral channel. (a) Stepped spiral channel for blood plasma separation; (b) Cross-sectional view of the
stepped spiral channel; (c¢) Aluminum mold; (d) Stepped cross-section; (e) Prototype device filled with red ink

1.2 Device design and fabrication

Two stepped spiral channels of different geometries
were designed (see Fig. 1(b) and Tab. 1) to study the
inertial focusing characteristics and determine the optimal
geometry for blood plasma separation. In the cross-sec-
tion of the stepped spiral channel, W and W, represent the
widths of the whole channel and inner channel, respec-
tively, and H, and H_ the heights of the inner wall and
outer wall, respectively. The two stepped spiral channels
shared a similar structure but had different values of W,.
The mold for fabricating the microfluidic device was de-
signed in the SolidWorks® software and prepared on
aluminum plates by micromilling ( Beijing Jingdiao
Group, Suzhou Branch) (see Fig.1(c)). Subsequent-
ly, the device was fabricated by casting polydimethylsi-
loxane ( PDMS, Sylgard 184 Silicone Elastomer Kit,
Dow Corning) on the mold. The PDMS mixture ( mass

ratio of base to curing agent of 10: 1) was degassed for
20 min and baked in an oven for 2 h at 80 C for curing.
The cured PDMS was peeled off the mold and punched to
produce fluidic inlets and outlets. Subsequently, the
PDMS device was irreversibly bound to a glass slide using
an oxygen plasma machine ( PDC-MG, Chengdu Ming-
heng Science & Technology Co., Ltd. , China). Final-
ly, the assembled device was again baked in the oven at
80 C for 1 h to enhance the bonding. The images of the
stepped cross-section and the prototype are shown in
Figs.1(d) and (e), respectively. The measured fabrica-
tion errors of the channel height and width were about
+5 and +12 pm, respectively.

Tab.1 Geometric characteristics of the stepped spiral channel

Channel Type w/ W/ H/ H,/ Inner Gap/ Number
No. (W/W;-H/H,) wm pm pm pm radius/pm pm  of loops

1 500/250-60/30 500 250 60 30 1.5 500 8

2 500/160-60/30 500 160 60 30 1.5 500 8
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1.3 Sample preparation

The focusing performance of the device was investiga-
ted using monodisperse, rigid PS beads. A total of 4 flu-
orescent PS microbeads with diameters of 3, 4, 6, and 10
pm (0.01 g/mL, Baseline ChromTech Research Center,
Tianjin, China) were used as surrogates for platelets,
RBCs, and WBCs. Beads of each size were suspended in
an aqueous buffer, with a Tween 20 (0.2% volume frac-
tion) surfactant added to form a microbead sample sus-
pension of 0.01% volume fraction. The concentrations of
the four microbead suspensions are presented in Tab. 2.
We used human whole blood samples from healthy female
donors for the plasma separation tests. The blood samples
were diluted 2, 5, 10, 20, and 50 times with phosphate-
buffered saline (PBS) for the test.

Tab.2 Concentrations of the microbead suspensions for iner-
tial focusing experiments

Microbead Volume of Volume of Concentration
diameter/ deionized microbead of microbeads/
pm water/mL stock solution/mL (106 mL~")
10 20 0.2 0.17
6 20 0.2 0.82
20 0.2 2.80
3 20 0.2 6.60

1.4 Experimental setup

The microbead suspensions and blood samples were
filled in a syringe and pumped into the microfluidic de-
vice using a syringe pump ( XFPO1-BD, Suzhou Xunfei
Scientific Instrument Co. , Ltd. , China), respectively,
for the inertial focusing experiment. The microfluidic de-
vice was mounted on an inverted fluorescence microscope
(XDS-3, Shanghai Optical Instrument Factory No. 1,
China) , which was equipped with a high-speed CCD
camera ( Stingray F-033B/C, Allied Vision Technolo-
gies, Germany ). High frame rate videos were captured at
the channel outlet using the Stingray camera control soft-
ware ( Vimba Viewer) and then analyzed using the Im-
age]® software. Furthermore, blood cell concentrations
were analyzed using an automated cell counter ( Count-
ess™ 3 FL, Thermo Fisher Scientific, USA).

2 Results and Discussion

2.1 Numerical simulation of inertial focusing in the

stepped spiral channel

The inertial focusing of particles in the two stepped spi-
ral channels was investigated using the COMSOL Mul-
tiphysics® software. In the simulation, a coupled module
of the Navier-Stokes equation for incompressible fluids
and particle tracking was built to solve the laminar flow
and inertial focusing, respectively. Water was used as the
fluid material, with a density of 1 000 kg/m’ and a dy-

namic viscosity of 1 g/(m - s). The discretization of
fluids was set to second-order velocity and pressure, and
the channel walls were defined with a no-slip boundary
condition. The inlet velocities of fluid were set to 1. 26
and 1. 11 m/s in channel No. 1 and channel No. 2, re-
spectively, producing the same flow rate of 1.5 mL/min.
The channel outlet pressure was set to atmospheric pres-
sure. In the particle tracing module, 15 particles with
physical characteristics of 1 064 kg/m’ density and 6 pum
diameter were simultaneously dispensed at the channel en-
trance and set to experience the fluidic drag force and the
lift force produced by the walls.

As shown in Fig. 2, the flow velocity in the inner chan-
nel was considerably higher than that in the outer one,
and the randomly distributed particles in the inlet laterally
migrated toward the inner channel. The secondary flow
pattern is split into two pairs of Dean vortex cores in the
stepped cross-section, with the stronger Dean flow in the
inner channel. Because the magnitude of F, depends on
the average Dean velocity U, the strength of the flow
velocity in the inner channel serves to influence the lateral
migration of particles toward the inner wall. In channel
No.1 (W, =250 wm), 9 and 6 particles focused near the
inner wall and the border at the outlet, respectively. By
reducing the inner channel width to 160 ym, more parti-
cles migrated toward the inner wall again, and 13 parti-
cles focused close to the wall. The improved focusing
performance of the particles observed in channel No. 2
can be explained by the theory of inertial focusing. Be-
cause the hydraulic diameter D, of channel No. 2 is smal-
ler than that of channel No. 1, the F| experienced by the
particles in channel No. 2 was higher than that experi-
enced in channel No. 1. Additionally, the inner flow ve-
locity in channel No. 2 was higher than that in channel
No. 1, which produced a higher Dean drag force in chan-
nel No. 2. Therefore, most particles in channel No. 2
could focus near the wall under the higher inertial lift
force and the Dean drag force.

2.2 Microbead focusing in the stepped spiral channel

Because the plasma separation was directly influenced
by the focusing behavior of blood cells in the stepped spi-
ral channel, the two microfluidic devices were tested by
using fluorescent microbead suspensions.
performance was characterized by evaluating the distribu-
tion and positions of the microbeads along channel width
at different flow rates. The results of the study were used
to identify the optimal flow rate, as well as optimize the
channel design for high-efficiency blood plasma separa-
tion.

The focusing

Fig. 3 shows microbead focusing in device 500/250-
60/30 ata D, 0of 0.73 to 13.9 (i.e. , flow rates of 0. 1 to
1.9 mL/min with an increment of 0. 2 mL/min), and
the white dashed line represents the border between the
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Fig.2 Simulation results illustrating the particle focusing in the stepped spiral channels. (a) COMSOL modeling of fluid distribution
and particle migration in channel No.2; (b) Quantity of focused particles across channel width at the outlet; (c) Velocity contours of the transverse
secondary flows in the stepped cross-sections; (d) Particle focusing in the stepped cross-sections
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Fig.3 Stacked fluorescent images illustrating the lateral distribution of microbeads in device 500/250-60/30
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inner and outer channels. As seen from the fluorescent focusing band was observed near the inner wall (0<0.7
images, a large portion of the 10 wm microbeads focus mL/min, D,<5.1) upon increasing the flow rate, which
near the inner wall even at a considerably low flow rate  demonstrates that the microbeads experienced a domina-
(©=0.1 mL/min, D, =0.73). A distinguishable single  ting inertial lift force in the inner channel. A small por-
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tion of the microbeads laterally migrated toward the bor-
der at higher flow rates (Q =0.9 mL/min, D, =6.56).
Finally, a second focusing band formed near the border
(Q=1.3 mL/min, D,=9.48). The focusing behavior
of the 10-pm microbeads can also be explained by fluo-
rescence intensity line scan across the channel width.

As shown in Fig.4(a), the microbeads only exhibited
a single fluorescence peak near the inner wall at D, =
3.65. Two fluorescence peaks were observed in the inner
channel upon increasing D, to 6. 56. Upon further in-
creasing D, from 6. 56 to 13. 9, the main and second
peaks shifted to the inner wall and border, respectively.
We can infer that at high flow rates, the increased Dean
drag force gradually balanced the inertial lift force, cau-
sing the microbeads focusing near the inner wall to mi-
grate along the equilibrium line. When a portion of the
microbeads experienced a dominating Dean drag force,
they left the inner wall and migrated toward the border to
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Fig.4 Normalized intensity line scans of the microbeads in de-
vice 500/250-60/30.

crobeads; (c¢) 4 wm microbeads; (d) 3 wm microbeads

(a) 10 wm microbeads; (b) 6 wm mi-

balance the two forces. The phenomenon of the two focu-
sing bands in the stepped spiral channel satisfactorily veri-
fies the findings by Rafeie et al. "' for a spiral channel
with a complex cross-section; When a complex cross-sec-
tion is composed of two simple shapes, the inertial focu-
sing in the channel is a combination of particle behaviors
in each channel. Accordingly, because the stepped spiral
channel can be divided into two spiral channels with rec-
tangular cross-sections that have a single focusing position
each, the two focusing positions in the stepped spiral
channel can be considered to be a combination of the fo-
cusing effects of the two rectangular channels.

The focusing performance of the 6 wm microbeads was
fairly similar to that of the 10 wm ones. However, the
fluorescent intensity of the second focusing band was con-
siderably weaker than the first band, which means that
most microbeads focused to the main peak (see Fig. 4
(b)). Upon testing the 4 wm microbeads, they initially
dispersed in the channel. However, by increasing D, , the
microbeads could focus into a relatively narrow band,
which occupied approximately half of the lateral width of
the inner channel (see Fig.4(c¢)). Additionally, a sec-
ond peak of the microbeads formed near the border at D,
higher than 5. 1. The 3 wm microbeads could not realize
tight focusing due to the influence of a weaker inertial lift
force. However, most 3 um microbeads could be trapped
in the inner channel (see Fig.4(d)). We can conclude
that the rough focusing of the 3 pm microbeads was
caused by the dominating Dean vortex in the inner chan-
nel. The microbeads were trapped in the inner channel to
follow the strong, counter-rotation Dean vortex because
the inertial lift force was weaker than the Dean drag
force.

Because device 500/250-60/30 had two inertial focu-
sing positions in the inner channel and the position of the
second band was close to the inner border, it is indicated
that the focusing band was influenced by the lateral posi-
tion of the border across channel width. The width of the
inner channel was decreased to 160 wm to investigate the
effect of border position on particle focusing. This geom-
etry optimization was intended to decrease the Dean drag
force in the outer channel and eliminate the second focu-
sing band. The focusing performance of the microbeads
in the optimized channel is shown in Fig.5. As expected,
the 10, 6, and 4 wm microbeads tightly focused near the
inner wall at D, higher than 2.5 (flow rate 0=0.5 mL/
min) , while the 3 pm ones roughly focused into a wide
band in the inner channel at D, higher than 4.5 ( flow rate
0=0.9 mL/min). Moreover, all the microbeads had
only a single focusing band in the inner channel.

Fig. 6 shows the normalized intensity line scans of mi-
crobeads in the two channels at a D, of 7.5 (flow rate of
1.5 mL/min). In comparison with the first device (W, =
250 wm), the fluorescent intensity lines of the microbeads
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Fig.5 Stacked fluorescent images illustrating the lateral distribution of the microbeads in device 500/160-60/30
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Fig. 6 Comparisons of normalized intensity line scans of the microbeads in the two stepped spiral channels. (a) 10 wm microbeads;

(b) 6 wm microbeads; (c) 4 wm microbeads; (d) 3 wm microbeads

in the optimized device (W, =160 pm) were apparently
skewed toward the inner channel, with the fluorescent
peaks being considerably higher, which demonstrates the
better focusing efficiency of the optimized device. The
experimental results satisfactorily verify that the focusing
behavior (i.e. , position and quantity of focusing band)
of microbeads can be altered by changing the lateral bor-
der position of the stepped spiral channel. These findings
satisfactorily supplement the current knowledge of the
physics of particles focusing in complex channels. Addi-
tionally, the hydraulic diameter of the stepped channel in
the first device was D, =4A/P =72.66 um ( where A is
the cross-sectional area of the stepped channel, P is the

wetted perimeter of the cross-section. ), requiring the
particle size to be at least 5. 09 pm to meet the classic fo-
cusing criterion (i.e., a/D,=0.07). However, the op-
timized channel could tightly focus the 4 pm microbeads,
and even the 3 pwm ones could be successfully trapped in
the inner channel, which refuted the focusing criterion.
Therefore, the stepped spiral channel exhibited a better
focusing effect than a regular channel with a rectangular
cross-section, which should earnestly obey the classic fo-
cusing criterion.

Upon analyzing the fluorescent focusing positions of
the microbeads, we observed that flow rates higher than
0.9 mL/min were appropriate for single band focusing in
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the inner channel of device 500/160-60/30, which would
also be applicable for blood plasma separation. However,
because some microbeads distributed in the outer channel
may not be visible due to the overwhelming fluorescent
intensity of the focusing bands in the inner channel, the
focusing behavior of the microbeads in the fluorescent im-
ages is not sufficient to determine the optimal flow rate
for high-efficiency plasma separation. The focusing be-
haviors of all the microbeads were examined in a bright

field to determine the optimal flow rate with minimum
microbeads in the outer channel. As shown in Fig.7, all
10, 6, and 4 pm microbeads focused in the inner channel
at flow rates higher than 0.7, 1.1, and 1.3 mL/min, re-
spectively, while the least number of the 3 pm mi-
crobeads were distributed in the outer channel at flow
rates higher than 1. 1 mL/min. Therefore, the flow rate
of 1.5 mL/min was selected for blood plasma separation
in the optimized device.

0: 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5
Inner
10pm o
6 um
4 pm [
3 um ' o B7 2 B
x £ 100 pm
[ Outer —_

Fig.7 Stacked bright images of the 10, 6, 4, and 3 wm microbeads focusing in the stepped spiral channel of device 500/160-60/30

2.3 Characterization of blood plasma separation

In the plasma separation test, human whole blood was
diluted by 2, 5, 10, 20, and 50 times with PBS, with
the corresponding hematocrit (HCT) values of 22.5% ,
9% , 4. 5% , 2. 25% , and 0. 9% , respectively. The
blood plasma separation performances at different HCT
values are shown in Fig. 8. As shown in the 0.9% HCT
experiment, the blood cells focused into a band near the
inner wall, which is similar to the focusing behavior of
the PS beads.
inner channel, the plasma collected from the outer outlet
was totally transparent, and only several blood cells were
observed in the collected plasma. The focusing positions
of the blood cells remained the same for all the blood
samples upon increasing the HCT value. However, the
focusing band of the blood cells widened due to intensive
interactions between the high-concentration cells, causing
a small portion of the cells (in the cases of 4. 5% and
9% HCT) to leave the focusing position and distribute to
the outer channel. Therefore, more blood cells were ob-
served in the collected plasma, and the plasma in the cen-
trifugal tube was visually red.

Fig.9(a) shows the bright field intensity profile along
the channel width. Because the gray values of black and

Because all the blood cells focused in the

Outer wall 3

§ R
N . uﬁ

"

50 pm 9

45% HCT
(c)
Fig.8 Blood plasma separation performances at different HCT

0.9% HCT 2.25% HCT 9% HCT

values. (a) The stepped spiral channel; (b) Plasma separation and
corresponding suspensions collected from different outlets; (c) Residual
blood cells in the collected plasma
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Fig.9 Quantitative analysis of blood plasma separation at dif-
ferent HCT values. (a) Bright field intensity profile illustrating the
blood cell focusing position along channel width; (b) Reject ratio of
blood cells in the separation process

white colors were set to 0 and 255, respectively, by the
Image]® software, the blood cells (i.e., dark stream in
the inner channel in Fig. 8 (b)) had considerably lower
intensity than the outer channel (i.e., white background
in Fig. 8 (b) ). Therefore, the lower the intensity, the
more cells that occupy the bright field. The profile width
and depth of the blood cell focusing band widened and
deepened upon increasing HCT, which means more blood
cells were captured in the inner channel. To quantitatively
study the separation efficiency, the collected blood plas-
ma was placed in an automated cell counter to examine
the blood cell concentration value. The obtained concen-
tration was used to calculate the reject ratio of the blood
cells, which could be used to reflect the separation effi-
ciency. Here the reject ratio can be expressed as 1 — C,/
C;, where C, represents the number of blood cells in col-
lected plasma and C; the number of the blood cells in the
input blood sample. As shown in Fig. 9(b), (99.72 +
0.13) % of blood cells were removed during the inertial
separation process at an HCT value of 0.9% . The device
still maintained a high reject ratio of (99.44 +0.17)%
upon increasing the HCT value to 2.25% . The reject ra-
tio gradually decreased due to the pollution of blood cells
entering the outer channel when the HCT value was in-

creased to 4.5% and 9% . By increasing HCT to an ultra-
high value of 22. 5% , the inner channel was filled with
intensive blood cells, forcing the overloading cells to the
outer channel. In this scenario, the reject ratio sharply
decreased to (70.46 £4.13) % . Thus, high-purity plas-
ma cannot be obtained at higher HCT values. We further
compared the blood plasma separation performances of
the device with the performances of reported inertial mi-
crofluidic devices''>"*"**"**™*! * For the diluted blood
with an HCT value below 2. 25% ,
comparable blood plasma separation efficiency and the
highest processing throughput (33.33 and 75 pL/min at
0.9% and 2.25% HCT values, respectively; the equiva-
lent flow rate of whole blood for a single channel) among
those devices. The yield of plasma was about 573. 53
pL/min. For the HCT value above 4. 5% , most devices
could not be used for high-efficiency plasma separation,

our device achieved

and no device could separate plasma at HCT values above
9% . Our device could successfully separate plasma at
high HCT values, and the purity of the separated plasma
was (97.02 £0.56)% and (92.92 +1.53)% at4.5%
and 9% HCT values, respectively. The experimental re-
sults demonstrate that our device with a stepped spiral
channel exhibits remarkable plasma separation perform-
ance, particularly when HCT values are high. Therefore,
the proposed device can be considered applicable for high-
throughput plasma separation from high-concentration
blood samples with less dilution.

3 Conclusions

1) We developed an inertial microfluidic device with a
stepped spiral channel for rapid blood plasma separation.
The inertial focusing performance of the stepped spiral
channel was studied through coupled simulations of lami-
nar flow and particle tracing in the COMSOL Multiphys-
ics® software and experiments using fluorescent PS beads
of four different diameters at various flow rates.

2) The experimental results demonstrated that two fo-
cusing bands of the microbeads could be formed near the
inner wall and border and that a solely tight focusing band
could also be formed by altering the border position of the
stepped spiral channel. The optimal channel was then ap-
plied for blood plasma separation at an optimal flow rate
of 1.5 mL/min, following which plasma separation effi-
ciencies at different HCT values were investigated. We
observed that the reject ratios of blood cells in the stepped
spiral channel were (99.72 £0.13)% and (99. 44 =+
0.17)% at HCT values of 0. 9% and 2. 25% , respec-
tively. Additionally, (97.02 £0.56)% and (92.92 =
1.53) % of blood cells were rejected for higher HCT val-
ues of 4.5% and 9% , respectively.

3) The stepped spiral channel exhibited remarkable
plasma separation efficiency, particularly for a high-con-
centration blood sample. Overall, the inertial microfluidic
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technology is expected to significantly benefit from en-
hanced microchannels with complex geometries, which
will further improve the efficiency of manipulation of mi-
croparticles and cells.
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