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Current clinical methods for the separation of whole blood into
blood cells and cell-free plasma are currently based on large facility
equipment, such as centrifuges. The disadvantage of this process is
that the patients must have assays performed at the hospital or
laboratory where the separation facility is located. The present
study presents a design for microfluidic chips with different micro-
channel structures, which utilizes backward facing step geometry
and centrifugal force to extract the cell-free plasma from whole
blood samples at the branch of the microchannel for further assay,
avoiding the influence of blood cells. Numerical simulation was
performed on a personal computer to analyze the effects of inlet
velocity and the structures of the microchannel on the flow field
and back—flow in the microchannel, as well as the efficiency of
separation and the volumetric fraction of the flowrate of plasma
extraction. The minimum radius of particles (R) that can be
excluded from the side channel, and fraction of the volumetric flow-
rate were obtained to evaluate the efficiency of plasma extraction.
Based on the numerical simulations, the design with both converging
and bending channels was the best design among the four layouts
proposed. In this design, the value of R could be set to less than
the critical value (set as 1 pm because of the radius of platelets),
and the volumetric fraction of the extraction flowrate was appro-
ximately 8.4% when Re was about 20. The preliminary experiments
indicated the fluorescent particles with 2.5pum in radius were
successfully excluded from side (plasma outlet) channel of the
microfluidic chip with converging a inlet channel and the bent micro-
channel, when the Reynolds number of the inlet flowrate equals 50.

Keywords backward facing step; microfluidic chips; plasma-

skimming; whole blood

INTRODUCTION
Plasma and blood cells are the two major components of
whole human blood. In terms of cellular fraction, there
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are approximately 5x 10° cells per microliter of blood,
including erythrocytes, leukocytes, platelets, and phagocyte
cells (1). Plasma represents nearly 55% of the total blood
volume, and this liquid portion of blood is a complex solution
containing more than 90% water (2). A heterogeneous group
of proteins, mainly composed of albumin, globulins, and
fibrinogen, is the major solute of plasma. The relative propor-
tions of plasma proteins will change due to certain diseases,
and monitoring such variations could be an effective diagnos-
tic tool. Other ingredients in plasma include salts; glucose;
amino acids; vitamins; hormones, such as cortisol and thyr-
oxine; and metabolic waste products, such as urea, uric acid
creatinine from the kidneys, and bilirubin from the gall blad-
der. The constituents in plasma are important in regulating
cell function and maintaining homeostasis. For example,
potassium affects cell excitability and severe depletion will
cause muscle weakness and abnormalities of the cardiac
impulse (3). To avoid the protein confounding effects of the
cellular fractions of the blood on clinical biochemistry tests
(1), the tests are often performed on cell-free samples, such
as plasma or serum. Therefore, the separation of plasma
and blood cells, so—called plasmapheresis (4), needs to be
achieved effectively. Conventionally, a sample of whole
blood is sent to a central laboratory, separated by benchtop
centrifugation and analyzed sequentially.

As a result of the demand for high efficiency, compact,
low-cost, and easy-to-use clinical diagnostics, the applica-
tion of microfluidics, or miniaturized lab-on-a-chip devices,
the development of which has burgeoned in the past
decade, has been considered for Point-of-Care (POC)
applications (5,6). Conceptually, microfluidic chips are
designed to replace classic benchtop centrifugation, as
plasma is extracted from whole blood on-chip. The size-
exclusion effect, i.e., filtration, resulting from the micro-
structures in the microfluidic devices, is used to retard
cell movement, thereby allowing the collection of the
liquid portion of the sample. The filter structures described
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in the literature included comb-type, weir-type, and
membrane-type, among others (7-16). The gap or pore size
required to achieve retention of erythrocytes is on the order
of 1um (17), and consequently poses a manufacturing
challenge. However, recent reports indicate that high
separation efficiency was realized by the filter structures.
An integrated microfluidic system, which enables on-chip
blood separation and rapid measurement of a panel of
plasma proteins from quantities of whole blood within
10 min of sample collection, was investigated (18). A micro-
chip with an interchannel microstructure was employed to
separate plasma from human whole blood and to meter the
plasma simultaneously in three minutes (19). In the central
laboratory, the most frequently used tool is the centrifuge.
To miniaturize the centrifuge separation process, centrifu-
gal pumping is employed in the microfluidic chip to trans-
fer different components in the biological sample toward
specifically designed regions. Basically, the compact disk
(CD)-like platform (20-24) integrates a disposable disk,
containing manifolds with microfluidic functions, and a
permanent motor plate to provide centrifugal pumping
through spinning. However, the simplest approach is to
design microfluidic channels for separating blood cells
from plasma (17,25-27). The hydrodynamic mechanisms
employed in these microfluidic chips are usually the
bifurcation law, or plasma-skimming effect (28,29), and
the centrifugal force induced by microchannel design.

The present study proposed a design of microfluidic
chips for extracting cell-free plasma from a sample of whole
blood based on the concept of hydrodynamic filtration (30).
The backward facing step structure is designed to enhance
the efficiency of cell-free plasma extraction. Four microflui-
dic channel structure designs are investigated numerically.
Simulations using CFD-ACE™ (ESI CFD, Inc., France)
are performed on a personal computer. The finite element
method and three-dimensional structured grids are
employed to calculate the pressure and velocity fields in
the microfluidic blood-plasma separation chip to evaluate
the effects of the structures in extracting cell-free plasma.

PHYSICAL MODEL AND DESIGN OF
MICROFLUIDIC CHANNELS

Lateral migration of blood cells takes place in blood
flow with low Reynolds number; therefore, a plasma layer
adjacent to the channel wall is observed as a result of the
so-called plasma-skimming effect. However, the thickness
of the cell-free layer is too insignificant to extract cell-free
plasma from the whole blood sample (27). The structure
of bifurcation was, therefore, employed to separate plasma
and blood cells in the present study. When blood cells flow
through a bifurcating region of a blood vessel, the cells
tend to flow into the daughter vessel with a higher
flow rate. This is the so-called Zweifach—-Fung effect
(bifurcation law). The backward facing step structure was

designed to enhance the efficiency of separation. Flow over
a backward facing step would produce pressure loss on the
step edge, resulting in characteristics such as reattachment,
recirculation, development of shear layers, and separated
flows. The structure could induce vortex and turbulence
effects in the recirculation region or along the separating
shear layer. The inertia of the particles is expected to keep
the particles within the recirculation region of the main
channel after the branch point and therefore, the particles
that enter the side channel would be diminished.

The basic principle of this system is illustrated in Fig. 1.
The inlet flowrate is Q,, the flowrate of the side channel is
Qi, and that of the main channel is Q,. The dash lines
represent the virtual boundaries of flow distributed into
side and main channels. The distributed flowrate into the
side channel (Q;) could contain none, small, or large parti-
cles, as illustrated in Fig. 1. Assuming the velocity fields
follow Poiseuille’s Law, the volumetric flowrate ratio of
flow into the side and main channel can be expressed as
s1: 8, =01: O>=0a: (1 - ), where « is the ratio of the flow-
rate in the side channel (Q;) and inlet flowrate (Qy). The
virtual boundaries (dashed lines) obtained by the simulated
streamlines, which extended from the edge of the plasma
outlet to the inlet, were used to determine the minimum
radius (R) of particles that can be excluded from the side
channel, and the fraction of the volumetric flowrate (o).
Smaller values of R mean that smaller particles can be
filtered by the microchannel. Higher values of o imply a
higher efficiency of plasma extraction.

Figure 2 depicted the layouts of the four proposed
designs for the microchannel structure. Type I and II are
designs with inlet channels of uniform width; type III and
IV are those with converging inlet channels. The bent
microchannel was employed in Type II and IV to induce
centrifugal force. The main channel inlet width is 100 um,
the side channel width is 40 pum, and outlet width is
204 um. The diameter of leukocytes, which is the largest cell
in the blood sample, is about 6 to 10 um; therefore, the fea-
ture size of the microchannel must be greater than at least
five-fold of the diameter of blood cells to avoid cell attach-
ment at the channel surface in clinical applications. The
minimum feature size and the channel height were set for
40 um in this study. The bent microchannel was employed
to generate the centrifugal force, which is expected to
enhance the effect of separation. The present design is pro-
posed to miniaturize the centrifuge separation process in the
microfluidic channels, instead of the usage of the CD-like
platform. The radius of curvature for the bending micro-
channel in Type II and IV is 455 um, with channel lengths
of 2.857 mm, equal to that of Type I and III, and uniform
inlet channel widths of 50 um. The centrifugal force could
be evaluated as F=mV?/r, where m is the mass of the cells,
V is the value of the velocity along the circumference, and
r is the radius of curvature for the bending channel. The
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FIG. 1. (a) Schematic illustration of the principle of cell-free plasma extraction from whole blood. The distributed flowrate into the side channel (Q)
contains (b) no, (c) small or (d) large particles. The dash lines represent the virtual boundaries of the flow distributed into the side and main channels,
and are used to determine the minimum radius (R) of particles which can be excluded from the side channel and fraction of the volumetric flowrate (o).

value of the mass of red blood cells is about 34.8 pg (31);
therefore, the centrifugal force is calculated approximately
7 pN when the inlet velocity is 0.3 m/s (Re = 20).

NUMERICAL SIMULATIONS

Simulations were performed using CFD-ACE™ (ESI
Group Inc., France) software running on a personal com-
puter. The finite element method and two-dimensional
structured grids were employed to solve the governing
equations. The governing equations in this study are the
continuity and momentum conservation (Navier-Stokes)
equations. The dimensionless forms can be expressed as
the following:

V'V =0 (1)
av* 1
T *P* . *ZV*
dr* v +Rev
Dy,
Re:pUT’ ()

D, and U are the hydraulic diameter of the microchan-
nel and inlet velocity of the fluid, respectively. Laminar
flow and adiabatic boundary conditions were set in this
simulation. Compressibility and the heating effect in the
microchannel were negligible. The SIMPLEC method
was adopted for pressure—velocity coupling and all spatial
discretizations were performed using the first-order upwind
scheme. The simulation was implemented in steady state. A
fixed-velocity condition was set as the boundary condition
at the inlet of the microchannels, and the outlets were set at
a fixed pressure. The whole blood is a suspension of mostly
elastic particles (i.e., cells) in a Newtonian fluid of plasma,
which results in non-Newtonian characteristics. The viscos-
ity and viscoelasticity of whole blood are dependent on
the shear rate of the blood experiences. Furthermore, the
whole blood is usually treated by adding some anticoagu-
lant, such as EDTA, or diluted by physiological sodium
chloride irrigation solution, whose fluidic properties are
similar to water. To simplify the simulation in the present
study; therefore, the density and viscosity of blood-plasma
were assumed to be the same as water, which are 997 kg/m?>
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FIG. 2. Layouts of the four proposed microchannel structure designs: Type I (a) and II (b) have inlet channels of uniform width; Type I1I (c) and IV (d)
have constricted inlet channels. The bent microchannel was employed in Type Il and IV to induce a centrifugal force (A =100um; B=40pum;

C =204 pum; D =50 um; depth of the microchannel is 40 um).

and 8.55x 1074 kg/m-s, respectively. The total number of
elements was approximately 760,000 in the case of the
microchannels.

RESULTS AND DISCUSSIONS

Four microchannel structure designs were investigated
in the present work. Type I was the typical backward
facing step structure and a bent microchannel was included
to induce centrifugal force in Type II. The converging
channels in Types III and IV were used to increase the flow
velocity at the branch point. The Reynolds numbers of the
inlet flowrate in the simulations were set from 50 to 100,
which were equal to the flowrate of 18 to 360 pL/min
(the flowrates could be provided by a commercial syringe
pump in practice). The minimum radii (R) of particles
which can be excluded from the side channel and the

fractions of the volumetric flowrate («) obtained by
three-dimensional simulations for the different designs,
when the Reynolds number equals 5, were shown in
Fig. 3. The results indicated that Type III and IV, the
designs with the converging channel, yielded lower values
of R than Type I and II, as shown in Fig. 3a. The values
of R for Type III and IV decreased by approximately
23% and 32% than those for Type I and II, respectively.
The value of R in Type IV was reduced by about 15% com-
pared to that of Type I11. However, the value of R for Type
IT was slightly smaller than that for Type I. The results
indicated that the design of the converging channels could
significantly reduce the values of R, therefore, the efficiency
of the extraction of cell-free plasma from whole blood
could be enhanced. The existence of bending channels
could improve the efficiency of the extraction of cell-free
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FIG. 3. (a) The minimum radius (R) of particles which can be excluded
from the side channel and (b) fraction of the volumetric flowrate («) for
the four types of microchannels at a Reynolds number of 5.

plasma only for the designs with converging channels. The
fractions of the volumetric flowrate () for the different
designs depicted in Fig. 3b indicated that the values of «
for Type III and IV were higher than those for Type I
and II. Only designs with converging channels could
improve the volumetric fraction of the extraction of
cell-free plasma, according to the results in Fig. 3b. Based
on the numerical simulations, Type IV was the optimum
design among the layouts proposed in this work.

The previous results showed that the design of conver-
ging channels in Type III and IV could significantly
enhance the efficiency of the extraction of cell-free plasma
from whole blood. The values of R and « for type III and
1V, with different Reynolds number (Re), were depicted in

Fig. 4. The values of R and « decreased as Re increased for
both Type III and IV. The critical value of R was set as
1 um, due to the radius of platelets, which are the smallest
cell in whole blood samples. When Re equals approxi-
mately 20, the critical value of R is achieved in Type IV,
and « equals 8.4; however, Re had to be larger than 80 in
Type III, and o was less than 5 in that case. Therefore,
Type IV could separate smaller cells than the other types
for the same Reynolds number (when Re is less than 85),
as depicted in Fig. 4a. Moreover, the values of a for Type
IV were larger than those for Type III when Re was higher
than 40, and the differentials increased with increasing Re,
as shown in Fig. 4b. The pressure fields of Type III and IV
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FIG. 4. The values of (a) R and (b) « for Type III and IV with different
Reynolds numbers.
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Type IV were larger than those in type III, for Re larger
than 50. Figure 6 showed the vectors of the flow field of
Re equals 25 and 100 in Type IV, respectively. When Re
equals 100, the recirculation region enlarged more than
when Re equals 25; thus, the flowrate distributed into the
side channel decreased, and the volumetric fraction of the

@

extraction of cell-free plasma was reduced. However, the
increase of Reynolds number also reduced the possibility
of particles entering the side channel. The simulated results

7 ) P — N/m"2
5000
g 50
D 4500

revealed that the design of Type IV performed with the best
efficiency of cell separation and plasma extraction. When
Re equals approximately 20, the value of R could be
less than the critical value, and a higher volumetric

(®)

FIG. 5. The pressure field in the microchannel of (a) Type III and (b)
Type IV when Re equals 90.

at Re equals 90, shown in Fig. 5, indicated that the pressure
drop between the branch point and plasma outlet in Type
IV, with the bent microchannel, was larger than that
in Type III. This could explain why the values of o in

(2)

(b)

Velocity
Magnitude
(m/s)

‘ (2)

Velocity
CETTTTTTETEELRRRT mpn  Magnitude
(m/s)

o (b)

FIG. 7. The snapshots of particle trace images in the microchannels of

FIG. 6. The vector of the flow field for the Type IV microchannel witha  (a) Type III and (b) Type IV when Re of the inlet flowrate equals 50
Reynolds number of (a) 25 and (b) 100.

(the radius of fluorescent particles is 2.5 pm).
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fraction of extraction flowrate, which was about 8.4%, was
simultaneously achieved.

The preliminary experiments were implemented to
demonstrate the feasibility of the microfluidic chips for
the plasma extraction. The microfluidic devices of Type
III and IV were fabricated in-house, using standard
photolithography techniques. The mold master was fabri-
cated by spinning SU8-50 (MicroChem Corp. Newton,
MA) on the silicon wafer to define the micrchannels.
The polydimethylsiloxane (PDMS) prepolymer mixture
(Sylgard-184 Silicone Elastomer Kit, Dow Corning,
Midland, MI) was poured and cured on the mold master
to replicate the patterned structures. After peeling off the
PDMS replica, the inlet and outlet ports were made by a
puncher. It was bonded with the glass substrate after
treatment of the oxygen plasma in the O, plasma cleaner.
The fluorescent particles with a radius of 2.5um were
injected into the microchannels while the Reynolds
number of the inlet flowrate equals 50. The snapshots of
particle trace images in the microchannels of Type III
and IV were illustrated in Fig. 7. The experimental results
depicted clearly that long time exposure of the particle
(2.5 um) traces do not enter the side channel of Type IV;
however, the particles could flow into the side channel
of Type III. The fluorescent particles are excluded from
side (plasma outlet) channel of Type IV successfully.
According to the numerical prediction in Fig. 4a, the
particles with 2.5um in radius could be excluded from
the side channel of Type IV, rather than that of Type
III. The experimental results agreed with the numerical
predictions well in the present study.

CONCLUSIONS

The usage of disposable microfluidic chips is attractive
because of Point-of-Care (POC) applications. The present
study involved the design of microfluidic chips with differ-
ent microchannel structures, utilizing backward facing step
geometry and centrifugal force to extract the cell-free
plasma from whole blood samples at the branch of a micro-
channel for further assay, avoiding the influence of blood
cells. Three-dimensional simulations were numerically
performed to analyze the effects of inlet velocity and the
structures of the microchannel on the flow field and
back—flow in the microchannel, as well as the efficiency
of separation and volumetric fraction of flowrate of plasma
extraction. The minimum radius (R) of particles that can
be excluded from the side channel, and the fraction of
the volumetric flowrate («), were obtained to evaluate the
efficiency of plasma extraction. The goal of the optimum
design is to achieve the lowest value of R and highest value
of o. The design of converging channels could significantly
reduce the values of R and enlarged the value of «. Type
IV, with both converging and bending channels, was the
best design among the four layouts proposed in this work.

The value of R obtained could be less than the critical value
(set as 1 um because of the radius of platelets) and the volu-
metric fraction of extraction flowrate was approximately
8.4%, for a Re of about 20. The preliminary experiments
indicated the fluorescent particles with 2.5um in radius
are excluded from plasma outlet channel of Type IV
successfully, when the Reynolds number of the inlet
flowrate equals 50.
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