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Nowadays, various microfluidic platforms are developed with a focus on point-of-care diag-
nostics in the biomedical field. Segregation of blood cells and plasma remains an essential
part of medical diagnosis in which isolation of platelets (PLTs), red blood cells (RBCs),
and white blood cells (WBCs) is a requirement for analysis of diseases associated with
thrombocytopenia, anemia, and leukopenia. However, a separated plasma contains pro-
teins, nucleic acids, and viruses, for which a microfluidic device is introduced for continuous
separation of PLTs, RBCs, and WBCs with a diameter range of 1.8-2 pm, 56 pwm, and
9.4-14 pm, respectively, and plasma using the negative dielectrophoresis (DEP) force prin-
ciple. In this study, design of the device is explored utilizing COMSOL Multiphysics 5.4
tool. This design consists of triangular micro-tip electrodes at the top, which are effective
in generating a nonuniform electrical field with a significantly small AC voltage. Further-
more, the blood cells are subjected to the negative DEP force resulting in deflection toward
their respective outlets, due to which blood cell separation purity and efficiency from the
sample, i.e., of PLTs, RBCs, and WBCs, improve and are obtained at a blood sample flow
velocity of 700 pm/s and buffer solution flow velocity of 1200 um/s with 12 Vi, electrode
voltage, after experimenting and testing at multiple flow velocities. Additionally, a curved
microchannel is introduced, producing better plasma flow velocity than a flat microchan-
nel at the side outlets (top and bottom). The cell-free diluted plasma is collected at side
outlets (top and bottom) with high purity and improved separation efficiency.

Keywords: blood cell separation, dielectrophoresis, microfluidic device, plasma separa-
tion.
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1. INTRODUCTION

Human blood contains PLTs, RBCs, WBCs, and plasma. A very low PLT
count leads to thrombocytopenia. A very low WBC count leads to viral infec-
tions in the body. On the other hand, an excessive WBC count may be a sign
of leukemia. Also, the calculation of the RBC count anticipates the possible
occurrence of diseases such as anemia, vitamin B6 and B12 deficiency. About
55% of our blood is plasma. The cell-free plasma is a slightly yellowish liquid.
Blood plasma can be regarded as the core of information that comprises signs of
biomarkers, including proteins, nucleic acids and pathogens for medical analy-
sis [1]. Therefore, the most efficient approach for evaluating a patient’s overall
health is a blood test. In blood diagnosis, the cells in WBCs, RBCs, PLTs, and
plasma are separated distinctly, and then counting and exploring of the cells
and plasma is conducted for further disease analysis. The conventional approach
for separating blood components is gradient centrifugation, which involves lab-
oratory infrastructures and technical complexities |2]. Therefore, there is a need
to develop new technologies with fewer complexities.

Among the several new technologies, microfluidics plays a crucial role in to-
day’s emerging medical science. Microfluidic technology utilizes a significantly
small volume of biological fluids and biological particles with a size range of
several micrometers using microchannels and microelectronics [3]. One of the
most preferred microfluidics applications are lab-on-a-chip devices. In these mi-
crofluidic platforms, several mechanisms are used for separating the blood com-
ponents. These mechanisms are classified into two broad sections of active and
passive mechanisms, as given in Fig. 1 [4-6].

Fia. 1. Classification of separation mechanism in microfluidics.

Among the various active separation mechanisms, in acoustophoresis, ultra-
sonic standing wave force controls the movement of the bio-particles. In magne-
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tophoresis, magnetic nanoparticles are attached to targeted biological cells, and
by using magnetophoretic force in a nonuniform magnetic field, separation takes
place through the deflection of cells based on their size, magnetic susceptibil-
ity, and flow velocity. In DEP, utilizing a DEP force in a non-uniform electrical
field, the cells are separated based on diameter, dielectric permittivity, electrical
conductivity, and flow velocity. Optical tweezers utilize focused laser beams for
sorting the cells depending on their size and refractive index variance. Includ-
ing several passive separation mechanisms, the hydrodynamic phenomenon is
a technique in which the cells are separated based on their sizes. Other popu-
lar cell separation mechanisms are the hemodynamic phenomena and filtration
techniques.

Karthick and Sen |7] developed a microfluidic blood plasma separator device
utilizing the acoustophoresis mechanism. Yan et al. [8] designed a microfluidics
device for separating the blood particles and plasma from diluted blood using
the negative DEP force and achieved a plasma purity of 94.2% with a separation
recovery of 16.5%. Yang et al. [9] designed a micro-channel for separating the
plasma from whole sampled blood using DEP and got 100% purified plasma, with
a separation recovery of 31%. Lee et al. [10] developed a diluted blood plasma
separator using the inertial lift and Dean drag forces with an RBC rejection rate
of 60% and plasma isolation recovery of 62.2%. Spigarelli et al. [11] designed
a microfluidics filter-based device for low volume blood-plasma separation.

Yet, these devices only separate the plasma from blood cells and do not sep-
arate the individual blood cells along with plasma. However, Zhang et al. [12]
designed a microfluidic chip for separating RBCs and PLTs utilizing a nega-
tive DEP force with 100% cell separation purity. Shirinkami et al. [13| designed
a microfluidic chip for separating WBCs and RBCs using hydraulic jump and
sedimentation hydrodynamic phenomena and trapped 69% of WBCs and 80%
of RBCs. However, these approaches are only for separating the blood cells, not
for plasma.

So, we have developed a device that can separate blood particles such as
PLTs, RBCs, and WBCs and also continuously dilute plasma using the negative
DEP force. Our intention was to develop a microfluidic device conducting the
complete clarification in blood analysis. Different design stages, electrode shapes,
voltages, and flow velocities on blood cells and plasma separation were simulated
using COMSOL Multiphysics 5.4 software.

2. THEORETICAL BACKGROUND

DEP is a force that is applied on the dipole moment-induced dielectric par-
ticle with zero surface net charge using a nonuniform electrical field [14]. In the
nonuniform electrical field F, the dipole having similar and inverse charges +¢q
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and —q at a d distance apart is positioned. For the nonuniform electrical field,
the two charges will face dissimilar values of electric field E, and there will be
a net force acting on the dipole, as shown in Fig. 2. Now, the sum of the forces
on the cell or dielectric particle is given by

F=qf (F+d) - aB(7), (1)
where 7 represents the position vector of —q. So, the electrical field can be
written as

B (F+ J) = d - VE )+ B (7). 2)
Next

F = qci- VE. (3)

Next, the electric dipole moment p'is represented as
P = qd, (4)

so the force F enforced on the dipole is nothing but the DEP force enforced on
the cell or particle

—

Fopp = - VE. (5)

Fic. 2. Amount of net force on the dipole of strength p’ = qJ
in the nonuniform electrical field.

If the cell is suspended in the dielectric fluid medium of permittivity &, and
exposed to a nonuniform electrical field, a dipole moment is induced on the cell.
Then, the electrostatic potential ¢pp due to the effective point dipole moment
ﬁeff is

cos

YD (peff)a (6)

 Amepr?
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where 6 and r are the polar angles and radial position, respectively. For the
homogeneous dielectric sphere of the cell with radius R and permittivity e,
the expression of effective dipole moment is given as follows:

Dot = dmem KRPE. (7)

where K is the Clausius—Mossotti factor. For an AC nonuniform electrical field,
the effective dipole moment becomes

Pop = 4%, K (w) R°E, (8)
and then
eX — ¢t
K(w) = 2—" 9)

= * 7
ey + 25,

where complex dielectric permittivity of particle and dielectric medium are &,
and ¢, respectively, and the driving frequency is w. Now,

Fpgp = 4ne’, K(w)R*E - VE. (10)
Again,

2EVE = VE2. (11)
So

Fpgp = 2ne’, RPK (W)VE?, .. (12)
Again,

Fpgp = 2ne R°Re [K (w)] VEZ (13)

Zm * = g, + 72 and the real part of the Clausius-Mossotti

where €7, = em + 52, €, =

factor becomes

(op—om)
m + (Sp + 25m) (Ep — 5m)

Re [K (w)] =

s (14)
2 op+20m

(ep + 2em)” + (”T)

where oy, is the electrical conductivity of the particle or cell and oy, is the elec-
trical conductivity of the dielectric medium. Also, Re [K (w)] varies in the range
between —0.5 and 1. If Re [K(w)] is positive, the particle tends to move toward
the high electric field strength region. It is called positive DEP. If Re [K (w)] is
negative, the particle tends to move in the direction of the low electrical field
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strength area. It is known as negative DEP. Also, from Eq. (14), it can be said
that if w — 0,

—om + 0
K —n P 1
Re (K ()] = 5722 (15)
If w — oo, then
—Em + €
K —n P 1
Re[K(w)] - 5 (16)

From Eq. (13), it can be said that Fpgp varies with the cubic radius of cells or
particles. Therefore, cells with a bigger diameter face a larger amount of DEP
force than cells or particles with a smaller diameter. Contradictory, the DEP force
also varies proportionally with the squared root mean squared value of the electri-
cal field gradient. The dielectric particles with zero surface net charge in a nonuni-
form electric field receive DEP force in Eq. (17), agreeing with the proposal of
Pohl [15]. The schematic representation of DEP is given in Fig. 3.

Negative DEP Positive DEP
-V -V

Po.larlzet.i Electrode Polarized
particle with particle with
Zer(t> Sllllrface zero surface
net charge

Movement direction net charge

-

Fic. 3. Schematic representation of the negative and positive DEP.

Electrode v

Different cells have different structures with different dielectric features. Some
of these cell structures are equivalent to a solid sphere. Here, the single-shelled-
based spherical model is used, as shown in Fig. 4 [16]. The equivalent dielectric
permittivity €}, of this model is

*
—ez)’

*
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eq’
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where Ry is the outer radius, R; is the inner radius of the dielectric shell, €} is
the complex dielectric permittivity of the particle or cell, and €} is the complex
dielectric permittivity of the outer shell.
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Fic. 4. Spherical cell model with a single shell.

The effectiveness of the microfluidic device is expressed by cells separation
efficiency (Cgg), cells separation purity (Cgp), plasma separation purity (Pgp),
and plasma separation efficiency (Pgg):

Cop(X) = The cell of type X reaching the target outlet of X (18)
SE N The cell of type X injected at the inlet ’

The cell of type X reaching the target outlet of X

Csp(X) = 19
sp(X) The cell of all types reaching the target outlet of X’ (19)
Peo — 1 Number of cells collected at plasma outlet (20)
5P = Total number of cells injected at the inlet’
Total volume of plasma collected at plasma outlet
SE = (21)

The total volume of blood injected at the inlet

3. PROPOSED MICROFLUIDIC DESIGN STEPS AND SIMULATION MODEL

3.1. Design of the microfluidic platform

Two types of design with flat and curved microchannels with a length of
600 pm and width of 68 pm are used, as shown in Figs. 5 and 6, respectively.
These have two inlets. One is used as the blood sample inlet of length 109 um
and width of 38 um, and the other one is used as the buffer inlet of length
109 um and width of 68 pm. There are three cell separation outlets at the edge
of the microchannel, each has a length of 109 um and a width of 38 um. On
the upper side of the microchannel, there are six, and at the bottom (lower),
there are eleven plasma outlets. Each of these has a length of 95 um and a width
of 16 um. The electrodes are placed on the upper portion of the microchannel.
Two different shapes of micro-tip electrodes, triangular and semicircular micro-
tip, are considered, as shown in Fig. 6. Here, these electrodes were designed
because of their higher electrical field strength, which is responsible for larger
DEP force than the normal shape of electrodes such as triangular, rectangular,
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Fia. 5. Design of the device with a flat microchannel.
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F1G. 6. Design of the device featuring curved microchannel using:
a) triangular micro-tip, b) semicircular micro-tip electrode.
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or semicircular [17, 18|. The electrodes are organized in such a way that apply-
ing AC voltage to the electrodes results in a nonuniform electrical field inside
the microchannel. The width of both electrodes is 62 um and the height of the
micro-tip to the base for triangular is 20 um and the semicircular is 37 um. The
inflow velocity at the buffer inlet is maintained higher than the inflow velocity
at the blood sample inlet to maintain the focus of the blood particles toward the
electrodes. The conductivity of the carrier sample fluid inside the microchannel
is achieved at 55 ms/m by diluting the injected blood sample with the help of
injected phosphate buffer saline (PBS) solution. The density and dynamic vis-
cosity of the fluid is achieved at 1000 kg/m? and 0.001 Pa-s, respectively. The
dielectric properties of three kinds of blood cells and diluted blood plasma are
shown in Tables 1 and 2, respectively [18-22].

3.2. Simulation process

3.2.1. Configuring fluid flow. The creeping flow constituent is used for gen-
erating the flow field inside the channel. In this flow, inertial forces are smaller
than viscous forces. The Reynolds number for this flow is Re <« 1. The com-
manding equations of the creeping flow are given as:

V-[-PI+ K|+ F =0, (22)
pV -u =0, (23)

where P denotes the pressure, I denotes the identity matrix, and u is the velocity
vector.

3.2.2. Configuring electrical field. The electrical currents module is used for
the electrical field mapping in the device. The equations are given as follows:

v : ‘] - Qj,’lh (24)
J=0E+J., (25)
E=-VV, (26)

where J is the current density, @), is the resistive loss, and J, is the externally
generated current.

3.2.8. Setting up the particle tracing constituent. In this part, the drag and
DEP forces are enforced toward the cells. The commanding equations, which are
used for the DEP force, are given in Egs. (24) and (25). The cells in the blood
are formed using single-shelled spherical model, mentioned in Eq. (26).
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TABLE 1. Dielectric features of blood cells of type 1 and type 2.

Cells in blood Blood cells of type 1 Blood cells of type 2
PLTs | RBCs | WBCs | PLTs | RBCs | WBCs
Diameter [pm] 1.8 5 9.4 2 6 14
Electrical conductivity [S/m] 2.5e-4 | 3.1e-4 | 4.87e-4 | 0.25 | 0.31 0.65
Relative permittivity 50 59 136 50 59 60
Shell’s electric conductivity [S/m] | 1e-9 | 1le-9 | 7.25e-9 | 0.1e-5 | 0.1e-5 | 2.74e-5
Shell relative permittivity 6 4.44 10.3 6.7 4.44 6
Shell thickness [nm] 8 9 6.5 8 9 7

TABLE 2. Dielectric features of blood plasma.

Plasma of blood Diluted plasma

Electric conductivity [mS/m] 55

Relative permittivity 80

&
=

Re[CM()]
Re[CM()]

Frequency [Hz] Frequency [Hz]

o
~
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Re[CM()]
Re[CM(/)]

Frequency [Hz] Frequency [Hz]
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Fia. 7. Plotting of Re [CM(f)] vs. frequency [Hz| for: a) platelet, b) RBC, ¢) WBC;
and for: d) platelet, e) RBC, f) WBC utilizing Tables 1 and 2 features, respectively.
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Based on the dielectric features of the blood cells given in Table 1 and the
blood plasma in Table 2, Re [K(w)] or Re[CM(f)] is analyzed, and the spec-
trum is shown in Fig. 7. It is found that for both PLTs and RBCs, the negative
Re [CM(f)] exists for all frequencies. But for WBC, the negative Re [CM(f)] ex-
ists in frequencies ranging from 10% to 10% Hz. Also, at 10° Hz all three kinds
of blood cells are subjected to maximum negative Re [CM(f)]. So, at this fre-
quency, the maximum negative DEP force can be achieved. Also, based upon the
features in Tables 1 and 2, Re[CM(f)] is analyzed, and the spectrum is shown
in Fig. 7. Tt is found that for both RBCs and WBCs, the negative Re [CM(f)]
exists for the frequency range from 103 to 10° Hz. But for platelet, the negative
Re [CM(f)] exists for the frequency ranging from 103 to 10° Hz. So, for applying
the negative DEP force to all the blood cells, 10° Hz frequency is chosen. There-
fore, considering two types of features, the driving frequency is taken as 10° Hz
or 100 kHz.

In Eq. (13), the DEP force varies with the cell cubic radius, and consequently
the WBC comprises the highest diameter subjected to a larger negative DEP
force than the RBC and PLT with smaller diameter. As a result, the WBCs
will have the highest deflection toward the lower electrical field strength area of
the microchannel that is away from the micro-tip and will follow the last (11th)
cell outlets. On the other hand, the diameter of the RBC is greater than PLT.
So, the RBCs will be subjected to a larger amount of the negative DEP force
than the PLT and will deflect toward a smaller electric field strength region and
follow the middle cell outlet. The diameter of the PLTs is very small. So, they
are subjected to the lower magnitude of the negative DEP force and smaller
deflection. Hence, the PLTs will follow the first cell outlet (OLT). The uninter-
rupted plasma will flow through the lower and upper outlets. Due to the stronger
negative DEP force generated by the micro-tip electrodes placed on the upper
side, the blood cells will be repelled toward the center of the microchannel, and
uninterrupted plasma will flow through the upper side outlets. Also, due to the
bifurcation, at the lower side plasma outlets, the flow velocity is smaller than
in the middle of the microchannel. So, the blood cells will flow through the
center of the microchannel and the plasma will flow through the bottom side
outlets.

4. ANALYSIS OF SIMULATION RESULTS

4.1. Impact of microchannel geometry on the flow velocity
at the plasma outlets

Two types of microchannel flat and curved-based devices are shown in Figs. 5
and 6, respectively. Initially, the blood sample and buffer solution inlet flow
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velocities are maintained at 700 pm/s and 1200 pum/s, respectively. The average
flow velocities at the upper and lower plasma outlets are plotted as shown in
Fig. 8. One can observe that the curved microchannel geometry results in higher
flow velocity at the upper and lower outlets. Therefore, a curved microchannel
is selected over the flat microchannel.

a)

Flat microchannel

Curved microchannel

Average flow velocity of plasma [um/s]

Outlet number

=

Flat microchannel

Curved microchannel

Average flow velocity of plasma [m/s]

Outlet number

Fia. 8. Plot of average flow velocity at (a) upper and (b) lower plasma outlets.

4.2. Impact of micro-tip electrode’s geometrical structure
on the electrical field strength in the device

Segregation of distinct cells and plasma inside the microchannel depends
on the high DEP force that needs greater electric field strength generated by
the electrodes. Triangular and semicircular micro-tip electrodes are designed,
as shown in Fig. 6. Initially, 10 V, voltage is applied to the electrodes. The
nonuniform electric field distribution inside the device is shown in Fig. 9. It is
noted that the extreme electrical field line density is observed at micro-tip point,
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)

[mV/m]

Electric field, y component [mV/m]

Arc length [um]

Fia. 9. Electrical field strength map inside the device for: a) triangular micro-tip, b) semicir-
cular microtip electrodes, and c) electrical field strength at the reference cut line.

corners, and in front of both electrodes. Far from the electrodes, the electric
field line density reduces, resulting in the reduction of the electric field strength
also. A cut line is taken as the reference from 20 pm above the middle of the
micro-channel, as shown in Fig. 9, to explore which micro-tip electrode geometry
delivers higher electrical field strength. It is seen that the electrical field strength
for the triangular micro-tip electrode is greater than the semicircular micro-tip
at the similar reference cut line location.
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The blood particle trajectories are simulated by taking the properties from
Table 1, using both these electrodes, as shown in Fig. 10. It can be seen that the
separation distance between PLT and RBC trajectories for triangular micro-tip
electrodes is about 20 um and the semicircular micro-tip electrode is about 15 pm.
Also, the separation distance between RBC and WBC trajectories for triangular
micro-tip electrodes is about 32 pwm and for the semicircular micro-tip elec-
trode is about 22 um. The larger separation distance reduces the clogging in
a microchannel. As a result, the separation efficiency for PLT, RBC, and WBC
is 63.93%, 98.9%, and 98.36%, respectively, which is greater than the separation
efficiency of the device using semicircular micro-tip electrodes with the separa-
tion efficiency of 50.8%), 94.45%, and 95.6%, respectively. Although at the bottom
outlets, the plasma separation purity for using both types of electrodes is about
99.45% but the plasma separation purity at the upper outlets for the device us-

a)

Particle trajectories ~ Surface: Electric potential [V]

Particle trajectories  Surface: Electric potential [V]

F1G. 10. Separation distance between blood cell trajectories using: a) triangular micro-tip and
b) semicircular micro-tip electrodes.
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ing triangular micro-tip electrode is 94.35%, which is greater than the device
using semicircular micro-tip electrode with the separation purity of 92%. For all
of these reasons, triangular micro-tip electrodes are selected.

4.3. Impact of electrode voltage and width of the plasma outlets
on the separation performance

The electrical field strength inside the microchannel also varies with the
change in applied peak-to-peak voltages on the electrodes. In this section, the sep-
aration purities and efficiencies of blood cells and separation purity of plasma
are analyzed with the variation of enforced peak-to-peak triangular micro-tip
electrode voltage and plasma outlet width, as shown in Figs. 11, 12 and 13. In
Fig. 11, it can be observed that using a plasma outlet width of 16 um, the 100%
blood cell separation purity for PLT, WBC, and RBC is achieved at the 10 V,
electrode voltage. The separation efficiency for PLT, RBC, and WBC is 63.93%,
98.9%, and 98.36%), respectively, which is the highest and achieved at 10 Vp,,
electrode voltage. Also, the maximum plasma separation purity at upper and
bottom outlets is 94.35% and 99.95%, respectively and achieved at 10 Vy,, elec-
trode voltage. In this case when the electrode voltage range is less than 10 Vp,,,
due to low electric field strength, less negative DEP force is enforced on the

a) b)
Platelet OLT RBC OLT WBC OLT
_ Platelet OLT RBC OLT WBC OLT g
S z
z 5
= 5
= £
£ g
5 g
g g
5 c
O o
6 8 10 12 14 16 6 8 10 12 14 16
Electrode voltage [V,] Electrode voltage [V,,]
c)
Upper OLT Bottom OLT

S

2

=]

=

o

<

£

E

~

6 8 10 12 14 16

Electrode voltage [V,,]

FiG. 11. Plot of a) cell separation purity vs. electrode voltage, b) cell separation efficiency vs.
electrode voltage, and c¢) plasma purity vs. electrode voltage using 16 pm plasma outlet width.
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blood cells. As a result, the deflection of RBC and WBC is significantly small,
and they are not able to separate, as shown in Fig. 11. For less negative DEP
force, a large number of blood cells also reach the upper outlets, resulting in
reduced plasma purity. When the electrode voltage range is more than 10 Vi,
for high electric field strength, a larger amount of negative DEP force is enforced
on the blood cells.

The deflection of all the blood cells toward the lower electric field strength
region is greater. As a result, the separation purity and efficiency of the blood
cells is reduced, and a large number of WBCs reach the bottom outlet, resulting
in reduced plasma purity. In Fig. 12, it can be seen that considering a plasma
outlet width of 14 pum, the 100% separation purity for PLTs, RBCs, and WBCs
is achieved at the 10 V, and 12 V|, electrode voltages. The highest separation
efficiency for the PLTs, RBCs and WBCs is achieved at 10 V, electrode voltage,
which is 65%, 98.36% and 98.9%, respectively. Also, maximum plasma purity for
upper and bottom plasma outlets is achieved at 10 V,, electrode voltage, which
is 94.4% and 100%, respectively.

a) b

Platelet OLT RBCOLT WBC OLT Platelet OLT RBC OLT WBC OLT

~

Cell separation purity [%]
Cell separation efficiency [%]

6 8 10 12 14 16 6 8 10 12 14 16
Electrode voltage [V,,] Electrode voltage [V,]
¢)
Upper OLT Bottom OLT
S
2
=]
E]
a
<
]
4
=
6 8 10 12 14 16

Electrode voltage [V,,]

Fia. 12. Plot of a) cell separation purity vs. electrode voltage, b) cell separation efficiency vs.
electrode voltage, and c) plasma purity vs. electrode voltage using 14 um plasma outlet width.

When the electrode voltage range is greater than 12 Vi, for higher electric
field strength, the magnitude of negative DEP force is greater. So, the deflection
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of all the particles is large, resulting in friction of PLTs with the inner walls
and a large deflection of RBCs toward the WBC outlet. Also, the WBCs in the
bottom plasma outlets reduce the plasma purity. In Fig. 13, it can be noted
that considering 12 pm plasma outlet width, 100% cell separation purity at the
three kinds of cell outlets is achieved at 10 V, and 12 V;, electrode voltages.
Optimum cell separation efficiency is achieved at 12 V,, electrode voltage, which
is 99.45% for the PLT outlet, 100% for both RBCs and WBCs outlets, and
100% purified plasma at the lower and upper plasma outlets is accomplished
at 10 Vp, and 12 V,, electrode voltages. In Fig. 14, it can also be observed
that when the electrode voltage is 8 Vi, the amount of the negative DEP force
acting on the blood cells is very small. So, smaller deflection of WBCs results in
clogging and friction with the inside wall of the RBC outlet. Also, the RBCs get
clogged and have friction with the inside wall of its outlet, affecting the separation
efficiency. The WBCs and RBCs are not separated and come through the same
RBC outlet affecting the separation purity as well. On the other hand, due to
less force, the deflection of the PLTs is significantly smaller, resulting in PLTs
entering the upper outlets and affecting the plasma purity. When the electrode
voltage is more than 12 Vy,, taking 16 V, electrode voltage, due to higher
electrical field strength, the higher negative DEP force acting on WBCs results

a) b)
Platelet OLT RBC OLT ‘WBC OLT Platelet OLT RBC OLT WBC OLT

- S
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z 2
2 2
=1 L)
] =
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= 2
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6 8 10 12 14 16 6 8 10 12 14 16
Electrode voltage [V,,] Electrode voltage [Vy,]
c)
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S
2
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a
<
g
=
~
6 8 10 12 14 16

Electrode voltage [V,]

Fi1a. 13. Plot of a) cell separation purity vs. electrode voltage, b) cell separation efficiency vs.
electrode voltage, and c¢) plasma purity vs. electrode voltage using 12 pm plasma outlet width.
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F1G. 14. Separation at: a) 8 Vpp, b) 12 Vo, and ¢) 16 Vpp electrode voltages
using 12 um width of plasma outlets.

in the flow toward bottom outlets and clogging in the bottom wall. Therefore,
plasma purity is reduced.

Therefore, it can be observed that maximum cell isolation purity and effi-
ciency, and plasma purity are achieved with 12 V,,, electrode voltage and 12 pm
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width of plasma outlets. The amount of negative DEP forces acting on blood
cells at the different positions inside the device is shown in Table 3. Also, taking
these design parameters into account, the particle trajectories for the particle
properties of type 2, shown in Table 1, are simulated and the simulation result
is shown in Fig. 15. At 12 V, electrode voltage, the device can achieve cells

TaBLE 3. Amount of negative DEP force enforced on the blood cells
of type 1 and type 2 properties.

PLT PLT DEP RBC RBC DEP WBC WBC DEP
position| position force position | position| force | position| position force
(z) (y) on platelet (z) (y) on RBC (z) (y) on WBC
[1m] [1m] [PN] [m] [pm] [PN] [pm] (1] [PN]
Blood cells of type 1 properties
35.162| 45.750 | —0.24351 | 131.28 | 27.759 | —5.2027 | 105.47 | 17.512 |—24.380
42.470| 34.843 | —0.11597 | 184.32 | 23.107 | —4.3966 | 137.28 | 17.677 |—19.177
103.04 | 25.469 | —0.33107 | 206.36 | 21.273 | —2.8816 | 147.50 | 14.359 |—15.096
274.75 | 23.766 | —0.23018 | 303.19 | 18.387 | —2.6258 | 216.51 | 10.201 | —9.1832
559.47 | 21.890 | —0.10706 | 396.05 | 15.321 | —1.9551 | 244.60 8.1274| —9.2092
35.162| 45.750 | —0.24351 | 484.24 | 12.752 | —2.2359 | 254.92 6.3983| —7.9129
42.470| 34.843 | —0.11597 | 533.64 7.6812| —1.6929 | 312.10 4.2051| —6.7843
Blood cells of type 2 properties
116.04 | 43.014 | —0.65811 | 108.99 | 27.720 | —9.9772 | 105.63 | 20.222 |—27.032
120.89 | 34.986 | —0.49410 | 135.06 | 24.737 | —7.4348 | 141.67 | 19.739 |—20.385
194.18 | 25.423 | —0.29714 | 203.60 | 22.783 | —5.6717 | 214.52 | 15.138 |—11.905
425.79 | 22.312 | —0.23844 | 210.19 | 19.021 | —4.1815| 248.31 | 11.912 |—11.302
352.96 | 21.972 | —0.19316 | 235.96 | 18.119 | —4.5116| 314.34 9.7929 | —9.4739
565.51 | 22.003 | —0.12085 | 333.79 | 13.123 | —3.5564 | 346.09 7.1534| —8.0087
597.91 | 30.985 | —0.035503| 425.18 | 10.050 | —2.3582 | 404.25 5.8441| —6.1161

v

pm

pum

F1a. 15. Separation at 12 V,;, electrode voltage using 12 pm width of plasma outlets.
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separation purity of 100% and the separation efficiencies of 97%, 98.9%, and
98.36% at the PLT, WBC, and RBC outlets, respectively. Also, 100% purified
plasma is achieved at both upper and lower plasma outlets. The amount of
negative DEP forces acting on the blood cells at the different positions inside
the device is shown in Table 3. It can be observed that regions near the electrodes
and the larger blood cell diameter are subjected to the larger negative DEP force
than away from the electrodes and the smaller blood cell diameter.

4.4. Effectiveness of the blood sample and buffer solution inlets flow
velocities on the separation efficacy of the device

The velocities at the blood sample and the buffer solution inlets vary consid-
ering blood cells of properties of type 1 in Table 1 and using design parameters
obtained in the previous section at 12 V,, electrode voltage. The impact of flow
velocity on the separation performance of the device can be analyzed in Fig. 16.
The optimum separation performance is achieved at the flow velocity range from
700-1100 um/s at the inlet of the blood sample and the flow velocity range of

&
Nt

b)

Platelet OLT RBC OLT WBC OLT Platelet OLT RBC OLT WBC OLT

Cell separation purity [%]
Cell separation efficiency [%]

Flow velocity at inlet 1 (blood sample) and inlet 2 (buffer solution) [um/s] Flow velocity at inlet 1 (blood sample) and inlet 2 (buffer solution) [Lm/s]

)

Upper OLT Bottom OLT

Plasma purity [%]

Flow velocity at inlet 1 (blood sample) and inlet 2 (buffer solution) [um/s]

F1G. 16. Plot of a) cell separation purity, b) cell separation efficiency, and c) plasma purity vs.
flow velocity at inlet 1 (blood sample) and inlet 2 (buffer solution).
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1200-1600 pm/s at the buffer inlet. However, using 700 um/s flow velocity at
the inlet of the blood sample, the mass flow rate achieved is 2.793 x 10! kg/s
and the volumetric flow rate is 2.66 x 1074 m3/s.

Also, using 1200 um /s flow velocity at the buffer solution inlet, the mass flow
rate achieves 8.16 x 107! kg /s and the volumetric flow rate is 8.16 x 10~ m?/s.
The diluted plasma flow rate achieved at the upper plasma outlets range from
5.44752 x 1071 m?3 /s to 1.087944 x 10715 m3 /s and at the bottom plasma outlets
range from 5.86164 x 107 m3 /s to 1.37748 x 10~1° m?/s. So, the diluted plasma
separation efficiency is achieved at 52.33%. However, using 1100 pm/s flow ve-
locity at the blood sample inlet, the mass flow rate achieved 4.389 x 107! kg /s
the volumetric flowrate calculated at the blood sample inlet is 4.18 x 10714 m? /s,
Also, using 1600 um/s flow velocity at the buffer solution inlet, the mass flow
rate achieved 1.088 x 10719 kg/s and the flow rate calculated at the buffer solu-
tion inlet is 1.088 x 107!3 m3/s. The diluted plasma flow rate achieved at the
upper plasma outlets ranges from 7.57908 x 1071% m3 /s to 1.51368 x 10715 m3 /s
and at the bottom plasma outlets ranges from 8.15532 x 10715 m?/s to 1.9164 x
107 m3/s. Therefore, the plasma separation efficiency is achieved at 52.31%.
Now, it can be observed that in both cases, the plasma separation efficiency is
almost equal as the velocity increases in a similar increment ratio. However, for
maintaining the low pressure inside the device the smaller flow velocity at the in-
lets is chosen as 700 wm/s blood sample inlet flow velocity and 1200 pwm /s buffer
solution inlet flow velocity. Also, considering the blood cell properties of type 2
from Table 1, at 700 wm/s blood sample inlet flow velocity and 1200 pm/s buffer
solution inlet flow velocity, the maximum diluted plasma separation efficiency is
achieved at 52.33%.

5. CONCLUSION

The research analysis on microfluidic design for continuous separation of three
kinds of blood cells and plasma. explored the influence of DEP. We have success-
fully investigated various microchannel geometries, electrode shapes, electrode
voltages, widths of plasma outlets, and flow velocities at the inlets to compute
their effect on blood cell isolation purity and efficacy, plasma segregation pu-
rity and efficiency, and plasma flow velocity through simulation in COMSOL
Multiphysics 5.4 software. The design featuring curved microchannel, triangu-
lar micro-tip electrodes, and 12 pum plasma outlet width was able to perform
successful separation of all three kinds of blood cells with two types of prop-
erties and plasma at 12 Vp, electrode voltage and at 700 pm/s blood sample
inlet flow velocity and 1200 um/s buffer solution inlet flow velocity. The device
efficiently produced 100% cells separation purity and cells separation efficiency
of 99.45% for the PLT outlet, 100% for both RBCs and WBCs outlets, 100%
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purified plasma at the lower and upper outlets, and plasma separation efficiency
of 52.3% considering cell properties of type 1. Also, the device successfully at-
tained 100% cells separation purity and separation efficiencies of 97%, 98.36%,
and 98.9% at the PLTs outlet, RBCs outlet, and WBCs outlets, respectively, and
100% purified plasma at both lower and upper outlets, and overall diluted plasma
separation efficiency of 52.33% considering cell properties of type 2. Also, from
the numerical analysis and considering the spectrums of Re[CM(f)] for three
kinds of cells using two sets of properties, the driving frequency was chosen as
100 kHz. Thus, the device was better suited for the continuous separation of all
the blood components compared with existing designs. Moreover, the effective-
ness of the device is that it not only separates the diluted plasma but is also able
to separate distinct blood cells with various properties. Therefore, it can be used
in various clinical point-of-care diagnosis with its superior performance, including
efficient separation purity, separation efficiency, and less operating voltage.
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