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Abstract: Mammalian blood cell separation methods contribute to improving the diagnosis and
treatment of animal and human diseases. Microfluidic deterministic lateral displacement (DLD)
devices can sort cells based on their particle diameter. We developed microfluidic DLD devices with
poly(propylene)-based resin and used them to separate bovine and human red blood cells (RBCs) and
white blood cells (WBCs) without electric devices. To determine the critical cut-off diameter (D) of
these devices, we used immunobeads with a diameter of 1-20 um. The D, values of the microfluidic
DLD devices for the immunobeads in the experiments were similar to the calculated D, values
(810 pm). Results from bovine blood cell separation experiments suggest that lymphocytes and
neutrophils can be separated from diluted, whole blood. Human RBCs were occasionally observed in
the left outlet where larger particles with diameters closer to the D, value were collected. Based on the
D, values, human neutrophils were sorted to the left outlet, whereas lymphocytes were observed in
both outlets. Although microfluidic channel optimization is required for the concentration of sorted
cells, the microfluidic DLD device prepared with a poly(propylene)-based resin has the potential for

clinical use.

Keywords: deterministic lateral displacement; polypropylene-based microfluidic device; blood cell
separation; microscopic analysis of blood cells

1. Introduction

Deterministic lateral displacement (DLD) devices have been used for the size-based
separation of microspheres and mammalian cells, such as blood cells and bacteria [1-23].
Microfluidic DLD devices contain microfluidic channels with micropillar obstacles. A
microsphere in the microfluidic DLD channel is acted on by lift force from the pillar
and drag force to the microspheres (Figure 1a) [5]. The critical cut-off diameter (D) for
microparticles is dependent on the size of the gaps between the pillars (g) and the array
rotation angle (8), as shown in Equation (1), when the lateral gap and downstream gap are
the same [4].

D, = 1.4¢(tan)"48 (1)

As shown in Figure 1b, smaller particles remain within a flow stream, and large
particles are displaced at each obstacle [2]. D. depends on the pillar arrangement, pillar
shape, and microparticle concentration [4,6]. A combination of microfluidic methodologies,
including microfluidic DLD devices and digital process automation technologies, has been
suggested for bioanalyses, such as antibody analysis of sorted cells and single-cell enzy-
matic secretion [3,17]. The advantages of microfluidic DLD devices over other microfluidic
separation devices include a high separation efficiency and simple fluid control [5-7]. On
the basis of lithography and microscale fabrication technologies, particle separation using
DLD has been performed at a diameter scale of 1-50 um, which offers the potential for
biomedical applications involving cell separation [3,17-19].
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Figure 1. (a) Schematic of the deterministic lateral displacement (DLD) principle for particle sepa-
ration. (b) Microfluidic channel arrangement in this study. (c¢) A photograph of the polypropylene
(PP)-based microfluidic DLD device. The size of this chip is 25 mm x 58 mm. (d) Microscopic images
of the inlets and outlets of the microfluidic DLD device (Chip 1). (e) An optical microscopy image
showing the pillar size and gaps of the micropillars. (f) A SEM image of the micropillars. (g) A
cross-section of the three-dimensional reconstructed image. A color contour shows the height of the
microstructures. The heights of the pillars are approximately 40 pm.

Blood cell separation via microfluidic DLD devices has potential applications in
clinical diagnosis and treatment [17-19]. Studies have proposed microfluidic DLD device
applications such as automated diagnostic systems and chimeric antigen receptor T cell
or other therapeutic cell-manufacturing processes [18]. The microfluidic DLD devices can
provide the enrichment or depletion of common or rare cells, apheresis, and patient-specific
immune signatures [17,19]. DLD may be a candidate for clinical use because of its high
reproducibility and fabrication in low-cost microfluidic devices.

Many microfluidic DLD devices with micropillars are produced using polydimethylsilox-
ane (PDMS), which has been used for microfluidic channel preparation in soft-lithography
technologies because of its high spatial resolution for the transfer of nanopatterns (approx-
imately 1 nm), optical transparency, and biocompatibility [24]. However, PDMS must be
purified to medical grade for clinical use [25]. Conventional PDMS for non-medical purposes
is not appropriate for medical applications, and it is especially difficult to use treated cells on
PDMS-based chip devices for clinical treatments such as apheresis and implantation. Because
PDMS for medical purposes is expensive, polypropylene (PP)-based chips have been used for
cell treatments in medical applications because they are cost effective. Previous studies used
elastomers and fabricated DLD devices via the hot-emboss method [17,18]. Our microfluidic
DLD devices are made from PP-based resins. The devices are used for blood cell analytical
devices [26,27] and their microstructures in the channels are prepared using the hot-emboss
method or the injection molding method.

In this study, we used PP-based microfluidic DLD devices to separate bovine and
human blood cells. The separation efficiency depended on the micropillar structures in
the microfluidic channels. The D, values obtained by experimental evaluations using
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immunobeads were nearly the same as the calculated values. The average diameters
of the bovine red blood cells (RBCs) and white blood cells (WBCs, mainly lymphocytes
and neutrophils) were 5 pm and 10 pm, respectively. We used microfluidic DLD devices
with D, = 8-10 um and collected WBCs as large microparticles. Using DLD microfluidic
chips with different calculated D, we evaluated the differences in leucocyte collection in
animal species and types of separated blood cells. We evaluated WBCs using histochemical
staining. Finally, we discuss the potential clinical applications of our PP-based microfluidic
DLD devices for diagnosis and treatment.

2. Materials and Methods
2.1. Materials

Immunobeads (Irvine Scientific, California, CA, USA), bovine blood (Japan Bio Serum
Co. Ltd., Fukuyama, Japan), and heparin-treated human blood (Rockland Immunochemi-
cals Inc., Pennsylvania, PA, USA) were purchased. Bovine blood cells and human blood
cells were stained using the Wright-Giemsa stain kit (ScyTec Laboratories Inc., Utah, UT,
USA) and Diff-Quik stain kit (Sysmex, Kobe, Japan), respectively. The running buffer was
prepared using 0.5% (w/v) bovine serum albumin (BSA; Nacalai Tesque, Kyoto, Japan), and
2 mM EDTA (Dojindo, Kumamoto, Japan) in 10 mM PBS (Wako, Tokyo, Japan).

2.2. Device Fabrication

A schematic of the microfluidic DLD channel structure is shown in Figure 1b. This
device has a micropillar array, two inlets, and two outlets. The silicon masters for the mi-
crofluidic DLD devices were fabricated at the Toyama Industrial Technology Research and
Development Center using deep reactive ion etching (MUC-21 ASE-SRE, Sumitomo Preci-
sion Products Co., Ltd., Amagasaki, Japan) on a silicon wafer. PP-based tops and bottoms
with microfluidic device micropillars were fabricated using an injection molding method
and a silicon master mold (Richell Corporation, Toyama, Japan). The top and bottom were
pressed together at 100 °C for 4 h, and the microfluidic channel was prepared by sealing
the two units. The prepared microdevices were then placed in a polyacrylic manifold.

Figure 1c-e shows a photograph of the PP-based microfluidic DLD device, microscopic
images of the inlets and outlets, and the pillar size and gaps of the micropillars of the device,
respectively. Gy, and G, are the same in this device. The D, values for the microfluidic
DLD device are listed in Table 1. The channel height is the same as the height of the
micropillars, which is approximately 40 um (Figure 1f,g). The micropillar size and gap
were proportionally changed to alter D, whereas the array rotation angles were the same.
Optical microscopy and scanning electron microscopy (SEM) images were recorded using
Ts2R (Nikon, Tokyo, Japan) and JSM-6610LA (JEOL Ltd., Akishima, Japan), respectively.
Three-dimensional images were reconstructed using VX-100 (Keyence, Osaka, Japan).

Table 1. Summary of the microstructures of the deterministic lateral displacement (DLD) microdevices
in this study.

Flow Rate Left ~ Flow Rate Right

: 1
ChipNo.  Dc(um)™  Gap(g) (um)  tan(®) ot mL/min)  Outlet (mL/min)

1 10.0 30 0.05 0.09 =+ 0.005 2 0.17 £+ 0.014 2
2 9.0 27 0.05 0.09 £ 0.0102 0.21 + 0.008 2
3 8.0 24 0.05 0.06 + 0.026 2 0.11 + 0.035 2

1 D, was calculated using Equation (1). 2 Averages + standard deviation (N = 3 or 4).

2.3. Methods
(1) Air pressure pumping system for microparticle separation
The microfluidic channel was set in a polyacrylic manifold to connect the plastic

syringes, as shown in Figure 2a. We developed an air pressure pumping system without
an electric device, as shown in Figure 2b. Two 10 mL plastic syringes (Terumo, Tokyo,
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Japan) were used as the inlet reservoirs. The air pressure of the inlet syringes is the driving
force for pushing the running buffer and sample suspension into the microfluidic DLD
channel. After pushing and pulling the side syringe Z several times, as shown in Figure 2c,
the air pressure inside syringes X and Y increases. Specifically, by pushing syringe Z, air is
supplied to syringes X and Y; by pulling syringe Z, air is resupplied to syringe Z without
decreasing the air pressure inside syringes X and Y via the two check valves; by alternating
the pushing and the pulling, the air pressure inside syringes X and Y increases as the
pushing time increases.

(e)

Priming

nlfll
-

Figure 2. (a) Photographs of setting the microfluidic DLD device into a polyacrylic manifold. (b) Con-

nection of the air pressure pumping system to the microfluidic DLD device. (c) A schematic repre-
sentation of the mechanism to make fluids flow inside the microfluidic channel by increasing air
pressure inside syringes X and Y. The two check valves work to increase the air pressure in syringes
Xand Y. (d) A schematic representation of the mechanism to stop fluid flow and restore atmospheric
pressure inside syringes X and Y by turning the three-way stopcock. (e) A schematic representation
of the mechanism of air removal in the microfluidic channel during the initial run.

The flow rates were calculated from the fluid volumes of the outlet tubes for 5 min.
The air pressure inside syringes X and Y and the flow rate of both outlets of Chip 1 were
measured when running the buffer to the chip (Figure S1). The results are summarized in
Figures S2 and S3. The flow rates of both outlets were proportional to the air pressure of
the syringes. For the separation experiments, to maintain the air pressure, syringe Z was
sometimes pushed by hand until it could not be pushed. The pressure in the experiments
for immunobeads and blood cell separations was 200-260 kPa. As shown in Figure S2, the
experimental results using a manometer to measure the air pressure inside syringes X and
Y suggest that the flow rate decreases were approximately 12%, although a slight pressure
change was observed. To facilitate the separation experiment, the maximum air pressure
condition was set. The required air pressure changed to maintain the air pressure inside the
syringe and the flow rate was small. Fluid flow can be stopped by turning the three-way
stopcock, as shown in Figure 2d.
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(2) Priming process

All devices, including the microfluidic DLD channel, were set on the vertical microflu-
idic chip holder, as shown in Figure 2b. To remove air inside the microfluidic channel during
the initial priming process, the three-way stopcock (highlighted in yellow in Figure 2e) was
turned to open syringe X, and the running buffer was only added to syringe Y. By pushing
and pulling the side of syringe Z, the running buffer was transferred from syringe Y to
syringe X. The three-way stopcock was then returned to the initial position (Figure 2c). The
running buffer in both syringes X and Y flowed to the outlets, and the air moved away
from the microfluidic DLD channel.

(3) Immunobeads and blood cell separation

After the priming process, the sample suspensions were added to the right syringe,
and air pressure was applied to the sample and running buffer to create laminar flows.
When 1-3 mL of fluid was taken from the outlet tubes, the air pressure was released, and
the separation process was completed. Immunobeads were diluted 10 times with the
running buffer for the separation experiments. The dilution ratio was 4 for both bovine and
human blood. Blood cells were counted with a microscope and a hematocytometer. The
concentration of bovine blood and human blood was 3 million cells/uL and 0.9 million
cells/ L, respectively. When the diluted bovine and human blood was inputted, the flow
sample volume of the blood was less than 1 mL, because of clogging of the RBCs at the
inlet of the microfluidic channel. The clogging phenomenon was only observed when we
used purchased heparin-treated blood and not when fresh human blood was used (see
discussion). In our previous study, EDTA-treated fresh human blood was only diluted
with PBS twice for a microfluidic DLD chip made of a different material and the same
microfluidic channel dimensions of Chip 1 [28].

An aliquot of the fluid in the right outlet tube was analyzed using a microscope
equipped with a CCD camera (HAS-10, Detect Co. Ltd., Osaka, Japan). For WBCs, the
fluid in the left outlet tube was centrifuged at 1000 rpm for 5 min (CF16RXII, Hitachi-Koki,
Ibaraki, Japan) to precipitate the cells at the bottom of the tube, and the fluid with the
precipitate was recovered and analyzed. The diameters of the separated particles were
analyzed using NIH Image ] software (National Institutes of Health, Bethesda, MD, USA).

(4) Blood cells staining

Bovine and human blood cells were stained with Wright-Giemsa and Diff-Quik
staining kits to observe the internal structure of the WBCs. The stained cell images were
recorded using an optical microscope (15100, Nikon) equipped with a color CCD camera
(DS-Fi2, Nikon).

(5) Real-time imaging of the beads and blood cell separation

A microscopic system for microfluidic channel observation from the side was prepared,
as shown in Figure S4a. Figure S4b shows the optical alignment of the system using a
20x magnification lens (Nikon) and CCD camera (HAS, Detect). Particle sorting images
were recorded around the outlet channels (Figure S4c). The frame rates of the movies were
250 fps. The average diameters of polystyrene beads were 12 pm, 10 um, and 8 um (Duke
Standards, Thermo Fisher Scientific, Waltham, MA, USA). Fifty microliters of the bead
suspension was diluted with 1 mL of running buffer.

3. Results
3.1. Immunobead Separation

Figure 3a,b shows the optical microscopy images of the spherical immunobeads before
sorting and at the left outlet of Chip 1, respectively. Larger particles were separated in the
left outlet. Figure 3c shows the average diameter of immunobeads before and after DLD
sorting. The average diameter correlated with the D, value of each chip. Histograms of the
bead diameter distribution before and after sorting using Chips 1, 2, and 3 are shown in
Figure 4a—d, respectively. When all of the chips were used, the average diameters in the left
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outlet were greater than those in the right outlet, suggesting that spherical particles with
larger diameters were sorted based on the DLD mechanism.
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Figure 3. Microscopic images of immunobeads (a) before separation and (b) after separation in the
left outlet using Chip 1. (c) Average diameter of immunobeads in the left and right outlets. The error
bars show the standard deviation. The sample number in each group is 20-100.
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Figure 4. Histogram of immunobead diameter distribution (a) before separation and after separation
using (b) Chip 1, (¢) Chip 2, and (d) Chip 3. Blue and yellow bar graphs show the diameter
distributions in the right and left outlets, respectively. A droplet of 5-10 pL was applied to the
slide glass from 0.5-1.0 mL of the outlet sample, the droplet was covered with a thin glass, and we
observed 5-10 positions (n = 20-100). The percentage of counted immunobeads was 0.1-1% of the
total sorted beads.
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3.2. Bovine Blood Cell Separation

Bovine blood cell separation experiments were conducted using Chips 1, 2, and 3.
Figure 5a shows a microscopic image before the separation of bovine blood cells (stained
with the Wright-Giemsa reagent). Erythrocytes (RBCs), lymphocytes (WBCs), and neu-
trophils (WBCs) were observed. Figure 5 compares the diameter of these blood cells and D,
of the microfluidic DLD device. Lymphocytes and neutrophils are the majority of bovine
WBCs [29-33]. Figure 5¢,d shows microscopic images of the sorted blood cells using Chips
1 and 3, respectively. Lymphocytes were observed in the left outlet of all of the three chips,
whereas RBCs were not observed. However, only erythrocytes were recognized at the
right outlet of these chips. The mean and maximum diameter of bovine erythrocytes is
approximately 5.1 um and 5.5 pm, respectively, which is 2 um less than the D, of Chip
3 [34]. Therefore, using the microfluidic DLD device, RBCs and WBCs were efficiently
separated, because the difference in average diameters between that of the RBCs and the
sorted lymphocytes was approximately 3 pm (Figure 5b).

Py (b) Bovine blood cells
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Figure 5. (a) A microscopic image of bovine blood cells before sorting. (b) Comparison of the
diameters of bovine blood cells [29-32] and D, values of the microfluidic DLD devices. Microscopic
images of bovine blood cells collected at the left and right outlets using (c) Chip 1 and (d) Chip 3,
respectively. The scale bars are 10 pm.

3.3. Human Blood Cell Separation

The distribution of human blood cell size is different from that of bovine blood cells,
and the separation results are influenced by the cell size distribution. Figure 6a shows
the microscopic image of human blood cells before the sorting experiment. Erythrocytes,
lymphocytes, and neutrophils were also detected in this image. As shown in Figure 6b, the
distribution of the diameter of the human RBC (6-8 um) overlaps with that of the human
lymphocytes (7-10 um) [35]. The diameters of neutrophils and monocytes are usually
>10 pum [35]. Figure 6¢,d shows the human blood cells that were collected using Chips
1 and 3, respectively. As shown in Figure 6¢, neutrophils were sorted in the left outlet
and erythrocytes and lymphocytes in the right. As shown in Figure 6d, lymphocytes and
neutrophils (WBC) sorted to the left outlet; however, some erythrocytes (approximately
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10 cells/uL) were also observed, because the D. value was approximately that of the
human RBC (Figure 6b). Inmunostaining is a superior method to histochemical staining
for clear imaging of blood cell types. As a result, we are developing a recognition method
by combining sorted blood cells and staining methods with microfluidic DLD devices and
automated technologies [17,18].

(@) (b) Human blood cells
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Scale
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(d) Left outlet
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Figure 6. (a) A microscopic image of human blood cells before sorting. (b) Comparison of the
diameters of human blood cells and D, values of the microfluidic DLD devices [35]. Microscopic
images of collected human blood cells from left and right outlets using (c) Chip 1 and (d) Chip 3,
respectively. The scale bars are 10 pm.

3.4. Real-Time Imaging of the Beads and Blood Cell Separation

To determine the relationship between the sorted particle diameter and the calculated
D, we recorded sorting images of polystyrene beads with 12-pm, 10-pum, and 8-pum diame-
ters, as shown in Figure 7. As the bead diameter decreases, the outlet channels with the
sorted beads shifted to the right. When Chip 1 was used, 12-pm and 10-pm beads flowed
into the left outlet, while 8-um beads were only sorted into the right outlet. Using Chip
3, some of the 8-um beads were observed in the left outlet. The observed D, values were
similar to the values calculated in our experimental condition.

Figure 8 shows bovine and human blood cells around the outlet channels during
the sorting experiments. The sorted particles flowing to the left outlet, as indicated by
the yellow squares in Figure 8, are WBCs. The percentage of sorted WBCs before the
sorting was approximately 0.1%. Bovine and human RBCs were considered as 5-pm and
6-8-um microparticles, and they sorted into the right outlet of both Chip 1 and Chip 3.
Alternatively, as shown in Figure 6d, RBCs were occasionally observed in the left outlet of
Chip 3, indicating that some RBCs may have migrated because of the greater deviation in
the sorting property, as shown in Figure 4d. To prevent RBC migration to the left outlet,
the calculated D, of the DLD microfluidic channel should be substantially greater than the
diameter of the RBCs.
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Figure 7. Images of polystyrene bead separations near outlet channels for 0.1 s (25 frames). (a) 12-um
beads, (b) 10-um beads, or (c) 8-pm beads separated using Chip 1 in which Channels 1-4 are connected
to the left outlet and Channels 5-16 are connected to the right outlet. (d) 12-um beads, (e) 10-um
beads, or (f) 8-um beads separated using Chip 3 in which Channels 14 are connected to the left outlet

and Channels 5-20 are connected to the right outlet. The outlet channel numbers in red indicate
sorted particles that were observed in the outlet channel. The scale bars are 100 um.
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Figure 8. Images of bovine and human blood cell separations around outlet channels (one frame).
(a) Bovine blood cells or (b) human blood cells separated using Chip 1 in which Channels 14 are
connected to the left outlet and Channels 5-16 are connected to the right outlet. (c) Bovine blood
cells or (d) human blood cells separated using Chip 3 in which Channels 14 are connected to the
left outlet and Channels 5-20 are connected to the right outlet. The outlet channel number in red
represents the observation of RBCs in the outlet channel. The particles in yellow squares are sorted

into the left outlet. The scale bars are 100 pum.
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4. Discussion

In the separation of blood cells using DLD, the diameter distribution of erythrocytes
and lymphocytes is an important factor to consider for preventing the collection of erythro-
cytes at the left outlet. All chips were appropriate for the separation of bovine RBCs and
WBCs. However, Chip 1 was more suitable for human blood cell separation. The separation
properties of the blood cell diameter in this study were similar to those in previous studies
that used human blood cells. When a 1 mL sample of blood cells diluted five times (Ht = 3-5)
was treated in the separation experiments using these chips, the number of WBCs detected
at the left outlet was approximately 10 in 10 uL. To overcome the low WBC concentration,
we developed a microfluidic DLD channel that could concentrate the sorted particles inside
the device, and the concentrated cells could be analyzed using flow cytometry. To show the
effectiveness of this device for WBC collection in molecular biological analyses, diagnosis,
and cell-based treatments, the sample preparation and experimental systems, such as the
concentration of WBCs and selective cell labeling, must be optimized.

Fluid mechanical insights are important for high-speed imaging that is faster than the
video rate [4,6]. These imaging experiments allow us to evaluate the blood cell collision
effects on RBC and WBC separation [22], variances in D, values based on the Reynolds
number (Re) of the fluid [9], and the effects of the wall surface on fluid mechanical environ-
ments. In the immunobead separation, D, calculated using Equation (1) and the observed
D, values were the same, as shown in Figure 7. The relationship of the flow rate of the
outlets (~0.2 mL/min at the maximum) in this experiment and the references were veri-
fied [6,23]. The Re of this fluid flow is less than 10, and the effective critical diameter (D)
in the experiments is similar to the calculated values (at most a 10% decrease) according
to the correlation between Re and D, [23]. Additionally, computational fluid dynamics
simulation results suggest that the D./Gap decrease is approximately 3%, from Re =1 to
Re =10 [9]. Throughout this study, the experimental D. was similar to the calculated D.. A
previous study suggested that as the hematocrit increases, the theoretical D, decreases [22].
The hematocrit dependency and blood cell deformation in the microfluidic DLD channel
may affect D, and these effects are evaluated using high-speed imaging.

Regarding the higher deviation when the D, of the DLD microfluidic chip decreases,
as the microfluidic channel dimension decreases, the interaction between the particles
and walls enhances. Particle collision effects may then increase this deviation as D, de-
creases [22]. The enhanced particle collision effects and/or particle-wall interactions may
alter the sorting property of microparticles in the DLD microfluidic channel, which may
induce more deviation. The relationship between the particle—particle and particle-wall
interactions and channel dimension will be discussed in another study.

Microfluidic DLD devices can be used for the diagnosis of bovine blood diseases,
such as bovine leukemia virus (BLV) infections, where the WBC count can be used as a
marker [36,37]. Collective recovery of WBCs using this device may facilitate microscopic
analyses by omitting RBCs from the livestock chamber [36,37]. The diagnosis of human
blood diseases using DLD devices has been previously studied [17-19]. DLD devices
can potentially be used in plasma exchange applications for blood purification, such as
apheresis. Clinically, we must optimize the structure of the device to suit practical appli-
cations, such as the scale-up and concentration of sorted cells. We observed clogging of
the blood cells in the right inlet while using heparin-treated whole blood that is commer-
cially available. This clogging may be reduced by the addition of reagents that reduce the
blood coagulation system and/or activate the fibrinolysis system. As mentioned above,
microfluidic DLD devices made of PP-based resins can be used for diagnostic and clinical
applications [17,19,28].

5. Conclusions

We have developed a microfluidic DLD device using PP-based resin that works
similarly to those prepared using PDMS. Air pressure-driven systems can be used in cattle
houses and fields where using an electric power source is difficult. In our experimental
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condition (Re < 10), a maximum flow rate of 0.2 mL/min did not influence the calculated
D.. We suggest that a chip with a calculated D, should be applied to the blood cells of each
animal species using this electricity-free setup. Bovine RBCs and WBCs were separated
using microfluidic DLD devices with D, = 8-10 um, and this system can be applied to WBC
collection and the diagnosis of BLV infections in cattle houses. Separation of human RBCs
and WBCs using these devices was more difficult than separating bovine blood cells because
of the similarity in diameters between human erythrocytes and lymphocytes. Because of
the biosafety of PP-based resins, microfluidic DLD devices may be adopted for diagnosis
and clinical treatments such as blood cell collection and plasma exchange treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mi14020238 /s1. Figure S1: an illustration of the air channel to
set a digital manometer for air pressure detection inside syringes X and Y; Figure S2: air pressure
changes inside syringes X and Y of (a) Chip 1, (b) Chip 2, and (c) Chip 3; Figure S3: correlation
between the pressure and outlet flow rates of (a) Chip 1, (b) Chip 2, and (c) Chip 3; Figure S4: (a) a
photograph of the observation setup from the side. (b) A schematic presentation of optical alignment.
(c) A microscopic image of the outlet entrance of Chip 1.

Author Contributions: Methodology, KM. and K.T.; validation, K.M.; investigation, K.M.;
writing—original draft preparation, K.M. and K.T.; writing—review and editing, KM. and K.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a Grant-in-Aid for Scientific Research for Fundamental
Sciences (No. 18K12069 to K.M.; No. 26350557, 17K01432, and 20K12707 to K.T.) from the Ministry
of Education, Culture, Sports, Science, and Technology (MEXT) of Japan and Mukai Science and
Technology Foundation.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Huang, L.R.; Cox, E.C.; Austin, R H.; Sturm, J.C. Continuous Particle Separation through Deterministic Lateral Displacement.
Science 2004, 304, 987-990. [CrossRef]

2. Davis, J.A.; Inglis, D.W.; Morton, K.J.; Lawrence, D.A.; Huang, L.R.; Chou, S.Y.; Sturm, J.C.; Austin, R.H. Deterministic
Hydrodynamics: Taking Blood Apart. Proc. Natl. Acad. Sci. USA 2006, 103, 14779-14784. [CrossRef] [PubMed]

3. Zeming, K.K,; Lu, R.; Woo, K.L.; Sun, G.; Kai Yun, Q.; Lih Feng, C.; Chen, C.-H.; Han, J.; Lim, S.L. Multiplexed Single-Cell
Leukocyte Enzymatic Secretion Profiling from Whole Blood Reveals Patient-Specific Inmune Signature. Anal. Chem. 2021, 93,
4374-4382. [CrossRef] [PubMed]

4.  Zeming, KK, Salafi, T.; Chen, C.-H.; Zhang, Y. Asymmetrical Deterministic Lateral Displacement Gaps for Dual Functions of
Enhanced Separation and Throughput of Red Blood Cells. Sci. Rep. 2016, 6, 22934. [CrossRef] [PubMed]

5. McGrath, J.; Jimenez, M.; Bridle, H. Bridle Deterministic Lateral Displacement for Particle Separation: A Review. Lab Chip 2014,
14, 4139-4158. [CrossRef]

6.  Salafi, T.; Zhang, Y.; Zhang, Y. A Review on Deterministic Lateral Displacement for Particle Separation and Detection. Nanomicro
Lett. 2019, 11, 77. [CrossRef]

7. Hochstetter, A.; Vernekar, R.; Austin, R.H.; Becker, H.; Beech, J.P.; Fedosov, D.A.; Gompper, G.; Kim, S.-C.; Smith, ].T.; Stolovitzky,
G.; et al. Deterministic Lateral Displacement: Challenges and Perspectives. ACS Nano 2020, 14, 10784-10795. [CrossRef]

8. Au, SH. Edd, ].; Stoddard, A.E.; Wong, K.HK,; Fachin, F; Maheswaran, S.; Haber, D.A.; Stott, S.L.; Kapur, R.; Toner, M.
Microfluidic Isolation of Circulating Tumor Cell Clusters by Size and Asymmetry. Sci. Rep. 2017, 7, 2433. [CrossRef]

9.  Wullenweber, M.S.; Kottmeier, J.; Kampen, I.; Dietzel, A.; Kwade, A. Simulative Investigation of Different DLD Microsystem

Designs with Increased Reynolds Numbers Using a Two-Way Coupled IBM-CFD/6-DOF Approach. Processes 2022, 10, 403.
[CrossRef]


https://www.mdpi.com/article/10.3390/mi14020238/s1
https://www.mdpi.com/article/10.3390/mi14020238/s1
http://doi.org/10.1126/science.1094567
http://doi.org/10.1073/pnas.0605967103
http://www.ncbi.nlm.nih.gov/pubmed/17001005
http://doi.org/10.1021/acs.analchem.0c03512
http://www.ncbi.nlm.nih.gov/pubmed/33600165
http://doi.org/10.1038/srep22934
http://www.ncbi.nlm.nih.gov/pubmed/26961061
http://doi.org/10.1039/C4LC00939H
http://doi.org/10.1007/s40820-019-0308-7
http://doi.org/10.1021/acsnano.0c05186
http://doi.org/10.1038/s41598-017-01150-3
http://doi.org/10.3390/pr10020403

Micromachines 2023, 14, 238 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Zhang, Z.; Henry, E.; Gompper, G.; Fedosova, D.A. Behavior of Rigid and Deformable Particles in Deterministic Lateral
Displacement Devices with Different Post Shapes. J. Chem. Phys. 2015, 143, 243145. [CrossRef]

Wang, Y.; Wang, C.; Zhang, Y.; Han, M.; Li, Y;; Jin, S.; He, H. A Two-Stage Separation of Circulating Tumor Cells Based on
Deterministic Lateral Displacement and Dielectrophoresis Techniques. IEEE Access 2021, 9, 143847-143859. [CrossRef]

Xiang, N.; Wang, ].; Li, Q.; Han, Y.; Huang, D.; Ni, Z. Precise Size-Based Cell Separation via the Coupling of Inertial Microfluidics
and Deterministic Lateral Displacement. Anal. Chem. 2019, 91, 10328-10334. [CrossRef] [PubMed]

Inglis, D.W,; Davis, J.A.; Austin, R.H.; Sturm, J.C. Critical Particle Size for Fractionation by Deterministic Lateral Displacement.
Lab Chip 2006, 6, 655-658. [CrossRef] [PubMed]

Gioe, E.; Uddin, M.R;; Kim, J.-H.; Chen, X. Deterministic Lateral Displacement (DLD) Analysis Tool Utilizing Machine Learning
towards High-Throughput Separation. Micromachines 2022, 13, 661. [CrossRef]

Sherbaz, A.; Konak, BM.K.; Pezeshkpour, P.; Di Ventura, B.; Rapp, B.E. Deterministic Lateral Displacement Microfluidic Chip for
Minicell Purification. Micromachines 2022, 13, 365. [CrossRef]

Kim, S.-C.; Wunsch, B.H.; Hu, H.; Smith, ].T.; Austin, R.H.; Stolovitzky, G. Broken Flow Symmetry Explains the Dynamics of
Small Particles in Deterministic Lateral Displacement Arrays. Proc. Natl. Acad. Sci. USA 2017, 114, E5034-E5041. [CrossRef]
Civin, C.I; Ward, T.; Skelley, A.M.; Gandhi, K.; Lee, Z.P; Dosier, C.R.; D’Silva, J.L.; Chen, Y.; Kim, M.; Moynihan, J.; et al.
Automated Leukocyte Processing by Microfluidic Deterministic Lateral Displacement. Cytom. A 2016, 89, 1073-1083. [CrossRef]
Aghaamoo, M.; Aghilinejad, A.; Chen, X.; Xu, J. On the Design of Deterministic Dielectrophoresis for Continuous Separation of
Circulating Tumor Cells from Peripheral Blood Cells. Electrophoresis 2019, 40, 1486-1493. [CrossRef]

Descamps, L.; Le Roy, D.; Deman, A.-L. Microfluidic-Based Technologies for CTC Isolation: A Review of 10 Years of Intense
Efforts towards Liquid Biopsy. Int. J. Mol. Sci. 2022, 23, 1981. [CrossRef]

Tottori, N.; Nisisako, T. Degas-Driven Deterministic Lateral Displacement in Poly(Dimethylsiloxane) Microfluidic Devices. Anal.
Chem. 2019, 91, 3093-3100. [CrossRef]

Tottori, N.; Nisisako, T.; Park, J.; Yanagida, Y.; Hatsuzawa, T. Separation of Viable and Nonviable Mammalian Cells Using a
Deterministic Lateral Displacement Microfluidic Device. Biomicrofluidics 2016, 10, 014125. [CrossRef]

Holm, S.H.; Zhang, Z.; Beech, ].P.; Gompper, G.; Fedosov, D.A.; Tegenfeldt, ].O. Microfluidic Particle Sorting in Concentrated
Erythrocyte Suspensions. Phys. Rev. Appl. 2019, 12, 014051. [CrossRef]

Dincau, B.M.; Aghilinejad, A.; Hammersley, T.; Chen, X.; Kim, J.-H. Deterministic Lateral Displacement (DLD) in the High
Reynolds Number Regime: High-Throughput and Dynamic Separation Characteristics. Microfluid. Nanofluidics 2018, 22, 59.
[CrossRef]

Miranda, I.; Andrews, S.; Paulo, S.; Ribeiro, J.; Castanheira, E.M.S.; Lima, R.; Minas, G. Properties and Applications of PDMS for
Biomedical Engineering: A Review. ]. Funct. Biomater. 2022, 13, 2. [CrossRef] [PubMed]

Hevia, O.; Cazzaniga, A.; Brandt, F.; Green, J. Liquid Injectable Silicone (Polydimethylsiloxane): Four Years of Clinical Experience.
J. Am. Acad. Dermatol. 2007, 56 (Suppl. S2), AB1.

Hosokawa, K.; Ohnishi, T.; Kondo, T.; Fukasawa, M.; Koide, T.; Maruyama, I.; Tanaka, K.A. A Novel Automated Microchip
Flow-Chamber System Toquantitatively Evaluate Thrombus Formation and Antithrombotic Agents under Blood Flow Conditions.
J. Thromb. Haemost. 2011, 9, 2029-2037. [CrossRef] [PubMed]

Hosokawa, K.; Ohnishi, T.; Fukasawa, M.; Kondo, T.; Sameshima, H.; Koide, T.; Tanaka, K.A.; Maruyama, I. A Microchip Flow-
Chamber System for Quantitative Assessment of the Platelet Formation Process. Microvasc. Res. 2012, 83, 154-161. [CrossRef]
[PubMed]

Bao, H.; Bai, T.; Takata, K.; Yokobori, T.; Ohnaga, T.; Hisada, T. High Expression of Carcinoembryonic Antigen and Telomerase
Reverse Transcriptase in Circulating Tumor Cells Is Associated with Poor Clinical Response to the Immune Checkpoint Inhibitor
Nivolumab. Oncol. Lett. 2018, 15, 3061-3067. [CrossRef]

Paape, M.; Bannerman, D.; Zhao, X.; Lee, J].-W. The Bovine Neutrophil: Structure and Function in Blood and Milk. Vet. Res.
BioMed Cent. 2003, 34, 597-627.

Herman, N.; Trumel, C.; Geffré, A.; Braun, J.-P.; Thibault, M.; Schelcher, F; Bourges-Abella, N. Hematology Reference Intervals
for Adult in France Using the Sysmex XT-2000iV. J. Vet. Diagn. Inv. 2018, 30, 678—687. [CrossRef]

Ano, H.; Wakatsuki, T.; Nasu, T.; Hagio, M.; Katamoto, H. An Evaluation of the Reliability of an Automated Hematology Analyzer
in Counting the Blood Cells of ] Apanese Black Calves. |. Jpn. Vet. Med. Assoc. 2013, 66, 859-862. [CrossRef]

Roland, L.; Marc, D.; Michael, I. Hematology as a Diagnostic Tool in Bovine Medicine. J. Vet. Diagn. Investig. 2014, 26, 592-598.
[CrossRef] [PubMed]

Nakada, S.; Kohara, J.; Makita, K. Estimation of Circulating Bovine Leukemia Virus Levels Using Conventional Blood Cell Counts.
J. Dairy Sci. 2018, 101, 11229-11236. [CrossRef] [PubMed]

Adili, N.; Melizi, M.; Belabbas, H. Species Determination Using the Red Blood Cells Morphometry in domestic Animals. Vet.
World 2016, 9, 960-963. [CrossRef] [PubMed]

Bergman, R.A.; Afifi, AK,; Heidger, PM.,, Jr. Atlas of Microscopic Anatomy Section 4: Blood. 1995. Available online: https:
/ /www.anatomyatlases.org/MicroscopicAnatomy /Section04/Section04.shtml (accessed on 17 January 2023).


http://doi.org/10.1063/1.4937171
http://doi.org/10.1109/ACCESS.2021.3120448
http://doi.org/10.1021/acs.analchem.9b02863
http://www.ncbi.nlm.nih.gov/pubmed/31304740
http://doi.org/10.1039/b515371a
http://www.ncbi.nlm.nih.gov/pubmed/16652181
http://doi.org/10.3390/mi13050661
http://doi.org/10.3390/mi13030365
http://doi.org/10.1073/pnas.1706645114
http://doi.org/10.1002/cyto.a.23019
http://doi.org/10.1002/elps.201800459
http://doi.org/10.3390/ijms23041981
http://doi.org/10.1021/acs.analchem.8b05587
http://doi.org/10.1063/1.4942948
http://doi.org/10.1103/PhysRevApplied.12.014051
http://doi.org/10.1007/s10404-018-2078-9
http://doi.org/10.3390/jfb13010002
http://www.ncbi.nlm.nih.gov/pubmed/35076525
http://doi.org/10.1111/j.1538-7836.2011.04464.x
http://www.ncbi.nlm.nih.gov/pubmed/21827607
http://doi.org/10.1016/j.mvr.2011.11.007
http://www.ncbi.nlm.nih.gov/pubmed/22166857
http://doi.org/10.3892/ol.2017.7671
http://doi.org/10.1177/1040638718790310
http://doi.org/10.12935/jvma.66.859
http://doi.org/10.1177/1040638714546490
http://www.ncbi.nlm.nih.gov/pubmed/25121728
http://doi.org/10.3168/jds.2018-14609
http://www.ncbi.nlm.nih.gov/pubmed/30292546
http://doi.org/10.14202/vetworld.2016.960-963
http://www.ncbi.nlm.nih.gov/pubmed/27733796
https://www.anatomyatlases.org/MicroscopicAnatomy/Section04/Section04.shtml
https://www.anatomyatlases.org/MicroscopicAnatomy/Section04/Section04.shtml

Micromachines 2023, 14, 238 13 of 13

36. Nishiike, M.; Haoka, M.; Doi, T.; Kohda, T.; Mukamoto, M. Development of a Preliminary Diagnostic Measure for Bovine Leukosis
in Dairy Cows Peripheral White Blood Cell and Lymphocyte Counts. J. Vet. Med. Sci. 2016, 78, 1145-1151. [CrossRef]

37. Alvarez, I.; Gutiérrez, G.; Mariela, G.; Cecilia, M.; Politzki, R.; Gonzalez, C.; Caviglia, L.; Carignano, H.; Fondevila, N.; Poli, M.;
et al. Evaluation of Total White Blood Cell Count as a Marker for Proviral Load of Bovine Leukemia Virus in Dairy Cattle from
Herds with a High Seroprevalence of Antibodies against Bovine Leukemia Virus. Am. J. Vet. Res. 2013, 74, 744-749. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1292/jvms.16-0022
http://doi.org/10.2460/ajvr.74.5.744

	Introduction 
	Materials and Methods 
	Materials 
	Device Fabrication 
	Methods 

	Results 
	Immunobead Separation 
	Bovine Blood Cell Separation 
	Human Blood Cell Separation 
	Real-Time Imaging of the Beads and Blood Cell Separation 

	Discussion 
	Conclusions 
	References

