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ARTICLE INFO ABSTRACT

Handling Editor: J. Wang Human Peripheral Blood Mononuclear Cells (PBMCs) are isolated from peripheral blood and identified as any

blood cell with a round nucleus that exhibits immune responses and undergoes immunophenotypic changes upon

Keywords: exposure to various pathophysiological stimuli. Obtaining high-recovery and clinical-grade PBMCs without
PBMCs - decreasing cell viability and causing stress is crucial for disease diagnosis and successful immunotherapy.
;ab'oﬁ'a'D‘Sk However, traditional manual PBMCs extraction methods rely on manual intervention with less recovery rate and
€rco.

reliability. In this study, we introduced a novel and efficient strategy for the fully automated extraction of PBMCs
based on a Lab-on-a-Disk (LoaD) platform. The centrifugal chip used percoll as density gradient media (DGM) for
separation and extraction on account of the density difference of cells in whole blood, without labeling and any
additional extra cellular filtration or cell lysis steps. Above all, we proposed a high-speed triggered siphon valve,
which was closed under the speed of cell sedimentation and subsequently opened by increasing speed to com-
plete the extraction of PBMCs. It can avoid the problem that previous siphon valves rely on unstable hydrophilic
surface treatment and prime under low/zero speed conditions. With valves and the clock channel integrated on
the chip, users can achieve fully automated collection of PBMCs. Compared with the clinical laboratory results,
the recovery rate of extracted PBMCs was 80 %. The experimental results prove that the high-speed triggered
siphon valve improves the extraction efficiency of PBMCs. The robust chips, which are not only simple to
manufacture and assemble but also stable and reliable to use, have great potential in biomedical and clinical
applications.

High-speed triggered siphon valve
Clock channel

1. Introduction properties or biochemical specificities, allowing the separation of cells

into distinct subpopulations. Traditional techniques rely on red blood

The isolation and extraction of PBMCs from whole blood for
enumeration and analysis are of great significance. PBMCs are not only
highly advantageous for the evaluation of certain cancers [1,2], auto-
immune diseases [3,4], infectious diseases, and other clinical diseases,
but also fundamental to immunotherapy [5,6]. However, isolation and
culture of cells used for immunotherapy depend on obtaining PBMCs
with high recovery and purity. The extensive clinical requirements of
PBMCs inevitably promote the development of non-invasive, auto-
mated, and standardized cell isolation techniques. Generally, cell
isolation approaches exploit different cell types that differ in physical

cell lysis, fluorescent labeling and staining. From overall consideration
of efficiency, purity, and cost, density gradient centrifugation has
become one of the most frequently-used separation methods for the
extraction of leukocyte subsets [7-11].

DGM utilizes the difference in density between PBMCs, erythrocytes,
and granulocytes. Table 1 shows the density and radius of individual
cells in human peripheral blood. As shown in Fig. 1, manual procedures
in medical laboratories include sequential DGM and blood sample
loading, centrifugal separation, plasma removal, and PBMCs layer
extraction [12]. However, loading samples and accurately extracting the
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Table 1

The density range and radius of various blood cells.
Blood cells Density range(g/ml) Radius(pm)
Platelets 1.04-1.08 [13] 0.5-2 [14]
Monocytes 1.055-1.066 [15] 6-7.5 [16]
Lymphocytes 1.062-1.077 [15] 3-6 [16]
Basophils 1.075-1.082 [15] 4.5-5 [16]
Neutrophils 1.08-1.09 [15] 6-7.5 [16]
Eosinophils 1.088-1.1 [15] 6-7.5 [16]
Erythrocytes 1.09-1.12 [15] 2.5 [17]

desired cellular components rely on well-trained personnel with their
uncertain manual operation. Braking steps in centrifuges inevitably tend
to affect the boundary layer in most cases. In addition, experiment
personnel require several milliliters of blood to observe and extract
leukocyte bands, which may lead to large sample consumption and is not
applicable under certain circumstances. Thus, research on obtaining
PBMCs layers with fewer blood samples and realizing fully automated
extraction with less manual intervention and more cost efficiency is
necessary.

Lab-on-a-Disk (so called centrifugal microfluidics) has developed
into a mature technology that utilizes a complete set of fluidic unit op-
erations, such as liquid transport [18], metering [19], mixing [20-22],
and valving [23-27] to achieve the function of the entire chip [28].
Fluidics in the centrifugal chip is managed by a compact motor which is
low-cost and controllable with no pneumatic interface, so it has obvious
advantages of integration, automation, miniaturization, and
multi-channel. In recent years, the applications of centrifugal micro-
fluidics to extract PBMCs with DGM have sprung up. David J. Kinahan
et al. [29] proposed a general description of the centrifugal-pneumatic
siphon valve (Centrifugo-Pneumatic Siphon Valving, CPSV) scheme for
blood treatment. After the siphon was triggered, a large number of
PBMCs seemed to remain in the blood processing room. Compared with
hospital laboratory results, extraction efficiency was relatively low at
only 34 %; Rokon Uddin [30] similarly used DGM and CPSV to separate
the blood sample into plasma and PBMCs while the latter were not
extracted from the chip, but directly counted with an automatic optical
imaging device. In contrast, the counting efficiency of this scheme can
reach about 73 %. As low-pass siphon valves, CPSVs withstand the
strong centrifugal field during blood separation and open towards low
spin rates [29]. Due to low-speed driving when CPSVs prime, the cell
layers will disperse upwards and become disordered under pneumatic
function, which restrict applications of CPSVs in density gradient
centrifugation. Meisam Madadi et al. [31] proposed an automated
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model based on DGM using hydrophilic valves on microfluidic discs.
However, hydrophilic modification can lead to inherent issues in
fabrication, assembly, and long-term stability [32,33], and these stra-
tegies may encounter problems with low-pass valves, similarly.

This study aims to realize a siphon scheme independent of hydro-
philic modification or low-speed priming, and achieve fully automated
high-efficiency extraction of PBMCs. To achieve this goal, the clock
channel was presented whose delay effect was verified by simulation, so
that DGM and whole blood flowed uniformly from the inlet to the
sedimentation chamber. Then, a stable high-speed triggered siphon
valve was presented, which suppressed the tendency of cells to disperse
upwards by means of large centrifugal force during the siphoning pro-
cess and thus improved the PBMCs extraction efficiency. The LoaD
platform maintained milder centrifugation conditions (150 xg for 8 min)
compared with traditional manual methods (800xg for 20 min), and
recovery of the isolated PBMCs is higher and reproducibility is better.
Furthermore, this chip holds potential for the convenient addition of
similar series-wound extraction chambers to separate more components
with percoll’s advantages of separating multilayer cells. Hence, this
platform can extract and provide valuable resources for PBMCs or other
target cells, which has strategic significance for further applications in
the future.

2. Materials and methods
2.1. Samples and reagents

Phosphate buffered saline (1 x PBS, pH7.4), 5 M NaCl (1.190 g/
cm3), Endotoxin-free ultra pure water, percoll (1.13 g/ml+0.005 g/ml,
pH8.5-9.5) were purchased from Sigma-Aldrich (Sigma-Aldrich, St.
Louis, MO, USA) for efficient isolation of PBMCs. EDTA (Thermo Fisher
Scientific, USA) processed blood samples were drawn from healthy
subjects from the Second Hospital of Jilin University (Changchun,
China). Prior to each experiment, the blood was slowly oscillated to
homogenize the cells, and then 15 pl was diluted 1:1 with PBS solution.
Pressure Sensitive Adhesive (PSA) was purchased from Sekisui Chemical
(Sekisui Chemical Co., Ltd., Osaka, Japan).

2.2. Preparation of DGM

The density gradient media of percoll in demand was prepared with a
universal technique which was exhaustively described by the product
sheet from Sigma. Endotoxin-free ultra pure water was used to dilute 5
M NaCl and obtained 1.5 M NaCl and 0.15 M NaCl, respectively. The

Plasma
PBMCs PBMCs
DGM DGM

| Granulocytes | | | Granulocytes

/ Erythrocytes

(3)Remove Plasma and extract

Fig. 1. Manual density gradient centrifugation methods.
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100 % stock isotonic percoll (SIP) (1.123 g/ml) was prepared by mixing
1:9 vol ratio of 1.5 M NaCl to stock percoll (1.13 g/ml). The gradient
media with the final density of 1.077 g/ml was prepared by diluting 60
% of SIP using 0.15 M NaCl. To prevent bacterial reproduction, the
percoll gradient media was kept at 4 °C and recovered to room tem-
perature before use and mixed well.

2.3. Chip design

The Chip consisted of five array units. Fig. 2a showed that one unit
was composed of DGM and blood loading chamber, a smaller DGM
storage chamber, extraction chamber, waste chamber, and other
microchannels. DGM loading chamber was directly connected with the
sedimentation chamber which was used for blood processing and the
clock channel connected the blood loading chamber and the sedimen-
tation chamber. The sedimentation chamber vent was also designed to
better circulate the air inside the chamber to facilitate the layering of
blood cells. The smaller DGM storage chamber was linked by a long
microchannel with the sedimentation chamber and its priming speed
under blood processing speed was restrained by a capillary valve. The
principle of the capillary valve involves using capillary pressure to
restrain the progression of the liquid. By controlling the rotation speed
of the chip to establish a balanced relationship between the appropriate
centrifugal force and capillary pressure, fluid movement can be regu-
lated. The rotational speed at which centrifugal force can overcome the
capillary pressure is referred to as the burst frequency. The formula of
the pressure caused by centrifugal force is as follows [34]:

Py = pFAr &)
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In Eq. (1), p is the density of the liquid, w (rad/s) is the rotation speed
of the chip, 7 is the average radial distance of the liquid plug; Ar is the
radial extent of the fluid.

The capillary pressure at the junction is defined [35,36] by the
following Eq. (2):

PC —y |:% (COSZHPMMA — 1) _ l:| (2)

h c0S Opya w

where y is the corresponding surface tension, w and h are the channel
width and depth, respectively. Opppa is contact angle of the solution on
PMMA (about 68°). P, is found to be negative, which stops the liquid
flow at the junction.

The liquid will be moved through the valve when the centrifugal
force surpasses the capillary force at a specific rotational speed known as
the burst frequency. The theoretical burst frequency can be expressed by
Eq. (3) as follows [36]:

cos? -
30 ”{2/ h( v ') -y W}
/= T prar

3
Obviously, by controlling w, h, ¥ and Ar, the desired burst frequency
can be achieved. The specific dimensions of the capillary valve are

illustrated in Fig. S1, and it is determined through calculations that the
theoretical burst frequency is about 2127 RPM.

2.4. Chip fabrication

In the experiments, chips were manufactured using the standard

Ay CHIP

ASSEMBLE
Layer1-Capillary valve and Holes|

Fig. 2. (a) Assembly and structure of the chip. (b) A photograph of the chip. (c) A centrifugal platform for experiments.



J. Zhang et al.

commercial computer-aided design software (AutoCAD 2007, Autodesk,
USA). As shown in Fig. 2a, a multi-layer polymer substrate chip with
102 mm diameter was fabricated in the following order: a top layer of
polymethyl methacrylate (PMMA) with vent holes was used as the cover
layer and the bottom layer with a motor mounting hole was used to
encapsulate the chip. The middle layer contained the main structure
with microchannels and microchambers, which was pasted with double-
layer PSA and connected the top layer and bottom layer, respectively.
PMMA thickness was 1.5 mm and the capillary valve was expanded
across all three layers. Microchannels and chambers structure on the
middle layer were cut using CO2 Laser engraving system (TROTEC,
Speedy 100R, Australia), and both the top and bottom layers were cut to
obtain each through hole after creating capillary valve structures by
engraving. The bonding of the chip was completed with PSA. Before
sealing, the chip was rinsed with deionized water and finally dried under
a stream of nitrogen gas. This process was repeated up to three times.
Then, the PMMA and PSA layers were pasted sequentially in a bottom-
up assembly method. Finally, the suction hole on the extraction cham-
ber were sealed with adhesive tape before use. Fig. 2b showed an
example of a prepared microfluidics chip. The chips were tested on a
centrifugal platform that had the function of automated chip loading
(Fig. 2¢).

2.5. Numerical simulation method

Conventional density gradient centrifugation methods require the
sequential loading of DGM and the diluted whole blood sample.
Furthermore, laying the sample gently and steadily on DGM is indis-
pensable to create a clear interface before centrifugation for blood
processing. For this purpose, it is necessary to slow down the flow rate of
the whole blood sample before it enters the sedimentation chamber. The
fluid flow velocity is inversely proportional to the hydrodynamic resis-
tance which is related to the characteristic dimensions and the channel
length. Increasing the length of microchannels or reducing the width
and depth of microchannels can decrease the fluid flow velocity.
Therefore, according to this principle, the microchannel structure
characteristics were controlled to regulate the time required for liquid
loading into the sedimentation chamber. To determine the appropriate
dimensions of the clock channel and validate the feasibility of flow
retardation, a two-phase flow level set method was used to simulate the
flow process of the storage chamber and sample chamber.

This study used a laminar incompressible flow model with no-slip
boundary conditions to determine the flow field. Based on the
Navier-Stokes equation for incompressible fluids, Eq. (4) and Eq. (5)
used to simulate the mass and momentum transfer of fluid [37] are:

/()()—I:+p(7-V)7:V~[—p7+,u(v7+(v7)r>]+? )
V-u=0 5)

where p is the fluid density, U is the fluidic velocity vector, u is the
dynamic viscosity of the fluid, p is the pressure, I is the unitary tensor,

and ? which is the sum of ?Ce,l and FCU, in the centrifugal chip, is the
volume force acting on the fluid.

The level set method can describe the coupling interface between gas
and liquid which are distinguished with &. The level set function can be
viewed as the volume fraction of liquid. The propagation of the interface
between the two-phase flow and initialization of the level set function
are controlled by Eq. (6):
0D

N _ Vo
or +u -Vo=yV (qu§,q)(1 7@@) 6)

where ¢ is the parameter that determines the thickness of the interface,
and can usually be specified as ¢ = h./2, where h, represents the char-
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acteristic size of the interface grid, y represents the number of reiniti-
alizations, and is typically set as the maximum velocity value in the
model.

Under continuum mechanics and Eulerian description conditions, a
dynamic model of air-liquid interaction based on the level set method
was established. Considering the incompressibility of the fluid in the
chip, the Newtonian fluid model was used to simulate the mass and
momentum transfer of the chip fluid with the Navier-Stokes equation,
while considering the influence of the surface tension of the air and
liquid interfaces, The Navier-Stokes equation and the continuity equa-
tion are given as Eq. (7) and Eq. (8):

—

I +p(Vid + (VW’)T)} +futf %)
V.7 =0 8)

-
where T is the unified tensor, f is the volume force acting on the fluid

R
in the centrifugal chip, and f  is the surface tension at the air-liquid
interface. In the level set interface, the surface tension is

fu=ooxn ©)

In Eq. (9), o is the surface tension coefficient, § is the Dirac function,
k = —V-T is the curvature, and 7 is the interface normal.

For the fluid inlets, outlets and air vents of the fluid domain, we
adopted open boundary conditions, whereas no-slip boundary condi-
tions were applied to all other boundaries.

In the experiment, the area of the DGM chamber and blood chamber
was set to 75 mm?, the depth was 0.2 mm, the width of the channel
directly connected to the DGM chamber was 0.8 mm, and the width and
length of the clock channel were respectively 0.4 mm and 30 mm. In the
simulation, colors represent the volume fraction of air. At the initial
state (t = O s), the chambers were full of liquid, with an air volume
fraction of 0 which appeared entirely blue. As the liquid flowed out, the
color gradually turned red, representing the air replacing the original
liquid inside the chamber. (Fig. 3). The results showed that the descent
rate of the liquid level in DGM chamber was obviously faster than that in
the blood chamber. When the liquid in the DGM chamber was exhaus-
ted, the liquid in the blood chamber filled up the clock channel and
prepared to enter the sedimentation chamber. This theoretically
confirmed the adequate functionality of the clock channel in achieving
sequential control of liquid flow and validated the feasibility of the
above design approach.

3. Results and discussion
3.1. Experimental procedures on chip

First, a fixed volume of percoll and the diluted blood sample were
injected into DGM chamber and blood chamber using a pipette,
respectively, as shown in Fig. 4 I, i. Then, the centrifugal platform was
controlled to spin at a fixed acceleration, thus the centrifugal force
generated by the rotation drove the flow of DGM and blood sample. Due
to the presence of a long curving channel below the blood chamber, the
flow velocity of the sample was reduced, while the wide straight channel
below DGM chamber facilitated the rapid loading of percoll into the
sedimentation chamber. After percoll was fully loaded, the blood sample
had just filled the clock channel and began to flow smoothly into the
sedimentation chamber along the wall (Fig. 4 II, ii). With the stable spin
rate, cells of different densities started to sediment and layer under the
influence of DGM. The total liquid volume height in the sedimentation
chamber should be less than the radial height of the siphon valve crest-
point to prevent untimely priming during blood processing (Fig. 4 III,
iii). After cells layering, DGM in the capillary valve near the rotation
center surpassed its burst frequency by further increasing the spin rate
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Fig. 3. Simulation of fluidics in the clock channel. The color change represents the variation in air volume fraction.
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Fig. 4. Two groups of images (I-IV) and (i-iv) show the process performed on a microfluidic chip. (I, i) The position of DGM and the diluted blood sample prior to the
initiation of rotation. (II, ii) Through the impact of the clock channel, DGM was fully loaded into the sedimentation chamber while the whole blood had not entered
yet. With continuity of rotation, the blood gently and steadily flowed into the sedimentation chamber, layering on top of percoll. Subsequently, the liquid level
reached the crest-point of the siphon valve, resulting in a relatively stable state. (IIL, iii) Blood processing finished, forming a layer of red blood cells and granulocytes,
a layer of DGM, a layer of PBMCs, and a layer of plasma in the sedimentation chamber. Additionally, platelets distribute within PBMCs and plasma layers. The arrows
indicated the direction of flow in the valves. (IV, iv) The spin rate was increased, and the capillary valve next to the rotation center opened. Then additional 3 pl
percoll that generated pinched flow caused the liquid level in the sedimentation chamber to rise and the siphon valve started to prime later. The high-speed rotation
continued to transfer DGM, PBMCs layer, and plasma into the extraction chamber, while excess plasma was transferred to the waste chamber.

and entered the sedimentation chamber along the channel. With the
liquid level in the sedimentation chamber higher than the crest-point,
the siphon valve primed and liquid above the siphon valve began to
flow into the extraction chamber. Upon the extraction chamber was full,
excess plasma overflowed into the waste chamber (Fig. 4 IV, iv). Finally,
PBMCs were collected from the extraction chamber for counting and
analysis. To better visualize the fluid motion process, the substrate of
this chip was made of opaque PMMA.

3.2. Optimization of spin protocol

In this work, one critical challenge was obtaining an optimized spin
protocol for the chip because the forces in the centrifugal field were
crucial factors for PBMCs extraction. Before the chip started to rotate,
percoll and the sample were injected into the DGM chamber and the
blood sample chamber, respectively. After loading on the chip, a step-
wise centrifugal movement was initiated to mirror the typical
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procedure of a tube test. The slight loading of DGM on the blood is
necessary to improve the clarity and stability of the layering. In tradi-
tional density gradient centrifugation methods using centrifuge tubes,
the speed of the acceleration and deceleration processes must be kept as
low as possible to maintain stability of the cell layer. Hence, these
methods may slow down the starting or braking process and increase the
total handling time. Nevertheless, due to the structural scale reduction
of the microfluidics chip, the inertial force decreased and the surface
tension relatively increased. Cells were less affected by the Euler force,
and not insufficient to overcome the surface tension, resulting in
transparent layering. The acceleration speed of the chip was set at a low
level of 30 RPM/s. The slower acceleration had no apparent adverse
effect on the results but extended the operation time required for the
entire procedure. In capillary valve tests, we found that it kept closed
under 2000 RPM and opened above 2400 RPM (Table S1). To ensure the
stable priming of the capillary valve and reduce cellular stress, we had
determined the blood processing speed to be 1800 RPM, while acti-
vating frequency of the capillary valve was set at 2400 RPM. The sedi-
mentation process was performed by sustaining the spin rate of 1800
RPM for 8 min. Increasing the sedimentation time or rotation speed did
not enhance the efficiency of PBMCs extraction, whereas it may decrease
cell viability to a certain extent. The gradual and controlled reduction of
spin rate was of paramount importance in preserving the stability of the
DGM-PBMCs interface. Once layering was accomplished, the rotation
speed was similarly increased at 30 RPM/s to reach 2400 RPM. At this
point, the increased centrifugal force acting on the additional 3 pl per-
coll caused it to break through the capillary valve and enter the sedi-
mentation chamber. Subsequently, the liquid level rose, triggering the
siphon valve. By maintaining the speed at 2400 RPM, the PBMCs layer
started to leave the sedimentation chamber and entered the extraction
chamber, while excess liquid was transferred to the waste chamber.
After the experimental process was accomplished, the chip stopped
rotating. The optimized spin protocol on the chip is shown in Fig. 5.

3.3. Cell extraction analysis

After completing the separation of the target cells band, the chip was
placed under a high-speed camera and observed using a 10X objective
lens (Olympus, Japan) to assess the sorting effectiveness accurately.
During the observation, it was found that the extraction chamber

68 )

2500

2000

N
[6)]
o
o

Speed/RPM
S
o
o

500

0 100 200 300 400 500 600
Time/s

Fig. 5. Optimized step-wise spin protocol for PBMCs extraction. (1) Acceler-
ated at 30 RPM/s to 1800 RPM and introduced DGM and the blood sample into
the sedimentation chamber; (2) Spun at 1800 RPM for 480 s to process blood
thoroughly; (3) Accelerated at 30 RPM/s again to 2400 RPM, the capillary valve
burst and then the siphon valve primed; (4) Maintained the speed of 2400 RPM
and transported PBMCs into the extraction chamber.
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contained almost entire PBMCs and some platelets, with no contami-
nation with erythrocytes (Fig. 6a). The PBMCs were uniformly dispersed
and in good condition, demonstrating that the spin protocol determined
in the above experiments had minimal impact on cell damage. Only a
few platelets and PBMCs were present in the waste chamber (Fig. 6b),
indicating that the target layer in the sedimentation chamber did not
experience significant disruption during the siphoning process. The
target layer entered the extraction chamber stably, without causing loss
of PBMCs.

In order to prove the effectiveness of PBMCs extraction, cells
extracted from 15 pl whole blood were recovered from the chip, resus-
pended in buffer homogenously and then enumerated using a hemocy-
tometer (Millicell® Disposable Hemocytometer, Sigma-Aldrich, USA).
Fig. 7a shows the counting result using a color camera (DP74, Olympus,
Japan). Fig. 7b displays the PBMCs count/pl from samples collected
from healthy subjects, and compares the PBMCs extraction efficiency
using the proposed fully automated centrifugal chip with the standard
cell counting method in medical laboratories. The result indicates that
with the full automated strategy and the modified siphon valve, the
extraction efficiency of PBMCs increases to approximately 80 %.

In traditional hydrophilic siphon valves or CPSV strategies, the chips
rely on capillary force or pneumatic force at low rotation frequency to
drive the liquid across the crest-point. These methods suffer from
inherent surface modification issues and result in the upward dispersion
of cells under low-speed conditions, leading to the loss of some PBMCs.
In contrast, the high-speed triggered siphon valve proposed in this study
primed after the additional DGM broke through the capillary valve,
entered the sedimentation chamber, and then slightly raised the liquid
level. Due to the large centrifugal force during high-speed rotation, the
cell layers did not exhibit upward dispersion, and no remaining PBMCs
band was observed after siphoning. It indicated that DGM effectively
carried PBMCs into the extraction chamber, resulting in an 80 %
extraction efficiency. It is inevitable that manual recovery of PBMCs
from the extraction chamber causes some loss, which is one reason for
the lower extraction efficiency compared to the medical laboratory re-
sults. Additionally, there are limitations in using the DGM method for
PBMCs extraction, as the DGM cannot separate 100 % of PBMCs [16]. A
portion of the remaining PBMCs may also be lost in the sedimentation
chamber and valve during the separation process due to surface
adsorption of cells and protein. One potential solution is passivating the
PMMA surface with the blocker solution or adopting more precise and
cleaner manufacturing methods. Because of the low diffusion constant of
percoll, the formed gradient is highly stable and can be used for the
separation of several cell layers. Further, this chip holds potential for the
convenient addition of similar series-wound extraction chambers to
separate more components such as monocytes, lymphocytes, and gran-
ulocytes. With the integration of five array units, one chip can simul-
taneously process multiple samples. To ensure the purity of the extracted
cells, each unit of the chip is designed for single use.

Fig. 6. Image of cells on the chip. (a) The extraction chamber predominantly
contained PBMCs, which were uniformly dispersed with sound status. (b) The
Waste chamber mainly contained plasma and platelets. All the scale bars were
100 pm.
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Fig. 7. (a) Extracted PBMC counts. (b) Comparison of results on chip and medical data.

4. Conclusion

In this study, a density gradient centrifugation method based on
LoaD was proposed to separate and extract PBMCs. Despite the extensive
utilization of cell separation techniques using DGM over the past de-
cades, there has been a notable absence of endeavors focused on
customizing these methodologies for seamless and automated integra-
tion into the LoaD platform. Compared to traditional manual methods,
our results demonstrate a novel system that can automatically isolate
intact PBMCs from whole blood with high yield, low pressure, and less
than half the time required by manual methods (150xg for 8 min vs
800xg for 20 min). The integrated clock channel and high-speed trig-
gered siphon valve in this chip fulfill the requirements for an automated
system to isolate PBMCs from whole blood. Furthermore, the chip
eliminates the reliance on surface treatment in traditional hydrophilic
siphon valves and overcomes the issue of target cell loss during transfer
on account of the low-pass and unstable factors in CPSV strategies. It
enables the precise and efficient separation of the ultra-thin target cell
layer from the plasma and DGM layer. With only a dozen microliters of
whole blood required, the proposed LoaD platform can be widely used
for biological analysis and clinical therapy.
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