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ABSTRACT: The discovery of circulating tumor cells (CTCs) has envisioned an
excellent outlook for cancer diagnosis and prognosis. Among numerous efforts
proposed for CTCs isolation, vortex separation is a well-known method for
capturing CTCs from blood due to its applicability, low sample volume
requirement, and ability to retain cell viability. It is a label-free, passive, low-cost,
and automated method, making it an ideal solution for lab-on-a-chip applications.
The previous designs that employed vortex technology have shown reaching high
throughput and 70% separation efliciency although it was after three processing
cycles which are not desired. Inspired by our earlier design, in this work, we
redesigned the chip geometry by elevating the columned reservoir height to capture
more particles and consequently reduce particle—particle collision, eventually
improving efficiency. So, a height-variable chip with fewer elevated columned
reservoirs (ECRs) was employed to isolate 20 ym microparticles representing
CTCs from 8 ym microparticles. Also, numerical simulations were conducted to
investigate the third axis contribution to the separation mechanism. The new design with ECRs resulted in a 14% increase in average
efficiency, reaching ~80% =+ 8.3% in microparticle separation and 61% purity. Moreover, the proposed chip geometry demonstrated
more than three times higher capacity in retaining orbiting particles up to 1300 in peak performance without sacrificing efficiency
compared to earlier single-layer designs. We came up with an upgraded injection system to facilitate this chip characterization. We
also presented an effortless and straightforward approach for purging air bubbles trapped inside the reservoirs to preserve regular
chip operation, especially where there is a mismatch between channel and reservoir heights.

[l Metrics & More ’ Q Supporting Information

1. INTRODUCTION

Circulating tumor cells (CTCs) are known as early indicators
for cancer metastasis in patients.” They are shed from the
primary tumor, enter the blood circulation system, and result
in a metastatic outbreak.” Recent investigations have shown
that not all CTCs contribute to forming new tumors.” While
new biomarkers such as circulating tumor DNA, circulatin
RNA, and exosomes are more precise in cancer diagnosis,
CTCs have demonstrated multiple advantages for patient
monitoring, drug testing, and investigating tumor spread.3’S
Liquid biopsy has emerged as a promising alternative method
for patient monitoring and offers reduced pain and
invasiveness compared to conventional tumor biopsies.’
Besides, CTC molecular analysis is a new approach to gene
investigation and acquiring real-time information on a patient’s
cancer situation.” It can be further utilized for next-generation
sequencing and mass cytometry to characterize single-cell
genome, transcriptome, methylome, and proteome.”*

The deficient number of CTCs in patient blood,
approximately 1 per mL in the early stage’ and up to 1000
per mL in the late stages,'’ poses a significant challenge for
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separation.'’ CTCs are heterogeneous and usually larger than
normal blood cells,” and their scarcity is directly related to the
effectiveness of the treatment and the patient’s overall
survival.'””> Hence, numerous methods in microfluidics have
been introduced to achieve a more effective CTC separation

. . 12-17
and quantification.

Microfluidics technology offers
numerous advantages, including but not limited to minimal
sample volume requirements and the potential for integrating
multiple experiments on a single chip, thereby reducing time
and cost.'® Microfluidics has further facilitated straightforward
testing methodologies, thereby enabling point-of-care diag-

nostics, and has been employed for various purposes such as
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Figure 1. Fundamental of the vortex separation mechanism in (A) the ECR and (B) the CHC for the same Re. It can be observed that the ECR
reaches the whole-cell vortex at a lower flow rate compared to CHC. The predominant forces acting on the particle are depicted before and after
entering the reservoir. (C) The balance of wall and shear-induced lift forces across the y and z-axis. (D) The remaining forces cause imbalance and
alter the velocity direction. (E) The balance of active forces in CHC. (F) The imbalance of dynamic forces leads to changes in velocity direction.

sample preparation, biomarker separation, fluid mixing, droplet
generation, and single-cell analysis."*~**

CellSearch is the unique FDA-approved CTC counting
method, using magnetic immune fluorescent nanoparticles
labeling and an image analyzer,”> which does not provide
viable cells after detection.”* Label-free techniques are more
desired because of their high cell viability after separation and
the ability to recover distinct CTC/cluster subpopulations with
important information for predicting patient outcomes by
eliminating the bias of using molecular markers.”> Viable
CTCs can allow for further research in personal therapy and
precision oncology. Some separation methods reported better
performance than CellSearch.”**’

Vortex technology is a passive, high-throughput, and label-
free method that relies solely on particle size and physical
parameters.”””” Separated CTCs in this method are intact,
pure, and viable for downstream clinical examination.’*~>* The
processing time for whole blood is short due to optimizing the
flow rate and establishing a high-throughput separation
mechanism. Additionally, it is cost-effective and automated,
requiring no need for a laboratory expert. It was first
introduced in 2011°*** and has been ultimately commercial-
ized for research-based viable CTCs separation.

Within the vortex system, the balance of forces is pivotal for
efficiently focusing and expulsing particles. As the fluid flows
through tiny microchannels at a high rate, it generates a
velocity profile known as Poiseuille flow, forming micro-
vortices in expanded regions. These micro-vortices play a
critical role in the separation mechanism, exerting inertial
forces that can trap larger particles than a specific threshold
within the vortex streamlines (Figure IA,B).35 In this process,
the lift force plays a crucial role. It depends on the flow rate
and is responsible for achieving maximum efficiency. This is
known as the critical Reynolds number (Re,,). As the flow rate
decreases, the vortex disappears and releases the cells. The lift
force primarily affects particles larger than 0.07 of the channel’s
hydraulic diameter. It is composed of the shear-induced and
the wall-induced lift forces. These forces are in equilibrium at
the balance point, where the flow focuses the particles across
the channel (Figure 1C,E). Upon reaching the reservoir

entrance, the abrupt removal of the wall eliminates the wall-
induced force. In contrast, the shear-induced force propels the
particles perpendicular to the main flow, expelling them into
the reservoir space (Figure 1D,F). The interaction between
drag and lift forces establishes a new equilibrium for the
particles, causing them to orbit around the vortex core and
remain within the reservoir.’® Briefly, Figure 1 illustrates the
fundamental separation mechanism in the vortex technique,
distinguishing between the constant height chip (CHC) and
the elevated columned reservoir (ECR).

One challenge of CTCs separation using vortex technology
is the low efficiency, which requires more than three times
reprocessing the sample to achieve a high separation efficiency.
Furthermore, vortex technology-based devices showed a highly
dependent capture efficiency to the sample concentration.”*”’
Researchers have endeavored to enhance vortex efliciency
since its introduction’®”” by modifying various parameters,
including channel width, 3740
aspect ratio,” primary channel length,””** reservoir spacing,”’
the number of reservoirs along the channel,””*° the number of
parallel channels,””** side outlets for the reservoirs,* *°
different fabrication methods and chip materials,*® and
ultimately the novel geometry of the reservoirs.””** Although
upstream channel deformation was seen in the early report of
vortex separation,”* the effect of chip deformability was not
evaluated until 2018.%° Finally, for commercialization, VTX-1,
i.e., the Vortex-HT (high-throughput) design introduced in ref
27, was fabricated on a rigid substrate and demonstrated higher
efficiency due to lower deformability.*®

Among the reported designs, columned reservoirs demon-
strated higher efficiency, with the CHC vortex achieving 67%
separation in a single step.”” Placing columns inside the
reservoir was to make duplicate vortices in each reservoir to
increase the capacity and reduce particle—particle collision.
The inner vortex, which is smaller, looks similar to Vortex-HT,
and the outer vortex, which is greater, encompasses the
reservoir around the column. Multiple vortices in a reservoir
provide more space for the particles to orbit and reduce the
chance of particle—particle collision.*’

. 1. 37,40 .
channel height,””™" reservoir
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Our previous work demonstrated the first three-dimensional
(3D) vortex chip reservoir employing the third axis for
separation.”® Based on numerical simulations and laboratory
experiments, it was demonstrated that raising the height of the
reservoir allows the system to apply conventional forces beside
new imbalanced forces in a new direction simultaneously. Also,
elevating the reservoir’s elevation increased the chip volume to
trap more particles in each reservoir and reduce particle
collisions. In the conventional vortex reservoir, which we call
the two-dimensional (2D) vortex, particles orbit at a specific
height,33 whereas in the elevated height reservoir, the 3D
vortex enabled the particles to rise into a parallel plane upper
from the inertial focusing position within the main flow. In
other words, particles are no longer limited to a specific height
in the reservoir and may elevate up or down. Hence, they have
fewer common paths for orbiting and have a lower collision
chance. Employing the 3D vortex resulted in 1.5 times higher
efficiencies than the 2D vortex."

In this study, we extended our previous research*® by
introducing the ECR design to take advantage of the 3D vortex
and further enhance the separation efficiency. We took
inspiration from the efliciency improvement for the columned
reservoir that Paié introduced.”” Her design consisted of a
CHC with rectangular columns in each reservoir, dividing the
vortex path into two.

2. MATERIALS AND METHODS

The Sylgard 184 polydimethylsiloxane (PDMS) was acquired
from Dow Corning, and the SU-82050 photoresist and
propylene-glycol-methyl-ether-acetate (PGMEA) were ob-
tained from Microchem. Also, polystyrene microbeads
measuring 8 and 20 ym, coated with red and green fluorescent
dyes, respectively, were purchased from Phosphorex. The
experimental procedures also involved using TWEEN 20,
ethanol, and phosphate buffer saline (PBS).

2.1. Numerical Simulations. Fluid flow was simulated
using COMSOL Multiphysics 6.0 to solve the momentum and
continuity equations for a single-phase Newtonian fluid. The
fluid’s density (p) and dynamic viscosity () were set at 1000
kg/m? and 8 X 107* Pa-s, respectively. We performed a mesh
independence analysis, the results of which are presented in
Figure S1A,B. Additionally, we simulated the particle trapping
behavior by utilizing the Lagrangian particle tracing module,
coupled with the fluid flow, and solving Newton’s second
law.” Supplementary Information provides further details
regarding the simulations.

2.2. Chip Design. The chip desi7gn was inspired by
architectural concepts in the literature.””*”*** It consists of
16 parallel microchannels with a 40 X 70 ym cross-section,
where six reservoirs are arranged along each channel in a row
(see Figure S2). The channels connect columned reservoirs,
drawing inspiration from the work by Pai¢,* with dimensions
of 1290 ym in length and 720 ym in width. These columns,
measuring 200 X 320 pm, are positioned at a distance of 200
um from the side channel. The selection for the number of
reservoirs was based on our previous study, which revealed that
reducing the number of reservoirs enhances the trapping
mechanism in the last four reservoirs, owing to the lower
pressure drop experienced within the chip. As previously
discussed, we incorporated a double-layer chip design for the
reservoirs, providing ample space for orbiting particles and
facilitating the utilization of out-of-plane forces.*

2.3. Device Fabrication. The device mold was fabricated
following a two-step process described in our previous work.*®
Initially, a two-inch silicon wafer was meticulously cleaned with
acetone and isopropyl alcohol, and then rinsed with deionized
(DI) water. For the first layer, a 70 ym thick coating of SU-8
was spin-coated onto the wafer, subsequently baked, and
exposed to ultraviolet (UV) light using a mask that defined the
inlet/outlets and parallel channels. The structure was then
developed in PGMEA. Then, a second layer consisting of a 40
pum thick coating of SU-8 was spin-coated onto the prepared
structure. A mask containing the layout of reservoirs,
comprising 96 reservoirs, was precisely aligned with the
bottom structure and exposed to UV light, following the
exact baking and development procedure.

The PDMS chip was fabricated using the soft-lithography
method. The PDMS elastomer was blended with its curing
agent at a 10:1 ratio and cast onto the prepared mold. Before
baking, the mixture was thoroughly degassed and maintained
for an hour at 80 °C in an oven. The chip was carefully peeled
off from the mold, and inlet and outlet holes were punched
using a 1 mm biopsy punch. The glass slide and the PDMS
component were subjected to 25 W oxygen plasma for 1 min,
and then bonded and baked at 80 °C in the oven for 30 min.
Lastly, polytetrafluoroethylene tubes were affixed to the chip
holes and connected to the test setup.

2.4. Test Setup. Sample flow during each injection was
monitored using an optical microscope (Olympus CX22).
Fluorescent images were captured using an upright fluorescent
microscope (Optika) equipped with a CCD camera (Optika).
A ‘three-way stopcock’ facilitated the injection process,
connecting multiple syringes to a single chip inlet. A local
provider’s syringe pump (Zistrad 4SP94-1) was utilized for
controlled sequential injections of specific solutions. To
optimize the process of serial injection, we reprogrammed
the pump controller (Mega 2560) using Arduino software.
This involved establishing a novel connection approach that
allowed the controller to seamlessly switch between different
solutions with minimal delay, mitigating any potential pressure
drop during the testing procedure. Moreover, the program was
designed to enable the independent operation of the individual
syringes, receiving real-time commands from a PC to ensure
accurate and comprehensive testing. A photograph of the
actual test setup is provided in Figure S3.

2.5. Preparing Solutions. To prevent particle aggregation,
0.1% TWEEN 20 was added to a specific concentration of
microparticles at a 0.1% ratio in PBS. In order to ensure a
homogeneous solution during the injection process, a small
stainless-steel sphere with a diameter of 2 mm was embedded
in the syringe. The solution underwent continuous agitation by
utilizing an external magnet to shake the stainless-steel ball,
resulting in thorough mixing and dispersion of the particles.

2.6. Experiments. The chip underwent testing under
various conditions. A mixture of 20 um fluorescent microbe-
ads, totaling approximately 300 particles in 5 mL, was injected
into the chip to assess its efficiency at different flow rates. The
samples were injected following our procedure, and the output
was collected in a 96-well plate and categorized into two
separate groups. The first category, ‘waste,” consisted of the
flow exiting the chip during the sample injection, which
contained non-trapped particles exiting from the chip. The
second category, referred to as ‘main,’ encompassed an
approximately 200 uL volume of fluid released from the chip
when the flow rate was decreased. Trapped particles were
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Figure 2. (A), The separatrix region at the end of the reservoir, indicated by the red rectangle. (B) Schematic representation of the reservoir with a
channel height of H1 = 70 ym and a vortex chamber height of H2. The cut-plane is positioned at a 20 um distance from the end of the vortex
chamber. (C) Velocity profiles and streamlines in the cut-plane for different geometries with H1 = 70 ym and varying H2 values: (i) 70 ym, (ii) 80
pm, (iii) 90 pm, (iv) 100 ym, (v) 110 um, (vi) 120 ym, (vii) 130 um, (viii) 140 ym. A constant flow rate of 525 yL/min was injected in all cases.
The color bar represents the magnitude of the vertical velocity, with positive and negative velocities indicating the direction of fluid flow along the
z-direction. The black rectangular window highlights the channel outlet at the end of the chamber.

easily flushed from the reservoirs by lowering the flow rate and
gathering them in the main outlet. The fluorescent microscope
was used to count the particles in the waste and main outlets.
The reservoir’s capacity was also measured by injecting
different quantities of 20 pgm microbeads, ranging from 300
to 2500 particles, in a solution. The microbeads in each outlet
were counted separately. The efficiency was calculated by
dividing the number of microbeads in the main outlet by the
total number in both outlets (main + waste).

Moreover, some mixtures of 8 and 20 ym microbeads were
introduced into the chip to specify the selectivity of the device.
The mixture consists of a constant number of 20 um
microbeads, approximately 300, besides different concentra-
tions of 8 ym microparticles, including 1000, 3000, and 5000
in each sample. Ultimately, efficiency was calculated as
mentioned earlier, and the purity was calculated by counting
the number of 20 and 8 ym within the main outlet and
calculating the ratio of 20 ym in the main outlet. The rejection
rate was calculated by dividing the number of 8 ym particles

passed from the chip by the total number of injected 8 ym
microbeads.
The injection procedure consisted of the following steps:

e Step I: air removal—Ethanol injection for 3 min at a 6
mL/min flow rate to eliminate air bubbles from the
reservoirs. Finally, changing the three-way stopcock
prevented alcohol diffusion in the subsequent steps.

e Step 2: primary vortex—PBS injection at the test flow
rate for 30 s creates the primary vortex and removes the
remnant alcohol from the chip.

e Step 3: sample injection—Injection of the sample at the
test flow rate while agitating the metal sphere. During
this step, the output particles were collected in a Petri
dish to count the untrapped particles (waste outlet).

e Step 4: channel wash—PBS injection at the same flow
rate for channel cleaning without delay. This step was
necessary to eliminate the error for particles which were
not reached the chip yet. Moreover, any unstable
orbiting particles, such as 8 ym, were washed through
the reservoirs.
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Figure 3. (A) Validation of particle tracing using numerical simulation (pink lines) compared with the green fluorescent image of vortices carrying
20 pum fluorescent beads at a flow rate of 375 yL/min (0.4 s into simulation). (B) The 3D trajectories of a single 20 ym trapped particle after
multiple rounds of orbiting in the vortices (depicted in pink) and those of four represented 8 ym microparticles passing straight through the
chamber (depicted in black) are shown for ECR versus (C) CHC. The yz projections of 20 ym particle trajectories (highlighted in red) were
plotted to compare vortex formation between the two chips. The flow rates for the constant and elevated height chips are 525 and 375 yuL/min,

respectively.

e Step S: particle collection—Reduction of the flow rate to
0.5 mL/min to release the trapped particles and collect
them in a 96-well plate (main outlet).

3. RESULTS AND DISCUSSION

Our previous study’ emphasized the importance of elevated
reservoirs. This work aims to present the simulation results of
the redesigned reservoir and explore the impact of varying
reservoir height on the chip performance. Moreover, we
conducted experimental characterizations of the ECR chip and
supplemented them with in-depth technical discussions.

3.1. Design Considerations and Simulations. In order
to investigate the impact of reservoir height on microparticle
trapping, we conducted simulations using vortex chambers
with varying heights (H2) ranging from 70 to 140 um,
connected to a 70 ym height channel (H1). The fluid flow
field and particle tracing were solved using COMSOL
Multiphysics 6.0. We analyzed velocity profiles and streamlines
to examine the hydrodynamic changes resulting from
variations in H2. Additionally, particle trapping was simulated

28632

using the Lagrangian particle tracing module. Further details
on the numerical modeling can be found in the Supplementary
Information dedicated to numerical simulations.

3.1.1. Velocity Profiles. The term “Separatrix” refers to the
region located at the end of a reservoir, where the main flow
streamlines gradually expand and move outward (Figure 2A).
The width of the separatrix serves as a threshold for the
minimum lateral movement required for a particle to be
trapped. This region holds significant importance as it directly
influences the balance of forces acting on a particle and its
stability within the reservoir. In Figure 2B, cross-sectional
velocity profiles and streamlines near the end of the vortex
chamber are depicted, highlighting the intensification of the
separatrix. According to Figure 2C-i—viii, these profiles are
related to differences in reservoir height with the same flow
rate of 525 uL/min. When the inlet channel and the vortex
chamber have equal heights (Figure 2C-i), the fluid passing
through the chamber can directly exit, resulting in a balanced
horizontal flow.
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When the height of the vortex chamber is increased from 70
to 140 pm, the fluid flow pattern changes notably. Specifically,
the z-component of fluid velocity (1, > 0) increases along the
reservoir. Toward the end of the reservoir, the streamlines of
the main flow tend to move downward (u, < 0), rejoining the
mainstream to exit from the chamber. As the chamber height
increases, the cross-sectional shape of the separatrix at the end
of the reservoir undergoes a transition: from a rectangle to a
trapezoid (70—110 pm) as depicted in Figure 2C-i—iv, and
then to a semicircle when the upward and downward
horizontal flows are balanced (H > 120 pm), as shown in
Figure 2C-v—viii. These changes in the flow pattern play a
crucial role in understanding the stability of particles within the
reservoir.

The reservoir height is crucial in achieving optimal
separation efficiency, as measured by Re.,** When the reservoir
height exceeds the channel height, the chamber reaches a state
of whole-cell vortex at lower flow rates. For instance, CHC
achieves this at Re = 180, while a reservoir height of 110 pm
can achieve a similar state at approximately Re = 120. Both the
whole-cell vortex and Re. represent maximum efficiency
although the former is determined through numerical
simulations, and the latter is derived from experimental data.
Reducing Re in chip design can help to compensate for
PDMS deformation.>”*® Therefore, investigating the character-
istics of the whole-cell vortex is vital for predicting the
performance of the PDMS chip under pressure and
deformation. Increasing the reservoir height can also result in
vortex formation at lower flow rates.**

Another reason for Re. is because of changes in the
boundary layer neighboring the top and bottom surfaces of the
reservoir. In the case of CHC, where there is no extra distance
between the main flow and the reservoir’s edge surfaces, the
boundary layer appears in a narrower region and experiences a
higher shear rate along the z-axis. This leads to forming a stable
vortex in a limited space and height. Larger elevated reservoirs
result in the formation of the whole-cell vortex at lower Re
numbers. However, this comes at the cost of a lower shear rate,
which should be considered a trade-off. Consequently, Re.,
occurs at a higher flow rate in the experiment, while the vortex
core approaches the end of the reservoir to meet the
requirement for higher separation flow rates. A significant
difference in flow rates between the whole-cell vortex and Re,,
disrupts the streamlines and disturbs the stability of particles.
Our observations indicate that the vortex core forms a
symmetrical orbit in Re,. Meanwhile, by increasing the Re
number, the deformation of vortex streamlines intensifies until
the vortex core becomes too close to the end of the reservoir,
which is significantly probable to miss trapped particles.

In addition to the hydrodynamic advantages of elevating the
chamber reservoir, this modification also improves the
reservoir capacity and saturation level. Increasing the reservoir
height, such as from 70 to 110 yum, expands the chamber size
by 60%, allowing for capturing more particles within the larger
chamber. Furthermore, the shear rate, which represents the
relative movement of adjacent fluid layers, is a crucial factor
that influences the efficiency and peak performance of the
separation mechanism.”””” Specifically, surpassing the Rey-
nolds critical number (Re,,), which serves as a fluid instability
threshold, can compromise trapped particles’ stability by
increasing the flow rate. This instability can disrupt the
particle orbiting within the chamber,>® potentially leading to

particle escape and reducing the effectiveness of the separation
process.

In conclusion, reservoir height is critical in achieving
efficient particle separation. Based on the experiments and
simulations presented in this study, setting the reservoir height
around 110 um is recommended for optimal performance, as
previously reported. At this height, vortex formation occurs at
lower flow rates while maintaining a sufficiently high shear rate
to ensure the stability of trapped particles. Furthermore,
increasing the reservoir height can enhance the chamber
capacity and saturation level.

3.1.2. Particle Tracing. The motion of particles in vortex
chambers with heights of 70 and 110 pm was visualized using a
Lagrangian particle tracing module coupled with the fluid flow
field, as described in the Supplementary Information. To
validate the simulation results, we compared the fluorescent
image of the vortices carrying several 20 ym fluorescent beads
in the 110 ym height ECR at a flow rate of 375 pL/min with
the numerical simulation results (Figure 3A). The particle
trajectory was plotted from the moment it entered the vortex
chamber for a period of 0.4 s (the whole 3D particle trajectory
of a single particle after this period is shown in Figure S4).
Figure 3A demonstrates that the predicted particle trajectory
aligns with the experimental data, providing validation for the
simulation results.

The movement of a single 20 ym particle and several 8 ym
particles along the z-direction was investigated in vortex
chambers with heights of 70 gm (CHC) and 110 ym (ECR).
Figure 3B,C compare the predicted particle trajectories in the
vortex chambers with heights of 110 um (Re,, = 142) and 70
um (Re,, = 200), respectively. Notably, elevating the chamber
height alters the vortex shape.

As it is clear from Figure 3B, 8 um particles passed the
vortex chambers while 20 pm particle was trapped. The
simulation results for 20 ym for CHC align with the findings of
the confocal microscope tests presented in ref 33, where the
most stable orbits were observed at the lower reservoir height.
Additionally, as depicted in Figure 3C, the selected particle in
CHC primarily orbits in a parallel plane with the xy-plane and
predominantly within a limited height range. Conversely, as
shown in Figure 3B, the particle moves at different heights
along the z-direction while orbiting in the vortices in ECR (the
z-axis trajectories are plotted on the back yz-plane for
comparison). In summary, in the ECR chip, the height of
the particles changes gradually during motion, whereas it
remains fixed in the CHC.

Moreover, the simulation results for 8 um particles reveal
that while particles pass through the chamber in the ECR chip,
they experience a z-direction movement. The projection of 8
pum microparticles is plotted in the xz-plane for both Figure
3B,C. The particle paths in the ECR elevate slightly in the z-
direction from the entrance to almost the end of the reservoir
while rapidly declining in the separatrix to exit the reservoir.
These particles were not trapped in the vortex in both
simulations. Notably, this minor particle elevation can increase
the probability of 8 yum particles becoming trapped in the
vortex, reducing the purity in the main outlet.

The change in 20 pm particle height during its orbit can be
attributed to the modulation of lift and drag forces caused by
the elevation of the chamber. As discussed earlier, elevating the
vortex chamber facilitates the formation of a three-dimensional
vortex. In CHC, where the vortex is generated in two
dimensions (xy-plane as shown in Figure 3C), the drag force
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Figure 4. (A) The trapping efficiency of the proposed ECR chip versus different flow rates for a sample volume containing particles measuring 20
um in size. (B) Characterization of the chip for a mixed solution of 8 and 20 ym particles with approximately 1000, 3000, and S000 number of 8
um particles and roughly a constant 300 number of 20 ym particles in each test (n = 3). (C) A picture of the waste outlet representing a 20 ym
particle among a series of 8 ym particles. (D) The chip’s efficiency is a function of the number of particles in the sample volume. The chip exhibits a

saturation limit of approximately 1300 particles (n = 3).

acts on the particle in both the x and y directions, causing the
trapped particles to orbit horizontally without vertical
movement (4, ~ 0). In CHC, no z-direction force affects
the particle due to the symmetrical flow pattern along the z-
direction resulting from the constant height geometry.
However, when the chamber is elevated (Figure 3B), the
asymmetrical flow pattern along the z-direction introduces a z-
direction component to the fluid flow velocity. Consequently,
the z-direction component of the drag force (Fdrag) generates a
vertical flow along the z-axis. This explains why particles
trapped in an orbit move toward the top of the chamber outlet,
where the z-direction velocity increases.

Furthermore, the velocity profile of the vertical flow
generated in the chamber results in a shear-rate gradient,
affecting the lift force acting on the trapped particles. In the
vicinity of the chamber inlet, the shear rate increases due to the
higher velocity, causing the trapped particles to be pushed
toward the chamber bottom near the inlet. As shown in Figure
3B, the particles become trapped in an undulating vortex and
exhibit a non-constant height trajectory (as depicted in the
figure’s yz projection of particle positions). This indicates that
in addition to their movement in the xy-plane, the particles

28634

also undergo vertical movement along the z-axis. This
contributes to enhancing the stability of the trapped particles
within the vortex.

In the subsequent analysis, we opted for the 110 ym height
reservoir due to its similarity in geometry to our previous
successful study. It possesses three fundamental properties that
provide advantages over CHC:

1. Lowering Re, reduces the deformation of the PDMS
channel and increases efficiency.

2. The larger reservoir volume enhances the capacity for
trapping more particles.

3. The presence of 3D streamlines allows particles to orbit
out of the plane, unlike the predominantly in-plane orbit
observed in CHC. This lowers the likelihood of particle
collision.

3.2. Chip Characterization. 3.2.1. Separation Efficiency.
We conducted experiments with different flow parameters to
characterize the chip and evaluate the separation efficiency and
purity for 20 pm microbeads. The results of these tests are
presented in Figure 4. Our results demonstrate that the
proposed ECR chip operates effectively at a lower flow rate (Re
= 140) compared to the previous vortex chip (Re = 175—
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190).””* To determine the optimal condition for particle
trapping, we also measured the chip’s efficiency for a low-
concentration sample at various Reynolds numbers (between
120 and 170). Figure 4A illustrates the introduction of 300
microparticles per sample into the chip at flow rates ranging
from 4 to 7 mL/min. The device’s performance at different
flow rates aligns well with other relevant studies.’”**

The highest separation performance was observed at a flow
rate of 6 mL/min (Re = 140) for 20 ym particles, resulting in
an average efficiency of 80.6 + 8.3%. The efficiency slightly
decreased at higher flow rates than 6 mL/min. This decrease
can be attributed to the displacement of the vortex core toward
the end of the reservoir, where particles need to navigate
through a narrower region and experience more significant
changes in velocity and direction abruptly. As a result, there is
a greater chance for particles to deviate from their intended
orbit and potentially escape the vortex. Based on these
observations, we conclude that the Re,, for achieving optimal
separation efficiency is 140 at the 6 mL/min flow rate.

We observed that injecting lower flow rates than 6 mL/min
(Re = 140) cannot provide complete stability. In this range,
while the trapping mechanism functions effectively, the
orbiting beads are not sufficiently stable and can suddenly
escape from the reservoir. This indicates that the micro-
particles become trapped and begin orbiting along the vortices.
However, they eventually escape from the vortex after a short
period. This behavior can be attributed to the low shear rate in
the orbit, as discussed in detail earlier.”"

Figure 4B shows the efficiency, purity, and rejection ratio of
the proposed ECR chip for different test conditions. The tests
consisted of three concentrations of 8 um microbeads with
around 1000, 3000, and 5000 particles mixed with a constant
concentration of 20 ym microbeads with approximately 300
particles. The purpose of using 8 pm microparticles was to
emulate red blood cells. The results show that the device
maintains an average efficiency of over 81.3% + 7.6 for
trapping 20 pm microparticles. Although a small number of 8
p#m microbeads were also trapped and detected in the main
outlet, the number did not exceed 105 + 5 particles in the
highest concentration tests.

Increasing the concentration of smaller particles by fivefold
(from 1000 to S000) resulted in a 17% decrease in purity from
78.7 to 61.9%. However, the rejection ratio, representing the
percentage of untrapped smaller particles from the total
number of injected particles, remained extremely high, above
97.1 &+ 0.7%. Figure 4B demonstrates the excellent selectivity
of the device in removing smaller particles at high
concentrations from the injected mixture solution. In
summary, the device exhibited high efficiency for trapping 20
pum particles, a high rejection rate for 8 ym particles, and an
acceptable purity for size-selective separation.

These experimental results are consistent with the
simulation results visualizing the behavior of 8 um micro-
particles through the ECR chip, as shown in Figure 3B.
Furthermore, Figure 4C provides a visual representation of the
waste, which contains a more significant number of 8 ym
microbeads and a smaller number of 20 ym microbeads.

3.2.2. Chip Saturation. The previous design of the vortex
chip was reported to trap a maximum of approximately 300
particles.”” Conventional chips face challenges in trapping a
large number of particles in each reservoir, particularly for
highly concentrated solutions. In our proposed design, the
increased capacity of the chamber enables 3D streamlines that

carry particles with a reduced risk of collision. To investigate
reservoir saturation, we conducted tests with different sample
concentrations. We used 300, 500, 800, and 1000 micro-
particles in a constant sample volume of S mL to examine chip
efficiency at different concentrations. As depicted in Figure 4D,
the proposed chip maintains an efficiency of 75% for up to
1700 injected particles in a sample. Additionally, we tested
higher concentrated solutions of up to 2500 particles in the
same volume, reaching the chip’s saturation level.

Although the chip exhibited the ability to retain 1300
particles when injecting 1700 particles, this number declined to
around 1000 + 80 for 2500 particles per sample injection,
resulting in an efficiency drop to approximately 39%, as
depicted in Figure 4D. The main reason for this reduction can
be attributed to the extensive particle—particle collisions at
higher concentrations. Since each reservoir can only trap a
certain number of particles, the chip becomes saturated, and
particles collide with each other while orbiting within the
reservoir, reducing the total number of trapped particles. The
decrease in efficiency directly results from the limited space
available for the vortex space within the entire reservoir. Figure
4D illustrates that the capacity of our chip is 4X higher than
that of Pai¢’s design.*” This significant improvement is due to
the formation of 3D particle orbits within the elevated
reservoir, as shown in Figure 3. The benefit of a higher
saturation number lies in its ability to retain the maximum
number of introduced cells within a sample from a late-stage
cancer patient.

The increase in saturation in high-concentration solutions
can be primarily attributed to the larger reservoir volume and
the presence of 3D streamlines. These factors enhance the
separation mechanism by promoting the formation of more
stable particle orbits. However, we also observed that not all
reservoirs trapped a significant number of particles. This
discrepancy may be due to variations in pressure between the
channels, as described by Sollier.>” As a result, we believe that
ECR’s higher saturation limit is caused by particle orbits at
different heights within the chambers.

Previous reports have suggested that increasing the number
of serialized reservoirs in a channel can improve efficiency.”’
However, in our work, we opted for only six reservoirs along
the channel, similar to our previous design.”® Adding more
reservoirs would increase the back-pressure of the chip and
result in higher deformation of the channels. This deformation
would significantly impair the initial reservoirs and make them
ineffective. Instead, we focused on leveraging the 3D vortex
separation mechanism to achieve an efficiency of approx-
imately 80% in a PDMS chip. This mechanism, coupled with
the increased reservoir volume and lower flow rate, helped
minimize PDMS deformation. Additionally, we used a
customized syringe pump for sequential injection, facilitating
a stable and reliable separation setup during the experimental
tests described in the following sections.

3.2.3. Trapped Air Bubbles in the Reservoirs. The existence
of air bubbles posed a significant challenge in ECR chip design.
In this reservoir type, the outlet channel is positioned in the
bottom half of the chamber, which has a lower height than the
reservoir. Initially, the entire volume of the chambers and
channels is filled with ambient air before operation. When fluid
flow is introduced into the chamber, air bubbles become
trapped in the upper space of the reservoir, particularly behind
the columns, which acts as a dead zone with no path to exit.
The trapped bubbles can be observed in Supplementary Video
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Figure S. (A) Sequential steps for removing air bubbles from the reservoir using ethanol saturates the bubbles” atmosphere, causing them to reach
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illustration of air bubble trapping inside the reservoir due to the height difference. (C) Comparison of separation efficiency using the default pump
operation and the pump reprogrammed for serial injection strategy (n = 3).

1 during the injection of PBS. As the fluid flow stabilizes in the
channel and pushes the trapped air toward the chamber’s top,
the bubbles cannot exit the chamber. Consequently, they move
behind the columns and shrink away from the stream, as
depicted in Figure SA-i,B. Trapped bubbles reduce the
reservoir volume and capacity and disrupt the formation of
vortices, leading to a deficiency in particle trapping. Previous
studies have groposed various geometric solutions to address
this issue.”” "

To investigate the process of bubble removal, we conducted
injections of various solutions. While the injection of ethanol at
a low flow rate (0.14 yL/min) did not yield significant results
in bubble removal,> the most effective outcome was achieved
by injecting pure ethanol (99.5%) at a high flow rate (6 mL/
min or approximately 375 uL/min in each channel). The
following paragraph will discuss the mechanism behind
removing trapped air bubbles from the vortex chamber by
injecting ethanol solution.

The evaporation characteristics of ethanol differ significantly
from those of DI water or PBS. It is worth noting that as
ethanol flows through the same channel, it experiences
different shear rates and pressures due to its higher viscosity
(11.2% higher) and lower density (21.1% lower) compared to
water. The flow pressure enhances the evaporation of ethanol
due to its higher vapor pressure and lower boiling point. The
higher vapor pressure of ethanol facilitates its rapid
evaporation into the surrounding air, leading to a higher
evaporation rate. Additionally, the lower boiling point of
ethanol means that it requires less thermal energy to evaporate,
further contributing to its increased evaporation rate.

Consequently, when ethanol is injected into the chip, it
evaporates quickly into the bubbles, penetrating the bubble’s
atmosphere and saturating it through continuous evaporation
(the flow rate of ethanol remains constant during the air
bubble removal process). Eventually, the atmosphere inside the
bubble reaches the dew point, causing ethanol droplets to form
on the surfaces within the bubble, as depicted in Figure SA-i—v
and Supplementary Video 2. These ethanol droplets can wet
the inner boundaries of the bubble within the reservoir. Over a
short period, the fluid flows through the bubble, and the
ethanol droplets eventually evaporate, leaving no trapped air
behind. Our observations indicate that passing ethanol through
the chip for 3 min eliminates remnant bubbles in the chambers
and fills the chip with fluid.

In our study, we have discovered a correlation between
pressure and the removal of trapped air in the reservoirs,
highlighting the significance of pressure in eliminating air
bubbles. We observed that the first reservoirs in the channel
became bubble-free sooner than the reservoirs further down
the channel, indicating the influence of pressure on the
reservoirs. This observation aligns with the hypothesis
discussed in Section 3.2.2 regarding the impact of pressure
on the reservoirs. Therefore, the pressure within the reservoirs
is critical in effectively removing trapped air. This approach
could be applied to other microfluidic chips to remove trapped
air by adjusting the flow rate to an appropriate level.

3.2.4. Serial Injection Setup. To ensure smooth and
uninterrupted vortex separation, a specific injection system is
necessary to minimize injection delays and maintain stable flow
while switching injection steps. In our experiments, we
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explored various strategies to assess the impact of shock-free
injection. We observed that slight delays between two injection
phases could significantly disrupt the orbiting particles,
particularly during the washing step. To overcome this
challenge, we reprogrammed a four-syringe pump controller
that was initially not optimized for delay-free sequential
injection. This modification allowed us to achieve precise and
synchronized injections, ensuring the stability of the vortex
separation process.

The developed program employs a novel protocol for real-
time communication between the syringe pump and PC,
allowing each syringe to be controlled independently. This
need for a new controlling method in managing the change of
solutions was crucial and inevitable, as its impact is illustrated
in Figure SC. Any delay or overlap between injection steps can
disrupt the primary flow’s pressure, leading to a drop in the
velocity of the microparticles. Such disruptions can result in
particle loss and decreased efficiency due to shear-rate decline.
For instance, without using a synchronized flow control unit,
especially when changing solutions, any mismatch in flow rates
can negatively affect the process. Developing an automated
program to address this issue was imperative, ensuring no
overlap or delays occurred during the injection process. This
optimization helped achieve the high separation efficiency
demonstrated in this study, as also highlighted by Lemaire et
al.*® Figure 5C clearly shows that the new injection program
resulted in a twofold increase in efficiency. Additionally, it
demonstrates the sensitivity of the proposed chip to pressure
due to its lower Reynolds number. The injection program
ensures reliable orbit stability during solution changes, as
observed in Supplementary Video 3.

4. CONCLUSIONS

The primary objective of this study was to explore and validate
the effectiveness of the vortex separation mechanism using
ECRs. To achieve this, we initially conducted simulations using
COMSOL Multiphysics to analyze the proposed reservoir
geometry. The simulations confirmed our hypothesis of non-
planar vortex streamlines. Subsequently, we fabricated a
double-layer mold. The performance of fabricated chips was
assessed by injecting 20 pm microparticles to study the
efficiency and 8 pm to observe the size selectivity of the chip.
The results demonstrated a significant improvement in
separation efficiency compared to previous designs. Through
experimental characterization and numerical simulations, we
discovered that reducing the required flow rate slightly
enhanced the chip’s performance, reducing the deformation
of the PDMS channels and mitigating any adverse effects
caused by the deformation.

Elevating the reservoir in the chip design increases its
volume, allowing more particles or cells to be trapped within
each chamber. The experimental results revealed that the chip
has a capacity of approximately 1300 microparticles, which
does not significantly affect the efficiency of the separation
process. Notably, the chip has fewer reservoirs arranged in a
row compared to a similar CHC design reported in a previous
study.”” However, the complex design of the reservoirs
introduced a challenge of trapped air bubbles within the
chamber. Utilizing a modified syringe pump capable of
injecting different types of fluids, we addressed the challenge
of trapped air by introducing pure ethanol, a highly
evaporating fluid. This modification was also necessary as we
observed the orbiting particles within the reservoir, which

could escape if no automated solution changed during the
injection process. With the enhanced reservoir design and
automated solution switching, the chip achieved an efliciency
of 80% for 20 um particles and higher than 61% purity for
separation from 8 pm microparticles when utilizing a
continuous injection system.
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B ABBREVIATIONS

CHC, constant height chip, chips fabricated in a single layer
with constant height

EHC, elevated height chip, chips fabricated in the double
layer where the height of reservoirs is larger

ECR, elevated columned reservoir, a subset of EHC with an
elevated column embedded in each reservoir (the new
design proposed in this report)
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