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Size-tunable microvortex capture of rare cellst
Reem Khojah, ® Ryan Stoutamore and Dino Di Carlo (iD}4

Inertial separation of particles and cells based on their size has advanced significantly over the last decade.
However, size-based inertial separation methods require precise tuning of microfluidic device geometries
to adjust the separation size of particles or cells. Here, we show a passive capture method that targets a
wide size range of cells by controlling the flow conditions in a single device geometry. This multimodal
capture device is designed to generate laminar vortices in lateral cavities that branch from long rectangular
channels. Micro-vortices generated at lower Reynolds numbers capture and stabilize large particles in equi-
librium orbits or limit cycles near the vortex core. Other smaller particles or cells orbit near the vortex
boundaries and they are susceptible to exiting the cavity flow. In the same cavity, however, at higher Reyn-
olds number, we observe small particles migrating inward. This evolution in limit cycle trajectories led to a
corresponding evolution in the average size of captured particles, indicating that the outermost orbits are
less stable. We identify three phases of capture as a function of Reynolds number that give rise to unique
particle orbit trajectories. Flow-based switching overcomes a major engineering challenge to automate
capture and release of polydisperse cell subpopulations. The approach can expand clinical applications of
label free trapping in isolating and processing a larger subset of rare cells like circulating tumor cells (CTCs)

rsc.li/loc from blood and other body fluids.

1 Introduction

Microfluidic systems have proven to be efficient and tunable
platforms for general micro-scale manipulation and analysis of
rare cells." Many technologies separate cells by either inducing
external forces (active separation), or using intrinsic hydrody-
namic forces (passive separation).” Active technologies were de-
veloped for cell separation such as dielectrophoresis (DEP),*
magnetophoresis (MP),*® acoustophoresis (AP)'°** and optical
tweezers.">'® They allow precise and tunable control of target
particle motion in suspension. However, external forces have to
be balanced with limited flow speeds, resulting in a significant
throughput penalty.

Passive technologies, on the other hand, are simple, ro-
bust and solely based on controlling hydrodynamic proper-
ties of the flow.”” Methods such as pinched flow fractionation
(PFF),"®*2° deterministic lateral displacement (DLD),*" micro-
filtration®** and inertial microfluidics®*>’ were used for
continuous cell separation. Inertial microfluidics, in particu-
lar, enables high-throughput technologies to process large
sample volumes in a short analysis time.*® These features are
favorable for blood component isolation and processing.*’

In an inertia-dominated regime, particle motion does not
simply follow fluid streamlines.*® In the case of inertial flow
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in a rectangular channel, the physical properties of
suspended particles influence their motion through inertial
migration or inducing secondary flows.*"*> This enables pre-
cise manipulation (i.e. focusing, sorting and separation) of
bio-particles by controlling inertial flow properties.>> How-
ever, without changing the device geometry it is challenging
to modulate size-based separation and capture of rare cells
with a distribution of sizes and deformability.**

Recently, our group developed high-throughput cell en-
trapment technology that concentrates cells into a small
volume in microvortices.*® This enables cell processing
(staining,*® conjugation,?” transfection®® and deformability test-
ing*) in the same device. The system can isolate circulating tu-
mor cells (CTCs) from patient samples with high purity and
efficiency,’®*> but lacks the ability to adjust the capture size
cut-off in a single device. This is a main limitation, since cells
from the same or a different lineage can be polydisperse
in size.

In this work, we uncover a new size-dependent particle
trapping phenomenon in microvortices that enables tunable
size-based cell capture. There has been broad interest in size-
based particle separation in vortical flows formed in T-junc-
tions,” tubular sudden expansions*** and confined cavity
flows.*”*®*” particles enter orbits in these cavity flows with a
radial distance that depends on particle size. We explored
the evolution of size-dependent radial orbits as a function of
Reynolds number in a single cavity (Fig. 1A). Through modu-
lating the balance of intrinsic inertial and viscous forces, we
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characterize three inertial phases that influence size-based
particle entrapment in microvortex flows (Fig. 1B). Each flow
condition generates a limit cycle or stable orbits for a certain
particle size. We provide a new systemic understanding of
the three selective trapping phases based on the cavity's vorti-
cal flow properties. We take advantage of this new under-
standing to perform cell separation across a range of condi-
tions optimized to enrich different sizes. Flow-induced
switching enables isolation and capture of an expanded size
range of cells in a single device geometry. This facilitates to-
tal analysis systems for bio-fluid processing for many diag-
nostic applications and downstream analyses.

2 Methods

2.1 Device fabrication

A straight rectangular channel (H., = 70 pm, Wy, = pm, Ly,
= 3 cm) was formed from a master mold fabricated via
standard soft photolithography. KMPR 1050 (Microchem)
photoresist was used for this process. Trapping reservoirs
were placed 1 cm away from the inlet to the rectangular
channel. All cavities with different aspect ratios (AR = 1, 2
and 3) were made of the same height (H = 70 pm) (Fig.
S1f). A PDMS elastomer and a curing agent (Sylgard 184,
Dow Corning, Midland, MI) were mixed at a ratio of 10:1
and the mixture was poured onto the master mold and
degassed for 60 minutes to remove all trapped bubbles.
The master mold was placed in a 68 °C oven for 24 hours
to thoroughly cure the PDMS. The cured PDMS replica was
peeled away from the master mold. Inlet and outlet holes
were punched in the PDMS replica which was irreversibly
bonded to a glass slide by exposing both PDMS and glass
surfaces to O, plasma for 37 s, at 500 mTorr and an 80 W
power (Harrick Plasma, Ithaca, NY).

2.2 Device operation

Particle suspensions were pumped into the device using a
syringe pump (Harvard Apparatus, Holliston, MA, USA)
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through polyetheretherketone (PEEK) tubing (Upchurch Sci-
entific). The device was primed with PBS buffer for 1 min
to form the vortex topology at different flow rates ranging
from 100-1000 puL min. Fluid was collected at the end of
the chip in a new capped syringe for reruns. To avoid parti-
cle sedimentation, syringes with suspensions were mixed
and changed in each run to maintain a uniform distribu-
tion of particles. The flow rate of a single channel device
was multiplied by the number of parallel channels in the
high-throughput Vortex HT device described in previous
studies.*>*>*® The number of cells passing through the cav-
ity were normalized across different flow rates to obtain
1000 cells to pass through a single cavity for size selectivity
studies and 350 cells in the Vortex HT device for capturing
efficiency studies (Note S17).

2.3 Image analysis

The cavity was viewed using a microscope (Nikon Ti-U) illu-
minated by a mercury arc lamp with a 10x objective of an ef-
fective pixel size of 2 pm. A high-speed Phantom V2010 cam-
era (Vision Research Inc., Wayne, NJ, USA) recorded images
at 10000 frames per second for characterizing equilibrium
orbits and 30 frames per second for analyzing long term be-
havior of particle motion inside the cavity. An in-house image
processing code was developed in MATLAB to identify sizes
of trapped particles and track particle motion in the cavity.
Scatter plots were generated from 10-30 repeated runs in the
same cavity and under flow conditions (Re). The fluorescence
images were captured by a CCD Coolsnap HQ2 camera
(Roper Scientific, Evry, France), then processed by Zen2 soft-
ware. Cells that are not intact and cell fragments (@ < 4 pm)
were excluded from the study.

2.4 Particle and cell suspension

Fluorescent polystyrene particles with mean diameters of 10,
15, 20 and 30 pum were purchased from (Phosphorex,
Hopkinton, MA). To prevent aggregation, 0.1% Tween 20

L
z
Re

Phase |

@
S

re [ TIH Phase Il

N
io

1]

Cell/Cluster Diameter (um)
nN
o

Phase Il

/ﬁ\ o ®
rel L 7 ® ®
flow-induced

switch

—] 10

inlet outlet

Fig. 1 Mircofluidic device principle and operation. (A) Schematic of a single channel device with a micro-cavity placed 1 cm from the inlet. Micro-
vortex flow forms between the leading and trailing walls of the cavity at high Reynolds number. (B) Polydisperse rare cells (clusters and large and
small cells) are captured by different microvortices generated in the same device. Inertial flow conditions (Re) are tuned to generate distinct vorti-
cal flow geometries with specific capturing properties: phase | (Re = 100-175) captures clusters, phase Il (Re = 175-225) captures large cells and

phase Il (Re= 225-300) captures small cells.
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(Sigma-Aldrich, product No. P9416) was added to the particle
suspension. MCF-7 (30 2004, ATCC, Manassas, VA) and MDA-
MB-231 (ATCC 30-2002) were cultured in DMEM medium
(ATCC 30-2002). The medium was supplemented with 10% fe-
tal bovine serum (Invitrogen, Carlsbad, CA) and 1% penicillin
streptomycin (Invitrogen, Carlsbad, CA) at 37 °C under 5% CO,
conditions. Cells were passaged once they reached an 80% con-
fluence. The cells and medium tested negative for mycoplasma.
We chose the MDA-MB-231 breast cancer cell line to model the
rare cell capture. It is one of the most challenging model
among cancer cell lines to capture due to the cells' heteroge-
neous receptor expression. More importantly, they are rela-
tively smaller than other cancer cells in addition to their size
overlap with WBCs. Cells were stained with final concentra-
tions of 0.005 mg ml™" DAPI (40,6-diamidino-2-phenylindole,
Molecular Probes) and 0.05 mg ml ™" anti-CD45-PE (BD Biosci-
ences, HI30) in blood spiking experiments. MDA-MB-231 GFP
expressing cells, which we will refer to as MDA-GFP, were
spiked in diluted blood with PBS by a factor of 20x. Stained cells
were defined in Fig. S5a.f Captured cells in the microvortex
flow were released from the device and collected in a well plate
for counting and cell size distribution analysis. Media were
added into the well plate and the cells were incubated under
the same growth conditions for viability tests. Previous studies
provide a detailed description of the collection method for cap-
tured cells and viability tests.’"*> Whole blood samples from
three different healthy donors, with informed consents, were
obtained in EDTA venous blood collection tubes (Vacutainer,
BD Biosciences, San Jose, CA). The protocol was reviewed and
approved by the UCLA IRB (UCLA-IRB#11-001120).

2.5 Simulation

We modeled the device using COMSOL Multiphysics
(COMSOL, Burlington, MA) to quantify the stabilized stream-
lines and velocity distribution of the microvortex flow. The
flow rate was set from 100-1000 pL min~'. Water was applied
as a carrier fluid in the simulation with the following physi-
cal properties (density p = 1000 kg m™ and dynamic viscosity
# =10 kg m™" s7"). The velocity magnitude (m s™) is calcu-
lated from the flow rate applied in the inlet velocity. The plot-
ted range of velocity magnitude saturates at 0.04 m s ' to
show the vortex core of each microvortex flow (Fig. S2at). The
vortex core coordinates x, and y, are used as the reference
point of the system and particle motion with time (¢) (Fig.
S2bt). The vortex core coordinates are set to the local velocity
minimum within the cavity boundaries' x-y cross-sections
along the x-axis. (Fig. S2ct). There was a small shift in the
vortex core coordinates between simulations and the experi-
mental study due to PDMS deformation.

3 Results and discussion
3.1 Particle migration to microvortex flow

Before describing particle motion and separation in the cav-
ity, we explain the important parameters that influence parti-
cle transition from the main channel to the open cavity. The
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inertial flow is described in terms of the Reynolds number
(Re = pUDy/u), which is controlled by varying the flow rate Q
(uL min~"). Here p, U and g correspond to the density, aver-
age inlet velocity and dynamic viscosity of the fluid, respec-
tively. Dy, is the hydraulic diameter of the channel, defined as
(Dn = 2(WenHen)/(WenHen)), where Hey, and Wy, are the channel
height and width respectively. At finite Reynolds number,
suspended particles under bounded conditions experience
two counteracting forces.”® In Newtonian fluids, these forces
control the particle's lateral migration in the channel. Shear
gradient lift force (Fg) pushes the particle towards the chan-
nel wall, while wall induced lift force (F;w) directs the parti-
cle towards the channel centerline. Particles migrate towards
an equilibrium position.>**"*° The inertial lift forces are sim-
plified as the following, (Fis = fipU’a*/W.,) and (Fuw =
fipUta®/W?), where f; is the dimensionless lift coefficient
and a is the particle diameter.

Particles experience different magnitudes of hydrody-
namic forces based on their size. Particle sizes were scaled in
relation to the channel width (W) to define a blockage ratio
(A = a/Wep). The channel was designed such that all tested
particles, cells and cell clusters reach equilibrium positions
before passing through the cavity. The channel aspect ratio
(AR = H.n/Wep) is 1.75 to align particles laterally in the mid-
section of each wall.”"**

The vortical flow inside the cavity is strongly influenced
by the characteristics of the main channel flow (Re). At low
Reynolds number (Re < 10), the fluid flow passes with
fore-aft symmetry through the cavity with no recirculation
(Fig. S2at).>® Moffat eddies are formed in the leading wall
corners at slightly higher flow rates,>® where particles pass
through the cavity with no entrapment. However, as the in-
ertial conditions ramp (Re ~ 70), the flow separates from
the main channel and forms a jet effect in the channel ex-
pansion region. Microvortex formation has been described
extensively in previous studies.*®*” In the sudden expan-
sion-contraction region, particles are driven into the cavity
due to the absence of wall induced lift force (Fryw) and
other fluid dynamic effects.”” Some particles are stable in
the recirculating fluid flow, however not all are retained in
the cavity (ie. short residence time) depending on their
size (4).

3.2 Microvortex size-based radial separation

In this section, we explore the long term behavior of neutrally
buoyant particles inside a microvortex flow after entrapment.
Under the same flow conditions in microvortex flows, the
particles settle in separate equilibrium orbits based on their
size. Upon changing the flow rate, the equilibrium orbits
change their radius. We tracked the motion of polystyrene
beads in the cavity under different flow conditions. Each flow
rate forms a unique vortex topology with size-specific captur-
ing properties.

To systemically understand the size-based orbits and their
migration, we transform the particle motion from Cartesian

This journal is © The Royal Society of Chemistry 2017


https://doi.org/10.1039/c7lc00355b

Published on 05 gershor 2017. Downloaded by Fail Open on 7.5.2025 10:13:24 e paradites.

View Article Online
Lab on a Chip Paper

Phase | Phase Il Phase lll

A Microvortex flow field simulation

m/s a
0.04

o

o

N
Velocity Magnitude

\

B Time lapse of bright field images of single bead motion

L] -A<05 e -A<05 eSS -A<05
sA>05 sA>05 sA>05
),f' 4”“11‘5'31:;47’ "
2 PrEt ~ 3 4 -
Flow |+ st £ Lo b
_—] oo G o3 autee 3

C Size-based orbit trajectory

oA<0.5 oA<05 oA<0.5
oA>0.5 oA>0.5 oA>05
_— [ AR (4
D Time lapse of bright field images of bead suspension
= SA<05 s ~A<05 Yoo “A<05
sA>0.5 sA>0.5 2A>0.5
..a"'w‘mm'""*e. -
S —, i %
Pl v A .
Flow S LA .a,.;ff %
— ] e ¥ %EE e o s

E Scatter plot of bead suspension

1<
&
Q
13
o
052
©
Q
[+3]
o
@
— 0.1 8
— I p— I w
F E 400
s
= < =]
© 300 1 i o o 8
=3
g - o ° ° o
& 200 O ®
S
5
O 100 A O - 1<05
[}
(=]
o
§ Phase | Phase I Phase II| L
< s 100 125 150 175 200 225 250 275 300

Reynolds number (Re)

Fig. 2 Radial migration under different inertial flow conditions (Re): the three columns of images (A-E) represent an example of the inertial flow
conditions in phase | (Re = 100-175), phase Il (Re= 175-225) and phase Il (Re = 225-300). (A) Flow field simulation shows flow streamlines (grey
lines) and velocity distribution (color contours) of the laminar vortical flow in the cavity with an aspect ratio (AR) = 1 at Re = 150, 200 and 300. The
color scale represents the velocity magnitude (m s™). (B) High-speed time-lapse images of single polystyrene beads show the transition of size-
based equilibrium orbits in each capture phase. (C) Bead trajectories show inward radial migration inversion between large (1 > 0.5) (red) and small
beads (1 < 0.5) (blue) after phase Il. (D) High-speed time-lapse images of polystyrene bead suspensions illustrate the transition between phases. All
scale bars represent 120 um. (E) Scatter plots of polydisperse polystyrene beads illustrate orbital transition towards the vortex core between phase
| and phase lll. The color scale represents scaled bead diameter (1). (F) Average orbital radius (O,) of polydisperse beads in different Re illustrates
the switching of the size-dependent orbit in a stable capture region towards the vortex core.

coordinates to polar coordinates. Two-dimensional particle

trajectories [x,(t), yp(¢)] were translated to an average orbital o, =\/[xp (t)—xo]2 +[yp (1)- yﬂT (1)
radius (O,) describing the net particle behavior in micro-
vortex flows:
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We segment beads and cells into different sizes according
to their blockage ratio (1) and calculate their average orbital
radius in the cavity at different flow rates. Under low inertial
conditions, large particles (4 > 0.5) settle in small equilib-
rium orbits near the vortex core. However, small particles (1
< 0.5) orbit around the vortex boundary farther away from
the vortex core. Upon increasing the flow rate, small and
large particles switch their proximity to the vortex core (Video
S1t). We describe the progression of this phenomenon and
transition in the phases (Fig. 2). Each phase shows a size-
based average orbital radius (O;) change correlated with a
range of inertial flow conditions defined by the Reynolds
number.

3.2.1 Phase 1. In this regime, the vortical microflow begins
to be generated (100 < Re < 175) and the vortex core is
formed near the leading wall and then shifts to the middle of
the cavity (Fig. 2A). Large particles spiral inward migrating to-
ward the vortex core, leading to a decrease in their orbital ra-
dius. However, small beads settle in orbits away from the vor-
tex core and near the cavity walls with a larger orbital radius
[Or,.., > Ox,.,.] (Fig. 2B). Particles with a large orbital radius
are more unstable and can exit the cavity over time or
through small flow fluctuations.

3.2.2 Phase 1II. Increasing the flow further to higher Reyn-
olds numbers (175 < Re <225), the vortex core takes over the
cavity pushing both large and small beads outward. In this
case, large and small beads share the same orbit trajectory
away from the vortex core and near the vortex boundary
[Or,.,, = O, ,,] Particle loading and accumulation in the cav-
ity is limited due to a reduced number of trapping orbits.
Large particles dominate the trapping space in this phase.

3.2.3 Phase III. Interestingly, at higher Reynolds numbers
(225 < Re < 300), an inversion occurs. Small beads begin to
orbit near the vortex core while large beads migrate outward
near the cavity walls [O;, < O _ | The vortex core shifts
from the center of the cavity to the trailing wall.

To further investigate radial separation in the cavity, we
experimentally studied the trapping dynamics of polydisperse
solutions of particles. Equal fractions of 10, 15, 20 and 30 um
polystyrene bead suspensions were passed through the cavity
in all trapping phases (Fig. 2D). The scatter plot of the parti-
cle size distribution in the cavity and average orbital radius
agrees with the observations in single particle trajectory anal-
ysis (Fig. 2E) (Video S27t). The average orbital radius (O;) plot
of the polydisperse beads shows switching in the equilibrium
orbit proximity to the vortex core after phase II (Fig. 2F).

T(3~0.5)

3.3 Tunable size selective capture of cells

Cells exhibit the same size-based radial migration as beads. In
addition, we observed the same pattern of cell radial migration
as a function of cavity aspect ratio (AR = 1, 2, 3) (Video S37).
We tested the size-selective capture properties of MDA-MB-231
breast cancer cells under different microvortex flow conditions
(Fig. 3A-C). At the early stages of phase I, cell clusters A > 1 are
stably trapped in the vortex core with O, = 0. Large cells domi-
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nate trapping orbits in phase II. Lastly, in phase III, small
cells self-assemble in orbits near the vortex core and large
cells settle near the vortex boundary (Fig. 3B). The scatter
plots of cell size distribution over multiple experiments are
shown for the three phases and AR = 2 (Fig. 3C). The same
radial separation of beads for AR = 1 is observed (Fig. S3 and
video S47t). Moreover, the average orbital radius (O,) of cells
with AR = 1 matches the bead results over all three phases
(Fig. 3D). This implies that deformability differences do not
play a significant role in the size-dependent inversion of or-
bital radius.

We investigated the relationship between inward radial
migration with the size distribution of captured cells and the
efficiency of capture (Fig. 3E). The mean cell-size of captured
cells is significantly shifted when the orbital radius becomes
smaller. Each vortex flow condition possesses a different cap-
ture distribution of cells. The total number of captured cells
per cavity agrees with the results from a previous study."’
The microvortex flow at Re = 150 has the highest number of
captured cells but a low size specificity.

To investigate further, we compared the capture capacity
of two different breast cancer cell lines with different size dis-
tributions (MCF-7 and MDA-MB-231). We found the optimal
capture phase for each cell line: phase I for the larger MCF-7
and phase III for the smaller MDA-MB-231 (Fig. S47). This re-
sult demonstrates the device tunability to enhance the cap-
ture of cells with different size distributions.

3.4 Rare cell capture in blood

From our findings, we defined the critical Reynolds numbers
above which cells of a certain diameter occupy stable orbits
towards the vortex core. Here, we tested the trapping ability
to extend to a larger range of sizes for MDA-GFP cells from
blood in a single device. Cells in diluted blood captured in
the microvortex flow show stable orbit trajectories similar in
shape to that of cells in buffer across all three capture phases
(Fig. S5t). We spiked 1000 MDA-GFP cells in blood samples
where we flowed them under optimal conditions for trapping
small cells (1 < 0.5) in phase III (Re = 275) and large cells
and clusters (1 > 0.5) in phase I (Re = 125). The sample was
passed and recycled three times under phase I flow condi-
tions and three times later under phase III flow conditions
(Fig. 4A) and vice versa (Fig. 4B). Each trapping cycle showed
a consistent size-selective capture. In addition, recycling the
sample improved the capture efficiency. Captured cells were
released on demand by stopping the inlet flow for enumera-
tion and size distribution measurements. We found the same
bias in captured cell size distribution in each phase indepen-
dent of the order of processing (Fig. 4C). The size distribu-
tion of cells collected in the outlet show statistically signifi-
cant differences of target cell mean size between phase I (Re
= 125) and phase III (Re = 275) (p-value < 0.0001; & = 0.01).
We were able to obtain spiked cells under both flow condi-
tions while maintaining scalable unit efficiency, high purity
and cell viability (Fig. S67).

This journal is © The Royal Society of Chemistry 2017
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We next evaluated the ability to apply the two size-  vice under both phase I and phase III conditions. The cap-
selective phases of capture for higher efficiency and  ture efficiency for the smaller cell population of MDA-GFP
throughput in sequential and parallel vortex trapping de-  cells was enhanced from close to 0 in phase I to 5% when
vices. We tested the previously demonstrated Vortex HT de-  operating in phase III. Combining operation in phase I and
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size distribution histogram is shown for captured cells from phase |
(red) and phase Il (blue) capture. (B) Box-plot graph of isolated MDA-
GFP cells starting at phase Ill (Re = 275) followed by phase | (Re = 125)
shows the same trend in size-selective capture. (C) Captured cells for
each phase no matter what the order is shows significant differences
in the cell size distribution. By processing over phase | (Re = 125) (red)
and phase Il (Re = 275) (blue) we can extend the capture of MDA-MB-
231 cells with a size distribution (grey). (*) p-value < 0.0001.

phase III in the Vortex HT device led to a total efficiency of
~24% (Fig. S77).

4 Conclusion

In this work, we report a membrane-less filter with flow rate
tunable selectivity of particle size. It enables long-term trap-
ping of rare cells from complex suspensions in a confined
cavity flow. A flow-dependent switch in the vortical flow mor-
phology modulated the size-based trapping properties. A wide
distribution of cell sizes is captured by tuning the flow rate
in a single device, including single cells and cell clusters in
the same cavity geometry. In addition, it facilitates on-chip
testing and analysis of polydisperse cells. This method is
scalable by increasing the number of capturing units. Ulti-
mately, this one-device-fits-all-sizes system opens new oppor-
tunities for sampling and separation of an expanded range of
target particles from complex suspensions. Finally, we antici-
pate that the presented technology is universal for on-chip
particle profiling and characterization for industrial and bio-
medical applications.
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