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Figure S1. Structure of the first-stage spiral inertial sorter. The spiral inertial sorter
consists of a 2-loop Archimedean spiral microchannel with two inlets and two outlets.
The spiral microchannel has a low aspect ratio (4/w = 0.3) cross-section of 150 um in
height and 500 um in width. The radius of the innermost channel loop is 4 mm, and the
distance between two adjacent loops is 2000 um. In the end of the spiral channel, a
bifurcated outlet system (inner outlet: outer outlet = 2:3) was applied to remove the
separated RBCs or to export the tumor cells and WBCs into the second-stage focuser.
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Figure S2. The distributions of 4.8 um, 10 um and 15 pm particles across the channel
width near the outlet of the spiral inertial sorter at the total flow rates of 800~1600
puL/min. The sample flow rate was fixed at 200 uL/min while the sheath flow rate
increased from 600 plL/min to 1400 pL/min. The result indicated that the best separation
performance was observed at the sheath flow rate of 1000 uL/min. At this optimal flow
rate, the small 4.8 um particles flowed along Dean vortex and travelled to a narrow
region close to the outer wall (less than 215 um), while the large 15 pum particles were
focused near the inner wall and the 10 um particles were focused near the channel
centerline.
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Figure S3. The distributions of tumor cells and blood cells across the channel width
near the outlet of the spiral inertial sorter at the total flow rates of 1000~1400 pL/min.
The sample flow rate was fixed at 200 pL./min and the sheath flow rate increased from
600 pL/min to 1400 pL/min. The concentrations of tumor cells and blood cells for the
current experiments were controlled to be 10° counts/mL and 10® counts/mL,
respectively. The larger tumor cells were marked by red circles. The result indicated
that the smaller RBCs stream have the narrowest width of 295 um near the outer wall
at the sheath flow rate of 1000 pL/min, which was consistent with particle experiment
described in Figure S2 and verified the reliability of the optimal flow rate (200+1000
puL/min). According to the current experimental results, the width of inner and outer
outlets of spiral inertial sorter could also be determined as 200 um and 300 pm,
respectively.
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Figure S4. Calculation result of the magnetic field gradient based on ANSYS Maxwell
2D model. The two magnetic deflection channels were placed at the strongest magnetic
field gradient area.
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Figure SS. Structure of the second-stage serpentine focuser and the third-stage
magnetic sorter. The inlet was connected to the inner outlet of spiral inertial sorter and
then bifurcated into two branches with the same function to increase throughput. Each
branch was composed of a serpentine channel and a directly connected magnetic
deflection channel. The serpentine channel was arranged along a curve shape to reduce
the device footprint. Each repeated unit of the serpentine channel consists of a large
curving turn with a radius of 111 pm and a small curving turn with a radius of 21 um.
The width of the small turn was designed to be 50 um, while the large turn smoothly
connects with the small turn and has variable widths. Each of the straight magnetic
deflection channel has a length of 40 mm and a width of 800 um. The distance between
the two magnetic deflection channels was determined to be 2.5 mm according to the
calculated magnetic field gradient. At the rear end of the magnetic deflection channels,
bifurcated outlet systems (outer part: inner part =5:3) were applied to export the target
tumor cells or to remove the separated labeled WBCs, and the corresponding outlets
were connected together to simplify the operation. The height of the serpentine channel
and the magnetic deflection channel are 60 pm.
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Figure S6. The distributions of 10 wum and 15 pm particles across the channel width at
the rear end of serpentine channels at the flow rates of 100~200 pL/min. The flow rates
in this figure are the total flow rates from the inlet that marked in Figure S4 (the same
below).
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Figure S7. (a) 10 um magnetic particles focused in a single line through the serpentine
channel. (b) 10 um magnetic particles directly entered the outer outlet without magnetic

field. (c¢) 10 um magnetic particles deflected into the inner outlet when the magnetic
field was applied.
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Figure S8. CAD drawing illustrating the detailed structures of (a) outlet chip, (b) spiral
inertial sorter chip, and (c) serpentine focuser & Magnetic sorter chip. (b) CAD drawing
of our vertically stacked i-Mag device. The solid arrows with different colors indicate

the flow directions in different layers.
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Figure S9. SEM images of the fabricated (a) spiral channel, (b) serpentine channel and
(c) magnetic deflection channel.
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Figure S10. (a) Schematic diagram illustrating the structure of the housing. (b)
Photograph of the custom housing equipped with our i-Mag device.
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Figure S11. Cell distributions in (a) serpentine focuser and (b) magnetic sorter. The
suffix numbers after each location indicate different layers. In these images, the beads-
labeled WBCs were marked with red arrows, while the blue arrows indicated tumor
cells.
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Figure S12. (a) Photograph of the collected samples from the experiment of separating
human lung cancer cells A549 from blood, and microscopic images of samples
collected from (b) outlet I, (c) outlet II, and (d) outlet III. The fluorescence images in
the upper right corners were used to identify the stained tumor cells.
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Figure S13. (a) Composite images acquired from both bright-field mode and fluorescence

mode illustrating the particles distributions at representative locations. (b) Microscopic images
of the samples collected from three outlets.
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Figure S14. Microscopic images of the separated tumor cells which were re-cultured
for (a) 24 hours and (b) 48 hours.

S15



Table S1. A comparison of the device performances between different combinatorial
methods

Method Application Performance Ref.
Tumor antigen- : . 06 T
DLD + independent sorting of IC, apt;re? efﬁ;:lgnlcy. 06.7%; Ozku
Magtrophoresis tumor cell lines from ! urification: 2.5 log (mean, mur,
blood 32,000 WBCs/ml) et, al.!
Throughput: debulking of blood
DLD + High-throughput samples at 15-20 million cells  Fachin
Maotrophoresis  Plood cell depletion to per second; ,
gtrop sort tumor cell lines ~ Recovery: 99.5%; et,al.?
WBC carryover of 445/mL

Purity: an average of only 95
contaminant cells captured per
Eluting on a Isolation of rare breast milliliter of processed whole

modified Gilson and prostate cancer  blood. Ptezflg
PIPETMAX cells from PBMCs Capture efficacy: ranging from ch.al
~40% (HCCs) to >95%
(LNCaPs).

Throughput: 200 pL/min;
Recovery rate: 99.08% at down
to ~10 cells per mL spike ratio; Zhao,

Ferrohfrdrodyna Enrichment of several
1 Purity: low WBC contamination et, al.*

mic ce cancer cell lines from

separation blood (533 cells for every one
milliliter blood processed)
Isolation and mRNA
Double spiral + detection of lung . ) Wang,
integrated filter adenocarcinoma cells Capture efficiency: 74.4% et,al.%
A549
Enrichment factor: 162
Separation of MCF-7 .00 ohout: .
g ghput: 126 plL/min Moon,
MOFF+DEP ](;il)lgdfrom diluted RBCs depletion: 99.24% et,al.b
WBCs depletion: 94.23%
Separation efficiency: 93.84%
Spiral + Separation of human  Purity: 4.39-51.47% This
magnetophoresi breast and lung cancer Blood cell remove ratio: article
S cells from blood >99.83%

Throughput: 200 pL/min
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