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Table. S1 A survey of existing CTC separation technologies.

Throughput

Recovery

Category Type Technique (mL/h) rate Purity Viability | Reference
CellSearch N/A ~81% N/A N/A 1
Immunoaffinity —
Magsweeper 9 59+£27% ~100% N/A z
CTC-Chip 1 >60% ~56% 98.5% 3
Microfluidic GEDI 1 ~85% ~68% N/A 4
micropost OncoCEE 1 ~80-90% N/A N/A 5
NanoVelcro-Chip 0.5 ~90% N/A N/A 6
HB-Chip 12 ~91.8% 14% 95% 7
Microfluidic surface GEM-Chlp 3.6 ~90% ~84% ~85% 8
capture Graoh Oxid —
raphene Uxide ~1-3 73+2.4% N/A N/A 9
Chip Z
<100
Ephesia-Chip 3 ~90% contaminating N/A m
cells
Magnetic Sifter 10 48% - 90% 17.7+9.3% N/A 11
g Isoflux 1.2 74-85% ~1.4% N/A 12
<
< CTC-iChip 8 89.7-98.6% >0.1 % N/A 13
2 Immunomagnetic Micromagnetic remove > .
< T ~ 0 0,
= positive Chip 1.2 90 % 99.6% WBC >90% 14
IMN 12 ~94% N/A 93% 15
MAP .
(magnetophoresis) 10 86-90% N/A N/A m
SIM-Chip 2 82.4% 92.45% 84.1% 17
CTC-uChip 2 ~90% 15.6-35.0 N/A 18
1E6 — 1E7 . . o 000
QMS cells/ s 46% 0.1-6.4% 90% 19
EasySep™ Human
CD45 Depletion N/A 69% 1% N/A 20
Kit
Immunomagnetic CTC-iChip 8 ~97% ~7.8% N/A ﬁ
negative Monolithic CTC- 1.5E7 — 2E7 18.4% (445
) 00 0 .
iChip cells /s 99.5% WBCs per mL) N/A A
[ Remove
LP, _ 0,
CTC-iChip 60 86% 299 97% WEBC N/A 22
iFCS 6 98.8% ~1620 WBCs 97.25% | This work
per mL blood
Label- :
- Density gradient Ficoll-Paque 20 N/A N/A N/A 23
centrifugation OncoQuick N/A N/A N/A N/A 24
RosetteSep™ CTC
Enrichment N/A ~62.5% N/A N/A 25
. . Cocktail
Density-antibody Accucyte
Enrichment and N/A ~90.5% N/A N/A 26
CyteSealer™
Microfluidic o Remove N
Ratchet ! ~90% 99.99% WBCs 99-1% 27
ISET” N/A N/A N/A N/A 28
Size-Deformability ScreenCell® 1 mL/min 74-91.2% N/A ~85% 29
CellSieve 2.5 mL/min N/A N/A N/A 30
FMSA 0.75 mL/min 90% Remove 80% 31

99.99% WBCs




Remove

1 - 0, - 0,
SB microfilter N/A 78-83% 99950 WBCs | 71-74% 32
RCT (Resettable o Remove
Cell Trap) 0-6 ~90% ~99.80% WBCs | VA 33
Cluster Chip 25 41-99% ~15% ~95% 34
Vortex 225 21% 57-94% ~86% 35
Inertial forces
DFF (Dean Flow o Remove ~ o
Fractionation) 3 ~85% 99.95% WBCs > 98% 3—6
Remove
~99.99%
™ N 70 peripheral o
ApoStream 1.3 73% blood 97.1% 37
mononuclear
cells (PBMCs)
Electrophoresis Remove
MOFF-DEP 7.6 75.3% 94.23% of N/A 38
WBCs
Dielectrophoresis ~100% 83%
Device A (simulation) (simulation) N/A ﬂ
ODEP 41.5% ~100% N/A 40
0,
taSSAW-Chip 12 ~83% Rem\‘;fg& 0% 1 o104 41
Acoustophoresis A onh -
C"“SC‘;EPOWS‘S 6 ~95% ~97.8 N/A 42
Ferrohydrodynamics FCS 6 ~92.9% 11.7% 96.3% 43




Solving cell trajectories in iFCS.
The three-dimensional expression of the net magnetic force on a magnetizable body in a

magnetizable fluid (ferrofluid) is given in the main text

]_;:m = _,UOV {(Mferroﬂuid - Mparticle) : V} H (S 1)

In three-dimensional space, we have

- v VO e VHe (VO
mx _AuOV _(Mf,x - p,x) ax + ( 1y - p,y) ay + ( fiz - p,z) aZ | (Sz)
I oH o, 0H |
=iV | (M =M )= (b - ) 5 (M, M, ) (S3)
= _ M M oH, M M oA, M M oA,
Fm,z__'ro_( fx pX) ox +( fo p,y) ay +( fe p,Z) Jdz (84)
where F, , F, ~and F, —are the x, y and z components of the magnetic force vector. M,

M, and M, arethex,y and z components of the ferrofluid magnetization vector. M, M

and M _ are the x, y and z components of the particle magnetization vector. # , H and H_ are
the x, y and z components of the magnetic field strength vector.
The magnetic force Fan acting on the cell is balanced by the hydrodynamic viscous drag
force Fa , when there is a relative motion between the cell and the fluid flow. Its expression is,
Fa = -3mnD, (Gp _v f)z (S5)
Where 7 is the ferrofluid viscosity, D, is the diameter of a spherical object, v » and ;’f are the
velocity vectors of the ferrofluid and the object. A includes the parallel (l‘l) and perpendicular

(A, ) components of the hydrodynamic drag force coefficient of a moving object after taking into



account the influence from one nearby flat surface.44- 45 Its appearance indicates increased fluid

viscosity as the object moves closer to the solid surface.

-1
3 4
A= 1_2 Dp +l Dp _ 45 Dp _L Dp
I 16 Dp+2A 8 Dp+2A 256 Dp+2A 16 Dp+2A

3
D D
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p

where A is the shortest distance between the solid surface and the surface of the object.

In three-dimensional space, we have

dx

F, ==3mnD, (vp,x - vf’x)/lH

F, v _3ﬁnDp (Vp,y B v/',y);tll

d

F, ==3mD, (v, -v, )A

vp»z fz) L

(S6)

(S7)

(S8)

(S9)

(S10)

The balance of Egs.(S1) and (S5) under laminar flow condition at low Reynold’s number was used

to predict the trajectories of magnetizable cells.
Em + Fd = 0

which yields

(S11)
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(S12)

in Eq. (S12) is the

. . : 1
where we assume the magnetizable body is spherical and V' = gn'D; SV

ferrofluid velocity profile of a fully developed laminar flow in a rectangular microchannel (see

Figure 1F in main text for coordinates) of width w and height 4 .46-47

_rm0fa
vf”‘_zwh(bj (513)

where Q is the sample flow rate and

(_l)ncos[(2n+l)ﬂz} Cosh[(2n+l)ﬂy}

- w w
a= 1- S14
Z{ 2n+1)’ cosh (2n+)mh (519

2w

o tanh{(Zn;—l)ﬂh}
w
b= 1- S15
gg(znﬂ)“ 2n+1)7h (815)
2w

Eq. (S12) is a coupled ordinary differential equation (ode) system for the cell trajectory. We used

an ode solver (ode45) in MATLAB to solve this system.
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Figure S1. Experimental magnetization curve and fitted Langevin function of a maghemite ferrofluid used in this
study. Temperature was 298 Kelvin, bulk magnetization of maghemite M , Wwas 370,000 A/m, density of the

ferrofluid was 1060.6 kg/m?, demagnetization factor due to the sample holder of the vibrating sampling magneto-

meter was 0.211. (A). Low field magnetization. (B). Full magnetization curve. (C). Fitted data at low field

magnetization yielded an initial susceptibility ¥, of 0.0591. (D). Fitted data at high field magnetization yielded a

saturation magnetization MS of 1,085 A/m, which corresponded to a volume fraction ¢ of 0.029 of magnetic

materials in this ferrofluid. (E). Fitted data of the magnetization curve with a single particle diameter yielded a

diameter of 10.5 nm. (F)&(G). Fitted data of the magnetization curve with a Log-normal distribution of particle

diameters yielded a volume-weighted median magnetic nanoparticle diameter Dmv of 10.8 nm, and a geometric

standard deviation of the magnetic nanoparticle diameter distribution Ino of 0.44.
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Figure S2. Experimental magnetization curve and fitted Langevin function of a 11.8 um commercial magnetic

microbeads (Spherotech Inc, Lake Forest, IL) used in this study. Temperature was 298 Kelvin, bulk magnetization of
maghemite M, was 370,000 A/m, density of the microbeads was 1053.4 kg/m’, demagnetization factor due to the
sample holder of the vibrating sampling magneto-meter was 0.211. (A). Low field magnetization. (B). Full

magnetization curve. (C). Fitted data at low field magnetization yielded an initial susceptibility ¥, of 0.000267. (D).

Fitted data at high field magnetization yielded a saturation magnetization M of 17.3 A/m, which corresponded to a

volume fraction ¢ of 0.0073 of magnetic materials in this microbead. (E). Fitted data of the magnetization curve with
a single particle diameter yielded a diameter of 9.6 nm. (F)&(G). Fitted data of the magnetization curve with a Log-

normal distribution of particle diameters yielded a volume-weighted median magnetic nanoparticle diameter Dmv of

9.8 nm, and a geometric standard deviation of the magnetic nanoparticle diameter distribution Ino of 0.42.
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Figure S3. Particle size distribution in the maghemite ferrofluid used in this study. Transmission electron microscopy

(TEM) measurement of 259 particles yielded a diameter distribution of 10.91 + 4.87 nm.
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Figure S4. Experimental set up for the measurement of magnetic flux density of a neodymium permanent magnet

used in the iFCS device. A Gauss meter with an axial probe was used to measure the magnetic flux density.
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