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Fig. 1 a Magnetization of the as-synthesized ferrofluid. Saturation magnetization of this ferrofluid 

was 0.104 kA m-1, corresponding to a 0.028% volume fraction or concentration. b Rheological 

plot of the ferrofluid. The viscosity of ferrofluid was measured to be 0.99 mPa·s. c A transmission 

electron microscopy (TEM) image of the maghemite nanoparticles. Scale bar: 10 nm. 

  



 

 

Fig. 2 RBC lysis effect on cancer cells. ~10,000 cancer cells were spiked into 1 mL of media. The 

number of cancer cells were counted twice in a Nageotte counting chamber. Lysis buffer and 

centrifugation step were carried out exactly as the protocol in processing patient samples. Cancer 

cells pellet were then resuspended in 1 mL of media and counted twice. Same experiments were 

repeated for 4 cancer cell lines (MCF-7, MDA-MB-231, H1299 and H3122). We used recovery 

rate, defined as the number of cells after lysis and centrifugation over the number of cells before 

lysis and centrifugation, to represent the cell loss. Data on 4 cells lines are: MCF-9 recovery rate 

102.92%, MDA-MB-231 recovery rate 98.81%, H1299 recovery rate 99.28%, and H3122 recovery 

rate 98.66%. Mean cell loss after lysis and centrifugation across 4 cancer cell lines is 0.08%. Error 

bars are standard deviation (n=2).  

 

  



 

 

Fig. 3 a Magnetic content of undeflected and deflected white blood cells (WBCs) at stage I. b 

Magnetic content of undeflected and deflected WBCs at stage II.   

  



 

 

Fig. 4 Number of Dynabeads per white blood cell (WBC) after cell enrichment. The device carried 

over on average 533±34 WBCs per 1 milliliter of blood processed. Much of the carryover was 

derived from WBCs that were either not labeled or labeled with just one magnetic bead. 

  



 

 

Fig. 5 Size distribution of clinical CTCs from non-small cell lung cancer (NSCLC) patients, small 

cell lung cancer (SCLC) patients, and breast cancer (BrC) patients. Details are listed in 

Supplementary Tab. 5. 



 

 

Fig.  6 Cytopathological staining of spiked HCC1806 cancer cells after enrichment. Scale bars: 20 

µm. 

  



 

 

Fig. 7 a Bright field and immunofluorescent images of CTCs enriched from breast cancer patient. 

Five channels were used in immunofluorescent staining, including leukocyte marker CD45 (red), 

epithelial CTC marker EpCAM (green), mesenchymal CTC markers N-cadherin (N-cad, cyan) 

and vimentin (Vim, magenta), and nucleus marker DAPI (blue). b Bright field and 

immunofluorescent images of CTC enriched from lung cancer patients. Five channels were used 

in immunofluorescent staining, including leukocyte marker CD45 (red), epithelial CTC marker 

CK (green), mesenchymal CTC markers N-cadherin (N-cad, cyan) and vimentin (Vim, magenta), 

and nucleus marker DAPI (blue). Scale bars: 10 µm. 



 

 

Fig. 8 Correlation of the numbers of each CTC subtype with tumor grade in third cancer patient 

cohort.   



 

Fig. 9 Bright field and immunofluorescent images of a representative cell from CTC culture of 

BrC-P2-Culture. Cells were subjected to multiplexed immunofluorescence assessment with cell-

type specific markers detected with distinct channels, including epithelial CTC marker EpCAM 

(green), mesenchymal CTC marker vimentin (red), and DAPI (blue). 

 



Tab. 1 Clinical information of cancer patients and CTC enumeration from each patient.  

Sample Number Tumor type Stage Volume (mL) CTC enumeration 

BrC-P1-Culture BrC IA 9.5 20 

BrC-P2-Culture BrC IB 8.9 5 

BrC-P3-Culture BrC IA 8.8 8 

BrC-P4-Culture BrC IIA 8.5 120 

BrC-P5-Culture BrC IA 7.5 66 

BrC-P6-Culture BrC IA 5.7 24 

BrC-P1-Optimization BrC IIIA 9.0 232 

BrC-P2-Optimization BrC IA 12.0 82 

BrC-P3-Optimization BrC IA 3.0 63 

LC-P1-Optimization NSCLC IV 9.0 228 

LC-P2-Optimization SCLC IV 9.0 202 

LC-P3-Optimization SCLC IV 9.0 222 

 



Tab. 2 A survey of existing CTC enrichment methods. 

Type Technique 
Size-based/ 

antigen-based? 
Throughput (mL/h) Recovery rate Purity Viability Reference 

Immunoaffinity 
CellSearch Antigen N/A ~81% N/A N/A 1 

Magsweeper Antigen 9 59±27% ~100% N/A 2 

Microfluidic 

micropost 

CTC-Chip Antigen 1 >60% ~ 56% 98.5% 3 

GEDI Antigen 1 ~85% ~68% N/A 4 

OncoCEE Antigen 1 ~80-90% N/A N/A 5 

NanoVelcro-Chip Antigen 0.5 ~90% N/A N/A 6 

Microfluidic 

surface capture 

HB-Chip Antigen 1.2 ~91.8% 14% 95% 7 

GEM-Chip Antigen 3.6 ~90% ~84% ~85% 8 

Graphene Oxide 

Chip 
Antigen ~1-3 73±2.4% N/A N/A 9 

Immunomagnetic 

positive 

Ephesia-Chip Antigen 3 ~90% 

<100 

contaminating 

cells 

N/A 10 

Magnetic Sifter Antigen 10 

~90% for high EpCAM 

expressing cells; < 48% for 

low EpCAM expressing cells 

17.7±9.3% N/A 11 

Isoflux Antigen 1.2 74-85% ~1.4 % N/A 12 

CTC-iChip Antigen&Size 8 89.7-98.6% > 0.1 % N/A 13 

Micromagnetic 

Chip 
Antigen 1.2 ~90 % 

remove > 99.6% 

WBC 
>90% 14 

IMN Antigen 1.2 ~94% N/A 93% 15 

MAP 

(magnetophoresis) 
Antigen 10 86-90%  N/A N/A 16 

Immunomagnetic 

negative 

QMS Antigen 
1-10 million cells per 

second 
46% ~0.1 - 6.4% ~90% 17 

EasySepTM Human 

CD45 Depletion 

Kit 

Antigen N/A 69% 1% N/A 18 

CTC-iChip Antigen 8 ~ 97% ~7.8% N/A 13 

Monolithic CTC-

iChip 
Antigen 

15-20 million cells 

per second 
~99.5% 

18.4% (445 

WBCs per mL) 
N/A 19 

Density gradient 

centrifugation  

Ficoll-Paque Density 20 N/A N/A N/A 20 

OncoQuick Density N/A N/A N/A N/A 21 

Density-antibody 

RosetteSepTM CTC 

Enrichment 

Cocktail 

Antigen&Density N/A ~62.5% N/A N/A 22 

Accucyte 

Enrichment and 

CyteSealerTM 

Antigen&Density N/A ~90.5% N/A N/A 23 



Size-deformability 

ISET® Size N/A N/A N/A N/A 24 

ScreenCell® Size 1 mL/min 74-91.2% N/A ~85% 25 

CellSieve Size 2.5. mL/min N/A N/A N/A 26 

FMSA Size 0.75 mL/min 90% 
Remove 99.99% 

WBCs 
80% 27 

SB microfilter Size N/A 78-83% 
Remove ~99.95% 

WBCs 
71-74% 28 

RCT (Resettable 

Cell Trap) 
Size 0.6 >90% 

Remove ~99.89% 

WBCs 
N/A 29 

Cluster Chip Size 2.5 41-99% ~15% ~95% 30 

Inertial focusing 

Vortex Size 22.5 21% 57-94% ~86% 31 

DFF (Dean Flow 

Fractionation) 
Size 3 >85% 

Remove ~ 99.95% 

WBCs 
> 98% 32 

Electrophoresis ApoStreamTM DEP ~1.3 ~73% 

Remove ~99.99% 

peripheral blood 

mononuclear cells 

(PBMCs) 

97.1% 33 

Acoustophoresis 

taSSAW-Chip Size 1.2 ~83% 
Remove >90% 

WBCs 
~91% 34 

Acoustophoresis 

Chip 
Size 6 ~95% ~97.8 N/A 35 

Magnetophoresis 

FCS Size 6 ~92.9% 11.7% 96.3% 36 

iFCS (this 

manuscript) 

Size variation-

inclusive (down 

to 3 µm) 

12 99.16% 
533 WBCs per 

mL blood 
97.69% N/A 

 



Tab. 3 Cell size distribution (maximum ferret diameter) of cancer cell lines and WBCs. Date are 

expressed as mean ± standard deviation (s.d.) in the last column. 

Cell line Cancer cell type Measured minimum 

diameter (µm) 
Measured Average 

diameter (µm) 

PC-3 Prostate 6.64 19.89±4.64 

MCF7 Breast 6.99 17.48±4.28 

HCC1806 Breast 6.65 15.42±2.35 

MDA-MB-231 Breast 6.96 19.10±3.56 

H1299 NSCLC 7.22 20.41±3.39 

H3122 NSCLC 6.46 21.34±6.08 

H69 SCLC 3.86 11.20±3.51 

DMS79 SCLC 3.22 12.80±5.87 

WBC N/A 6.68 11.06±2.08 
 

  



Tab. 4 Cell diameter (maximum ferret diameter) distribution of spiked and recovered cancer cells 

undergoing an iFCS process. Data are expressed as mean ± standard deviation (s.d.) in the last two 

columns.  

Cell line 
Minimum 

diameter (spiked, 

µm) 

Minimum 

diameter 

(recovered, µm) 

Average diameter 

(spiked, µm) 
Average diameter 

(recovered, µm) 

MCF7 6.99 6.64 17.48±4.28 18.76±5.31 

MDA-MB-

231 6.96 6.97 19.10±3.57 19.92±4.59 

PC-3 8.07 6.64 19.89±4.64 20.44±4.86 

 

  



Tab. 5 Size distribution (maximum ferret diameter) of clinical CTCs from non-small cell lung 

cancer (NSCLC), small cell lung cancer (SCLC), and breast cancer (BrC) patients. 

Cell 

diameter  

<6 

µm  

6-8 

µm  

8-10 

µm  

10-15 

µm  

>15 

µm  

Mean±s.d. 

(µm) 

Minimum 

(µm) 

Median 

(µm) 

Maximum 

(µm) 

NSCLC 

CTCs 

(n=166) 

7.8% 25.3% 16.9% 24.1% 25.9% 12.28±6.62 4.71 10.09 33.23 

SCLC 

CTCs 

(n=110) 

9.1% 27.3% 24.5% 30.9% 8.2% 10.00±3.67 4.41 8.99 22.08 

BrC  

CTCs  

(n=101) 

19.8% 14.8% 23.8% 22.8% 18.8% 10.99±6.46 3.89 9.37 33.29 

WBCs  

(n=134) 
0.7% 9.0% 41.8% 44.0% 4.5% 10.25±2.30 5.48 9.88 21.45 

 



Tab. 6 Comparison of design, operation and CTC enrichment performances between CTC-iChip 

and iFCS. 

  

Technology 

Blood 

processing 

throughput 

(mL h-1) 

CTC 

recovery 

rate 

(spiked 

cell 

lines) 

White 

blood 

cells 

(WBC) 

carryover 

at device 

outlet 

Recovered 

CTC 

diameter 

range 

Cell 

viability 

(cell 

lines) 

Design and 

operation 

Red 

blood 

cell 

lysis 

needed? 

CTC-

iChip13 
8 ~ 97% 

32,000 

WBCs/mL 
>9 m 

Not 

reported 

Integration of 

DLD, inertial 

focusing and 

magnetophoresis in 

two devices. 

Separate 

optimization 

needed. 

No 

Monolithic 

CTC-

iChip19 

~10 ~99.5% 
445 

WBCs/mL 
5.5-27 m 

Not 

reported 

Integration of 

DLD, inertial 

focusing and 

magnetophoresis in 

a single device. 

Separate 

optimization 

needed. 

No 

iFCS 12 99.08% 
533 

WBCs/mL 
>3 m 97.69% 

Integration of 

diamagnetophoresis 

/ magnetophoresis 

in a single device. 

A single physical 

model for 

optimization. 

Yes 
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