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Abstract

Profiling circulating tumour cells (CTCs) in cancer patients’ blood samples is critical to 

understanding the complex and dynamic nature of metastasis. This task is challenged by the 

fact that CTCs are not only extremely rare in circulation but also highly heterogenous in their 

molecular programs and cellular functions. Here we report a combinational approach for the 

simultaneous biochemical and functional phenotyping of patient-derived CTCs, using an 

integrated inertial ferrohydrodynamic cell separation (i2FCS) method and a single-cell 

microfluidic migration assay. This combinatorial approach offers unique capability to profile 

CTCs on the basis of their surface expression and migratory characteristics. We achieve this 

using the i2FCS method that successfully processes whole blood samples in a tumor cell marker 

and size agnostic manner. i2FCS method enables an ultrahigh blood sample processing 

throughput of up to 2×105 cells s-1 with a blood sample flow rate of 60 mL h-1. Its short 

processing time (10 minutes for a 10 mL sample), together with a close-to-complete CTC 

recovery  (99.70% recovery rate) and a low WBC contamination (4.07-log depletion of 

leukocytes), result in adequate and functional CTC for subsequent studies in the single-cell 

migration device. For the first time, we deploy this new approach to query CTCs with single-

cell resolution in accordance with their expression of phenotypic surface markers and 

migration property, revealing the dynamic phenotypes and the existence of a high-motility 

subpopulation of CTCs in blood samples from metastatic lung cancer patients. This method 

could be adopted to study the biological and clinical values of invasive CTC phenotypes.
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Introduction 

Circulating tumor cells (CTCs) are implicated in the formation of metastatic tumors, which is 

responsible for as much as 90% of cancer-related mortality.1-6 While the number of tumor 

cells in blood circulation correlated to clinical outcomes,7-9 it has become clear that 

enumeration alone was not sufficient in understanding their multifaceted role in metastasis, in 

which CTCs participate in nearly all aspects of the process.3, 10, 11 Cancer patients have CTCs 

of varying phenotypes in their blood circulation; 1, 4, 10, 12-15 while some cells passively 

detach themselves from the primary tumor,16 a fraction of them gain the ability to actively 

invade distance organs through modifying their cellular programs, morphology and 

surrounding tissues.17 Cells of this invasive phenotype often exhibit a high-motility trait that 

allow them to be efficient in hematological spread,  thus possess the greatest threat of 

metastasis.3, 10, 11, 18, 19 Despite rapid advances in the understanding of the molecular 

mechanisms of CTCs,4, 13, 15 functional properties of invasive CTC phenotype remain poorly 

understood due to the limitations of existing CTC isolation and phenotyping methods.20-22

CTC’s extreme scarcity in blood circulation (<10 CTCs per one milliliter of whole 

blood) and a lack of methods for the isolation of adequate and functional cells are the main 

bottleneck in studying the invasive phenotypes of CTCs.20, 22 CTCs are highly heterogeneous 

in their biological and biophysical characteristics with multiple phenotypes co-existing, which 

can evolve dynamically over the course of metastasis.3, 10, 11 Existing isolation techniques 

relying on the expression of tumor cell surface epitopes bias the sampling population and 

reduce the heterogeneity of captured cells.20 These techniques also lead to immobilized and 

non-functional CTCs and limit possibility of conducting functional studies.20 Physical 

property separation methods relying on size-based selection can separate larger CTCs from 

smaller leukocytes without limiting to molecular markers for selection. However, the isolated 

cells are contaminated with a large number of leukocytes and may also miss CTCs that were 
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morphologically similar to the leukocytes. As such, current microfluidic methods for 

invasiveness phenotyping of tumor cells were mostly confined to cultured cancer cells rather 

than patient-derived CTCs.23-27 New methods are needed to isolate adequate and functional 

CTCs from patient samples so that the properties of invasive cells can be identified. 

Here we report a novel combinational approach, which first uses an integrated inertial 

ferrohydrodynamic cell separation (i2FCS) method to recover all CTCs from blood samples 

with minimal contamination in a tumor cell marker and size agnostic manner. Adequate and 

functional CTCs isolated from this method enable their biochemical and functional properties 

to be quantitatively profiled using a microfluidic assay that can track single tumor cell’s 

chemotactic migration over time. In isolating CTCs when they are present at extremely low 

levels in the whole blood, we find that i2FCS method enables an ultrahigh blood sample 

processing throughput of up to 2×105 cells s-1 with a sample flow rate of 60 mL h-1, resulting 

in a 10 minutes device processing time for a standard 10 mL of blood sample. The short 

processing time, together with a close-to-complete CTC recovery rate of 99.70% and a low 

WBC contamination of ~507 WBCs carryover per milliliter blood processed, preserve isolated 

CTCs’ viability and biological functions, allowing simultaneous biochemical and functional 

phenotyping of single tumor cells isolated from cancer patient’s blood. Using this approach, 

we reveal a great diversity of biochemical and functional phenotypes of CTCs with single-cell 

resolution. CTCs with different levels of epithelial and mesenchymal marker expression 

exhibit varying chemotactic migration profiles, and there exists a high-motility subpopulation 

of CTCs in the patient’s sample. 

Results and discussion

Overview of the i2FCS approach
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The integrated inertial ferrohydrodynamic cell separation (i2FCS) approach leverages the 

integration of cell size-based inertial focusing and cell magnetization-based 

ferrohydrodynamic separation (Figure 1a) for a tumor cell marker and size agnostic isolation. 

In this approach, mixture of red blood cells lysed blood sample from cancer patients with a 

colloidally stable magnetic fluid (ferrofluid) first flow through an inertial focusing stage, in 

which both tumor cells and blood cells are ordered into narrow streams in sigmoidal 

microchannels with alternating curvatures. The channel geometry and flow parameters in this 

stage enable the cells to experience inertial lift and Dean drag that force them to migrate to 

balanced locations within the curved channel (Figures 1a and 1e).28-30 In the second stage of 

the approach, inertially-focused cell streams are ferrohydrodynamically separated into 

different spatial locations according to their magnetization difference. Its physical principle, 

illustrated in Figure 1b, shows that white blood cells (WBCs) are rendered magnetic by labeling 

of magnetic microbeads through a combination of leukocyte biomarkers, while CTCs remain 

unlabeled. Magnetization of the ferrofluid is fine-tuned to be less than that of WBC-bead 

conjugates, so that unlabeled CTCs with a close to zero magnetization, regardless of their size 

profiles, are collected via a magnetic field minima close to the boundary regions of the 

microchannel due to a phenomenon known as “diamagnetophoresis”,31 while WBC-bead 

conjugates are depleted via a magnetic field maxima at the channel center through a 

competition between both “magnetophoresis” and “diamagnetophoresis” (Figure 1e). The 

integration of inertial focusing and ferrohydrodynamic separation results in a compact 

microfluidic device with just one fluidic inlet and two fluidic outlets (Figure 1c), which can be 

operated using a single syringe pump for CTC isolation (Figure 1d). 

Design principles of the i2FCS approach
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The i2FCS approach was optimized to realize an isolation of functional CTCs in a tumor cell 

marker and size agnostic manner. Optimized i2FCS devices have the following characteristics: 

(1) a complete isolation of CTCs from blood samples with 99.70% recovery rate; (2) an 

ultrahigh throughput of >600 millions of nucleated cells per hour (up to 200,000 cells s-1) and 

a ultrahigh sample flow rate of 60 mL h-1; (3) an extremely low carryover of ~507 WBCs for 

every 1 mL of blood processed; (4) isolated CTCs preserving their initial viability and 

functions and enabling their biochemical and functional analysis. These performance 

characteristics were realized through optimizing i2FCS devices’ geometry, magnetic field 

pattern, WBC functionalization, sample flow rate and ferrofluid concentration. A physical 

model that could predict the dynamics of cells in the i2FCS devices was developed for the 

optimization process.32, 33

Firstly, the channel dimensions of both inertial focusing and ferrohydrodynamic 

separation stages in i2FCS were designed to accommodate a high blood sample flow of 60 mL 

h-1, which greatly reduced the device processing time of blood samples (10 minutes for a 

standard 10 mL blood sample). For the inertial focusing stage, we designed it so that both 

tumor and blood cells with diameters larger than 4 µm could be efficiently focused at a flow 

rate of 60 mL h-1. The geometry of the inertial focusing stage was fine-tuned so that the particle 

Reynolds number (Rp) was 5.4, and the channel Reynolds number (Rc) was 51.5 when the flow 

rate was 60 mL h-1, ensuring a well-focused cell stream (~100 µm in width) before the 

ferrohydrodynamic separation stage. For the ferrohydrodynamic separation stage, the channel 

dimension (54.8 × 1.2 × 0.06 mm, length × width × height) was optimized so that the channel 

Reynold’s number was 21.3 when the sample flow rate was 60 mL h-1, ensuring unperturbed 

laminar flow conditions during CTC isolation. Secondly, we designed the generation of 

magnetic fields in i2FCS with a sextupole magnet configuration (Figure 2) to obtain a 

significant magnetic force on the cells for efficient cell separation. A magnetic flux density of 
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up to 3.2 T (1.1 – 1.4 T within the ferrohydrodynamic separation channel) (Figures 2a-d) and 

a gradient of magnetic flux of up to 670 T m-1 (Figure 2e) were obtained from the sextupole 

configuration. As shown in Figures 2b and 2d, the magnetic flux density was maximal at the 

center of the separation microchannel, while the absolute value of the flux density gradient was 

minimal. Using this magnetic field pattern, the directions of the magnetophoretic WBCs and 

diamagnetophoretic CTCs in the microchannel are opposite to each other, eliminating the need 

of sheath flow in i2FCS devices and simplifying the device’s fluidic operation. Thirdly, we 

optimized the WBC functionalization by using a combination of five leukocyte biomarkers 

(CD45, CD45RA, CD66b, CD16, and CD3).34 Biotinylated biomarker antibodies were 

labeled with the WBCs then conjugated with streptavidin-coated Dynabeads (1.05 µm diameter, 

11.4% volume fraction of magnetic materials). The use of five markers allowed us to reduce 

the number of Dynabeads per WBC (20 per cell), because on average streptavidin-coated 

Dynabeads had a high probability of conjugating to WBCs due to the increased presence of 

biotins from the five markers. In our experiences, unconjugated Dynabeads tended to clog 

microchannels under strong magnetic field gradients. Therefore, the decreased use of 

Dynabeads in this method resulted in the elimination of microchannel clogging issues. With 

this labeling protocol, WBCs were conjugated with 21 ± 9 (mean ± s.d.) beads and >99.95% 

of WBCs were labeled with at least two beads (Figures 3a, left). Based on the number of beads 

on the WBCs and corresponding cell size, we calculated the upper bound of the magnetic 

volume fraction of the ferrofluid to deplete WBCs. Lastly, we studied the effects of ferrofluid 

concentration and blood sample flow rate on the separation performance in the above-

mentioned physical model. Simulated cells’ position (denoted as Y) and separation distance 

between WBCs and tumor cells at the device outlets (denoted as ΔY) on the ferrofluid 

concentration and sample flow rate are shown in Figures 3c and 3d. Maximal separation 

distance occurred when the ferrofluid concentration is 0.015% (Figure 3c) and the flow rate 
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was 1000 µL min-1 or 60 mL h-1 (Figure 3d). Using these optimized parameters (ferrofluid 

concentration: 0.015% (v/v); flow rate: 1000 µL min-1 or 60 mL h-1), positions of 10,000 MCF7 

cancer cells and 10,000 labeled WBCs at the outlet of the device were simulated and shown in 

Figure 3e. 100% of the MCF7 breast cancer cells are deflected toward the channel walls and 

are collected from the CTCs outlet of the device (Figure 3f), while approximately 99.95% of 

WBCs are depleted through the WBCs outlet (Figure 3g). 

Throughput, recovery, purity and biocompatibility of the i2FCS approach

Using the optimized i2FCS device and operating parameters, we validated it with spiked cancer 

cells from a total of 11 cultured cancer cell lines, including 4 breast cancer cell lines (MCF7, 

MDA-MB-231, HCC1806, HCC70), 4 non-small cell lung cancer cell lines (A549, H1299, 

H3122, H520), 2 small cell lung cancer cell lines (DMS79, H69), and 1 prostate cancer cell 

line (PC-3). We evaluated the performance of i2FCS in the cancer cells isolation, including 

sample flow rate and cell-processing throughput, cell recovery rate, WBC contamination, 

viability and proliferation of isolated cells. Figure 3i shows a typical separation process, in 

which ~100 MCF7 breast cancer cells stained with green fluorescence were spiked into 1 mL 

of WBCs (~6 million cells/mL) and processed at a flow rate of 60 mL h-1. Cancer cells and 

WBCs were distinctively separated into different streams at the outlets of the device. No 

channel clogging due to magnetic beads was observed during the device operation of 

processing up to 600 millions of nucleated cells with a throughput of 100,000 cells s-1 and a 

flow rate of 60 mL h-1. The throughput and flow rate of i2FCS are approximately one order of 

magnitude higher than most existing CTC isolation methods (see supplementary information). 

The ultrahigh throughput of i2FCS enables processing a typical blood sample of 10 mL in 10 

minutes, significantly reducing chances of cell apoptosis during the device operation. We 

further characterized the performance of i2FCS in recovering spiked cancer cells at clinical 
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concentrations (10 – 200 cells mL-1). MCF7 breast cancer cells with spike ratios ranging from 

10 to 200 cells per mL were recovered using the devices at a recovery rate of 100% with 

minimal variations (n = 3, Figure 4a), indicating i2FCS’s ability to completely recover spiked 

cancer cells at clinical concentrations. We further challenged the device with 10 additional 

cancer cell lines with distinct size profiles (Figure 4b). i2FCS showed close-to-complete 

recovery rates across all cancer cell lines used in this study (100.00 ± 0.00%, 99.33 ± 0.49%, 

99.67 ± 0.47%, 99.83 ± 0.24%, 99.67 ± 0.47%, 99.67 ± 0.42%, 100 ± 0.00%, 100 ± 0.00%, 

100 ± 0.00%, 99.67 ± 0.94%, and 98.83 ± 1.03% for MCF7, MDA-MB-231, HCC1806, 

HCC70, A549, H1299, H3122, H520, DMS79, H69, and PC-3 cell lines, mean ± s.d., n = 3 for 

each cell line) (Figure 4c). The average recovery rate across 11 cancer cell lines was 99.70 ± 

0.34% (mean ± s.d., n = 11), including the small cell lung cancer cells (DMS79 and H69). The 

recovery rate of i2FCS device is higher than other microfluidic approaches (see supplementary 

information), including the CTC-iChip.35, 36. Current range of cell concentration processed 

by i2FCS was 3 – 20 millions cells/mL. Higher cellular concentration would slightly decrease 

the cancer cell recovery rate (see supplementary information). i2FCS also greatly reduced the 

contamination of WBCs. The i2FCS device achieved 4.07-log depletion of WBCs by removing 

99.992% of the leukocytes from the blood samples, with approximately 507 ± 53 (mean ± s.d., 

n = 3) cells carryover in the CTC collection outlet after processing 1 mL of blood (Figure 4d). 

The majority of WBC contamination were WBCs labeled with ≤ 1 magnetic bead. The level 

of WBC contamination found in i2FCS device is significantly lower than the majority of other 

microfluidic approaches (see supplementary information), and is comparable to the CTC-iChip 

approach.35, 36 Lastly, we investigated the effect of the device processing on the cells’ viability 

and proliferation. The combination of low ferrofluid concentration (0.015% of magnetic 

content by volume) and laminar flow conditions in the i2FCS device showed little impact on 

the viability, intactness and proliferation of the isolated cancer cells. Figure 4e shows that cell 
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viabilities of H1299 lung cancer cells before and after i2FCS processing were 99.31 ± 0.42% 

and 98.10 ± 1.35 % (mean ± s.d., n = 3), respectively, indicating a negligible device effect on 

the cell viability. Fluorescence images of live/dead assay in Figure 4f show the viability and 

intactness of the cancer cells were well preserved after the device processing. The isolated 

cancer cells continued to proliferate into confluence after 48 hours’ culture (Figure 4f), with 

unaffected marker expressions on their surface (Figure 4g).

Biochemical phenotyping of CTCs in cancer patients 

To evaluate the performance of i2FCS in isolating heterogeneous CTCs in clinical samples, we 

conducted a study of samples collected from 2 patients exhibiting stage IV metastatic non-

small cell lung cancer. Immunofluorescent staining was used to distinguish CTCs and WBCs, 

and CTCs of different phenotypes. We used the i2FCS devices to process blood samples from 

the patients, who were recruited and consented at the University Cancer and Blood Center 

(Athens, Georgia) under an approved IRB protocol (University of Georgia, 

VERSION00000869). Surface markers corresponding to epithelial and mesenchymal 

phenotypes were chosen because CTCs are reported to go through EMT, epithelial to 

mesenchymal transition, in which original epithelial tumor cells transition into stem-like 

mesenchymal cells.10, 11, 37 The loss of epithelial characteristics and the acquisition of 

mesenchymal characteristics are closely linked to the tumor cells’ high motility and 

invasiveness to create a new tumor site.10, 37-39 CTCs of this functional phenotype are 

therefore the focus of this study. 20 mL of blood sample from each patient was processed by 

the i2FCS  devices. A quarter of the isolated cells were used for biochemical phenotyping 

through immunofluorescent staining with an epithelial marker (EpCAM) that is downregulated 

in EMT,20, 37, 38 two mesenchymal markers (vimentin and N-cadherin) that are upregulated 

in EMT, 18, 37, 38 a leukocyte marker (CD45), and a nucleus marker (DAPI) for their 

identification. WBCs were identified as CD45 positive and DAPI positive (EpCAM–/Vim–/N-
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cad–/CD45+/DAPI+). CD45 negative and DAPI positive CTCs were classified into three 

different phenotypes including epithelial phenotype (EpCAM+/Vim–/N-cad–), mesenchymal 

phenotype (EpCAM–/Vim+/N-cad–, EpCAM–/Vim–/N-cad+, or EpCAM–/Vim+/N-cad+), 

and mixed epithelial and mesenchymal phenotype (EpCAM+/Vim+/N-cad– or 

EpCAM+/Vim+/N-cad+). 

Examples of isolated CTCs are shown in Figure 5a. We first note that a significant 

number of CTCs were isolated from both patients’ blood samples. 796 cells were identified as 

CTCs from patient A in a 5 mL volume of blood sample at a concentration of 159 CTCs/mL 

of blood sample, and 1262 were identified in patient B’ sample (5 mL blood, 252 CTCs/mL 

concentration). The high counts of CTCs could be explained by the disease stages (stage IV 

metastatic non-small cell lung cancers) of both patients and the ability of i2FCS to completely 

recover CTCs from blood. For verification purpose, a blood sample from a third patient (patient 

C, stage IV lung cancer) was processed by both i2FCS and a recently reported size-selection 

method (inertial-FCS),40 both of which yielded similarly high counts of CTCs (see 

supplementary information). Isolated CTCs from both patients were intact, indicating a 

minimal impact of the device processing on the cells’ morphology. Consistent with previous 

reports,32, 41-46 the effective cell diameter of isolated CTCs, defined as the maximum Feret 

diameter of the cells under bright-field imaging, showed a high level of variation for both 

patients. The effective diameters of randomly selected (n = 75) CTCs from patient A’s sample 

were 13.29 ± 6.13 µm (mean ± s.d.), with the smallest diameter being 5.88 µm and the largest 

being 33.74 µm (Figure 5b). For patient B, the effective diameters of randomly selected CTCs 

(n = 70) were 10.22 ± 4.85 µm (mean ± s.d.), where the smallest diameter was 4.28 µm and 

the largest was 30.51 µm (Figure 5b). While the clinical relevance of CTCs with varying sizes 

is unclear, some consider that cells switching from an active state to a dormant state may be 

the cause of their size variation, which could contribute to their metastatic potential.43 
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Nonetheless, the polydispersity of isolated cells highlights the effectiveness of the cell size 

agnostic i2FCS approach in recovering CTCs that are comparable in size to WBCs, enabling 

downstream studies on these cells. We further characterized the biochemical phenotypes of the 

isolated CTCs through their surface antigen expression using the above-mentioned epithelial 

and mesenchymal markers. The proportion of each phenotypic subtypes of CTCs are 

summarized in Figure 5c, which shows interesting comparison between two patients. Isolated 

CTCs of patient A had a significant portion of epithelial phenotype (64.8% EpCAM+/Vim–

/N-cad–) while patient B’s CTCs had a predominately mesenchymal phenotype (40.3% 

EpCAM–/Vim+/N-cad+, 20.6% EpCAM–/Vim–/N-cad+, and 0.1% EpCAM–/Vim+/N-cad–), 

indicating that the majority of Patient B’s cells have gone through the EMT. Patient A also 

presented 25.6% mesenchymal CTCs (15.6% of EpCAM–/Vim+/N-cad+, and 10.0% of 

EpCAM–/Vim–/N-cad+) in addition to the epithelial phenotype. Patient B presented 22.0 % 

of epithelial CTCs (EpCAM–/Vim+/ N-cad) in addition to the mesenchymal phenotype. Both 

patients had a relatively small percentage of CTCs that presented mixed epithelial and 

mesenchymal phenotypes (Patient A: 7.5% EpCAM+/Vim+/N-cad– and 2.1% 

EpCAM+/Vim+/N-cad+; Patient B: 4.9% EpCAM+/Vim+/N-cad– and 10.1% 

EpCAM+/Vim+/N-cad+, Figure 5c). The cells with mixed epithelial and mesenchymal 

phenotypes likely represented CTCs that were in transition between epithelial and 

mesenchymal status, indicating their evolution to more invasive phenotypes. Overall, the 

heterogeneity of biomarker expressions of isolated CTCs from these patients is consistent with 

previous reports and highlights the maker agnostic isolation of i2FCS approach. CTCs of 

mesenchymal phenotype are reported to possess high motility and are more invasiveness than 

the epithelial phenotype.10, 37-39 Therefore identifying the invasive subtype of CTCs with 

high motility is the focus of the subsequent functional study. 

Functional phenotyping of CTCs in cancer patients 
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Adequate and functional CTCs isolated from the i2FCS approach enable their simultaneous 

biochemical and functional phenotyping. In this study, we accessed how CTC subpopulations 

with different levels of epithelial and mesenchymal marker expression affect their chemotactic 

migration. We chose cell migration to access CTCs’ functions because high motility of these 

cells are implicated in the metastatic spread, including local invasion into surrounding stroma 

and intravasation into blood circulation, extravasation into parenchyma of foreign tissue, 

colonization and formation of metastatic lesions.3, 10, 11, 18, 19 The identification of high-

motility CTCs would facilitate the prediction of a patient’s risk of developing metastasis and 

the design of personalized therapeutics. i2FCS’s ultrahigh recovery rate allows us to isolate all 

CTCs from the patient samples, which potentially contain a subpopulation of these highly 

motile CTCs. In order to identify this subpopulation, we developed a new microfluidic assay 

that tracked cells’ chemotactic migration with single cell resolution over a 24-hour period in 

confined microchannels. 

CTC isolation and migration characterization process is shown in Figure 6a. A 20 mL 

of blood sample from Patient B was first processed by the i2FCS device to isolate CTCs. Patient 

A’s sample experienced a delay in its processing and was not included in the migration study. 

The isolated cells from Patient B were divided into three portions, with one quarter of the cells 

used for biochemical phenotyping through immunofluorescent staining (described in the 

previous section), and one quarter for the microfluidic migration assay. The remaining one half 

of cells was preserved for future studies. In constructing the microfluidic device and assay for 

CTCs’ migration phenotyping, we applied the following design principles. Firstly, we chose to 

use chemotactic migration to guide CTC’s migratory direction in the microfluidic assay 

because CTCs are most efficient when the cell is involved in directed migration.47, 48 We used 

a spatial gradient of growth factors including epidermal growth factor (EGF), basic fibroblast 

growth factor (bFGF) and fetal bovine serum (FBS), to guide CTCs’ migration in the 
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microchannels,49 and a spatial gradient of Slit2 to inhibit the migration of carryover WBCs.50, 

51 The gradient of growth factors were maintained via a continuous perfusion for a 24-hour 

period in the microchannel to enable chemotactic migration of CTCs (Figure 6b). Secondly, 

we constructed microchannels to recapitulate the confined space through which tumor cells 

infiltrate organs in vivo.19, 52-54 A total of 5,000 single cell migration tracks were packed in 

the device for CTCs to migrate, with each track having a cross-section of 30 µm (width) by 5 

µm (height) and a total length of 1200 µm (Figure 6b), close to the dimensions of the tunnel-

like tracks CTCs encountered in the extracellular matrix (ECM) of the tumor stroma.19, 52-54 

The single cell tracks were periodically interrupted to enable collection of migrated cells at the 

end of the experiments. This assay was first validated using H1299 lung cancer cells to show 

that it could differentiate migratory versus non-migratory subtypes (Figure 6c). In experiments 

using patient-derived CTCs, cells isolated from Patient B using an i2FCS device were seeded 

in the microfluidic migration device at the loading channel, and allowed to migrate along the 

growth factors’ gradient for 24 hours with incubation conditions of 37 °C and 5% CO2. At the 

end of the 24-hour period, migratory cells were immunofluorescently stained within the device 

with an epithelial marker (EpCAM), a mesenchymal marker (Vimentin, Vim), a leukocyte 

marker (CD45) and a nucleus marker (DAPI) to identify their cell types. Migratory distance 

and speed of each identified CTCs (EpCAM+/Vim–/CD45–/DAPI+, EpCAM–/Vim+/CD45–

/DAPI+, or EpCAM+/Vim+/CD45–/DAPI+) in the single cell tracks were recorded and 

analyzed. 

We estimated that a total ~1260 CTCs isolated from 10 mL of blood sample were 

seeded in the microfluidic migration device at the start of the migration assay. The number of 

CTCs was calculated from the 252 CTCs/mL concentration obtained through 

immunochemistry for Patient B’ sample. At the end of the 24-hour migration assay, we 

identified again through immunochemistry that a small percentage of initial CTCs (16.4%, 207 
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out of the 1260 seeded cells) remained in the migration device and exhibited chemotactic 

migration towards the growth factors’ gradient. The other 83.6% of CTCs were likely apoptotic 

and washed away by the perfusion within the assay timeframe. Figures 6d-f summarize the 

distributions of final migratory position, migration speed and surface marker expression of the 

high-motility cell subpopulation. The migration speed of individual cells was calculated from 

the distance migrated (difference between initial and final positions within the microchannel) 

within 24 hours. These high-motility cells exhibited variable levels of migration during the 24-

hour period, with a mean speed (Figure 6e) of 0.26 ± 0.19 µm min-1 (mean ± s.d., n = 207). 

This speed indicated that the migratory CTCs likely utilized the mesenchymal locomotion in 

the microchannels, which was reported to have a speed range of 0.1-1 µm min-1.55 We also 

observed that cells with a faster migratory speed and a longer migratory distance tended to 

have elongated cell morphology, while cells with a slower migratory speed and a shorter 

migratory distance had a mostly rounded shape (Figures 6f-g), consistent with previous 

findings of mesenchymal migration.56, 57 Through the single-cell migration assay, we 

identified a subpopulation of CTCs from Patient B’s sample that possessed high motility 

towards the gradient of growth factors. This subtype of high-motility CTCs exhibits different 

levels of epithelial and mesenchymal marker expressions and varying chemotactic migration 

property. The identification of these high-motility CTCs could enable further molecular and 

functional studies on them.

Comparison of i2FCS to existing CTC enrichment methods

We objectively evaluated i2FCS's performance in CTC separation to existing methods, using 

four commonly used metrics in calibrating CTC isolation methods, including the cell-

processing throughput, CTC recovery rate, WBC contamination or carryover at device output 

and integrity of enriched cells. i2FCS method reported an ultrahigh blood sample processing 

throughput of up to 2×105 cells s-1 with a blood sample flow rate of 60 mL h-1. It resulted in a 
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close-to-complete recovery of spiked cancer cells  (99.70% recovery rate) and an ultralow 

WBC contamination (4.07-log depletion of leukocytes, removing 99.992% of the leukocytes 

from the blood samples, with approximately 507 WBC carryover per 1 mL of processed blood). 

The short processing time of i2FCS (10 minutes for 10 mL of blood) and complete recovery of 

CTCs produced adequate, viable and functional cells for subsequent cell-migration studies. We 

compared iFCS's performance to a total of 49 recently published CTC separation methods (see 

supplementary information) and found that i2FCS had better overall performance in the above-

mentioned four metrics than existing methods. 

We also compared the performance of i2FCS to two generations of CTC-iChip in Table 

1.35, 36 i2FCS had six times higher blood sample flow rate (60 mL h-1 for i2FCS versus 10 mL 

h-1 for monolithic CTC-iChip). Both i2FCS and CTC-iChip depleted roughly the same amount 

of WBCs from blood samples (507 cells/mL carryover for i2FCS versus 445 cells/mL carryover 

for monolithic CTC-iChip). While the reported cancer cells recovery rates were almost the 

same for i2FCS and CTC-iChip using spiked cancer cells (99.7% for i2FCS versus 99.5% for 

monolithic CTC-iChip), the recovered CTCs from patient samples showed different physical 

diameter ranges, with i2FCS being able to isolate patient CTCs with a broader physical 

diameter range than CTC-iChip (4.3 – 33.7 µm for i2FCS versus 5.5 – 27 µm for monolithic 

CTC-iChip). i2FCS has an advantage of being able to recover small CTCs, because it does not 

differentiate CTCs and blood cells based on their physical diameters. Instead it uses the contrast 

of cellular magnetization for separation. This working principle ensured that all CTCs were 

separated regardless of their diameters. On the other hand, CTC-iChip integrated deterministic 

lateral displacement (DLD) to deplete red blood cells, inertial focusing to concentrate nucleated 

cells, and magnetophoresis to separate magnetically labeled CTCs. The size-based DLD stage 

in CTC-iChip could potentially remove small CTCs of similar size to red blood cells (6–8 μm). 

This slight selection bias might explain the diameter difference in recovered CTCs between the 
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two methods. Finally, CTC-iChip could process whole blood without lysis while i2FCS needed 

red blood cell lysis. Even though the cancer cell loss due to lysis step was demonstrated to be 

negligibly small (~0.08%) in cancer cell line control experiments,32 it would be difficult to 

characterize such CTC loss in patient samples. In summary, i2FCS had the advantages of higher 

cell-processing throughput and sample flow rate, recovering CTCs with broader physical 

diameters, but lacked the ability to process whole blood when comparing to CTC-iChip.

Conclusion

We reported an integrated method that allowed for the first time simultaneous biochemical and 

functional phenotyping of patient-derived single circulating tumor cells. The method leveraged 

an integrated inertial ferrohydrodynamic cell separation (i2FCS) approach for a tumor cell 

marker and size agnostic isolation of CTCs from patient samples. This approach yielded 

remarkable CTC isolation performance including a complete isolation of CTCs from blood 

samples with a 99.70% recovery rate, an ultrahigh throughput of >600 millions of nucleated 

cells per hour, a ultrahigh blood processing flow rate of 60 mL h-1, and an extremely low 

carryover of ~507 WBCs for every one milliliter of blood processed. Furthermore, isolated 

CTCs from i2FCS preserved their functional properties and enabled their biochemical and 

functional phenotypes to be quantitively queried via a single cell migration assay. 

In samples collected from two metastatic lung cancer patients, i2FCS and the migration 

assay enabled the sensitive profiling of CTCs’ heterogeneity according to their surface antigen 

levels and migration phenotypes. CTCs profiled in samples collected from the patients revealed 

that there was a great level of diversity in the phenotypes of CTCs. CTCs exhibited variable 

levels of epithelial and mesenchymal antigen expressions and morphologies, confirming the 

marker and size agnostic isolation of the approach. Isolated cells were accessed for their 

motility towards a gradient of growth factors in a migration assay with single-cell resolution, 

revealing the existence of a high-motility subpopulation of CTCs in one of the patients’ sample. 
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The i2FCS and migration assay approach could be potentially adapted to a variety of 

applications in cancer research. CTCs isolated from the i2FCS can readily be recovered with 

intactness and preserved biological functions, therefore facilitating further downstream 

analysis and culture. This approach allows multiplexed queries of functional CTCs, which 

makes it possible to analyze CTCs for their complex roles in metastasis. Experiments using 

this approach can be implemented using a standard syringe pump with microfluidic devices 

that are straightforward to fabricate and operate, making it relatively easy for laboratory 

adoptions. 
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Experimental section

Modeling and simulation 

Magnetic field and particle separation performance was simulated and optimized in MATLAB 

(MathWorks, Natick, MA) using a physical model, which predicted trajectories of cancer cells 

and labeled WBCs in the microfluidic channel coupled with a sextupole configuration of 

magnets.32, 33

Microfluidic device fabrication

The master mold containing the microfluidic structures was fabricated using standing 

photolithography methods with SU-8 2025 photoresist (Kayaku Advanced materials, 

Westborough, MA). The height of the structures was measured to be 60 µm. The 1 mm thick 

PDMS layer was prepared with Sylgard 184 silicone elastomer kit (Ellsworth Adhesives, 

Germantown, WI) in a 1:7 ratio of cross-linker and base, and cured at 60 °C for 4 hours. After 

bonding with the inlet and outlet layer (5 mm thick PDMS), the devices were oven baked at 80 

°C for 20 minutes following by a hotplate at 150 °C for 1 hour. The device was placed within 

a custom aluminum manifold that held six N52 NdFeB permanent magnets (K&J Magnetics, 

Pipersville, PA) in a sextupole configuration. The magnets had a geometry of 50.8 mm × 6.35 

mm × 6.35 mm (L × W × H) and had a remanent magnetization of 1.48T each. Before each 

use, the devices were sterilized with 70% ethanol and then primed with 1× PBS supplemented 

with 0.5% (w/v) BSA and 2 mM EDTA (Thermo Fisher Scientific, Waltham, MA).

Ferrofluid synthesis and characterization

The water-based ferrofluid was a colloidal suspension of  maghemite nanoparticles, 

synthesized by a chemical co-precipitation method following developed protocol.58, 59 The 

saturation magnetization (1,107 A m-1) and volume fraction of the ferrofluid (0.298%, v/v) 

were measured by a vibrating sample magnetometer (VSM, MicroSense, Lowell, MA). The 
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viscosity of the ferrofluid (1.7 mPa s-1) was characterized via a compact rheometer (Anton 

Paar, Ashland, VA) at room temperature. The diameter and morphology of maghemite 

nanoparticles were determined to be 10.91 ± 4.87 nm (mean ± s.d.) with a transmission electron 

microscopy (TEM; FEI, Eindhoven, the Netherlands).

Cell culture and preparation 

11 human cancer cell lines including four breast cancer cell lines (MCF7, MDA-MB-231, 

HCC1806, and HCC70), four non-small cell lung cancer (NSCLC) cell lines (A549, H1299, 

H3122, and H520), two small cell lung cancer (SCLC) cell lines (DMS79 and H59) and one 

prostate cancer cell line (PC-3) were purchased from ATCC (Manassas, VA). Cell cultures 

followed the manufacturing instructions. Breast cancer cell lines MCF7 and MDA-MB-231 

were cultured in DMEM medium (Thermo Fisher Scientific, Waltham, MA) and the other cell 

lines were cultured in RPM 1640 medium (Thermo Fisher Scientific, Waltham, MA). DMEM 

and RPMI medium were supplemented with 10% (v/v) fetal bovine serum (FBS, Thermo 

Fisher Scientific, Waltham, MA), 1% (v/v) penicillin/streptomycin solution (Thermo Fisher 

Scientific, Waltham, MA), and 0.1 mM non-essential amino acid (NEAA, Thermo Fisher 

Scientific, Waltham, MA). All the cell lines were cultured at 37 °C with 5% CO2. When the 

cells grown into 80% confluence, cells were washed twice with PBS by gently shaking the cell 

culture flask. This step was required to remove dead cells and debris. Cells were released with 

0.05% trypsin-EDTA solution (Thermo Fisher Scientific, Waltham, MA), centrifugated (5 min, 

500g) to remove the supernatant, and resuspend in 1× Dulbecco’s Phosphate Buffered Saline 

(DPBS, Thermo Fisher Scientific, Waltham, MA). To track the cell trajectories in the i2FCS 

device, cells were either stained with 3 µM CellTracker Green or 3 µM CellTracker Orange 

(Thermo Fisher Scientific, Waltham, MA) for 30 minutes at 37 °C and then washed and 

resuspended with culture medium. Cells were counted with Countess 2 (Thermo Fisher 

Scientific, Waltham, MA) and diluted to 104 cells per mL with culture medium. After dilution, 
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the exact number of cells was confirmed with Nageotte counting chamber (Hausser Scientific, 

Horsham, PA). Variable number (10, 50, 100, and 200) of cancer cells were spiked into 0.015% 

(v/v) ferrofluid for spiking experiments.

Recovery rate and purity calculation of i2FCS

Cells collected from the CTC outlet and WBC outlet were stained with 2 µM DAPI (Thermo 

Fisher Scientific, Waltham, MA) to stain cell nucleus, and counted with a Nageotte counting 

chamber. Cells with CellTracker (Green/Orange) signal were identified as cancer cells, while 

other cells only expressing DAPI signal were identified as WBCs. The recovery rate of i2FCS 

was calculated by . Ncancer _ cell@CTC _ outlet Ncancer _ cell @CTC _ outlet  Ncancer _ cell @WBC _ outlet   100%

The purity was characterized by the WBC carryover , the depletion rate NWBC @CTC _ outlet

, and the log depletion rate 1 NWBC @CTC _ outlet NTotal _WBC  100%

 .log NTotal _WBC NWBC @CTC _ outlet 

Cell morphology characterization  

Cells suspended in PBS were deposited on a microscope slide and imaged with an inverted 

microscope (Axio Observer, Carl Zeiss, Germany) in bright field mode. Cell morphologies 

were analyzed with ImageJ software. Effective cell diameter was measured as the maximum 

Feret diameter of the cells under bright-field imaging.

Cell viability and proliferation characterization

Short-term cell viability of lung cancer cell line H1299 after i2FCS processing was 

characterized with a Live/Dead assay (Thermo Fisher Scientific, Waltham, MA) following the 

manufacturer’s protocol. All cells are alive at the start of the viability characterization. Dead 

cells and cell debris were removed by PBS wash after cell culture. For long-term proliferation, 
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the isolated H1299 cells from i2FCS device were washed three times with cell culture medium 

to remove the ferrofluid, and then the cells were re-suspended with culture medium and 

transferred into a T25 flask. (Corning, Corning, NY). The cells were then cultured at 37°C (5% 

CO2) under a humidified atmosphere.  Cellular morphology was inspected every 24 hours.

Live subject statement

All experiments in this study were performed in compliance with the regulations of the United 

States Office for Human Research Protections, and the University of Georgia Human Subjects 

Office. Human whole blood collected from healthy donors was purchased from company 

(ZenBio, Durham, NC) for spiking experiments. Cancer patient blood was obtained from the 

University Cancer and Blood center, LLC (Athens, GA) following a protocol approved by the 

Institutional Review Board (IRB) at the University of Georgia (VERSION00000869). 

Informed consent was obtained for cancer patient participants. 

Human sample processing

Complete blood count (CBC) reports of cancer patients’ blood samples were used to determine 

the number of WBCs to optimize WBC labeling. Whole blood was firstly labeled with 

biotinylated antibodies including anti-CD45 (eBioscience, San Diego, CA), anti-CD45RA 

(eBioscience, San Diego, CA), anti-16 (eBioscience, San Diego, CA), anti-66b (Biolegend, 

San Diego, CA), and anti-CD3 (Biolegend, San Diego, CA) for 30 minutes at room temperature. 

The antibody-conjugated blood was lysed with RBC lysis buffer (eBioscience, San Diego, CA) 

for 5 minutes following by centrifugation (500g, 5 minutes) at room temperature. After 

removing the supernatant, the cells were resuspended with 1× PBS and incubated with washed 

Dynabeads (Thermo Fisher Scientific, Waltham, MA) for 30 minutes on a rocker. All the 

labeling and washing procedures were performed following the manufacturer’s protocol. Blood 

cells were suspended in the same volume of 0.015% (v/v) ferrofluid supplemented with 0.1% 
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(v/v) Pluronic F-68 surfactant (Thermo Fisher Scientific, Waltham, MA) before processing 

using the device.

CTC identification

After device processing, isolated cells were concentrated through centrifugation (600g, 5 

minutes) and immobilized onto poly-L-lysine (Sigma-Aldrich, St. Louis, Mo) coated glass 

slides. Isolated cells were fixed with 4% (w/v) paraformaldehyde (Santa Cruz Biotechnology, 

Dallas, TX) for 10 minutes and subsequently permeabilized with 0.1% (v/v) Triton X-100 (Alfa 

Aesar, Haverhill, MA) in PBS for 10 minutes at room temperature. Cells were then blocked 

with Ultracruz blocking reagent (Santa Cruz Biotechnology, Dallas, TX) for 30 minutes at 

room temperature to block nonspecific binding sites. Cells were then immunostained overnight 

at 4 °C with primary antibodies including EpCAM-Alexa Fluor 488, N-cadherin-Alex Fluor 

594, Vimentin-Alex Fluor 647 (Santa Cruz Biotechnology, Dallas, TX), CD45-PE (BD 

Bioscience, San Jose, CA). Cells were stored in mounting medium supplemented with DAPI 

(FluoroshieldTM with DAPI, Sigma-Aldrich, St. Louis, Mo).

Migration assay of isolated CTCs

Isolated CTCs were loaded into a microfluidic migration device for single cell migration 

assay.10% Fetal Bovine Serum (FBS, Thermo Fisher Scientific, Waltham, MA), 20 ng mL-1 

epidermal growth factor (EGF, Thermo Fisher Scientific, Waltham, MA), and 20 ng mL-1 basic 

fibroblast growth factor (bFGF, Thermo Fisher Scientific, Waltham, MA) were used as the 

chemoattractants for the CTCs, while 5 µg mL-1 Slit2 (Thermo Fisher Scientific, Waltham, 

MA) was used to inhibit the migration of WBCs. After cell loading, migration assay was 

performed in an incubator (37 °C, 5% CO2) for 24 hours. Cells was immunofluorescently 

stained in the device to identify their cell types. 
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Table 1. Comparison of design, operation and performance of CTC isolation 
between CTC-iChip and i2FCS.

Technology

Blood 
processing 
throughput 

(mL h-1)

CTC 
recovery 

rate 
(spiked 

cell lines)

White blood 
cells (WBC) 
carryover at 

device 
outlets

Recovered 
patient 
CTCs 

diameter 
range

Cell 
viability 

(cell 
lines)

Design and operation

Red 
blood 

cell lysis 
needed?

CTC-iChip35 8 ~ 97% 32,000 
WBCs/mL >9 m Not 

reported

Integration of DLD, 
inertial focusing and 

magnetophoresis in two 
devices. 

No

Monolithic 
CTC-iChip36 

~10 ~99.5% 445 
WBCs/mL 5.5-27 m Not 

reported

Integration of DLD, 
inertial focusing and 
magnetophoresis in a 

single device. 

No

i2FCS (this 
paper) 60 99.7% 507 

WBCs/mL 4.3-33.7 m 98.10%

Integration of inertial 
focusing and 

ferrohydrodynamic 
separation in a single 

device.  

Yes
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Figure 1. Overview of the integrated inertial ferrohydrodynamic cell separation (i2FCS) scheme and its 
device. 
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Figure 2. Optimization of the magnetic field to achieve high magnetic flux density and flux density gradient 
in the i2FCS device. 
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Figure 3. System optimization of i2FCS devices for the isolation of CTCs (down to 10 cells per mL) with high 
recovery rate, low WBC contamination, and ultrahigh throughput. 
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Figure 4. Characterization of i2FCS device performance using cancer cell lines spiked into blood from healthy 
donors. Cancer cells and WBCs were processed in 0.015% (v/v) ferrofluid with a flow rate of 1000 µL min-1 

(60 mL h-1) to achieve high cancer cell recovery rate and low WBC contamination. 
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Figure 5.  Biochemical phenotyping of CTCs isolated from two metastatic lung cancer patients (n = 2). 
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Figure 6. Functional phenotyping of CTCs isolated from one metastatic lung cancer patient (n = 1). 
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