
Sorting of circulating tumor cells (MV3-melanoma)
and red blood cells using non-inertial lift

Thomas M. Geislinger and Thomas Frankea)

EPI, Soft Matter and Biological Physics, University of Augsburg, D-86159 Augsburg,
Germany

(Received 24 June 2013; accepted 6 August 2013; published online 21 August 2013)

We demonstrate the method of non-inertial lift induced cell sorting (NILICS), a

continuous, passive, and label-free cell sorting approach in a simple single layer

microfluidic device at low Reynolds number flow conditions. In the experiments,

we exploit the non-inertial lift effect to sort circulating MV3-melanoma cells from

red blood cell suspensions at different hematocrits as high as 9%. We analyze the

separation process and the influence of hematocrit and volume flow rates. We

achieve sorting efficiencies for MV3-cells up to EMV3¼ 100% at Hct¼ 9% and

demonstrate cell viability by recultivation of the sorted cells. VC 2013 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4818907]

I. INTRODUCTION

With 7.6 � 106 deaths in 2008, of which 70% occurred in low- and middle-income coun-

tries, cancer is among the leading causes for death worldwide.1 Metastases are responsible for

most cancer-related deaths and arise from tumor cells that exit the primary tumor and spread

via the circulatory system.2 Tumor cells within the blood stream are referred to as circulating

tumor cells (CTC).3 CTCs could represent an alternative to invasive biopsies for gathering

tumor tissue for cancer diagnosis and prognosis, monitoring therapy response or metastasis

research.4–6 The limiting factor for the usage of CTCs is their extremely low concentration of

only 1–10 CTC per milliliter blood in human cancer patients.7 Thus, there is particular interest

to enrich and isolate viable CTCs for further analysis.

The most common method for isolation and counting of CTCs uses an immunomagnetic

approach. To isolate cells with this technique, magnetic beads are attached to the epithelial adhe-

sion molecule (EpCAM) on the membrane of the CTCs using the corresponding anti-body (anti-

EpCAM). The CTCs are then sorted using a magnetic field and are further analyzed by skilled

operators. This method is realized on the macro-scale in the commercially available device

CellSearch (Veridex, USA) which is up to date the only device that is approved by the US Food

and Drug Agency (FDA). It has been used to correlate the CTC count and the clinical outcome

for patients with different forms of epithelial cancers.8 Although being approved by the FDA,

CellSearch still has shortcomings due to its isolation principle. The immunolabeling approach is

not ubiquitous for all CTC populations.9 Further on, capture efficiency and sensitivity are still

low and the isolated cells are typically not vital.3,10 One promising way to face these challenges

and to improve CTC isolation and characterization is the development of label-free Lab-on-a-

Chip devices. Downscaling the processes enables the use of microfluidic techniques entailing

precise control of the process parameters on the length scale of the cells and the integration of

several processing steps onto one single chip.11 The manifold microscale approaches are sum-

marized in several excellent reviews.3,7,12,13 Label-free techniques avoid the need of antigen

reactions and instead use intrinsic cell parameters for separation. Label-free methods can be di-

vided into two major groups:14 active separation of cell populations exploiting external fields
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and passive separation utilizing differences of the biomechanical and morphological properties

like size, density, or deformability. The first group is dominated by dielectrophoretic separation

of cells. This technique takes advantage of differences in the interactions of the cells with an

external non-uniform electric field. Various realizations of dielectrophoretic devices are summar-

ized in Ref. 15. Most recently it was demonstrated that the handling of clinical samples with

continuous flow dielectrophoretic field-flow-fractionation (DEP-FFF) is possible at average col-

lection efficiencies of 75%.16 Another upcoming active method employs acoustophoresis for

sorting.17 Using standing acoustic waves, several cancer cell lines have been separated from

white blood cells with recovery rates from 72.5% to 93.9%.9 These methods, however, depend

on the generation of external force fields, while passive methods exploit only the interactions of

objects with the channel structure and the fluid, making the generation of external force fields

expendable. The most intuitive possibility to passively sort cells by size is microfiltration. The

cells are pumped through diversely designed filter-structures with changing mesh sizes to gain

fractionation. Being squeezed through the filter mesh, the cells are subjected to high shear stress

levels. The broad scope of microfilter devices is summarized in Ref. 14. Instead of filtering, in

an approach called deterministic lateral displacement arrays of posts are used to laterally deflect

the cells according to their size. This approach could improve clogging issues and enables con-

tinuous sorting with very high throughput at good sorting efficiencies of about 85%.18

Nevertheless, the devices need to be tailored for certain cell sizes. While these two methods

exploit the interaction of the cells with the channel structure, inertial microfluidics sort the cells

by size using the interplay of the cells with the flow field. Several methods are proposed using

inertial effects at finite Reynolds numbers (Re) in straight, curved, or spiral microchannels19–21

or microscale vortices.22 To ensure that cell-cell collisions do not interfere with the inertial fo-

cusing effect, the cell concentration should not exceed �5� 105 cells/ml which limits the

method to low hematocrits.19 The separation efficiencies vary from 10% for the relatively small

HeLa cell line (average diameter: 12.4 lm) and 23% for the larger MCF-7 breast cancer line (av-

erage diameter: 20 lm) (Ref. 22) up to 98% for the MCF-7 line.19

We present a passive and label-free device that efficiently sorts circulating tumor cells

from a red blood cell suspension at a hematocrit as high as 9% (�6 � 108 cells/ml) and sorting

efficiencies up to 100%. The sorting process takes advantage of size and deformability as intrin-

sic biomarkers and is induced by a hydrodynamic effect at very low Reynolds numbers, the so

called non-inertial hydrodynamic lift.23–29 To characterize our non-inertial hydrodynamic lift

induced cell sorting (NILICS) device, we use the MV3-melanoma cell line. The MV3- cell line

is a relatively small (average diameter: (14 6 2) lm), highly tumorigenic and metastatic human

skin cancer line.30 To demonstrate that our sorting device does not affect the viability of the

cells, we recultivate the collected melanoma cells and compare their morphology and growth

rate to a control culture.

II. MATERIALS AND METHODS

A. Non-inertial hydrodynamic lift

The separation process in our device is driven by the non-inertial lift effect.29 At low Re,

this cell-wall interaction is the dominant hydrodynamic effect to induce cross-streamline migra-

tion of deformable objects in shear flow.20,31,32

Generally, in the regime of low Re, also called the symmetric Stokes regime33 the flow

field is laminar and reversible in time and, as a result, no force perpendicular to the walls

occurs. However, in some situations the symmetry of the Stokes regime breaks. This can be

induced by the deformation of soft objects induced by fluid flow stresses or interactions

between the suspended objects.33–35 The loss in symmetry enhances the objects to undergo

cross-streamline migration which is generally directed away from the wall and, in Poiseuille

flow, directed towards the centerline of the flow field.25,33,34 In blood flow the effect is known

as Fåhræus-Lindqvist effect36 and drives red blood cells (RBCs) towards the centerline of the

blood vessel and eventually causes a reduction of the apparent viscosity.35 The effect is also

leading to margination of leukocytes and blood platelets.37,38
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In our previous work, we examined the non-inertial hydrodynamic lift for RBCs and plate-

lets and found good agreement of our measurements with the theoretical description of

Olla.26,39 His expression for the lateral lift velocity vlðzÞ,

vlðzÞ ¼
_cðzÞ � R3 � Uðk; r1; r2Þ

z2
; (1)

depends on the shear rate _c, the effective radius of the object R ¼ ða1a2a3Þ1=3
, with the ellipti-

cal semi-axes of the object, a1; a2, and a3, and the distance z between the center of mass of the

object and the nearest wall for large z� R. Smaller distances to the wall (z � R) lead to other

descriptions of the lift velocity.12,40,41 Uðk; r1; r2Þ is a dimensionless drift velocity and depends

on the viscosity ratio k ¼ gin=gout of the inner and outer fluid and the geometry of the object

described by r1 ¼ a1=a3 and r2 ¼ a2=a3. For spherical particles, Uðk; r1; r2Þ ¼ 0 and no non-

inertial lift occurs. For a fixed shape, Uðk; r1; r2Þ decreases with increasing viscosity ratio k.26

This prediction has been shown to be in qualitative agreement with experiments and theoretical

results for deformable lipid vesicles in microgravity42,43 and for RBCs and platelets in a

Poiseuille flow.39

B. Preparation of sample solutions

For the blood cell suspension blood is drawn from healthy voluntary donors obeying

common ethical guidelines and anticoagulated with ethylenediaminetetraacetic acid (EDTA).

We wash the blood three times in isosmotic phosphate buffered saline (PBS) of pH¼ 7.4 and

withdraw blood plasma, blood platelets and white blood cells after each centrifugation step.

The red cell solution is then centrifuged to yield a concentrated RBC solution for the

experiments.

To demonstrate the sorting capability of our device we use MV3-melanoma cells (in vitro
cell culture obtained from S. Schneider, University Medical Center M€unster) as representative

cell line for aggressive CTC. The cells are maintained in minimal essential medium (MEM,

Biochrom AG) supplemented with 10% fetal bovine serum (Biochrom AG) and 1% penicillin

(Biochrom AG). Confluent cells are harvested with Trypsin/EDTA (Biochrom AG). To resus-

pend the cells for the experiments and for the sheath flow we prepare a solution of 5% w/w of

dextrane (MW: 400–500 kDa, Sigma Aldrich Inc.) in PBS. The solution is degassed in an ultra-

sonic bath and 2 mg/ml bovine serum albumin (BSA) and 5 mg/ml EDTA are added to prevent

cell adhesion to walls and agglomeration of cells. This solution has a dynamic viscosity of

gout¼ 7 mPas and a density of qout¼ 1.03 g/cm3. Resuspended in 2 ml of this solution the final

concentration of the melanoma cells is� 8� 105 cells/ml with a measured average diameter of

the melanoma cells of (14 6 2) lm. This melanoma cell suspension is mixed with the concen-

trated RBC solution in ratios of 1:200, 1:20, and 1:10. Assuming a hematocrit of 100% of the

concentrated RBC solution these ratios correspond to hematocrits of 0.5%, 4%, and 9% with

approximately 4 � 107, 3 � 108, and 6 � 108 RBC/ml respectively.

C. Device design and fabrication

The sorting device consists of a simple single layer polydimethylsiloxane (PDMS) micro-

channel fabricated by standard soft lithography.44 Two equal sized inlets with a cross section of

66 � 63 lm converge in a rectangular main channel as shown in Fig. 1. The cells are injected

into the channel with the sample flow rate Qsample and focused by the sheath flow Qsheath. The

following main channel has the same cross section as the inlets and a length of 20 mm. The

non-inertial lift induced separation takes place between x1 and x2 and eventually lead to differ-

ent heights of the cells at position x2. We expand the microchannel in z-direction with an angle

of 27� up to a height of 276 lm to further increase the absolute height difference between the

two cell populations. Finally, we exploit this height difference to sort the melanoma cells into

outlet 1 and the RBCs into outlet 2 as shown in Fig. 1. The disjunction of the two sorting

branches is at a height of 84 lm.
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D. Experimental setup

The experimental setup used for NILICS is illustrated in Fig. 2. The microfluidic device is

mounted on an inverted Zeiss Axiovert 200 m video microscope equipped with a Photron

Fastcam 1024 PCI. Images are recorded with 40� magnification to analyze the height distribu-

tion and the sorting efficiency of the cells.

Both, the cell suspension and the dextrane solution for the sheath flow are transferred into

Hamilton Gastight Syringes which are then connected to the microchannel with polytetrafluoro-

ethylene (PTFE) tubes. The total flow rate Q¼QsheathþQsample is driven by two independent sy-

ringe pumps (PHD2000, Harvard Apparatus). The cells are injected at a constant sample flow of

Qsample¼ 20 ll/h for all experiments. Qsheath is varied to achieve different ratios of Qsheath/

Qsample¼ 9, 19, and 29 for Qsheath¼ 180 ll/h, 380 ll/h and 580 ll/h, respectively. The corre-

sponding total flow rates are Q¼ 200 ll/h, 400 ll/h, and 600 ll/h with the highest Reynolds num-

ber in our experiments Re¼ 0.37 for Q¼ 600 ll/h.

The outlets are connected to two separate reservoirs using PTFE-tubes to collect the sorted

cells. The heights of the reservoirs are adjusted to obtain an average RBC height of about

80 lm at the bifurcation.

III. RESULTS AND DISCUSSION

A. Separation process

To characterize the device and to demonstrate the sorting principle images are recorded at

positions x1, x2, and x3 as denoted in Fig. 1 and the adopted heights (z-position) of melanoma

and red blood cells are determined. The relative counts are calculated in intervals of one

FIG. 1. Schematic drawing showing the sorting device and the sorting principle. The cells are introduced into the micro-

channel through the sample inlet with a volume flow rate Qsample¼ 20 ll/h and focused to the lower channel wall by sheath

flows Qsheath¼ 180 ll/h, 380 ll/h, and 580 ll/h. While moving along the main channel the cells migrate across the stream-

lines between x1 and x2. This non-inertial lift leads to different heights of the cells at x2. The broadening of the channel

enhances this height difference and enables cell sorting into outlet 1 and outlet 2.

FIG. 2. Experimental setup for non-inertial lift induced cell sorting. The syringes are driven by two independent syringe

pumps. Videos are recorded to analyze the sorting performance of the device.
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micrometer at x1 and x2 and in intervals of three micrometers at x3. The data for a measure-

ment with Qsheath¼ 580 ll/h is shown in Fig. 3 together with images that consist of overlays of

five consecutive recorded images at each measurement position respectively.

At the inlet, the cells are focused to the lower wall by the sheath flow. Assuming a Gaussian

distribution of the heights at x1 with its standard deviation the average height of the melanoma

cells is zMV3_x1¼ (11 6 2) lm. The RBCs start a tank-treading motion when affected by the sheath

flow.39,45,47,48 This includes a stable inclination angle of the RBCs when passing x1 and results in

an entrance height of zRBC_x1¼ (8 6 2) lm. The centers of the cell distributions are already segre-

gated with the RBCs below the melanoma cells while the distributions itself still overlap clearly.

Flowing down the main channel the cells are migrating across the streamlines due to the

non-inertial lift effect that has been examined theoretically and experimentally by other

groups.23–25 The strength of the effect and therefore the drift velocity depends on size and

deformability of the cells and differs for melanoma and red blood cells.26,27 The larger melanoma

cells experience a stronger lift effect than the RBCs and migrate to the center of the channel,

while the RBCs stay at lower heights. This diverse migration leads to a clear separation of the

cell populations until x2 and is quantified by the adopted heights of zMV3_x2¼ (28 6 3) lm and

zRBC_x2¼ (17 6 2) lm as shown in Fig. 3. The following enlargement of the microchannel

expands the flow field in z-direction and the streamlines diverge to fill the broader channel after

the expansion.46 This leads to a scaling of the distances to the lower wall with a factor 276 lm
68 lm

� 4

if the cells follow the streamlines and the influence of the lift force can be neglected in this part

of the microchannel. The measured z-positions at x3 confirm this theoretical expectation with

zMV3_x3¼ (111 6 14) lm and zRBC_x3¼ (62 6 10) lm. The enhanced magnitude of the adopted

heights and the larger absolute distance between the cell populations at x3 facilitate the following

sorting step.

B. Sorting of MV3-melanoma cells

To characterize our device and to be able to compare it to other sorting approaches, we

identify sorting efficiency, sorting purity and cell enrichment as typical measures. The sorting

efficiency of a single cell population is defined as

E ¼ ntrue

ntrue þ nf alse
� 100%; (2)

with the number of true sorted cells of this population ntrue and the number of false sorted cells

of the same population nfalse.

FIG. 3. Overlays of five consecutive images with a time step dt¼ 8 ms at x1 (a), x2 (b), and x3 (c) with the corresponding

height distributions of MV3-cells and RBCs along the channel. Note the different scale for (c) with respect to (a) and (b).

MV3-cells sorted in upper outlet, RBC sorted in lower outlet (Q¼ 600 ll/h, Hct¼ 4%, gext¼ 7 mPas).
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The sorting purity describes the contamination of one sorted cell population by the other

cell population, for example, by the remaining amount of RBC in the collected melanoma cells

in outlet 1. It is defined as

P ¼ ntrue

ntrue þ ncon
� 100%; (3)

with the true sorted cells of one population ntrue and the number ncon of contaminating cells

from the other population in the collected sample.

The enrichment of the melanoma cells in outlet 1 is calculated using the ratios of mela-

noma to red blood cells per second21

Enrichment ¼ MV3 : RBC ðoutlet1Þ
MV3 : RBC ðinletÞ : (4)

To evaluate the sorting performance of the device we vary the RBC concentration and the flow

conditions as described in Sec. II B. We counted about 200 melanoma cells in average per pa-

rameter set of hematocrit and sheath flow rate and analyzed the influence of these parameters

on sorting efficiency, purity, and on the enrichment of the collected melanoma cells. The exper-

imental data is summarized in Table I.

At low hematocrit (Hct¼ 0.5%) we achieve very high sorting efficiencies for all values of

Qsheath. In this regime, the sorting efficiency is independent of the flow rate within the sorting

error. The average sorting efficiency for Hct¼ 0.5% calculated from the results of all flow rates

is EMV3¼ (98.7 6 0.4)%. At a medium hematocrit of Hct¼ 4%, the sorting efficiency is no lon-

ger independent of Qsheath. We measure an efficiency of EHct¼4% (180 ll/h)¼ 83.9% at the low-

est sheath flow rate. For higher Qsheath the efficiency increases again to EHct¼4% (380 ll/h)

¼ 98.1% and EHct¼4% (580 ll/h)¼ 96.3%. The average sorting efficiency for Hct¼ 4% is

EMV3¼ (94.4 6 7.7)% which is slightly lower than the value at Hct¼ 0.5%. When increasing

the hematocrit to Hct¼ 9% we observe a strongly pronounced dependence of the sorting effi-

ciency on Qsheath. At low Qsheath the sorting efficiency drops to EHct¼9% (180 ll/h)¼ 19.2% and

even at Qsheath¼ 380 ll/h it is still below all values at lower hematocrits. However, at

Qsheath¼ 580 ll/h the melanoma cells are completely sorted out of the RBC suspension. The av-

erage sorting efficiency at Hct¼ 9% is EMV3¼ (65.9 6 41.8)%.

The measurements show a clear trend for the sorting efficiency with sheath flow and he-

matocrit: increasing the sheath flow yield higher sorting efficiencies, increasing the hematocrit

results in lower sorting efficiencies.

The effect of the hematocrit on the sorting efficiency is most obvious at Qsheath¼ 180 ll/h.

At Hct¼ 0.5% the cells do not interact with each other and can migrate independently. With

increasing hematocrit, the cell-cell-interactions become more important. At Hct¼ 4% a larger

number of RBCs enter the channel above the melanoma cells at position x1. During the follow-

ing separation process some of the melanoma cells collide with the slower migrating RBCs.

These collisions disturb the migration of melanoma cells and eventually lead to lower

z-positions of the MV3-cells at the end of the channel causing lower sorting efficiencies. Further

increasing the hematocrit to Hct¼ 9% results in more collisions between MV3-cells and RBC:

TABLE I. Sorting efficiency of MV3-cells under various hematocrits and flow rates. In general, it increases with the sheath

flow rate and decreases with the hematocrit.

Qsheath

Hematocrit 180 ll/h 380 ll/h 580 ll/h Average (Hct¼ const.)

Hct¼ 0.5% 99.3% 98.5% 98.6% (98.7 6 0.4)%

Hct¼ 4% 83.9% 98.1% 96.3% (94.4 6 7.7)%

Hct¼ 9% 19.2% 78.5% 100.0% (65.9 6 41.8)%

Average (Qsheath¼ const.) (67.5 6 42.5)% (91.7 6 11.4)% (98.3 6 1.9)%
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the sorting efficiency decreases to EHct¼9% (180 ll/h)¼ 19.2%. This trend is mirrored by the av-

erage values of the sorting efficiency at constant flow rate and also visualized in Fig. 4.

The effect of the sheath flow on the sorting efficiency is most obvious at Hct¼ 9%: it

increases with increasing sheath flow rate. The effect of the increasing sheath flow is mainly to

reduce the entrance height of the RBCs. With lower entrance height less RBCs collide with

melanoma cells during the following migration process. In this way fewer collisions yield a

higher sorting efficiency. The effect of sheath flow rate can be extracted from the average val-

ues of the sorting efficiency at constant hematocrits, especially at higher hematocrit. The trend

is also visible in Fig. 4.

For the sorting purity, we observe the same trends as for the sorting efficiency. We find a

decrease of the purity with the hematocrit and an increase with the sheath flow rate.

The effect of the hematocrit on the sorting purity is based on the larger absolute number of

false sorted RBCs which outnumbers the constant number of melanoma cells. Thus, even if the

sorting efficiency of the RBCs is constant at all parameter sets, the higher hematocrit leads to a

lower sorting purity of the MV3-cells. For Hct¼ 9% the sorting purity of the melanoma-cells is

reduced to only 6%–9% of its initial values at Hct¼ 0.5%, as can be calculated with the data

presented in Table II.

Increasing the sheath flow at constant hematocrit improves the sorting purity due to the bet-

ter focusing of the RBCs at the inlet and less collisions between MV3-cells and RBCs during

the migration.

The enrichment, as defined in Eq. (3), follows the trend of the sorting purity only for

changing the sheath flow rate. The higher Qsheath the higher is the enrichment, as can be seen

in Table II.

The influence of the hematocrit is not as clear due to the definition of the enrichment

through the ratios of MV3 to RBC in outlet 1 and in total and is only revealed at the highest

sheath flow rate. In terms of enrichment, the best parameter set consists of a low hematocrit and

a high sheath flow rate.

C. Cell viability

For probing the cell viability we prepared a sample solution with Hct¼ 4% and doubled

the melanoma cell concentration for higher cell throughput. We sorted the cells with a sheath

FIG. 4. Sorting efficiencies of MV3-melanoma cells at all parameter sets. The trends for the sorting efficiency are clearly

visible: increasing sorting efficiency with increasing flow rate and decreasing efficiency with increasing hematocrit.
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flow of Qsheath¼ 580 ll/h to test the viability at the highest shear stress used in our experiments.

After three hours of sorting we centrifuged the collected sample of outlet 1 twice and resolved

the cells in cell culture medium. The cells reached the growth rate of the control sample

after the first week of cultivation and were kept alive for more than three weeks before we

stopped the cultivation. No difference in morphology or growth rate could be observed with

respect to the control sample.

IV. CONCLUSION

We presented NILICS as a simple microfluidic method for continuous, passive, and label-

free cell sorting. We demonstrated sorting of MV3-melanoma cells as an example for an aggres-

sive circulating tumor cell type from a RBC suspension at hematocrit as high as Hct¼ 9% and

achieve sorting efficiencies up to EMV3¼ 100%. In general, with increasing hematocrit the sort-

ing efficiency decreases. This effect can be compensated by increasing the sheath flow rate.

Similarly, the sorting purity and the enrichment decrease with increasing hematocrit. However,

the effect of higher hematocrit could not be compensated completely by the sheath flow for

these two parameters.

Compared to other passive label-free techniques our device works at very gentle conditions.

This is demonstrated by the successful recultivation of the collected cells.

NILICS has the potential for parallelization and integration in Lab-on-a-Chip systems. It can

be used as a highly efficient sorting module, for example, for sample preprocessing and filtering

before a following analysis on the same chip. With further optimization of geometry and sample

preparation, the NILICS approach will be able to sort various cell populations at even higher he-

matocrit up to whole blood samples. The throughput could be increased by parallelization of

several channels or by increasing the flow rates. In the latter, the inertial effect will occur and

their influence on the separation has to be studied. If the device is calibrated correctly, even sort-

ing of very low cell concentrations, as it is the case for CTCs in patient samples, will be

possible.
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