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Circulating tumor cells (CTC's) are extremely rare in the bloodstream (1:10⁹). It is 

useful to capture these CTC's because they give insight in cancer stage. In 

microfluidic systems – where laminar flow is present - blood can be tested and 

analyzed in a single step which ensures minimal discomfort for the patient 

compared to a biopsy. Also it is not very labor intensive for the hospital 

employee, with no need for a laboratory technician. Methods that use the 

difference of size and deformability of cancer cells compared to that of other 

blood components are widely developed. These techniques are not yet ready for 

clinical use, but are very likely to exceed the only FDA-approved Veridex 

Cellsearch. Because when size, deformability and electrical properties are used 

compared to the use of antibodies only, better recovery rates are obtained. 

Filters have a reasonably high-throughput, but formation of clusters causes 

obstruction and leads to the need for dilution, whereby the efficiency of 

capturing cancer cells in a short period of time decreases. Methods based on 

electrical properties are highly specific, so different kind of cancer cells can also 

be separated. They are, however, still too time consuming to be used in the 

separation of rare cancer cells from blood. Inertial migration based techniques 

seem to be most promising, especially when combined with enrichment steps 

such as hemolysis or the use of a paramagnetic capture mode magnetophoretic 

microseparator. In the future, antibodies in combination with hydrodynamic 

methods might even be used in the perfection of microdevices that capture and 

analyze CTC's from blood. 
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1. Introduction 

Circulating tumor cells (CTC's) are cancer cells that ended up in the blood flow. The official 

definition of a CTC indicates that it has to be an intact cell with a nucleus that is DAPI positive, 

CD45 negative and cytokeratin positive. DAPI is a stain that binds to A-T rich regions in DNA, 

CD45 is an enzyme that is found in white blood cells (WBC's) and is also known as common 

leukocyte antigen, and cytokeratin is a protein that forms filaments and gives mechanical 

support to cells. These three properties are not the only difference that separates CTC's from 

other blood cells. CTC's are larger than blood cells, with the exception of a few WBC's, but are 

also less deformable. 

CTC's in blood are rare; the ratio can be as low as one CTC to 10⁹ other cells in blood.  Over 

90%i of breast-cancer deaths are caused by metastasis. When cells from the primary tumor 

penetrate the wall of a blood vessel or lymphatic vessel and become CTC's, they can exit the 

blood or lymphatic system at a distant organ and form a 

secondary tumor (figure 1ii). This is called metastasis. The 

number of CTC's in the blood stream is a good indicator of 

various aspects of the cancer including survival rate, 

prognosis and efficacy of possible treatment. For these 

reasons a lot of methods to find and analyze CTC's are being 

developed and improved.  

In recent years, the use of microfluidic devices in this 

research area has emerged, because only small amounts of 

blood are necessary for a test, allowing the need for 

venipuncture only, which is far less invasive than a biopsy. 

Also, analyzing steps of single cells can be easily integrated 

on the device, which leads to a less labor intensive method. 

In microfluidic channels, laminar flow occurs in contrast to turbulent flow due to its small 

dimensions and relative low velocity. In laminar flow, a fluid follows certain flow lines. These 

flow lines cause the fluid and anything it contains to move parallel to each other with little to no 

flow perpendicular to the main flow. The dimensionless Reynolds number, the ratio between 

inertial and viscous forces, indicates whether laminar or turbulent flow will occur. 

   
     

 
 

Equation 1: Reynolds number: Where ρis density of the fluid, v is velocity, L is the characteristic linear dimension and µ is 

viscosity of the fluid 

If Re < 2300, laminar flow occurs and if Re > 4000, turbulent flow is present. In microchannels, 

the Reynolds number is almost exclusively far under 2300, thus fluid and particles follow 

controlled laminar flow lines, making them predictable and convenient for separating particles 

with different properties causing them to act differently in these flow lines. 

Currently, only Veridex Cellsearch iii  is FDA-approved. This system uses immunomagnetic 

separation, which will be explained in chapter three, with epithelial cell adhesion molecule 

(EpCAM)-antibodies after which captured cells are tested for DAPI, cytokeratin and CD45. Not 

Figure 1: Metastasis Process: Cells of the 

primary tumor end up in the bloodstream. 

Then CTC's exit the bloodstream and 

multiply forming a secondary tumor. 



all epithelial tumor cells are suitable for EpCAM marker systems and the blood samples have to 

be prepared before use. 

J. den Toonderiv has recently given an overview of the current problems and challenges with 

CTC's. There is need for a system that can efficiently isolate and analyze viable CTC's from blood. 

Blood normally has a hematocrit value of 40-45%, which means that 40-45% of the volume of 

blood consists of RBC’s. In microfluidics, blood is mostly diluted because otherwise the viscosity 

would be too large to be used. But this does result in low throughput. Ideally a microfluidic 

device that reaches the stage in which it is ready for clinical use, must be able to find down to 

one cell in 1 mL blood without the need for an expert lab technician to operate it. Such a 

system could be used in a general hospital setting and handle relatively large volumes of blood, 

up to 7.5 mL, in a short period of time due to the rarity of CTC's. Also, characterization of single 

cells must be included.  

Different terms are used to describe the performance of a system. Recovery rate is the most 

used and means the percentage of CTC’s that was captured in respect to the maximum number 

of CTC’s to be caught. Recovery purity is the percentage of CTC’s in the collected fluid. The 

sensitivity indicates how well the system captures CTC’s when small concentrations are used. 

In this review, different microfluidic techniques, with the main focus on label-free methods, will 

be explained and a comparison will be made between advantages and drawbacks of the 

current methods. Also, possibilities for further improvement will be mentioned. Finally, this 

knowledge will be linked to the future application of flow-induced electrokinetic trapping (FIET) 

for the separation of CTC's from blood. 

2. Label-free separation methods 

2.1 Filters 

Filter-based separation methods are based on the size of CTC's. CTC's have sizes ranging from 7 

to 21 µm. Red blood cells (RBC's) have diameters of 6-8.5 µm and are smaller than the pores 

used in filters. Also, RBC's are very deformable which allows them to pass through cavities 

bigger than 4 µmv. WBC's are larger and have diameters of 6-20 µm and therefore a number of 

them fall in the same size range as CTC's. 95% of these WBC's can pass through cavities with 

diameters from 5 µmvi due to their large deformability. CTC's are more rigid and will not pass 

through such small pores, therefore filters are good methods to separate CTC's from blood.  

2.1.1 Membrane (pores) 

In early examples polycarbonate filters were used in isolation by size of epithelial tumor cells 

(ISET). These filters were made with track-etching techniques. This resulted in randomly placed 

pores and capture efficiency was 50-60%. This relatively low number was caused by the fusing 

of pores, which resulted in larger pores that let CTC's through. Currently, much higher 

efficiency rates are achieved with the use of microfabrication technologies, providing a 

membrane with controlled pore-distribution. During the batch fabrication, pores are spread 

evenly and size and shape are defined in advance. In 2007 S. Zheng et alvii. created a microfilter 

device using Parylene-C, a polymer also used for coating for stents as it is biocompatible. One 



major advantage of Parylene-C is its transparency so the transfer of cells to glass plates before 

microscopic observation is not necessary. Two membrane types were tested: one with circular 

and one with oval pores. Circular pores were 10 µm in diameter and the oval pores had a size 

of 8 µm by 14 µm. The recovery rates were 87.3 ± 7.0% and 89.1 ± 7.0% respectively when 

concentrations of 50-500 cells/ml were used. To test the sensitivity of the method, a solution of 

less than 10 cells/ml was used and both systems achieved the same results of 75% of expected 

cells was recovered. Large WBC and RBC clusters were captured on the filters. There were no 

significant differences in the two methods and the circular design was chosen for further 

development.  

In 2010 S. Zheng worked with H.K. Lin to create an improved microdevice that uses the same 

Parylene-C membraneviii. Morphology of the CTC's is important for identification of true CTC's. 

With fixatives the cells can be stabilized so that cytopathologic analysis can be performed. 

Precipation-based fixatives can not be used because it causes formation of large clusters of 

serum proteins which will clog the pores in the membrane. The use of a formaldehyde-based 

fixative avoids these clusters, preventing failure of the device. Testing of the method was done 

using two separate tests, one with small (14 ± 1.5µm) cancer cells and one with a mixture of 

human cancer cells (sizes not given). Small cancer cells should be more difficult to capture using 

size-based enrichment but 28 out of 29 trials recovered one or more cells when an absolute 

number of five small cancer cells was put in 7.5 mL blood and 27 out of 29 trials recovered one 

or more when 7.5 mL blood was spiked with six different cancer cells. In all 58 trials, 64% 

recovered three or more cancer cells. The microdevice was compared with the FDA-approved 

CellSearch. The sensitivity was tested with concentrations of 7-8 cells per 7.5 mL and for both 

the microdevice and CellSearch five tests were done. In all five cases the microdevice detected 

one or more CTC's whereas CellSearch was able to do this in only three tests. Higher 

concentrations were used to test recovery rates. The microdevice also showed significantly 

better results in these tests with a recovery rate of 92  ± 14% compared to 42 ± 13% with the 

CellSearch. In all tests, the microdevice is superior to the currently used CellSearch.  

Another method, which uses microcavity arrays made from nickel, is also based on difference in 

size of CTC's. In addition it uses a negative pressure which results in a higher throughput 

method with a stable continuous flow. Different diameters, ranging from 8 to 11 µm, were 

tested. It was found that microcavities with a diameter 9.1 µm resulted in highest recovery 

ratesix. The optimal flow rate was also studied and results showed that when flow rate higher 

than 1000 µL/min was used, a fraction of the tumor cells passed through the cavities, which led 

to lower recovery compared to flow rates between 200-1000 µL/min. Smaller cavities lead to 

more trapping of CTC's but also a higher amount of WBC's that can not pass through and 

therefore reduce the recovery rate. After optimization, the recovery rate was above 80% for all 

trials. The detection sensitivity was over 90% when a concentration of 10-100 tumor cells per 

mL blood was used.  

2.1.2 Micropillars 

Another form of filtering is carried out by means of micropillars. This method makes use of the 

higher deformability of white and red blood cells than of CTC's. The device consists of multiple 



arrays of crescent shaped trapsx (figure 2). CTC's are 

caught in these traps while gaps of 5 µm allow other 

blood elements to pass through. In order to prevent 

clogging, pre-filters with gaps of 20 µm are installed 

above the main filter and traps are distributed with 

sufficient distance between them. Once all the blood 

is flown through the device and the cells can be 

retrieved, the direction of the flow is simply reversed. 

The CTC's will flow against the convex side of the traps 

which causes them to flow through the cell isolation 

regions. Recovery rate of this system is 80%. In a 

following study, a larger range of CTC's was covered 

and in addition sensitivity test were performed. When using this extended range of cancer cells, 

a recovery purity of 89% was obtainedxi. Sensitivity was tested using cancer cells in PBS, 

phosphate buffered saline, which is a buffer solution and yielded a rate of 81%. A big advantage 

of this method using micropillars instead of membrane filters is that there is no buildup of cells 

when CTC's are trapped. Other cells flow past the trapped CTC's in contrast to trapping of CTC's 

with membrane filters, where trapped cells block the flow. 

2.2 Inertial migration 

Cells have various inertial properties which allow a variety of techniques to separate cancer 

cells from blood cells. Inertia is proportional to mass. As CTC's are larger than blood cells, they 

have larger masses as well, which causes them to behave differently in microchannels with 

laminar flow. This phenomenon is studied and can be used to create microdevices for CTC 

enrichment. Cells do not behave like rigid particles; instead they have a range of sizes, shapes 

and viscoelastic rheological properties. T. Tanaka et alxii. conducted a study in which the 

migration of cells was compared to that of rigid microspheres. They found that cells have a 

larger migration length, mainly due to larger cells. Therefore, in some systems, longer channels 

should be used to separate CTC's from blood in comparison to the separation of different rigid 

particles. Hematocrit level was also of influence, up to a level of 10% hematocrit, cancer cells 

migrated towards the wall of the channels but at a level of 40%, the cancer cells showed no 

inertial migration due to too high density leading in cell-cell interaction. This cell-cell interaction 

results in more difficult focusing of cells, resulting in lower recovery rates. This indicates that in 

most methods only low levels of hematocrit can be used which can be achieved by diluting 

blood. 

In microchannels where 

laminar flow exists, particles 

are subjected to a parabolic 

laminar velocity profile, which 

creates a shear-induced 

inertial lift force that causes 

the particles to move to the 

Figure 2: A: Crescent shaped traps with captured 

cells. B: Flow is reversed and the cell is rinsed out 

of the trap. 

Figure 3: Lift forces in a parabolic laminar velocity profile form equilibrium 



wall of the channel (figure 3xiii, 3, Fwall-effect). While this happens, an asymmetric rotational 

wake is induced around particles which creates a wall-induced lift force that drives the particles 

more to the center of the channel (figure 3, Fshear-gradient). In straight microchannels with 

low Reynolds number, these forces balance each other out creating equilibrium. In square 

channels, four equilibrium positions exists due to the four walls. 

2.2.1 Flow fractionation in straight channels 

A method that takes advantage of the different flow properties of particles and collects them at 

different points is called flow fractionation. Shear-induced lift force and wall-induced lift force 

on a particle come to an equilibrium creating four bands in a square channel, leaving a region in 

the center of the channel where this particle is not present. This occurs when the ratio of cell 

diameter to microchannel diameter is above 0.7. A. Bhagat and alxiv. used this to align blood 

cells near the walls in their microdevice so that 

they can be removed at the side outlets while the 

CTC's, with different equilibrium positions, are 

located centrally and captured at the center 

outlet. In addition to this separation based on 

equilibrium, small expansion regions are added 

where the channel suddenly becomes broader for 

a short distance and then goes back to its former 

size (figure 4xiv). This results in increased particle 

equilibrium due to dominating shear-induced lift 

force during the transition to expansion region 

which causes cells to migrate to the walls. In the 

last five contraction-expansion subunits, a 

pinching region smaller than the diameter of the 

CTC's is designed so that CTC's need to deform to pass through, thereby forcing them to align in 

the center of the channel. This results in more successful separation. Reynolds numbers were 

varied using different flow rates. With increasing Reynolds number with a maximum of 100, the 

red blood cell band will get smaller. With a number above Re = 100, the band width will stay 

the same but the bands will migrate closer to the walls which also leads to a larger region 

where CTC's can be removed. To remove red blood cells optimally, the Reynolds number in the 

microchannel theoretically should be over 100. During experiments with red blood cells and 

CTC's however, best results were obtained at Re = 50 with a recovery rate of 95%. This can be 

explained due to larger deformability of CTC's when they are exposed to higher laminar shear 

stresses; at high Reynolds numbers, the cancer cell will deform into an elongated cell that can 

pass through the pinching section without being aligned centrally, leading to decreased 

efficiency. Tests with CTC's in blood at Re = 100 where blood was diluted and flown twice 

through devices have a recovery rate of 81% with enrichment of 3.25×10⁵ over RBC's and 

1.2×10⁴ over leukocytes. Throughput in this device is 400µL/min,  blood samples are diluted 20 

times to obtain a hematocrit value of 2%, so, approximately 50 minutes are needed to process 

1 mL blood once.  

Figure 4: Flow fractionation device with cell focusing 

region and special pinching regions where CTC's are 

centered  



K.-A Hyun et alxv. used this same method without the special pinching region to create a 

microdevice. As only fluids with low hematocrit values can be handled, hemolysis was used to 

remove RBC's beforehand instead of diluting blood. Due to this pre-treatment, there is need for 

a filter prior to the flow fractionation channels. Four channels, where Re = 70, are used parallel 

to each other in order to get a higher throughput. Combining these improvements, the overall 

process could be conducted within the hour. Without RBC's, the WBC's formed a band near the 

walls and the CTC's focused in the center of the channel, making it possible to combine the four 

central outlets to collect the CTC's. 24 tests were done with blood from breast cancer patients 

and 19 of them showed 1 to 21 CTC's captured with this device. Recovery rates can not be 

calculated because there is no certainty about the absolute number of CTC's in blood from the 

cancer patients. 

2.2.2 Dean flow 

Dean number is a dimensionless number that indicates the ratio of flow between axial and 

radial direction. In straight microchannels, the Dean number is zero but in curved channels it is 

present, enabling separation of particles of different sizes. Dean number increases when the 

channel is more bent, the channel is larger or when flow velocity increases. In a curved channel, 

fluid moves in 

two counter-

rotating vortices 

in the top and 

bottom halves of 

the channel 

(figure 5Axvi). 

These vortices 

are formed due 

to centrifugal 

acceleration and 

are called Dean 

vortices which cause the particles to move between stream lines. Particles or cells that move in 

a Dean vortex also experience inertial lift forces. When the channels are designed so that only 

large cells are focused due to equilibrium between Dean drag, shear-induced inertial lift force 

and wall-induced lift force, large cells stay near the inner wall once they are brought there by 

the Dean vortex (figure 5A(Z)). Other cells will not be focused because the channels are shaped 

to only focus CTC's, and will continue to migrate along the Dean vortex. At the end of the spiral 

channel, CTC's can be collected at the inner wall. Because the RBC's continue to circulate and do 

not cause too much cell-cell interactions that affect the focusing of the CTC's,  blood samples 

hematocrit value up to 20% can be processed. As a result, blood only need to be diluted 

approximately two times. This large hematocrit value enables a high-throughput of 3 mL/h in a 

microdevice fabricated by Hou et alxvi that uses this technique which they named Dean Flow 

Fractionation (figure 5A-B). A CTC recovery over 85% was found using diluted blood spiked with 

cancer cells along with an enrichment ratio of 10⁹ over RBC's and 10³ over WBC's, while cell 

viability over 98% was observed. Sun et alxvii. used a slightly more complicated structure with a 

Figure 5: A: Dean flow in the device. In X, the cell distribution at the inlet is seen. At Y, the cells 

move along the Dean vortices and at Z, the CTC's are focused near the inner wall. B: Microdevice 

by Hou et al. C: Double spiral device with S-turn at the middle 



double spiral and an optimal flow rate of 20 mL/h (figure 5Cxvii). Here, the larger cells also 

focused close to the inner wall in the first spiral, but after the S-turn which is the transition to 

the second spiral, the larger cells focus near the center of the channel and the smaller cells 

migrate to the inner wall. A better separation was seen in this second spiral and in this manner 

the particles are collected at three different outlets. Cancer cells spiked in blood, ratio 1:10000, 

were diluted to a hematocrit value of 0.8%, which resulted in a throughput of 3.33 x 10⁷ 

cells/min. It showed that 96.77% of cancer cells and 92.28% of blood cells were collected at the 

middle and inner outlets respectively. Tumor enrichment factor was calculated by dividing the 

ratio of cancer to blood cells in the middle outlet by its initial ratio and was found to be 18.38 ± 

2.64. At CTC to blood ratio of 1x10-6 a recovery rate of 88.5% was found. 

2.2.3 Microscale vortices 

Another method also uses shear-induced inertial lift force and wall-induced lift force to 

separate larger cells from smaller cells. Similar to the flow fractionation methods, expansion 

regions are added to a straight channel which results in sharp edges where laminar boundary 

layers are separated. In contrast to flow fractionation - where 

the cancer cells are being centered and the smaller particles 

return to the walls of the straight channel - the larger particles 

are trapped in microscale vortices in expansion regions (figure 

6xviii). At a transition to an expansion region, shear-induced 

inertial lift force dominates resulting in particle migration to the 

wall. Larger particles experience a large force which allows them 

to move to the vortex core where the cancer cells remain 

orbiting. Particles that do not have the required rate to enter 

the vortex return to the main channel and are eventually flushed 

out.  

A microdevice with 8 parallel channels each with 10 expansion 

reservoirs was able to separate cancer cells from blood with a 

throughput of 7.5x10⁶ cells/sxviii at Reynolds number 242. Hemolysis was used to remove RBC's 

to reach a hematocrit value of 1%. The width and height of the microdevice can capture rigid 

spheres ranging from 5-10 µm but only cells with a diameter above 17 µm were trapped. 

Deformable cells are usually more centered than rigid spheres, hence a larger shear-induced 

inertial lift force is needed to trap them in the vortices. Capture efficiency was low, above 25%, 

but only 37% of the cancer cells was larger than 17 µm. Also, trapping capacity of the device is 

limited due to the filling up of expansion regions that have a maximum number of trapped cells 

ranging from 11 to 25 cells.  

2.2.4 Deterministic lateral displacement 

Deterministic lateral displacement (DLD) microdevices are based on the principle that particles 

of the same size follow the same flow path. When obstacles are placed in tilted arrays, the flow 

profile created around these obstacles lead particles above a critical size to one wall of the 

devicexix (figure 7xx).  

Figure 6: Cell trapping reservoir with 

microscale vortices where CTC's are 

trapped 



Loutherback et alxxi. created a microdevice 

that had a high-throughput, which is a 

major advantage of using this technique, 

and tested cell viability. Flow rates up to 10 

mL/min were used. Two parts with 

mirrored arrays (figure 8Bxxii) were placed 

against each other to double the width. 

The width of the device must be in 

proportion with its length, so mirroring the 

device allows the width to be doubled 

without doubling its length which ensures 

higher throughput. Blood spiked with 

cancer cells was diluted 5 to 20 times to decrease pressure. With a dilution of 20, capture 

efficiency was 86%. But the output concentration of cells was only 4 times higher than input 

concentration. This number needs to be seriously improved if it is to be used for clinical CTC 

capture. The minimal flow velocity of the cells - in a device with a throughput of 10 mL/min - is 

almost zero while the maximum flow velocity is approximately 1.5 m/s. This large difference 

causes the cells to be exposed to large shear stresses. Viability of various cell lines were tested 

under increasing flow rates and in 

all cases, more than 95% of the cells 

survived. It is suggested that cell 

damage caused by shear stress is an 

integral effect over time. With 

higher flow rates, the cells are 

subjected to shear stress for a 

smaller amount of time. Therefore, 

this method is suitable for rare cell 

enrichment without danger of cell 

death prohibiting its efficiency. 

Liu et alxxii. studied the effect of flow rate and shape of obstacles on isolation efficiency. The 

arrays were tilted with an angle of 3.2° (circular obstacles) or 3.8° (triangular) which creates a 

critical particle size of 5-6 µm. This means that small and very deformable particles, RBC's and 

most of the WBC's, will flow parallel to the walls while CTC's and some WBC's are guided to the 

wall. A suspension of various cancer cells with different sizes was diluted 10 times and circular 

and triangular shapes were compared. The microdevice with triangular shaped obstacles 

showed the best results with isolation efficiency of almost 100% with all flow rates for larger 

cancer cells and efficiency of almost 100% for smaller cells at flow rate of 100µL/min and 70% 

at flow rate of 1000µL/min. The efficiency decreases with increasing flow rate because the cells 

deform at higher flow rates, which leads to smaller effective radius resulting in some cancer 

cells to be smaller than the critical particle size. The triangular array was further tested with 

blood spiked with CTC's with a CTC concentration of 0.01%. Larger cancer cells had an isolation 

efficiency of 99% while smaller cells had efficiency from 100% to 80% when flow was increased 

from 100µL/min to 2000µL/min. Enrichment, calculated with the numbers of the larger cancer 

Figure 7: Deterministic lateral displacement mechanism. A: 

Small particles stay in the same flow path (same colour) B: 

Larger particles (CTC's) move across flow paths to one side of 

the microdevice 

Figure 8: DLD microdevice. A: CTC's move to one side of the device, 

while WBC's and RBC's move in an almost straight line. B: Two parts are 

mirrored so that CTC’s can be collected at the center of the device. 



cells, was 115x over RBC's and 40x over WBC's at unknown flow rate.  

2.3 Electrical 

The former methods all used size and deformability to distinguish CTC's from blood cells. But 

these properties are not the only physical characteristics that can separate cancer cells from 

other components in blood. 

2.3.1 Dielectrophoresis 

Dielectrophoresis (DEP) is a technique that controls particle movement in fluid when it is 

subjected to a nonuniform electric field. This change in field creates a dipole moment on the 

particle due to difference in particle conductivity and conductivity of the surrounding medium, 

leading to an electrostatic equilibrium of the particle in the fluid relative to the micro-chamber 

floor. Conductivity of a cell in DEP below frequencies of 10MHz is mainly related to cell surface 

area, and therefore cell size.  

When the conductivity of a particle is larger than that of the medium, positive DEP occurs and 

the particle moves to the electrode. When the conductivity of a particle is lower, the opposite, 

negative DEP, ensures the particle to move away from the electrode. Gascoyne et alxxiii. used 

this to create a microdevice that uses positive DEP to lead large cancer cells in blood to the 

chamber floor where the electrode is placed while smaller blood cells experience negative DEP 

causing them to migrate away from the floor. Cancer cells therefore end up in a part of the 

device with a lower fluid velocity which delays their transit allowing smaller cells experiencing 

negative DEP to flow through the device faster which causes the cells to be fractionated. When 

smaller cells were removed, the frequency was lowered which caused the larger cells to 

experience negative DEP leading to rapid removal of larger cells. When cells were in the device 

longer than 40 minutes, it was found that the DEP forces decreased. This is possibly due to the 

leaking of ions from the cells into the suspension, resulting in reduced cytoplasmic conductivity. 

Decreased DEP force results in reduced separation and cell viability. Cell viability was higher 

than 90%, provided that the time of cells in the device had been less than 30 minutes. 

Therefore, flow rate has a threshold. The amount of chamber loading and total number of cells 

also have a significant influence on recovery rate. The best results were obtained with 2x10⁵ 

cells/mL and 10% chamber loading giving a recovery 

rate of 92%. Due to a maximum of cells, the device 

should have larger chambers to be clinically interesting. 

Alshareef et al xxiv . designed a microdevice that 

separates different kinds of cancer cells from each 

other using negative DEP. The idea is that the target 

cells experience a negative DEP force and the other cells 

almost no DEP force; this is the cross-over frequency 

where neither negative nor positive DEP occurs. These 

frequencies of different cells may be close to each other 

using a certain media, but media conductivity can be 

changed to create a bigger difference. The device has 

Figure 7: Negative DEP force based 

microdevice. CTC's (MCF-7) experience 

negative DEP force and hydrodynamic force, 

which results in the flowing of CTC's into the 

side channel, while other cells (HCT-116) flow 

past it. 



two electrodes at the bottom at an angle of 45° to the main channel with a phase difference in 

frequency of 180° (figure 9xxiv). When a cell reaches the gap between electrodes, it will 

experience negative DEP force if it is a target cell and almost no DEP force in other cells. The 

negative DEP force on target cells together with the hydrodynamic force in the channel, leads 

the cells to a side channel while the other cells that only experience hydrodynamic forces or 

very small DEP forces flow past the side channel. This method is a highly specific method but is 

not yet tested with cancer cells in blood. 

2.3.2 Electrical impedance spectroscopy 

Han et alxxv. designed a microdevice that uses two techniques to separate cancer cells from 

blood. The first step is separating the RBC's and platelets from the rest using a paramagnetic 

capture mode magnetophoretic microseparator; a high gradient magnetic field is created in a 

microchannel with a ferromagnetic wire at its center and three outlets. RBC's are paramagnetic, 

which means that they experience an attracting force to the wire when exposed to an 

externally applied magnetic field. Most other cells are considered diamagnetic and thereby are 

repelled by the force, causing them to move away 

from the wire (figure 10xxv). RBC's and platelets are 

removed at the center outlet, while other cells 

including cancer cells are collected at the outer 

outlets. With an external magnetic flux of 0.2T, 93.5% 

of RBC's was removed and 94.8% of cancer cells was 

collected at the outer outlets. Subsequently the 

residue was examined with micro-electrical 

impedance spectroscopy. Cells that have a dipolar 

electrical moment are influenced by an electric 

current. With impedance spectroscopy, conduction 

and dielectric relaxation are measured with which 

cells can be analyzed. Cells were trapped in cavities 

and placed between opposing electrodes so 

impedance could be measured. Results showed that 

normal blood cells had a different range of 

impedance than cancer cells, making it possible to 

analyze and separate cancer cells from blood cells. A 

benefit with using micro-electrical impedance 

spectroscopy is that cancer cells can not only be 

separated from blood but can also be distinguished from each other, and used to analyze 

different stage of pathology. Although this method has a high recovery rate, the low flow rate 

of 2.5-20µL/h and need for capture of all residual cells makes it a device that is not yet useful 

for practical separation. 

3. Separation methods based on markers 

Numerous methods exist or are being developed that do not use physical properties of cancer 

Figure 8:: Paramagnetic capture mode 

magnetophoretic microseparator with a 

ferromagnetic wire. RBC’s are removed at the 

center outlet. CTC’s and WBC’s are collected at 

the side outlets and electrical impedance 

spectroscopy is performed. 



cells, but use immunomagnetic separation or other methods that use binding with surface 

markers. Immunomagnetic separation is a technique where paramagnetic beads are coated 

with antibodies. Antigens on cells will bind to the beads after which a magnet will bring the 

beads together. These coated beads are commercially available but expensive. The only FDA-

approved system, the Veridex Cellsearch, uses immunomagnetic separation and a trained 

operator needs to manually count the cells. A problem with this method is that beads and cells 

can form clusters. The Ephesia technique prevents this by aligning the beads into columns 

making them act like a sievei with throughput of 2 mL/h. Mixing beads with different antibodies 

is also a convenient way to capture various kind of cells. The most used antibody is epithelial 

cell adhesion molecule. But EpCAM is expressed in cancer cells in a large range of amounts. In 

some so little that it makes it impossible to capture these cancer cells using EpCAM antibodies. 

In addition, it is suggested that cells that are most likely to enter the blood stream have lost 

their epithelial character so they can not be caught using EpCAM. Another problem with 

antibodies is that they need to come close to antigens on cells. A microdevice has to have a 

very large area with antibodies to be efficient for cell separation, but laminar flow in 

microchannels causes the flow to the walls to be almost zero. Therefore many cells do not 

come into contact with the antibodies. Obstacles coated with antibodies can be placed in the 

channel to solve this problem. Flow rate also is an important parameter, because it has to be 

low enough to allow cells to bind to the antibodies and to not damage the cells due to shear 

stress, but also, high enough to generate a shear force that leads particles to the antibodiesxxvi.  

4. Discussion 

4.1 Comparing current methods 

Although separating CTC's from blood using antibodies is frequently used and investigated, new 

emerging techniques appear to prefer methods that focus on physical characteristics of cells. 

With the rise of microfluidics, there are many possibilities to separate blood components with 

relatively simple methods that have good yield. These devices do not require expensive 

antibodies, do not rely on antigen expression which varies greatly amongst CTC's and do not 

need the great effort it takes to bring the antibodies in contact with the antigens on cells; 

drawbacks that marker-based techniques do have. Not all CTC's are larger than blood cells, but 

the majority is and in addition CTC's are less deformable than blood cells. For these reasons, 

label-free methods are superior to methods based on antigen binding only. However, 

additional biochemical characterization could be interesting to further improve promising 

methods based on size and deformability.  

In this review, label-free methods are categorized into three groups: filters, methods based on 

inertial migration and methods based on electrical properties. In filter-based, larger and more 

rigid cancer cells can not go through small pores. Capture efficiency is high in these methods, 

but very large WBC's and clusters of RBC's are also captured. While throughput is usually 

reasonably high, blood has to be diluted enormously resulting in very long processing time of 

small amounts of blood. Also, flow decreases as more cells are captured which can lead to 

accumulation. This problem can be circumvented by using micropillars, where flow is not 

hindered by captured cells. To prevent previously formed clusters to obstruct the filters, a pre-



filter with gaps of 20µm can be placed beforehand. Filters are a very efficient separation 

method, but low throughput and the need to dilute blood drastically can not yet be overcome.  

Inertial migration offers a wide range of different techniques suitable for CTC separation. Most 

of them are relatively simple, passive devices with high to very high recovery rates. 

Unfortunately, these methods largely also have low throughput. Several additions can diminish 

this problem; hemolysis can be used to remove all RBC's in advance and multiple channels can 

be placed in parallel which can reduce processing time to less than an hour. Devices using Dean 

flow show very good rates with relatively high-throughput of 3 mL/h for whole blood. In Dean 

Flow Fractionation, RBC's remain circulating making it possible to use high hematocrit values of 

20% with flow rate of 6 mL/h or higher flows with lower hematocrit. Another advantage with 

Dean flow fractionation is that CTC's are collected directly in the outlets. With filters, 

microscale vortices and electrical impedance spectroscopy an extra step has to be carried out 

to collect the CTC's. With deterministic lateral displacement, a vast majority was captured but 

the output concentration was still low.  

Techniques using electrical properties of cells are highly specific which means they could not 

only be used for the separation of cancer cells from blood, but also for the separation of 

different kind of cancer cells. Nevertheless, DEP devices require large areas in order to handle 

large amount off cells and electrical impedance spectroscopy is time consuming due to the 

analysis of each cell separately. 

In almost all methods mentioned above, cell viability is not a problem when flow rates and 

processing time are regulated. 

Table 1: Comparison between current microfluidic methods 

 Recovery 
rate 

Sensitivity Hematocrit Throughput Cell 
viability 

Parylene-C filter ++     
Nickel filter + ++  ++  
Micropillars + +    
Flow Fractionation +  + +  
Dean Flow Single Spiral ++  ++ - ++ 
Dean Flow Double Spiral ++  - +  
Microscale Vortices --   +  
Deterministic Lateral Displacement 1 ++  +  ++ 
Deterministic Lateral Displacement 2 ++   + + 
Dielectrophoresis ++   + + 
Electrical impedance spectroscopy ++ +  -- + 

 

In table 1, devices that separated CTC’s out of blood are listed. In all methods, recovery rate 

was measured. But not all aspects were tested in all studies. Published results are indicated in 

the table and unknown performances are left blank. 

In conclusion, label-free methods are promising. Many microfluidic devices can sufficiently 

capture cancer cells but encounter the same problem which is low-throughput resulting in 

excessively long processing time. This time should be reduced to make it useful in clinical 

settings. By performing enrichment steps in advance such as hemolysis or using a paramagnetic 



capture mode magnetophoretic microseparator, smaller volumes need to be processed 

resulting in reduced time. Also, several channels can be placed in parallel on a chip to allow 

more fluid to be processed at the same time. Another advantage is that microfluidics is ideally 

suited for clinical usage due to the easy adding of analyzing steps. Inertial migration methods 

which also take advantage of biochemical sorting techniques, could become quick methods 

with high yield. 

4.2 Considerations in flow-induced electrokinetic trapping 

CTC separation with flow-induced electrokinetic trapping (FIET) could be a successful method, 

but some points needs to be taken into account. The main challenge would be adapting the 

design generating a much higher throughput. Convenient is that the channels are very small, so 

multiple channels could easily be placed on one chip. If an enrichment step would be added, a 

paramagnetic capture mode magnetophoretic microseparator has advantages over hemolysis; 

one advantage is that no additional substances or filters are needed. Furthermore, this 

microseparator needs only an additional ferromagnetic wire for a voltage source is already 

present in FIET. 

Because CTC's will be trapped and other components will flush out of the microdevice, CTC's 

may need to be collected. This can easily be done by changing the voltage over the channel, but 

it is still necessary and prevents possible analysis to be carried out immediately when a CTC is 

trapped. 

Also, capture efficiency, recovery rate and sensitivity should be high, preferably above 80%, 

because most passive methods with fairly high throughput can already achieve this. 
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