
  

  

Abstract— We have proposed a bio-automation system to 

isolate and recover circulating tumor cells (CTCs) individually 

from whole blood. An open-channel microfluidic chip-based 

approach is used to isolate the CTCs. The proposed microfluidic 

chip design can form a stable air-liquid interface. CTCs are 

trapped by the gaps in between the pillars of the microfluidic 

chip due to capillary force associated with the meniscus of the 

air-liquid interface. We propose a chip design to stabilize air-

liquid interface and sample flow speed. We introduce an image 

analysis algorithm to detect the position of the air-liquid 

interface. Using the visual feedback from the image analysis 

algorithm, a control system is proposed to control air-liquid 

interface position. We succeeded in stabilizing the flow speed, 

making it feasible for the isolation of 5 mL of whole blood to be 

completed within 30 min.  We achieved an average of position 

error of air-liquid interface of 4 µm with standard deviation of 7 

µm. We have confirmed that air-liquid interface position is a 

deciding factor for trapping area of CTCs. By controlling air-

liquid interface position, we have achieved trapping CTCs in a 

narrow band with a high concentration. 

 

I. INTRODUCTION 

Isolation of rare cells such as circulating tumor cells 

(CTCs) has a wide range of applications [1]. Several studies 

have analyzed the genetic mutations carried by CTCs, 

comparing the mutations to those of primary tumors or 

correlating the findings to the severity or spread of the 

patient’s disease [2-4]. A challenge for CTC researchers is the 

difficulty of collecting CTCs at the single-cell level. In the 

recent years, the importance of single-cell analysis has grown 

rapidly for various fields, including drug discovery and 

regenerative medicine [5,6]. Due to the inhomogeneous states 

in a cellular cluster, the analysis results suggest only average 

states. In contrast, some of mechanisms cannot be explained 

by average states because it depends on a threshold factor or 

stochastic component [7-9]. The determination of the true 

mechanism requires analysis of the cluster at the single-cell 

level to avoid the loss of information associated with 

ensemble averaging [10, 11]. 

Numerous studies proposed to isolate CTCs from blood 

using biological and physical properties. Epithelial cell 

adhesion molecule (EpCAM) is mainly employed as an 
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isolation method utilizing biological properties but is known 

for having low trap rate [12]. On the other isolation methods 

using physical properties to trap CTCs such as filtration-based 

devices suffer from clogging [13]. To overcome issues such 

as low trap rate and clogging, we have pioneered a bio-

automation system utilizing an open-channel microfluidic 

chip-based approach to isolate CTCs and CTC clusters from 

whole blood samples [14]. Open-channel microfluidic chip 

simplifies recovering CTCs from the microfluidic chip 

surface after isolation. Blood sample is introduced between a 

supply unit and the open-channel microfluidic chip and held 

there. A pressure gradient is generated and can be controlled 

by introducing more blood sample with a syringe pump. Cells 

within the blood sample, including CTCs, are then trapped in 

the gaps in between the pillars of the microfluidic chip due to 

capillary force associated with the meniscus of the air-liquid 

interface [15]. After the isolation, the trapped CTCs can be 

detected using fluorescence microscopy and machine learning 

methods, then recovered using a micro-pipette. Our proposed 

system aims to automate isolation, detection and recovery of 

the rare cells such as CTCs from whole blood sample. 

 Proposed method simplifies recovery of CTCs after 

isolation and minimizes probable damage to CTCs that could 

be caused by flow pressure. However, an open-channel 

microfluidic chip introduces new challenges. One such 

challenge is to stabilize the flow speed of the blood sample. 

Previously we succeeded the isolation of CTCs from 5 ml of 

whole blood which took between 30 min to 60 min [14]. As 

the condition of the blood sample deteriorates over time it is 

important to finish isolation within a determined amount of 

time. To achieve stable sample flow microfluidic chip design 

is crucial as well as precise control of the syringe pumps. If 

too much blood sample is introduced at a time, the 

microfluidic chip might overflow. Similarly, if the flow speed 

of the blood sample through microfluidic chip is less than the 

speed of the syringe pump for the waste, then air will be 

sucked inside the syringe with the blood sample. This in turn 

decreases the accuracy of the flow control. Therefore, another 

challenge is minimizing the air introduced to the waste 

syringe.  
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Stabilizing air-liquid interface in an open-channel 

microfluidic chip is yet another challenge. Due to the small 

amount of blood sample, evaporation plays a major role. The 

inertia of the system makes the control of the air-liquid 

interface very challenging. The stable formation and 

positioning of the meniscus of the air-liquid interface is 

crucial for the trap rate of CTCs. Therefore, meniscus of the 

air-liquid interface needs to be detected and its position 

should be accurately controlled. To address these challenges, 

we describe an open-channel microfluidic chip design to 

minimize the air introduced, as well as an automation system 

to detect and control the position of the meniscus of the air-

liquid interface using this microfluidic chip. 

 

II. MATERIALS AND METHODS 

A.  Microfluidic-chip Design in Consideration of Air-Liquid 

Interface 

By controlling the air-liquid interface position precisely, 

we can control the area on the microfluidic chip that CTCs are 

most likely to be trapped. Using an open-channel microfluidic 

chip we aim to trap rare cells such as CTCs from whole blood 

sample. Using an open-channel microfluidic chip enables 

easy access and trapped rare cells can be isolated with the help 

of a micro-pipette. 

The design of the microfluidic chip is as Fig. 1 shows the 

blood sample is introduced into a liquid reservoir and an air-

liquid interface is formed. The blood which flows through the 

microfluidic chip by the help of gravity and capillary forces 

is collected through the outlet. Generally, CTCs are 15±10 µm 

in diameter [16], whereas red blood cells and white blood 

cells are 6 to 8 and 10 to 12 µm in diameter, respectively [17]. 

We designed the microfluidic chip based on this information 

to isolate CTCs according to size. Micropillars are arranged 

in a honeycomb pattern across the microfluidic chip surface, 

forming a pocket for trapping CTCs. The most important 

dimension is the distance between two micropillars (𝑊𝑝) 

within a regular hexagon as this distance determines the rates 

of both trapping CTCs and removing blood cells. From the 

preliminary experiment, 7 µm was found to be the most 

efficient 𝑊𝑝, and 18 µm was chosen as the diameter of the 

micropillars [14]. The height of the fluid channel was 30 µm 

across the entire microfluidic chip. A channel area is 

introduced in order to avoid trapping CTCs outside of the 

collectable area with wall width of 28 µm and channel width 

of 15.3 µm. Fig. 2 illustrates the fabricated microfluidic chip.  

Stability of the blood sample flow within the open-channel 

microfluidic chip depends on the velocity of the capillary flow 

𝑉𝑐𝑎𝑝 at the outlet. 𝑉𝑐𝑎𝑝 is described as the following formula: 

𝑉𝑐𝑎𝑝 =
𝛾

6𝜇
∙

ℎ ∙ 𝑓

𝐿
 

where 𝛾 is the surface tension of the sample, 𝜇 is the viscosity 

of the sample, ℎ is the height of pillar pattern, 𝑓 is the non-

dimensional number described with the aspect ratio of pillar 

pattern and the contact angle of the sample on the substrate, 

and 𝐿 is the distance from the meniscus to the outlet. The 

parameters 𝛾,  𝜇, ℎ and 𝑓 are assumed to be constant, therefore 

we define the constant C as the following: 

𝐶 = √
𝛾

3𝜇
∙ √ℎ ∙ 𝑓 

then we can re-write the formula for 𝑉𝑐𝑎𝑝 as: 

𝑉𝑐𝑎𝑝 =
𝐶2

2𝐿
 

The state of the flow on the chip depends on the relation 

between the suction velocity in the outlet 𝑉𝑜𝑢𝑡 and 𝑉𝑐𝑎𝑝. As 

Fig. 3(a) illustrates when 𝑉𝑜𝑢𝑡 > 𝑉𝑐𝑎𝑝, the flow is split, and 

the state is intermittent flow causing air to be sucked inside 

the waste syringe pump. In contrast, when 𝑉𝑜𝑢𝑡 ≤ 𝑉𝑐𝑎𝑝, the 

state is continuous flow since capillary flow prevents splitting 

of the flow and leads to less air suction as Fig 3(b) illustrates. 

 We designed the chip length accordingly, to reduce the air 

suction. The upper limit of the distance from the meniscus of 

the air-liquid interface to the outlet, 𝐿 was derived from the 

condition 𝑉𝑜𝑢𝑡 ≤ 𝑉𝑐𝑎𝑝. The maximum throughput under under 

this condition is described as the following formula using the 

cross-section area into the outlet, 𝑆𝑜𝑢𝑡𝑙𝑒𝑡: 

𝑞𝑚𝑎𝑥 = 𝑆𝑜𝑢𝑡𝑙𝑒𝑡 ∙ 𝑉𝑐𝑎𝑝  

then 𝑉𝑐𝑎𝑝 and the maximum throughput under the condition  

𝑉𝑜𝑢𝑡 ≤ 𝑉𝑐𝑎𝑝 depend on the parameter 𝐿, which results in the 

following formula: 

 
 

Figure 2. (a) Fabricated open-channel microfluidic channel. 
(b) The fabricated micropillars. 

 

 
 

Figure 1. Dimensions of the microfludic chip and the design 

parameters of the micro-pillar array and channels. 
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𝑞𝑚𝑎𝑥 = 𝑆𝑜𝑢𝑡𝑙𝑒𝑡 ∙
𝐶2

2
 

In order to find 𝐿, we first find the constant 𝐶. The optimal 
chip length is found experimentally. The microfluidic chip is 
fabricated according to experimental findings.  

 

B.  Detection and Control of Air-Liquid Interface 

Fig. 4(a) shows a microscopy image of the air-liquid 
interface. The right side of the image shows the blood sample 
reservoir which is darker, and the pillars are less distinct due 
to blood covering them. The left side has a higher intensity as 
the blood cells are traveling in between the pillars. We can 
define the position of the air-liquid interface as the boundary 
between where the blood cells move above the pillars and flow 
in between them. But because the exact position is difficult to 
determine; a steep decrease in average intensity can be used as 
a heuristic for the air-liquid interface position, as the side of 
the air liquid interface with blood sample reservoir is darker.    

We calculate the average intensity of each column through 
the image’s x-axis. A gaussian filter is applied to remove the 
noise as plotted in Fig. 4(b). Then the derivative of the 
smoothed average intensity is calculated as Fig. 4(c) shows. 
The peak of this derivative function is illustrated with a circle. 
The peak of the derivative where a steep decrease in average 
intensity occurs is chosen as detected air-liquid interface 
position. We have confirmed that peak of the derivative as a 
heuristic can be used for the air-liquid interface control. 

In order to use the air-liquid interface heuristic, we need to 

ascertain whether air-liquid interface exists within the image 

or not. The honeycomb like pattern of the micropillar design 

is utilized to ascertain whether air-liquid interface exist within 

image or not. Due to the honeycomb like pattern of 

micropillars, the average intensity of columns fluctuates as 

Fig. 4(b) shows. This fluctuation is more pronounced at the 

left side of the image where the pillars are more distinct 

compared to the pillars within the blood sample reservoir. 

Taking the smoothed average intensity as a baseline and 

subtracting it from the average intensity of the columns makes 

this fluctuation easily visible as Fig. 5(a) shows. Moving 

variance of the average intensity of the columns is calculated 

as Fig. 5(b) shows. Using this moving variance, we decide 

whether air-liquid interface exists within the image or not. 

When air-liquid interface is not formed there are two cases to 

consider. The first case being before the air-liquid interface is 

formed when there is not enough blood sample in the 

reservoir. The second case is if the entire visible area is filled 

with blood sample due to reservoir overflow of the sample. 

We calculate �̅�𝑠𝑡𝑎𝑟𝑡 as the average of the first 128 pixels of 
moving variance. Similarly, �̅�𝑒𝑛𝑑   is calculated as the average 
of the last 128 pixels. Lastly �̅�𝑎𝑙𝑙  is calculated as the average 
of the entire moving variance. When air-liquid interface is 
formed in the image the ratio of �̅�𝑠𝑡𝑎𝑟𝑡 is significantly larger to 
�̅�𝑒𝑛𝑑  and their ratio is used to determine the existence of the 
air-liquid interface. In the absence of the sample, all pillars are 
visible, resulting in a large �̅�𝑎𝑙𝑙 . When the chip is overflown 
with sample, no pillars are visible, resulting in a small �̅�𝑎𝑙𝑙 . In 
both cases the ratio of �̅�𝑠𝑡𝑎𝑟𝑡 and �̅�𝑒𝑛𝑑 is small. The following 
formula is used to determine all three cases: 

�̅�𝑠𝑡𝑎𝑟𝑡

�̅�𝑒𝑛𝑑

> 50, 𝐴𝑖𝑟 𝐿𝑖𝑞𝑢𝑖𝑑 𝐼𝑛𝑡. 𝑒𝑥𝑖𝑠𝑡  

�̅�𝑠𝑡𝑎𝑟𝑡

�̅�𝑒𝑛𝑑

< 50 & �̅�𝑎𝑙𝑙 > 10, 𝑁𝑜 𝑆𝑎𝑚𝑝𝑙𝑒  

�̅�𝑠𝑡𝑎𝑟𝑡

�̅�𝑒𝑛𝑑

< 50 & �̅�𝑎𝑙𝑙 < 10, 𝑂𝑣𝑒𝑟𝑠ℎ𝑜𝑜𝑡 

In case of Air Liquid Int. exist the air-liquid interface is in 

the image and its value is determined by the peak value of the 

derivative. In the case of No Sample the air-liquid interface 

position is fixed as 3096, and in the case of Overshoot, the air-

liquid interface position is fixed as 0. The result of the 

detection is then used as visual feedback for the controller. 

 Control of the air-liquid interface position is achieved by 

setting the flow speed of sample introduction and waste 

suction.  From the start of the sample introduction until the 

 
 

Figure 3.(a) Capillary flow speed is not enough and flow is interrupted, 
air is introduced to waste syringe. (b) Capillary flow speed is sufficient, 

continuous flow is achieved. 

 

 
 

Figure 4. (a) Air-liquid interface, and its detected position, (b) average 

intensity of each column and smoothed average intensity (c) derivative 

of the smoothed average intensity, peak is the detected air-liquid 

interface position. 
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time air-liquid interface is formed within the image, flow 

velocities are set to a constant value. Once the air-liquid 

interface reaches the target position, then the flow speeds for 

supply and suction are actively controlled. Fig. 6 illustrates 

the flow chart of the air-liquid interface controller. A simple 

P-controller is used for supply and suction. The outputs of 

these controllers are subtracted or added to an initial supply 

and suction speed. Initial supply and suction speed are the set 

flow speeds when air-liquid interface position is at target 

value. Throughout the isolation, two syringe pumps only 

work in one direction. This is a design decision to not re-

introduce waste back into the chip, and to not suck the sample 

back once it is introduced to the chip. Hence if the final output 

is below zero, we stop supply and suction pumps respectively. 
Fig. 7 shows the components of the system. All 

components can be controlled through a personal computer. 
Four syringe pumps are connected to the microfluidic chip 
which controls sheath liquid flow, blood sample supply, waste 
suction and micro pipetting sheath flow. A camera connected 
to a microscope is used for visual feedback for air-liquid 
interface control during CTC isolation. Microfluidic chip is 
mounted on an XY-linear stage for easier access to any point 
in the microfluidic chip. A micropipette attached to a XYZ-
linear stage is used to collect the isolated CTCs from the chip. 

 

III. RESULTS 

A.  Velocity of Capillary Flow and Optimal Chip Length 

The optimal length of the microfluidic chip is determined 

experimentally with the goal to achieve isolation of CTCs 

from 5 mL of whole blood in 30 mins. Fig. 8(a) illustrates the 

experimental setup. An open microfluidic chip with the same 

pillar pattern as proposed microfluidic chip is prepared with 

the parameters as in Fig. 8(a). The blood sample is prepared 

with the same conditions when isolating CTCs. Introducing a 

drop of blood to the chip, the time and penetration distance 𝑙 
is recorded.  

 The constant 𝐶 can be described as the following formula 

and was derived from the results of recording time and the 

penetration distance 𝑙 of sample on the chip which is shown 

in Fig. 8(b). 

𝐶 =
𝑙

√𝑡
 

The minimum 𝐶 was calculated as 4.1 𝑚𝑚/√𝑠. For the 

continuous flow condition, the upper limit of the distance 

from the meniscus of the air-liquid interface to the outlet, the 

limit of 𝐿 was calculated as 1.7 mm. 

 

B.  Position Control of Air-Liquid Interface 

Whole blood sample is diluted with the same volume of 

PBS (EDTA-2Na solution) to avoid clogging. We spiked 

green fluorescent protein (GFP)-expressing human gastric 

cancer cells (GCIY-EGFPs) into the sample as CTC 

surrogates. A total volume of 10 mL is then introduced into 

the microfluidic chip. 

The supply speed is set at a constant speed of 5.6 µm/s to 

finish the isolation in 30 min. Until the air-liquid interface is 

formed within the image the suction is set to 2.8 µm/s to 

remove excess sheath. Air-liquid interface control starts after 

the air-liquid interface reached the target position. Fig. 9 

shows the position error of the detected air-liquid interface.  

Until the air-liquid interface is formed 3 min passed, after 

that air-liquid interface is controlled during the isolation of 

the CTCs which is finished within 30 min (video attachment). 

Through the isolation air-liquid interface stays within the 

image and only recedes just before isolation ends, as there is 

no more blood sample to keep the air-liquid interface at the 

target position. Therefore, we exclude the last 2 min of the 

experiment. The average position error of air-liquid interface 

was 4 µm with a standard deviation of 7 µm.  

 

C.  Controlling the Trapping Area for CTCs using Air-

Liquid Interface Control 

 The position of air-liquid interface within the 
microfluidic chip can be controlled, and the trapping area for 
CTCs are decided by the accuracy of the air-liquid interface 
control. As illustrated in Fig. 10 the proposed air-liquid 
interface detection algorithm and the trapping area overlap. In 
Fig 10. (b) the red line indicates the detected air-liquid 
interface position, and the CTCs are trapped around the air-
liquid interface position. 

 To assess the trapping area of the CTCs we conducted an 
experiment with the proposed control algorithm. For 
comparison, another experiment was conducted where flow 
speeds of the syringe pumps are manually controlled by a user. 
Following CTC isolation, using sheath liquid the microfluidic 
chip is cleaned, and remaining red blood cells are washed 
away. Then staining is performed, and lastly the chip is 
cleaned with sheath liquid. The surface area of the microfluidic 
chip is scanned, and microscopic images of CTCs trapped by 
the micropillars are acquired and merged. Fig. 11 demonstrates 
part of the microfluidic chip after isolation, for both cases. 
Trap position is defined with inlet as zero position, and by 

 
 

Figure 5. (a) Fluctuation of average intensity due to visibility of pillar 

pattern, (b) moving variance of the average intensity. 
 

a)
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dividing the distance between inlet and outlet into equal 
sections trap probabilities are calculated as the total area of 
CTCs in that section. As Fig. 11(b) shows, it is possible to have 
a concentrated trapping area for CTCs, by controlling air-
liquid interface position in comparison to manual control as in 
Fig. 11(a). From the trap probabilities calculated we confirmed 
85% of the trapped CTCs are within the collectable area.  

 
 

Figure 7. Components of the system. 

 

 
 

Figure 10. (a) The experimental setup, the air-liquid interface is formed 
at the liquid reservoir. (b) CTCs are trapped at the detected air-liquid 

interface. 

 
 

 
 

 
 

Figure 8. (a) Experimental setup to find optimal chip length,  
(b) Penetrate distances of the droplets of blood samples in time. 

 

 
 

Figure 7. Components of the system. 

 

 
 

 

Figure 9. Position error of air-liquid interface position throughout 
isolation. 

 

 

 

 
 

Figure 6. Controller design for supply and suction pumps. 
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IV. DISCUSSION 

Flow control within an open-channel microfluidic chip has 

many challenges compared to a closed-channel chip. The flow 

velocity of the sample is limited by the capillary forces and 

chip design. The possibility of air being sucked into the waste 

syringe coupled with external factors such as evaporation 

renders the formation of a robust control system challenging. 

The proposed chip design and controller decreases the air 

sucked to sub-mL (data not shown), increasing the accuracy 

of the air-liquid interface position control. The isolation of 

blood sample finished in 30 min whereas in previous work the 

isolation time was uncertain (30-60 min) [14]. However, this 

decrease in isolation time results in the reduction of the 

collectable area for CTCs. The collectable area is 1.7 mm 

wide considering physical constraints from the micro-pipette 

and it is feasible to isolate the CTCs in collectable area when 

an accuracy of 4 µm is achieved in air-liquid interface control. 

From Fig. 11(b), CTCs are trapped in the collectable area with 

a probability of 85%, and only 15% of CTCs pass through the 

gaps. Further optimizing the micro-pillar design is required to 

increase the trapping rate of CTCs in the collectable area. Our 

open-channel microfluidic chip causes less damage during all 

processes, including isolation and recovery [14].  

Automation of CTC isolation with the proposed method is 

possible. The trapped CTCs can be detected using machine 

learning algorithms [18], which enable automation of 

recovery of CTCs individually via micro-pipette.  

V. CONCLUSION 

We have proposed a bio-automation system utilizing an 

open-channel microfluidic chip-based approach to isolate and 

recover CTCs individually from whole blood samples. We 

designed an open-channel microfluidic chip, and by 

controlling the air-liquid interface within the chip, isolation of 

5 mL of whole human blood was achieved in 30 min. An 

average of 4 µm position error of air-liquid interface was 

attained with standard deviation of 7 µm. It is possible to 

control the trapping area of CTCs through the position of air-

liquid interface. A trapping probability of 85% was achieved 

within the collectable area.  

After the isolation, the CTCs can be observed using 

fluorescence microscopy, and using a micro-pipette CTCs can 

be collected with ease from the open-channel chip surface. 

We have achieved automation in isolation of CTCs which is 

the most vital part of the proposed bio-automation system. 

This work explores an uncharted area for rare cell isolation as 

it can isolate rare cells from whole blood samples containing 

a large number of cells unlike current cell sorter systems. 

Regarding future studies, CTC detection and individual 

recovery can be integrated to achieve complete automation.  

In this work CTCs are used for isolation experiments, 

however proposed bio-automation system can also be applied 

to the other small samples of cells. Furthermore, this system 

has some potential to recover rare particles from 

miscellaneous, such as undifferentiated stem cells contained 

 
 

Figure 11. (a) Air-liquid interface is controlled manually and as a result the trapping area of CTCs are wide. (b) When the air-liquid interface is 

controlled by the proposed control system, the CTCs are trapped within a narrow band. Green cells are CTC. 
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in transplanted cells, and fetal erythroblasts contained in the 

blood of pregnant mothers. 
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