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ABSTRACT1 

 

A biological cell is flexible and must deform to pass 

through a narrow gap. Therefore, in capillaries and in 

liver and spleen sinusoids, vascular constrictions plays 

the role of a filter to sort healthy from damaged cells in 

vivo. In this study, deformation of a cell during 

accelerated passage through a microgap in a microflow  

channel was analyzed in vitro. A gap with the 

rectangular cross section (7 μm height, 0.8 mm width, 

and 0.1 mm length) was inserted at the middle of a 

microflow channel using photolithography. Myoblasts 

(C2C12: mouse myoblast cells) were used in the test. 

The flow rate of the medium fluid, in which cells were 

suspended, was controlled by the pressure head between 

the inlet and outlet. The deformation of smaller cells 

passing through the microgap with an accelerated 

velocity was observed with an inverted phase-contrast 

microscope. The results show that each elongated 

smalller (diameter < 15 μm) cell tends to tilt parallel to 

the flow direction during its transit through the gap. 

 

Keywords: Biomedical Engineering, Myoblast, 

Movement, Deformation, Photolithography and 

Microgap. 

 

 

1.  INTRODUCTION 

 

The deformation of the biological cell relates to the 

biological function. Several types of the cells can pass 

through a narrow slit in vivo. A red blood, for example, 

cell has a high flexibility, hence can pass through the 

 
1  The authors are grateful to Prof. Richard L. Magin for 

assistance in the English Editing of this article. 

micro capillary in the blood circulation system in vivo. 

The red blood cell passes through the capillary, of which 

the dimension is smaller than the diameter of itself. It 

deforms from the biconcave disk shape to the parachute 

like shape when it is passing through the capillary. The 

membrane elasticity [1] and fatigue [2] were evaluated in 

the previous studies. In the shear field, the red blood cell 

rotates and deforms into the ellipsoidal shape. The 

deformability of a red blood cell changes with aging. The 

aging effect on deformability [3] and the sublethal 

damage [4] were also detected in the shear flow in the 

previous studies in vitro. After the circulation through 

the blood circulation system for days, the red blood cell 

is trapped in the micro-circulation systems. 

 

Several systems sort cells according to the deformability 

in vivo.  One of the systems, which trap red blood cells, 

is a spleen.  The spleen has special morphology at the 

blood flow path to sort damaged red blood cells [5]. A 

slit is one of the systems, which sorts biological cells in 

vivo. The sorting at the slit depends on the deformability 

of each cell. Some cells can pass through a very narrow 

gap. 

 

A photolithography technique enables manufacturing 

micro grooves [6-10] or micro-structures [11] in the 

flow-channel for cell tests in vitro. Several micro-

fabrication processes have been designed to simulate the 

morphology of the micro-circulation [12]. The technique 

also has been applied to handle cancer cells in 

diagnostics in vitro [13, 14]. The photolithography 

technique can be applied to make a microgap. The gap 

between micro cylinders, for example, was made to sort 

cells in the previous study [15]. 

 

The deformation of the depth direction between 

cylinders, however, cannot be observed by the 
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conventional optical microscope. To observe the 

deformed cell in the direction perpendicular to the walls 

of the gap, another type of the gap was designed with the 

combination of microridges in the previous study [16-21]. 

In the present study, deformation of a cell during passage 

through a microgap in a micro flow-channel has been 

analyzed in vitro.  

 

 

2.  METHODS 

 

Micro Gap 

A microgap was designed between a transparent 

polydimethylsiloxane (PDMS) plate and a borosilicate 

glass (Tempax) plate. The upper plate of PDMS has a 

rectangular ridge: 0.05 mm high, 0.10 mm wide, and 2 

mm long. The lower plate of glass has a rectangular 

groove (7 μm deep, 2 mm wide, and 20 mm long), which 

has a narrow part (0.8 mm wide). These plates make 

contact to keep a gap (0.8 mm wide, 0.1 mm long and 7 

μm high) between them. 

 

Flow Channel 

The upper plate of PDMS was rinsed with IPA, and with 

the ultrapure water. The plate was dried by a spin-dryer. 

The surface of the PDMS plate was hydrophilized by the 

oxygen (30 cm3/min, 0.1 Pa) plasma ashing for thirty 

seconds at 50 W by the reactive ion etching system (FA-

1). The plate was rinsed with APTES (Aminopropyl-

triethoxysilane) for five minutes and dipped in the 

ultrapure water. The plate was dried in an oven at 338 K 

for three minutes. The upper plate of PDMS was adhered 

on the lower plate of SU8-10 to make the gap between 

the plates. The combined plates were baked on a heated 

plate at 338 K for five minutes. 

 

Flow Test 

C2C12 (passage < 10, mouse myoblast cell line 

originated with cross-striated muscle of C3H mouse) was 

used in the test. Cells were cultured in advance with the 

D-MEM (Dulbecco’s Modified Eagle’s Medium) 

containing 10% FBS and 1% of Antibiotic-Antimycotic 

(penicillin, streptomycin and amphotericin B, Life 

Technologies) in the incubator for one week. The inner 

surface of the flow channel was hydrophilized by the 

oxygen (30 cm3/min, 0.1 Pa) plasma ashing for one 

minute at 100 W by the reactive ion etching system (FA-

1), and prefilled with the bovine serum albumin solution 

for thirty minutes at 310 K. 

 

Just before the flow test, the cells were exfoliated from 

the plate of the culture dish with trypsin and suspended 

in the D-MEM (Dulbecco’s Modified Eagle’s Medium). 

The suspension of cells (4000 cells/cm3, 0.06 cm3) was 

poured into the inlet of the flow channel. The flow 

occurs by the pressure difference between the fluid levels 

of the inlet and the outlet (Fig. 1). The small reservoir 

(the depth of 3 mm and the diameter of 5 mm) at the 

inlet keeps the pressure head. The behavior of cells near 

the gap was observed with an inverted phase-contrast 

microscope (IX71, Olympus Co., Ltd., Tokyo) at 298 K. 

The microscopic movie images of thirty frames per 

second at the shutter speed of 1/2000 s were recorded by 

the camera (DSC-RX100M4, Sony Corporation, Tokyo, 

Japan).  

 

Image of Cell 

At the two-dimensional image, the contour of each cell 

was traced, and analyzed by “ImageJ”. The projected 

two-dimensional area (S) was calculated. The contour 

was approximated to the ellipse (Fig. 2). On the ellipse, 

both the length of the major axis (a) and the length of the 

minor axis (b) were measured (Fig. 3). The ratio of axes 

is calculated as the shape index (P) by Eq. (1). 

 

P = 1 – b / a                                    (1) 

 

At the circle, P = 0. As the ellipse lengthens (a > b), P 

approaches to 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Flow was generated by pressure head at inlet, and 

behavior of cell passing through gap was observed by 

microscope. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Contour of two-dimensional projected image of 

cell was approximated to ellipse (broken line). 
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Fig. 3: Contour of two-dimensional projected image (S) 

of cell was approximated to ellipse (broken line): major 

axis (a), minor axis (b) and angle (θ) were measured. 

 

 

The centroid was used to track each flowing cell. The 

coordinates were defined as follows: the x axis is parallel 

to the mainstream direction, and the y axis is 

perpendicular to the mainstream direction (Fig. 3). The 

acute angle θ (– 90 degrees < θ < 90 degrees) between 

the major axis of the ellipse and the mainstream direction 

of the medium flow was measured (Fig. 3). When the 

major axis of the cell is parallel to the flow direction, θ is 

zero. 

 

 

3.  RESULTS 

 

Several cells passed through the gap in a few seconds 

(Fig. 4). Data of cells accelerated in the microgap were 

selected in the following figures. 

 

Figs. 5-8 show tracings of cell behavior through the 

micro gap. The data related to position x along the flow 

channel were illustrated. The microgap is located from 

980 μm to 1080 μm for x. In Figs. 5-8, circle markers 

show data in the micro-gap.  

 

Fig. 5 shows the velocity (v). The velocity of the cell is 

three times higher in the gap than outside of the gap. The 

ratio of the cross section of the gap to the channel is as 

follows: 7 μm × 0.8 mm / 50 μm × 0.8 mm. The 

continuity equation shows a ratio of 7 times the velocity 

between the gap and the channel. The velocity of the cell 

was slower than that of the fluid in the gap. 

 

Fig. 6 shows the projected two-dimensional area (S) of 

the cell. The area increases (30%) in the gap and 

decreases as it passes through the gap. The projected 

two-dimensional region (S) of the cell takes some time 

after passing through the microgap to return to the value 

before the microgap. 

 

The tracing of the shape index P is illustrated in Fig. 7. 

The value fluctuates between 0 and 0.2. The fluctuation 

decreases in the microgap. Immediately after passing 

through the microgap, the shape index increases to 0.3. 

 

 

 
 

 

 

Fig. 4: Cell passing through microgap. 

 

 

 
 

Fig. 5: Velocity v tracings of a cell passing through gap 

(980 μm < x < 1080 μm): circle, data in gap: cross, data 

out of gap. 

 

 

 
 

Fig. 6: Area S tracings of a cell passing through gap (980 

μm < x < 1080 μm): circle, data in gap: cross, data out of 

gap. 
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Fig. 7: Shape index P tracings of a cell passing through 

gap (980 μm < x < 1080 μm): circle, data in gap: cross, 

data out of gap. 

 

 
 

Fig. 8: Angle θ tracings of cell passing through gap (980 

μm < x < 1080 μm): circle, data in gap: cross, data out of 

gap. 

 

 

Fig. 8 shows the tracings of the angle θ between the 

major axis of the cell and the mainstream direction of the 

medium fluid. The angle tends to approach 0 degrees in 

the microgap. The angle fluctuates after passing through 

the microgap. 

 

Fig. 9 shows the relationship between the shape index P 

and the projected two-dimensional area (S) of the cell: 

before the micro-gap (Fig. 9a), and in the microgap (Fig. 

9b). Fig. 9 shows no clear relationships between two 

parameters. 

 

Fig. 10 shows the relationship between the angle θ and 

the shape index P of the cell: before the microgap (Fig. 

10a), and in the microgap (Fig. 10b). The angle tends to 

decrease as the shape index increases before the 

microgap. The tendency is maintained in the microgap. 

The tendency becomes weak in the microgap. 

 
 

Fig. 9a: Shape index P vs. area of a cell S before gap: P= 

0.0001 S + 0.067, r = 0.05. 

 

 

 
 

Fig. 9b: Shape index P vs. area S of a cell in gap: P = −7 

× 10−5 S + 0.12, r = 0.06. 

 

 

 
 

Fig. 10a: Angle │θ│ vs. shape index P before gap: │θ│ 

= −4.2 × 102 P + 84, r = 0.38. 
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Fig. 10b: Angle │θ│ vs. shape index P in gap: │θ│ = 

−94 P + 41, r = 0.15. 

 

 

4.  DISCUSSION 

 

For the reason of the limitation of the present 

micromachining technique with the photolithography 

process, the edge of the ridge is not sharp. The edge has 

a certain width. The biological system has the sharper 

edge, so that a cell passes easier through the slit with the 

shorter travel distance in vivo [5]. The cell has to 

struggle to pass through the gap in the present 

experimental device with the longer travel distance. The 

relationship between cell deformation and the flow of 

intracellular contents was investigated in previous 

studies [22]. The relationship between wall roughness 

and the speed of red blood cells passing through 

microchannels was studied [23]. 

 

The dimension of the gap was estimated by observing 

the passing velocity of porcine red blood cells in the 

present study. The ratio of the cross-sectional area 

between the flow channel (0.05 mm × 0.8 mm) and the 

gap (0.007 mm × 0.8 mm) was 7. Using continuity of the 

fluid, the mean flow velocity of the medium in the gap is 

7 times faster than that before the gap. In the cell 

selected in this study, the velocity ratio inside the micro-

gap to outside the micro-gap was close to 7. (Fig. 5). The 

area S of the circle is calculated by the radius R using Eq. 

(2). 

 

S = π R2                                    (2) 

 

When S is 250 μm2, R is 8.9 μm. The equivalent radius 

of the sphere of the selected cells (Fig. 6) is close to the 

height of the micro-gap. 

 

In the previous study [15], the flow rate was controlled 

by the syringe pump. In that case, the flow rate varied 

because of several factors: the compliance of the wall of 

the flow path, and clogging of the flow path. The flow 

rate is controlled by the pressure difference between inlet 

and outlet of the flow channel in the present study, which 

has advantage to keep the inner pressure of the flow 

channel for the morphological stability of the flow 

channel. The velocity of a cell also depends on the 

interaction between the cell and the surface of the micro-

gap. To keep the inner surface of the channel stable, 

bovine serum albumin was pre-coated on the surface of 

the flow path by prefilling the bovine serum albumin 

solution in the channel in this study. 

 

Biological cells are sorted according to the shape, and 

deformability in vivo. Several cells pass through the 

micro-slit. Some cells or fragments, which pass through 

the slit, are decomposed. Some cells, which cannot pass 

through the narrow channel, are, on the other hand, 

captured at the channel. 

 

The deformability of the biological single cell depends 

on several factors. The deformability has been analyzed 

in several studies: using microfluidics [24-26], 

measuring local viscoelasticity [27], using atomic force 

microscopy [28 29], and using cell mechanics model 

[30]. The methodology can also be applied to the soring 

technology on cells [31-33]. The deformation in the gap 

was evaluated with the ratio of the projected area of the 

plan view of the disk-like shape during passing through 

the gap in the previous study [34]. The deformation in 

the perpendicular view can be observed at another type 

of the gap: between micro cylindrical pillars [15]. 

 

The most of biological cells keep the spherical shape 

when they are flowing in the medium. In the previous 

experiment, every myoblast cell was deformed when the 

cell was passing through the microgap with the height of 

7 μm [34]. The nucleus in the cell has low deformability 

[35, 36]. 

 

The increase in the two-dimensional projected area in the 

gap may depend on the deformation of the cell (Fig. 6). 

The fact that the velocity increases in the gap as well as 

the surrounding fluid (Fig. 5) is considered to correspond 

to the weak interaction between the cells and the gap 

wall surface. The cell size taken up in Fig. 5 may be the 

limit of passing through the microgap without 

intermittent stops. This corresponds to the smaller 

variation in gap flattening. The cell size can be applied to 

distinguish by interaction with the wall surface. The 

recovery tendency of the two-dimensional projected area 

after passing through the gap (Fig. 6) can also be applied 

to the observation of cell deformation behavior similar to 

erythrocytes [37]. 

 

The fluctuation of the shape index before the microgap 

may be related to the change in the two-dimensional 

projection plane direction with the rotation of the cell 

(Fig. 7). Other than the sphere, the two-dimensional 

projected area depends on the direction. The microgap 

limits cell rotation and can reduce variations in two-

dimensional projected area. The increase in flattening 
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immediately after passing through the gap is considered 

to reflect the partial deformation of the cells. The change 

in the direction of the major axis of the cell before the 

gap (Fig. 8) may reflect the effect of cell rotation. The 

microgap limits cell rotation and can reduce the 

fluctuation in the major axis direction (Fig. 8). 

Immediately after passing through the gap, the hysteresis 

effect of deformation within the gap can reduce the 

fluctuation in the major axis direction. The behavior of 

the cell may return to that before the gap after the 

deformation has recovered downstream.  

 

No correlation was found between the shape index and 

two-dimensional projected area (Fig. 9). Similarly, no 

correlation was found between the shape index and the 

two-dimensional projected area when larger (diameter > 

20 μm) cells were trapped and moved in the gap in the 

previous study [34]. As the shape index decreases (the 

two-dimensional projection plane approaches a circle), 

the major axis direction tends to fluctuate. The major 

axis tilts to the direction perpendicular to the flow (Fig. 

10a). When a cell can rotate freely, the major axis tends 

to tilt in the flow direction (the absolute value of θ 

decreases in Fig. 10a). The major axis of the cell tends to 

tilt in the direction of flow under restriction of rotation in 

the micro-gap (the absolute value of θ in Fig. 10b tends 

to be less than 45 degrees). As the deformation 

progresses, the major axis tends to tilt in the direction of 

the flow. When a larger cell moves intermittently in the 

gap with deformation, the major axis of the cell tends to 

tilt perpendicular to the flow [34]. The designed 

microgap can be used to analyze the mechanism of 

deformation of the single biological cell to pass through 

the gap. 

 

 

5.  CONCLUSIONS 

 

Deformation of cells during accelerated passing through 

a micro-gap in a micro flow channel was analyzed in 

vitro. The experimental results show that the elongated 

myoblasts tend to tilt parallel to the flow direction during 

accelerated passing through the gap. 
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