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ABSTRACT 

 

A biological cell can pass through a narrow gap. The gap plays a 

role of filter of cells in vivo. In the preset study, deformation of a 

cell during passing through a micro-gap in a micro flow channel 

has been analyzed in vitro. A gap with the rectangular cross 

section (7 μm high, 0.4 mm wide, and 0.1 mm long) has been 

made at the middle part of the micro flow channel by the 

photolithography technique. 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 the outlet. The deformation 

of each cell passing through the micro gap was observed with an 

inverted phase-contrast microscope. The experimental results 

show that the cell tends to extend in the direction of flow with the 

increase of the velocity during the movement of passing through 

the gap.  

 

Keywords: Biomedical Engineering, Myoblast, Movement, 

Deformation, Photolithography and Micro-gap. 

 

 

1.  INTRODUCTION 

 

The deformation of the biological cell relates to the biological 

function. Several types of the cells can pass through the narrow 

slit in vivo. A red blood cell has a high flexibility to pass through 

the micro capillary in the blood circulation system in vivo [1]. 

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. In the shear field, the red blood cell 

rotates and deforms to the ellipsoidal shape. The sublethal 

damage [2] were also detected in the shear flow in the previous 

studies in vitro. Several systems sort cells according to the 

deformability in vivo.  A slit is one of the systems, which sorts 

biological cells in vivo. Some cells are able to pass through a very 

narrow slit. 

 

A photolithography technique [3] enables manufacturing micro 

grooves [4] or micro-structures [5] in the flow-channel for cell 

tests in vitro. The technique also has been applied to handle 

cancer cells in diagnostics in vitro [6-10]. The gap between micro 

cylinders was made to sort cells in the previous study [11]. 

 

The deformation of the depth direction between cylinders, 

however, cannot be observed by the conventional optical 

microscope. To observe the deformed cell at the direction 

perpendicular to the walls of the gap, another type of the gap is 

designed with the combination of the micro ridge and groove in 

the previous study [12]. In the preset study, deformation of a cell 

during passing through a micro-gap in a micro flow-channel has 

been analyzed in vitro. 

 

 

2.  METHODS 

 

Micro Gap 

The gap (0.4 mm wide, 0.1 mm long, 7 μm high) has been 

designed between a transparent polydimethylsiloxane (PDMS) 

plate and a borosilicate glass (Tempax) plate. The upper plate of 

PDMS has a rectangular groove (0.03 mm deap, 0.6 mm wide, 

16 mm long) separated in to two half parts with the interval of 

0.1 mm length. The lower plate of glass has a rectangular groove 

(7 μm deap, 0.4 mm wide, 1 mm long).  These plates keep contact 

to make a gap between them. The gap is located at the middle 

part of the flow channel. The cross-sectional area of the flow 

channel changes from (0.037 mm × 0.4 mm = 0.0148 mm2) to 

(0.007 mm × 0.4 mm = 0.0028 mm2) at the entrance of the gap. 

 

Mold for Upper Plate 

A glass plate was used for a surface mold for the upper disk. The 

plate was cleaned by an ultrasonic cleaner with alkaline solution 

for ten minutes and rinsed by the ultrapure water for ten minutes.  

The surface of the glass plate was hydrophilized by the oxygen 

plasma ashing for ten minutes at 200 W by the reactive ion 

etching system. The negative photoresist material of high 

viscosity (SU8-10: Micro Chem Corp., MA, USA) was coated on 

the glass plate at 1000 rpm for 30 s with a spin coater. After the 

photoresist was baked on the heated plate at 338 K for five 

minutes, the plate was baked on the heated plate at 368 K for ten 

minutes. The photomask was mounted on the surface of SU8-10, 

and the photoresist was exposed to the UV light through the mask 

in the mask aligner (M-1S, Mikasa Co. Ltd., Japan). After the 

photoresist was baked on the heated plate at 338 K for one minute, 

the plate was baked on the heated plate at 368 K for five minutes. 

The photoresist was developed with SU-8 developer (Nippon 

Kayaku Co., Ltd, Tokyo, Japan) for ten minutes. The glass 

surface with the micro pattern was rinsed with IPA (2-propanol, 

Wako Pure Chemical Industries, Ltd.) for five minutes, and with 

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

Photoresist was baked on the heated plate at 368 K for three 

minutes. 
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Upper Plate 

After the mold of the glass plate was enclosed with a peripheral 

wall of polyimide, PDMS (Sylgard 184 Silicone Elastomer Base, 

Dow Corning Corporation) was poured together with the curing 

agent on the mold. The volume ratio of curing agent is ten percent 

of PDMS. After degassing, PDMS was baked at 373 K for one 

hour in an oven. The baked plate of PDMS is exfoliated from the 

mold. Two holes of 3 mm diameter were machined with a 

punching tool at the upper disk to make the inlet and the outlet 

for the flow channel. 

 

Lower Plate 

A glass plate was used for a surface for the lower disk. The plate 

was cleaned by an ultrasonic cleaner with alkaline solution for 

ten minutes and rinsed by the ultrapure water for ten minutes. 

The surface of the glass plate was hydrophilized by the oxygen 

plasma ashing for ten minutes at 200 W by the reactive ion 

etching system. The negative photoresist material of high 

viscosity (SU8-5) was coated on the glass plate at 1400 rpm for 

30 s with a spin coater. After the photoresist was baked on the 

heated plate at 338 K for two minutes, the plate was baked on the 

heated plate at 368 K for five minutes. The photomask was 

mounted on the surface of SU8-5, and the photoresist was 

exposed to the UV light through the mask in the mask aligner 

(M-1S). After the photoresist was baked on the heated plate at 

338 K for one minute, the plate was baked on the heated plate at 

368 K for two minutes. The photoresist was developed with SU-

8 developer for two minutes. The dimension of the depth of the 

groove was confirmed by the stylus of the contact profilometer 

(Dektak XT-E, Bruker Corporation). 

 

Flow Channel 

The lower plate with the micro pattern was rinsed with IPA (2-

propanol), and with the ultrapure water. The plate was dried by 

the spin-dryer. The surface of the plate was exposed to the 

oxygen plasma ashing for one minute by RIE-10NR. The plate 

was rinsed with Aminopropyltriethoxysilane (APTES) for ten 

minutes, and with the ultrapure water. After the plate was dried, 

the upper plate was adhered on the lower plate. The plates were 

baked in the oven at 368 K for ten 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. 

 

Just before the flow test, the cells were exfoliated from the 

bottom of the culture dish with trypsin and suspended in the 

culture medium (1000 cells/cm3). Before flow test, the flow 

channel was hydrophilized by the oxygen plasma ashing for one 

minute by RIE-10NR. The bovine serum albumin solution was 

prefilled in the flow channel and incubated for ten minutes at 310 

K in the incubator. 

 

The suspension of the cells was poured at the inlet of the flow 

channel (Fig. 1). The small reservoir (the depth of 3 mm and the 

diameter of 5 mm) at the inlet keeps the pressure head. The 

suspension flows by the pressure head of 2.5 mm, which makes 

the pressure difference of 25 Pa between the inlet and the outlet. 

The flow rate decreases gradually with the decrease of the 

pressure head. The behavior of cells near the slit was observed 

with an inverted phase-contrast microscope (IX71, Olympus Co., 

Ltd., Tokyo) at 298 K (Fig. 2). 

 

The microscopic movie images of thirty frames per second at the 

shutter speed of 1/2000 s were captured by a camera (DSC-

RX100M4, Sony Corporation, Tokyo, Japan). 

 

At the video image, x coordinate was defined as the direction 

parallel to the flow, and y coordinate was defined as the direction 

perpendicular to the flow (Fig. 3). In the video image, the 

direction of flow was from left to right. The position of the left 

edge of the video image was defined as x = 0. At the two-

dimensional image, the contour of each cell was traced and 

analyzed by “ImageJ”. The projected two-dimensional area (S) 

of each cell was calculated. At the contour, the projected length 

of flow direction (Δx) and projected length of direction 

perpendicular to flow (Δy) were measured. The deformation 

direction ratio (D) was calculated by Eq. (1). 

 

D = (Δx – Δy)/ (Δx + Δy)                                                             (1) 

 

At the circle, D = 0. As the ellipse is elongated to x direction, D 

approaches to 1. As the ellipse is elongated to y direction, D 

approaches to – 1. 

 

The contour was approximated to the ellipse (Fig. 2). On the 

ellipse, 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. (2). 

 

P = 1 – b / a                                                                              (2) 

 

At the circle, P = 0. As the ellipse is elongated, P approaches to 

1. The centroid of the ellipse was used to track the velocity of the 

cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

behavior of cell passing through gap was observed by microscope. 

 

 
 

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

traced; dimension from left to right, 0.1 mm. 
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Fig. 3: Contour of two-dimensional projected image of cell was 

approximated to ellipse. Major axis (a), minor axis (b), projected 

length of flow direction (Δx), and projected length of direction 

perpendicular to flow (Δy) were measured. 

 

 

3.  RESULTS 

 

A cell stops at the stepped wall of the gap before entering the gap. 

Several cells pass through the gap in a few seconds. Figs. 4 and 

5 exemplify the typical behavior of a cell in the micro gap. Fig. 

4 shows relationships between each parameter and time (t). Fig. 

5 shows relationships between each parameter and position (x). 

Figs. 4a and 5a show tracings of the velocity of the cell (v). Figs. 

4b and 5b show tracings of the two-dimensional projected area 

of the cell (S). Figs. 4c and 5c show tracings of the shape index 

of the cell (P). Figs. 4d and 5d show the deformation direction 

ratio of the cell (D). 

 

When the cell stops at the gap inlet position at 800 µm, the 

velocity of the cell drops sharply (Fig. 4a). When the cell leaves 

the gap at 1000 µm, the velocity (v) of the cell increases sharply. 

In the gap, the velocity of the cell fluctuates intermittently. The 

two-dimensional projected area (S) of the cell increases gradually 

from 920 µm to 1000 µm in the gap (Fig. 4b). The shape index 

(P) of the cell fluctuates every time regardless of the gap (Fig. 

4c). For non-spheres, the shape index (P) of the two-dimensional 

projection plane changes not only with deformation but also 

rotation. The shape index (P) fluctuates over the wider range 

between 0 and 0.2 out of the gap mainly with rotation of the cell. 

Outside the gap, the shape index (P) fluctuates over a wider range 

between 0 and 0.2. In the gap between 800 µm to 1000 µm, the 

shape index (P) varies in the narrower range around 0.1. Outside 

the gap, the deformation direction ratio (D) fluctuates between 0 

and 0.1. In the gap between 800 µm to 1000 µm, the deformation 

direction ratio (D) varies between – 0.1 and 0.1. The cell stops in 

the gap from 0.8 s to 1.3 s (Fig. 5a) with the maximum value (800 

µm2) of the two-dimensional projected area (S) (Fig. 5b). During 

the stop, the two-dimensional shape of the cell approaches to 

circle (P ≈ 0, D ≈ 0) (Figs. 5c and 5d). Before stopping in the gap, 

the cell deforms perpendicular to the flow direction from 0.3 s to 

0.8 s (Fig. 5d) with the maximum value of the shape index of 0.3 

at 0.5 s (Fig. 5c) in the gap. Fig. 6a shows the relationships 

between the shape index (P) and the two-dimensional projected 

asea (S) of the cell while passing through the gap. The shape 

index (P) tended to approach to zero, which corresponds to the 

circle, as the area (S) increases. Fig. 6b shows the relationships 

between the deformation direction ratio (D) and the shape index 

(P) of the cell while passing through the gap. The deformation 

direction ratio (D) tends to increase with the shape index (P) of 

cell. The cell tends to extend in the direction of flow in the gap. 

Fig. 6c shows the relationships between the shape index (P) and 

the velocity (v) of the cell while passing through the gap. The 

shape index tends to increase with the increase of the velocity of 

the cell. Fig. 6d shows the relationships between the deformation 

direction ratio (D) and the velocity (v) of the cell while passing 

through the gap. The deformation direction ratio tends to increase 

with the increase of the velocity of the cell. The cell tends to 

extend in the direction of flow with the increase of the velocity 

in the gap. 

 

 

 
Fig. 4a: Relation between velocity (v) and position (x) of cell (No. 

12). 

 
Fig. 4b: Relation between area (S) and position (x) of cell (No. 

12). 

 
 Fig. 4c: Relation between shape index (P) and position (x) of 

cell (No. 12). 
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Fig. 4d: Relation between deformation direction ratio (D) and 

position (x) of cell (No. 12). 

 

 
 

Fig. 5a: Velocity (v) tracings of cell (No. 12). 

 

 
 

Fig. 5b: Area (S) tracings of cell (No. 12). 

 

 
 

Fig. 5c: Shape index (P) tracings of cell (No. 12). 

 

 
 

Fig. 5d: Deformation direction ratio (D) tracings of cell (No. 12). 

 

 
 

Fig. 6a: Relationship between shape index (P) and asea (S) of 

cell (No. 12) while passing through gap. D = – 1×10–4 S + 0.16, 

r = 0.36. 
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Fig. 6b: Relationship between deformation direction ratio (D) 

and shape index (P) of cell (No. 12) while passing through gap. 

D = 0.44 P – 0.03, r = 0.43. 

 

 
 

Fig. 6c: Relationship between shape index (P) and velocity (v) 

of cell (No. 12) while passing through gap. P = 2×10–4 v + 0.03, 

r = 0.68. 

 

 
 

Fig. 6d: Relationship between deformation direction ratio (D) 

and velocity (v) of cell (No. 12) while passing through gap. D = 

1×10–4 v – 0.03, r = 0.45. 

 

 

 

4.  DISCUSSION 

 

Reynolds number (Re) is calculated by Eq. (3). 

 

Re = ρ v w/ η                                                                               (3) 

 

In Eq. (3), ρ is the density of the fluid, v is the velocity of the flow 

before the slit, w is the width of the channel before the slit, and η 

is the viscosity. Re is 1, when ρ, v, w, and η are 103 kg m−3, 2 × 

10−3 m/s, 6 × 10−4 m, and 1 × 10−3 Pa s, respectively. The 

turbulent flow does not occur in the flow of this level of small 

value of Reynolds number. 

 

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 might have the sharper edge, so that a cell passes easily 

through the slit with the shorter travel distance in vivo [1]. The 

cell has to struggle to pass through the gap in the present 

experimental device with the longer travel distance. 

 

The moving velocity of the cell suspended in the medium follows 

the medium velocity. In the previous study [13], 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 moving velocity also depends on the 

interaction between the cell and the surface of the gap. To keep 

the surface property of the channel stable, bovine serum albumin 

is pre-coated on the surface of the flow path by prefilling the 

bovine serum albumin solution in the channel in the present study. 

 

The deformability of the biological single cell depends on several 

factors [7]. The deformability has been analyzed in several 

studies: using microfluidics [5], measuring local viscoelasticity 

[14], using atomic force microscopy [15], and using cell 

mechanics model [16]. The methodology can also be applied to 

the soring technology on cells [17]. The deformation in the gap 

is evaluated with the ratio of the projected area of the plan view 

of the disk-like shape during passing through the gap in the 

present study. The deformation in the perpendicular direction can 

be observed at another type of the gap: between micro cylindrical 

pillars [11]. 

 

In the previous study, the projected area of the myoblast cell 

approaches a circle in the gap when the major axis is parallel to 

the flow [18]. Cells with a projected area more than 1000 µm2 

tended to stop in the gap (7 µm high). In the present study, Cells 

with a projected area of approximately 600 µm2 were selected to 

track the movement of the single cell. Particles of the diameter 

smaller than 7 µm can pass through the gap with higher velocity. 

The ratio of the cross-sectional area between the flow channel 

(0.0148 mm2) and the gap (0.0028 mm2) is 5. Using continuity of 

the fluid, the mean flow velocity of the medium in the gap is 5 

times faster than that before the gap. 

 

In the present study, the shape index (P) fluctuates in a wider 

range from 0 to 0.2 outside the gap, primarily with cell rotation 

(Fig. 4c). In the gap between 800 µm to 1000 µm, the shape index 

(P) varies in the narrower range around 0.1, mainly due to cell 

deformation. In the present test, every myoblast cell is forced to 

be deformed, when the cell is passing through the gap with the 
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height of 7 μm. The nucleus in the cell has low deformability [18]. 

During passing through the gap, each cell shows deformation and 

rotation. Elongation of the cell tends to decrease the two-

dimensional projected area of the cell facing the wall of the gap 

in the previous study [17]. Elongation of the cell tends to increase 

when the major axis is parallel to the flow direction of the 

medium fluid in the gap.  

 

Outside the gap, the deformation direction ratio (D) fluctuates 

between 0 and 0.1, which corresponds to elongation to the flow 

direction (Fig. 4d). In the gap between 800 µm to 1000 µm, the 

deformation direction ratio (D) varies between – 0.1 and 0.1. In 

the gap, the deformation direction ratio (D) becomes negative 

sometimes, which corresponds to elongation to the direction 

perpendicular to the flow. 

 

In the present study, the two-dimensional projected area tends to 

approach a circle as the cell deforms within the gap. A cell tends 

to extend in the direction of flow in the gap (Fig. 6b). The 

designed micro gap can be used to analyze the mechanism of 

deformation of the single biological cell to pass through the gap. 

 

 

5.  CONCLUSIONS 

 

The alignment of a cell deformation during passing through the 

micro gap has been studied using the micro gap between the ridge 

and the groove manufactured in the micro flow channel by 

photolithography technique. During the movement of passing 

through the gap, the myoblast cell tends to extend in the direction 

of flow with the increase of the velocity. 
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