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ABSTRACT
The results of study of SPEV cell adhesion to the glass substrate that 
were obtained with a radial-flow chamber shown that in some cases 
the cells which were incubated on the substrate for a longer time were 
more strongly attached to it, and under certain conditions such cells 
detached easier than cells with a shorter incubation time. For example, 
when the channel height was decreased more of cells were detached 
from substrate with increasing incubation time. Besides an increase of 
flow action time on the cells increased an amount of detached cells, 
and an increase of initial shear stress resulted in decrease an amount 
of cells which detached from the surface regardless of incubation 
time. During each experiment more spread cells detached from the 
substrate earlier than the more spherical one. When both the flow 
rate and channel height were reduced in the radial-flow chamber, but 
the initial shear stress was the same as before the changes of these 
parameters, then the critical radius, the critical shear stress and the 
time of reach these critical values sharply decreased. In addition, in 
this case, the area of the projection of cells remaining on the substrate 
also decreased.

1.  Introduction

Cell adhesion plays an important role in many biological processes such as cell growth, 
differentiation, mobility, apoptosis, formation and regeneration of tissues. Therefore, under-
standing basic principles of interaction force regulation of cell-cell and cell-substrate has 
great importance for medicine, biology and bioengineering.

To study adhesion strength of a large number of cells simultaneously one most commonly 
applies the methods of fluid flow action on the cells. Under the action of hydrodynamic force 
cells detach from the substrate and it is registered with a microscope during the experiment 
or after its completion The magnitude of this force can be easily regulated by changing 
the flow rate [1]. However, the application of hydrodynamic force does not allow directly 
to determine the strength of cell adhesion to the substrate. Therefore, as the determining 
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parameter, one as a rule applies a value of critical shear stress. At a smaller value of shear 
stress the cells do not detach from the surface of substrate with the fluid flow.

The hydrodynamic forces are applied to the cells in special flow chambers where a con-
trollable flow of fluid is created in channels along the surface with the cells. Among flow 
chambers main types are parallel-plate flow chambers [2,3] and radial-flow chambers [4–8].

The magnitude of the critical shear stress depends on a cell size and physico-chemical 
properties of a substrate [1]. Increasing the cell size has two opposite effects. On the one 
hand, the total energy of the interaction of cells with the substrate increases with the cell 
contact area, and on the other hand, the hydrodynamic drag (forces) of the cell increases [1].

The contact area of the cell with the substrate in addition to the cell size depends on the 
time of cell attachment to the surface (the incubation time). The last goes from the fact 
unstimulated cells frequently take many hours to spread on the substrates even if the cell 
adheres at once in a few points [9]. And basing on theoretical conceptions, the force should 
increase together with the perimeter of spreading [9]. Thus, the incubation time of cells on 
the substrate can be one of the factors affecting the strength of cell adhesion.

The contradictory data are in the literature on this matter.
In various experiments different types of cells were incubated on the substrates during 

different time periods until measuring the adhesion strength. So, the study of rabbit’s chon-
drocyte adhesion to the glass surface showed [10] that the average area projection of cells 
on the substrate increases from 161 μm2 when the cells were incubated during 1 h up to 
369 μm2 after 6 h of incubation. At the same time the force required to detach these cells 
from the substrate grows from 231 Pa up to 1085 Pa, respectively.

Pendergrass C. et al. [11] investigated the immortalized human dermal fibroblasts. The 
cell projection area increased from 400 μm2 after incubation for 1 h up to 700 μm2 after 
incubation for 24 h. And the shear stress has increased from 8.49 Pa up to 12.5 Pa, respec-
tively. After incubation for 96 h the average projection area increased significantly up to 
2248.8 μm2, but the shear stress significantly decreased – down to 7.7 Pa.

Truskey A. et al. [12,13] studied the adhesion of 3T3 fibroblasts to the glass surface in 
the plane-parallel flow chamber. After incubation for 30 min the critical shear stress was 
1.72 Pa and after 120 min – 4.7 Pa. The fibroblast projection area in these cases was 526 μm2 
and 746 μm2, respectively.

Christophis C. et al. [14] examined the adhesion of rat embryo fibroblasts (REF52) to 
the glass. The critical shear stress increased from 44.7 Pa after incubation during 3 h up to 
83.2 Pa after 6 h of incubation.

Décavé E. et al. [1] studied the adhesion of Dictyostelium discoideum to a borosilicate 
glass plate with the radial-flow chamber. The observation of cells that remained on the sub-
strate showed that their average projection area was much smaller at higher shear stresses. 
For example, when the shear stress was 4 Pa, the average projection area of attached cells 
was 95 μm2 comparing to 110 μm2 at the shear stress 1 Pa. It shows that cells with the large 
projection area are easier to detach from the substrate.

Thus, it is clear from the presented data that the increase of cell incubation time leads 
to the growth of cell projection area on the substrate and to the increase of the shear stress 
required for the detachment of cells from the substrate. However, in some cases the increase 
of cell incubation time and, as a result, the increase of projection area leads to the reducing 
of the shear stress. Moreover, in each individual experiment more spread cells are detached 
easier from the substrate [1].
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In addition to the incubation time of cells the action time of shear flow also influences the 
critical shear stress. Thus, it was established that the number of detached cells was increas-
ing in time and a certain maximum was attained at the current shear stress. The time of 
achievement of this maximum is shorter and the level of maximum is higher at a higher shear 
stress [1]. For example, when the shear stress was equal to 4 Pa the percentage of detached 
cells reached 65% after 7.5 min and then it did not change, and when the shear stress was 
increased up to 9.5 Pa after the flow action for 3.5 min the number of detached cells reached 
90% and it did not increase further. Pendergrass C. et al. [11] shown that after 1 s of the flow 
action on the cells the detachment radius was equal to 0.36 cm at the critical shear stress of 
14.47 Pa, and after 60 s the detachment radius was equal to 0.44 cm when the critical shear 
stress was equal to 11.84 Pa. Thus, at the increase of flow action time the detachment radius 
increases and the shear stress reduces. Truskey A. et al. [13] also demonstrated that when 
the shear stress was equal to 4.7 Pa the number of detached cells increased from 57% during 
the first 2 min of the flow action up to 77% after 120 min. Christophis C. et al. [14] presented 
that the increase of flow action duration resulted in the reduction of shear stress. Thus, the 
critical stress was equal to 64.6 Pa after 4.5 min of the flow action, and then decreased down 
to 43.8 Pa after 10 min and down to 24.4 Pa after the flow action for 18 min.

The aim of our study was to determine the influence on the critical shear stress of the 
initial shear stress, the flow action time on the cells, and the incubation time of SPEV cells 
on the glass substrate.

2.  Materials and methods

2.1.  Preparation of cell culture

In the experiments the SPEV cells (porcine embryo kidney cells) were used, which had been 
obtained from the company ‘BIOLEK’ (Kharkiv, Ukraine). To study the adhesion strength 
cells were seeded into culture Petri dishes 3.0 cm in diameter with microscope slides placed 
in a 199 medium (Austria, PAA Laboratories GmbH) with supplemented 10% fetal bovine 
serum (Austria, PAA Laboratories GmbH) at 37 °C in an atmosphere of air with 5% of CO2 
and 95% of humidity. Considering the number of attached SPEV cells to the glass becomes 
noticeable no sooner than in 4 h of incubation [15], the adhesive properties of cells were 
studied after 5, 24, and 168 h of incubation. The initial seeding concentration was 1 ÷ 8 × 104 
cells cm−2 depending on the cell incubation time.

2.2.  Preparation of the substrate

A glass plate (the microscope slide) with dimensions of 24.5 × 24.5 × 1 mm was cleaned 
thoroughly before it was used. For this purpose it was immersed into sulfochromic acid 
solution (4% v/v) for 1 h at a room temperature, rinsed three times with distilled water, 
and then dried in the air [16].

2.3.  Cell detachment chamber and experiment parameters

The critical shear stress during the cell detachment was determined with a radial-flow 
chamber, which was constructed by us according to the diagram which is presented on 
the Figure 1.
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The upper disc 25 mm in diameter was made of stainless steel with a central 2 mm diam-
eter orifice. The substrate with cells is placed under this disk. A channel of required height 
is created between the disc and the substrate. The height of the channel can be changed by 
means of special inserts. The liquid is fed into the channel through the hole with a syringe 
pump. The liquid flows radially in the channel between the disc and the substrate creating 
the shear stress on both of them. Cells are detached from the substrate due to the action 
of this shear stress. Thus, on the substrate a cell-free region is formed having a circular 
shape the radius of which must be measured. Inside the cell-free region, there is often some 
amount of attached cells.

The detachment of cells from the substrate surface was carried out with the flow of 
150 mM NaCl aqueous solution. The studies were performed at the temperature of t = 
(20 ± 1) °C.

During the experiment or after its completion the detachment radius (the radius of cell-
free region) is measured with a microscope. (The radius of the cell-free region after the end 
of the experiment is termed the critical radius.) This gives an opportunity to calculate the 
value of a critical shear stress τc according to the equation [7]:

 

where μ is the viscosity of fluid, Q is the volumetric flow rate, rc is the critical radius (or the 
detachment radius), h is the height of the channel between the top disc and the substrate.

From Equation (1) it can be seen the shear stress can be changed by changing the flow 
rate and/or by changing the height of the channel between the disc and the substrate using 
the same liquid. The application of Equation (1) is possible only at the laminar flow in the 
radial-flow chamber [8].

Since the main characteristic spatial value of this system is the height h of the channel, 
the initial shear stress at the wall in the zone of turn of the fluid flow after its exit from the 
orifice was determined [7]:
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Figure 1. The diagram of the radial-flow chamber. Q – volumetric flow rate, h – the height of the channel, 
r – the current radius of the disc (lower disc is the substrate for cells).
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We used this value as the initial parameter of the experiment for association of the fluid 
volumetric flow rate Q and the channel height h, i.e. those meanings which directly influ-
ence the force of fluid flow action on the cells. The larger the value of initial shear stress 
τ0 is the stronger the action of flow on the cells is. The critical shear stress was calculated 
using Equation (1) after measuring the critical radius value. As it was mentioned above, 
Equation (1) may be applied only in the case if the fluid flow in the chamber was laminar. 
This condition can be satisfied in the case when the Reynolds number satisfies the inequal-
ity Reh < 2000 [5,8]. The Reynolds number Reh is defined by the following equation [4,5]:

 

The Reynolds number Reh is a convenient parameter, because it does not depend on the 
radial position.

The values of Reynolds numbers Reh and initial shear stresses τ0 for the parameters of 
our experiments are presented in Table 1. For 150 mM aqueous solution of NaCl at the 
temperature of 20 °C the dynamic viscosity μ = 1.0282×10−3 Pa·s [17], and the density 
ρ = 1004 kg·m−3 [18].

In our experiments, the initial shear stress τ0 and Reynolds number Reh varied with 
changing the flow rate Q and the channel height h (see Table 1).

As the table data show we have the laminar flow in our chamber because the number 
Reh does not exceed 2000 at all regimes.

2.4.  Measurement of critical radius

The record of the experiment results was done with an inverted microscope LSM 510 Meta 
(Carl Zeiss, Germany) in a light regime. In a certain period of time after the beginning of 
the flow action on the cells the substrate was transferred into a Petri dish with saline. Then 
it was placed on the microscope stage and was photographed by stepwise from the flow 
stagnation point (the center of cell-free region) towards four sides of the glass with overlap-
ping the microscopy areas in order to subsequent receive a cross-shaped panorama. Then 
the substrate was returned to the chamber and the experiment was continued.

Using four directions of the panorama we measured the radius of the cell-free region. 
The average value of this radius was taken as the detachment radius. When the detachment 
radius was not growing the experiment was over.

The interruption time of flow action on the cells did not exceed 7 min. In our opinion 
this fact must not significantly affect the additional attachment of cells to the substrate 
because as the above mentioned attachment of SPEV cells to the glass occurs during 4 h.

(3)Re
h
= Re

(r=h)
=

�Q

��h

Table 1. Experiment parameters.

Q, ml c−1 h, mm τ0, Pa Reh
0.65 0.5 5.11 404.3
0.96 0.5 7.54 597.1
1.92 0.5 15.1 1194.1
0.415 0.3 15.1 430.2
0.96 0.3 34.93 995.11
1.92 0.3 69.86 1990.2
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2.5.  Measurement of cell projection area

The measurement of cell projection area on the substrate was done on samples which 
were not subjected to the flow action or after it action, using the AxioVision software 40 V 
4.7.2.0 (Carl Zeiss, Germany). We measured the projection areas of 120–150 cells for each 
incubation time before and after the flow action.

2.6.  Statistical analysis

A statistic processing of experiment results were performed by the standard method using 
the Student’s t-test. The significance level was set to p < 0.05.

3.  Results and discussion

The critical radius rc of cell-free region is a directly measured value in our experiments. Its 
value is directly associated with the critical shear stress τc (see Equation (1)) i.e. with the 
parameter that shows the cell adhesion power. The smaller the critical radius is under the 
same conditions, the stronger the cells are attached to the substrate.

We determined the values of detachment radii and calculated the shear stresses depend-
ing on the incubation time of SPEV cells, the initial shear stress, and the action time of 
the fluid flow on the cells (or the detachment time). In Figures 2 and 3 are presented the 
typical dependences of the detachment radius and the shear stress on detachment time 
for the experiment with the SPEV cells which were incubated on the glass substrate for 
5 h. It is seen from the diagrams that the detachment radius increases and the shear stress 
reduces together with the increase of the detachment time but to a certain level. In this case 
the radius reaches its maximum value of 8.4 mm, and the shear stress – minimum value 
of 0.389 Pa after 36 min of flow action and then these values do not change. Namely this 
radius we call the critical radius, the corresponding shear stress – the critical shear stress 
and the time to achieve these values – the full detachment time. The results in Figures 2 
and 3 agree with several works of other authors [1,11,13,14] which show that the number 
of the cells detached from the substrate also increases and the shear stress decreases at the 
increase of the action time of the fluid flow on the cells.

The parameters and the results for different experimental conditions are shown in Table 2.
It is seen from the Table 2 that under the action of the low initial shear stresses (5.11–

15.1 Pa; h = 0.5 mm) the more the incubation time of the cells on the substrate is, the 
smaller the critical radius is, and the more the critical shear stress is. These data correspond 
to the data of articles [10,12–14], where the critical shear stress also grew at the increase of 
incubation time of cells on the substrate.

However, at the higher initial shear stresses (15.1–69.86 Pa; h = 0.3 mm) the critical 
radius grows and the critical shear stress falls at the increase of incubation time. These 
data correspond to the data of the article [11], according to which the critical shear stress 
decreases after a certain time of cell incubation.

As for the full detachment time of cells, it increases in all cases with the increase in the 
incubation time.

Moreover, the results from the Table 2 show that the more the value of initial shear stress 
is, the smaller the value the critical radius has and the larger the value of critical shear stress 
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is. That is with a stronger flow action the cells are attached to the substrate more firmly. 
This corresponds to the results of the article [19], which state that the adhesive force may 
increase with the increase of action force value on the cells.

Another feature of these results is that when the initial shear stress was smaller or equal 
to 15.1 Pa (the height of channel h = 0.5 mm) the critical radius decreased and the full 
detachment time and the critical shear stress increased at the increase of initial shear stress. 
With a shear stress of 15.1 Pa but at different channel heights all the above values sharply 
decreased with decreasing the channel height. However, when the initial shear stress was 
greater than 15.1 Pa (the channel height h = 0.3 mm), the critical radius and full detachment 

Figure 2. The dependence of the detachment radius on the detachment time. (the initial shear stress 
τ0 = 7.54 Pa).

Figure 3. The dependence of the shear stress on the detachment time. (the initial shear stress τ0 = 7.54 Pa).
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time decreased and the critical shear stress increased as compared the same values for 
smaller initial shear stresses. At the same time, the critical radius is smaller with the smaller 
value of channel height even though the initial shear stresses are significantly higher at the 
same flow rates.

It turns out that not only a magnitude of shear stress is important but also the way it is 
achieved. That is the values of the critical shear stress can only be used as a comparative 
parameter with constant parameters of flow chamber.

Above we presented the data from the works of other authors where the correlation 
between the cell projection area onto the substrate and the critical shear stress was con-
sidered. We measured the area of cell projection onto the substrate at different incubation 
time both before the flow action on the cells and after its action. The measurements were 
carried out on the edge of cell-free region, i.e. on the border area where cells remained after 
the end of experiment. The results are shown in Table 3.

From Table 3 it can be seen an abrupt decrease in the area of the projection of the cells 
with a decrease both of the channel height and the critical shear stress. In addition, an 
increase in the critical shear stress leads to a decrease in the projection area, regardless of 
the height of the channel.

Moreover, from these data it can be concluded that during the experiment the more 
spread cells (with the large projection area) were detached from the substrate whereas the 
less spread cells stayed attached to the substrate. Similar results were obtained Décavé E. 
et al. [1].

The images in Figure 4 illustrate this case.
These images were obtained from the same field of microscope, which was located on 

the edge of cell-free region when the experiment was finished. In the marked circle we can 
see the cells which remained inside of the cell-free region at a distance of 6.9 mm from the 
centre whereas the critical radius was equal to 7.54 mm after the end of experiment. Exactly 
these cells can be seen before the beginning of the experiment and during the entire time 
of experiment on the same place. These cells were slightly spreaded and had a nearly spher-
ical shape before, during and after the experiment. Meantime the detachment radius was 

Table 2. Parameters and results of the experiments on the adhesion of SPEV cells to the glass substrate.

Incubation time, hours τ0, Pa rc, mm τc, Pa Full detachment time, minutes
5 5.11 8.46 0.299 30

7.54 8.4 0.389 36
15.1 7.99 0.944 48
15.1 5.84 0.775 44
34.93 5.34 1.961 26
69.86 4.87 4.301 16

24 5.11 7.81 0.327 36
7.54 7.7 0.49 42

15.1 6.96 1.083 74
15.1 5.82 0.778 70
34.93 5.42 1.932 58
69.86 5.04 4.156 50

168 5.11 7.54 0.339 116
7.54 7.28 0.518 122

15.1 6.78 1.112 130
15.1 5.61 0.807 120
34.93 5.52 1.897 82
69.86 5.45 3.843 60
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varying during the experiment. So after 16 min of the flow action on the cells the detached 
radius was equal to 4.07 mm, after 30 min – 5.3 mm, after 56 min – 6.17 mm, and after 
70 min – 6.55 mm. At the same time, it can be seen that after 16 min of flow action there 
were little spread cells, and after 30 min such kind of cells almost was not in this region. 
This confirms the conclusion that during the experiment the spread cells were detached 
first of all. Although spread cells having a large area of contact with the substrate should 
hold to the surface stronger like more flat having less drag [20].

Table 3. The projection area of the cells before and after the action of the flow.

Incubation time, hours

Cell projection area, μm2

τ0, PaBefore flow action After flow action
5 225.3 ± 62.7 219.7 ± 35.4 5.11

218.3 ± 30.6 7.54
211.4 ± 40.4 15.1
201.2 ± 35.1 15.1
190.7 ± 37.2 34.93
180.4 ± 39.9 69.86

24 340.0 ± 92.8 217.9 ± 41.4 5.11
214.6 ± 34.7 7.54
207.8 ± 42.0 15.1
190.0 ± 39.9 15.1
178.6 ± 38.7 34.93
171.9 ± 43.5 69.86

168 380.1 ± 103.2 213.8 ± 41.3 5.11
208.1 ± 40.8 7.54
198.5 ± 42.7 15.1
182.2 ± 43.9 15.1
168.8 ± 38.9 34.93
161.4 ± 39.6 69.86

Figure 4. The images of cell-free region edge after different action time of flow on the cells. The cells were 
incubated for 168 h, τ0 = 5.11 Pa. Bar 50 μm.
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Comparing the data of Tables 2 and 3 it can be seen that more spread cells (after a long 
incubation time) were more strongly attached to the surface within the interval of initial 
shear stresses 5.11–15.1 Pa. But when the initial shear stress was equal to 69.86 Pa the more 
spread cells detached at the smaller values of critical shear stress, as it has already been noted 
above. It is consistent with data of the article [11].

Earlier detachment of more spread cells can be explained by the fact that the total area 
of focal adhesions of cells can reach 4% of the total area of the cell membrane [21]. The 
contact area of the cell with the substrate in more spread cells must be larger than in the 
less spread cells. Therefore, assuming that all cell adhesive receptors are collected in cells in 
the contact region with the substrate then the specific area of focal contacts (a ratio of focal 
contacts area to cell projection area) in the more spread cells will be smaller than in the less 
spread cells. This may result in less effort for the detachment of such cells from the substrate.

4.  Conclusions

The SPEV cells with a long incubation period on the glass substrate can keep stronger on it 
in the range of low initial shear stresses, but at a high initial shear stress these cells detached 
from the substrate at lower values of critical shear stress.

The longer incubation time of cells on the substrate was before the experiment the longer 
flow action time on the cells was required to achieve the critical radius.

At high initial shear stresses after a long-term action of the flow on the cells the critical 
shear stress becomes smaller at the detachment of cells that were incubated on the substrate 
for a longer period of time.

At the increase of flow action time on the cells the amount of detached cells increases 
and the shear stress that is necessary for their detaching decreases.

The larger initial shear stress is the smaller number of cells detach from the substrate.
At the decrease of channel height in the radial-flow chamber the critical radius, the full 

detachment time and the critical shear stress decrease too.
The critical shear stress can only be a comparative parameter if studies are carried out 

in a chamber with the same channel height, and flow rate.
During each experiment the cells which have the large projection area are detached in 

the first place.
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