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Red blood cells (RBCs) are able to interact and communicate with endothelial cells (ECs). Under
some pathological or even normal conditions, the adhesion of RBCs to the endothelium can be
observed. Presently, the mechanisms and many aspects of the interaction between RBCs and ECs
are not fully understood. In this work, we considered the interaction of single RBCs with single
ECs in vitro aiming to quantitatively determine the force of this interaction using laser tweezers.
Measurements were performed under di®erent concentrations of proaggregant macromolecules
and in the presence or absence of tumor necrosis factor (TNF-�) activating the ECs. We have
shown that the strength of interaction depends on the concentration of ¯brinogen or dextran
proaggregant macromolecules in the environment. A nonlinear increase in the force of cells
interaction (from 0.4 pN to 21 pN) was observed along with an increase in the ¯brinogen con-
centration (from 3mg/mL to 9mg/mL) in blood plasma, as well as with the addition of dextran
macromolecules (from 10mg/mL to 60mg/mL). Dextran with a higher molecular mass (500 kDa)
enhances the adhesion of RBCs to ECs greater compared to the dextran with a lower molecular
mass (70 kDa). With the preliminary activation of ECs with TNF-�, the force of interaction
increases. Also, the adhesion of echinocytes to EC compared to discocytes is signi¯cantly higher.
These results may help to better understand the process of interaction between RBCs and ECs.
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1. Introduction

Endothelial cells (ECs) are the cells that line the
interior surface of blood arteries, veins and

capillaries. ECs interact directly with blood cells:

platelets, leukocytes and red blood cells (RBCs).

Many hemorheological disorders in the human body
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are accompanied by increased adhesion of blood
cells both to each other and to the vascular endo-
thelium. In a number of diseases, for example dia-
betes mellitus, an increase in the forces of
interaction of RBCs with each other is observed,
which leads to an accelerated growth of RBCs
aggregates and to an increase in blood viscosity and
a decrease in its °uidity.1,2 One consequence of this
pathologic condition is the formation of blood clots
in the vessels.3 In this case, blood cells interact
stronger with ECs attaching to them.4–6 An im-
portant role of the adhesion process is played by the
endogenous molecular components of the blood in-
volved in the interaction of cells. One of the most
important of them is ¯brinogen.7 An increased
content of ¯brinogen leads to changes in the rheo-
logical properties of blood due to an increase in
plasma viscosity, aggregation of RBCs and throm-
bus formation. Also, ¯brinogen in°uences the elas-
ticity of blood vessels and the integrity of the ECs
layer.8,9 It is known that in diabetes mellitus and
coronary heart diseases the content of ¯brinogen in
the blood increases. Fibrinogen as the high molec-
ular mass adhesive protein in blood plasma also is a
marker of in°ammation.10,11 Polymerizing during
the formation of blood clots, ¯brinogen forms a ¯-
brin network that binds blood cells and the vascular
endothelium. Also, the adhesion of blood cells can
be in°uenced by exogenous antiaggregants and
proaggregants such as polysaccharide dextran of
di®erent molecular masses, which are often used in
clinical and experimental medicine.12,13

Presently, the mechanisms of adhesion of blood
cells to each other and to the vascular endothelium,
in particular during thrombus formation, are not
fully understood.14,15 The quantitative measure-
ment of the forces of cells adhesion is of great im-
portance for the study of the mechanisms of their
interaction.

Among many substances leading to endothelial
dysfunction, tumor necrosis factor alpha (TNF-�)
plays a central role. TNF-� is involved in the early
stages of in°ammation.16 Elevated levels of in°am-
matory TNF-� are often present in conditions as-
sociated with cardiovascular risk. One of the
consequences of an increased level of the cytokine
TNF-� is the expression of adhesion molecules.17

TNF-� can lead to apoptosis of ECs, as well as the
generation of reactive oxygen species and nitric
oxide.18–20

In this work, the strength of the interaction
between RBCs and individual ECs was measured
under various conditions in vitro using laser twee-
zers (LT) that make it possible to characterize the
interaction of the cells without mechanical contact.
In order to ensure the minimization of the heating
and photodamage e®ect of laser radiation on the
live cells, the laser wavelength was chosen corre-
sponding to the near infrared range, which is char-
acterized by the minimum absorption by the
cells.21,22

Under physiological conditions, i.e., in the
human body, RBCs interact not with single ECs
and not in stationary state, but with a monolayer of
ECs in °ow. The present study is a preliminary
stage designed to demonstrate the possibility of
quantitative measurement of the interaction forces
between RBCs and ECs in order to determine the
force ranges under the in°uence of various factors.
In this work, we do not claim the physiological
relevance of measurements with individual cells. In
future, we plan to make measurements with
monolayers of adherent ECs.

2. Materials and Methods

2.1. Red blood cells

The experiments were performed with blood drawn
from 10 healthy donors 20–30 years old (average age
of 24 years) and 15 patients su®ering type 2
diabetes mellitus (T2DM) 24–83 years old (average
age of 58.4 years). The patients were enrolled in the
cardiology department of Medical Scienti¯c
Educational Centre (MSEC) of M.V. Lomonosov
Moscow State University. Measurements were per-
formed with fresh whole blood samples, drawn from
the cubital veins and collected into vacuum con-
tainers with EDTA K2 (2-substituted potassium
salt of ethylenediaminetetraacetic acid) at a con-
centration of 1.5mg/mL to exclude blood clotting.
The RBCs were separated from the whole blood as
follows: 2mL whole blood samples were centrifuged
(Eppendorf MiniSpin, Germany) at 180� g for
10min, and the plasma was removed using a
microsampler. To obtain plasma without platelets
and leukocytes, it was additionally centrifuged at
3000� g for 10min. Platelet-free plasma was used
as the main RBC suspension medium in LT
experiments. The RBCs were diluted in platelet
poor plasma in a ratio of 1:1000. With this dilution,
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the distance separating the nearby noninteracting
cells is large enough to ensure the absence of their
e®ect on the measurement process. The prepared
sample was placed into a minicuvette specially
designed for the measurements with LT as de-
scribed herebelow in Sec. 2.4.

In our experiments, we used 2 types of RBC:
RBC with regular shape (discocytes) and irregular
shape (echinocytes). Echinocytes can be found in
in vitro conditions under normal after changing ion
concentration in the cell environment and after
some pathologies, e.g., T2DM.23 In most of our
experiments, we used discocytes from the blood of
healthy volunteers and echinocytes from the blood
of patients su®ering T2DM.

2.2. Endothelial cells

Human umbilical vein endothelial cells (HUVEC)
were provided by the unique scienti¯c installation
\Collection of cell cultures" of the Center for Col-
lective Use of the Koltzov Institute of Develop-
mental Biology of Russian Academy of Sciences.
Only the cells of 3–6 passages were used for the
experiment. In the sample cuvette, the individual
ECs adhered to the bottom and thus were immo-
bile. Tumor necrosis factor-alpha (TNF-�) was
added to the medium in concentration 20 ng/mL
one day before the experiment to simulate the in-
°ammation under experimental conditions.

2.3. Laser tweezers

In order to measure the interaction forces of single
RBCs with individual ECs without mechanical
contact, we used home-made LT,24–27 in which the
Nd:YAG laser (Shanghai Dream Lasers Technolo-
gy) with a wavelength of 1064 nm was implemented.
The power of the initial 500mW laser beam with
the Gaussian intensity pro¯le after passing through
the entire optical system was reduced to 0–27mW
in its waist. Then the beam passed through a
polarizer for controlling its power and a beam ex-
pander that is needed for the objective lens to focus
the beam into a spot of the smallest diameter. Then
the beam entered the system, which is an optical
microscope equipped with a 100�water-immersion
type objective with a numerical aperture NA ¼ 1:0
and a working distance of 1mm (Olympus LUM-
PlanFl). The beam focused by the objective
was several micrometers in diameter at the waist.

The working distance of focusing is selected so
that the beam waist could be freely moved in-depth
of the cuvette. From the back side, the cuvette was
illuminated by a LED so that the transmitted light
would impinge the DCC1645C CMOS camera
(Thorlabs) connected to a personal computer, and
the image of the cuvette with the cells would be
displayed on the monitor screen. A dichroic mirror
located between the lens and the camera is needed
to prevent the re°ected laser radiation from enter-
ing the camera. A power meter located next to the
dichroic mirror (not shown in Fig. 1) makes it
possible to correlate the power of the beam and the
corresponding forces of cells interaction. The sample
cuvette was placed onto a three-dimensional object
stage thus allowing for a change of the position
of the trapping beam in three coordinates x, y, z.
A simpli¯ed layout of the experimental setup is
shown in Fig. 1.

2.4. Cuvettes for laser tweezers

In the experiments, we used home-made cuvettes
consisting of subject and cover glasses. Two layers
of double-sided sticky tapes were placed onto the
subject glass, forming a microchannel of 100�m
height. A cover glass was placed on the top of the
subject glass and sticky tapes. RBCs and ECs sus-
pended in blood platelet poor plasma were admin-
istered into the cuvette immediately before
measurements. In this case, single ECs settled on
the bottom of the cuvettes and single RBCs could
be trapped with LT and set in motion relative to
ECs. The storing of the cells before the measure-
ments lasting not longer than 1 h and the mea-
surements themselves lasting not longer than 30min

Fig. 1. Simpli¯ed layout of the experimental setup. The beam
from the Nd:YAG laser is fed to an optical microscope equipped
with a 100�water-immersion type objective with a numerical
aperture NA ¼ 1:0 and a working distance of 1mm. The sample
solution consists of washed RBCs and single ECs at low
concentration.
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each and not longer than 3 h all together were
carried out at room temperature.

2.5. Laser tweezers calibration

LT calibration is necessary to relate the force of
optical trapping an individual cell with LT and the
power of the radiation incident onto the cell.28,29

The force of viscous friction (drag force) was used as
a calibration force, which depends on the speed of
cell movement in the liquid environment according
to the Stokes law30:

Fdrag ¼ �6K��a�: ð1Þ
Here, � ¼ 1:7�Pa � s — the dynamic viscosity of

blood plasma, a — the characteristic size of the
RBC (the size ranges 6–10�m), � — the RBC speed
of movement relative to stationary plasma in the
cuvette, K — correction factor accounting for the
nonsphericity of RBC, which is calculated using
numerical simulation.31,32 The characteristic size of
RBC is calculated from the image captured by the
camera. For each given trapping beam power, the
speed is determined, at which the RBC is pulled out
of the trap by the drag force. Then, according to
Stokes's law, this force is calculated, which is as-
sumed equal to the optical trapping force.

The correction factorK is calculated on the basis
of the ellipsoidal shape of RBC and supposed that
the major and minor axes of the ellipsoid, which
mimics the cells shape are equal to a and b:

K ¼
8
3 ð� 2 � 1Þ

�ð3� 2�2Þ
ð� 2�1Þ 12

ln½ð� 2 � 1Þ 1
2 þ �� � �

� ¼ a

b

� �
: ð2Þ

This calibration method is convenient because it
is based on a linear relationship between the optical
trapping force and the speed of movement of an
RBC. To arrange the free movement the RBC at
di®erent speeds relative to the plasma, a system
with a built-in stepping motor connected to the
movable stage was used. In our experiments,
the calibration was carried out each time before the
experiment. A typical calibration curve is shown
in Fig. 2.

2.6. Interaction force measurements

Measurements of the interaction forces between
individual RBCs and individual ECs were carried
out according to the following protocol: we searched

visually for a single EC stuck to the bottom of the
cuvette with a single RBC adherent to it. Then
under minimal laser power we trapped this RBC
with the laser beam and manipulated it aiming to
tear it o® from the EC. If the laser power was not
su±cient to tear o® the RBC, we gradually in-
creased the laser beam power until the trapping
force su±ced to disattach the cells. (Fig. 3). The
value of this force was de¯ned as the interaction
force between the RBC and the EC. Within one
experiment, this procedure was repeated with 10–12
pairs of cells. For more detailed information about a
similar procedure of measuring the force of inter-
action between individual RBCs, please refer to an
earlier work of our laboratory.2

2.7. Reagent treatment

In order to test the hypothesis about the e®ect of
¯brinogen on the adhesion of RBC to EC,33,34 we
added human ¯brinogen (Sigma, Life Science) to
the platelet poor plasma solution with cells at the
concentration varying in the range of 3–9mg/mL
5min before the measurements. It should be noticed
that in human body the normal range of ¯brinogen
concentrations is from 2mg/mL to 4mg/mL. While
in some diseases in particular at hyper¯brinogenia
and COVID 19, this concentration can reach higher
values up to 9mg/mL.35

The e®ect of dextran on the adhesion of RBC to
EC was also investigated. We used dextran (Sigma,
Life Science) with the molecular mass of 70–500 kDa
at the concentration of 20–60mg/mL. Before
starting the measurements, the cells were incubated

Fig. 2. Typical calibration curve for the LT.
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in platelet poor plasma at various dextran con-
centrations for 30min.

2.8. Statistical analysis

Measurements of the force of interaction of the cells
for each sample were carried out with at least 10
pairs of di®erent RBCs and ECs, and the results
were averaged. In Figs. 4–10, the mean values of the
measured parameters and standard deviations from
the mean values are shown.

3. Results and Discussion

The application of LT made it possible to measure
the interaction forces between individual RBCs and
ECs (non-activated or pre-activated with TNF-�).

In our study, we have ¯rst compared the inter-
action forces measured between individual dis-
cocytes and echinocytes from the blood of healthy
volunteer and ECs. We have found no statistically
signi¯cant di®erence between discocytes and echi-
nocytes. Only slight increase in the measured force
value characteristic of echinocytes can be observed
at high ¯brinogen concentration value, see Fig. 4.
However, in case of discocytes in blood of patients
su®ering from T2DM the force of the interaction of
echinocytes was signi¯cantly higher.

This is why we used discocytes from the blood of
healthy volunteers and echinocytes from the blood
of patients su®ering T2DM.

The results plotted in Fig. 5 show that an in-
crease in the ¯brinogen concentration enhances the
adhesion of normal RBCs (discocytes) to nonacti-
vated ECs in a nonlinear way. In case of ECs in-
teraction with discocytes without preactivation, the
interaction force at the maximum used concentra-
tion (9mg/mL) equaled to 10:5� 1:5 pN. Pre-
activation of ECs with TNF-� does not signi¯cantly
a®ect the adhesion of RBCs: at the ¯brinogen con-
centration of 9mg/mL, the interaction force was
11:7� 2:1 pN. The blood of diabetic patients was
used in order to assess the e®ect of the shape of
RBCs on the cells interaction strength. A signi¯cant
amount of altered RBCs, echinocytes, was found in
the T2DM patients' blood. These cells were selected
for the measurements, which showed that an in-
crease in the ¯brinogen concentration in the sample
had a greater e®ect on the interaction force during
the adhesion of echinocytes to ECs than discocytes.
Thus, at the maximum used concentration of ¯-
brinogen in the sample, the force of the interaction
between echinocytes and ECs is 14:2� 2:2 pN,
while in the case of discocytes it was 10:5� 1:5 pN

Fig. 4. Comparison of the dependencies of the interaction
force between individual discocytes and echinocytes from the
blood of healthy volunteer and ECs on the concentration of
¯brinogen.

(a) (b) (c)

Fig. 3. The stepwise procedure of measuring the interaction force between individual RBC and individual EC: (a) an RBC
adherent to an EC is trapped with the laser beam; (b) the beam power is stepwisely increased and the RBC is manipulated but the
trapping force does not su±ce to tear the RBC o® from the EC; (c) under certain beam power the trapping force is su±cient to tear
the RBC o® from the EC.
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as stated above. Preactivation of ECs results in the
stimulation of the interaction of echinocytes and
ECs but not statistically signi¯cant: compare 15:4
�2:6 pN for echinocytes with activated ECs and
14:2� 2:2 pN for echinocytes with nonactivated
ECs. Thus, altered RBCs of diabetic donors have
greater capacity of interaction with ECs.36–38

According to these results, we can presume that the
blood cells of diabetic donors may have stronger
interaction also with vascular endothelium of the
blood vessels in vivo.

The next task was to assess how dextrans with a
molecular mass of 70–500 kDa a®ect the forces of
interaction between individual RBCs and ECs.

In the case of adding the 70 kDa dextran solution
in concentration increasing from 20mg/mL to
60mg/mL to the suspension of echinocytes, their
force of interaction with preactivated ECs increases
almost linearly and amounts to a maximum of 0:8�
0:1 pN. At the low dextran concentrations of
70 kDa, the interaction forces for di®erent condi-
tions are very small and close to zero. The di®erence
between activated and non-activated ECs for echi-
nocytes was 0:08� 0:06 pN. When comparing

discocytes and echinocytes, the di®erence in
interaction forces with preactivated ECs was 0:3�
0:09 pN.

The next task was to assess how the adhesion of
individual RBCs to ECs depends on the molecular
mass of dextran. For this purpose, we carried out
the experiments with dextrans of molecular masses
from 150 kDa to 500 kDa (Figs. 7–10).

With the addition of 150 kDa dextran, the in-
teraction forces increase in comparison with 70 kDa
dextran (at the dextran concentration of 60mg/mL
for echinocytes, the interaction force was 1:38�
0:12 pN). Similar to the situation with 70 kDa dex-
tran, the interaction forces are close to zero at low
concentrations (at 10mg/mL, the interaction force
was 0:55� 0:05 pN). The di®erence between acti-
vated and nonactivated ECs for echinocytes was 0:
07� 0:1 pN.When comparing the cases of discocytes
and echinocytes, the di®erence in interaction forces
with preactivated ECs was equal to 0:4� 0:1 pN.
For discocytes, a saturation dependence was ob-
served at high dextran concentrations (Fig. 7).

The force of cell interaction for 280 kDa dextran
increased with the growth of the dextran

Fig. 5. Comparison of the dependencies of the interaction
force between individual RBCs and ECs on the concentration of
¯brinogen for cases without and with preactivation of ECs with
TNF-�, as well as for di®erent forms of RBCs (discocytes/
echinocytes). Red squares indicate a case without preactivation
and discocytes. The case without preactivation and echinocytes
is indicated by the blue circles. Results obtained in the case of
preactivation and echinocytes/discocytes are indicated by
green/yellow triangles correspondingly. Each point on the
graph corresponds to the average force of interaction of di®er-
ent individual RBCs with di®erent individual ECs based on 10–
12 measurements.

Fig. 6. Comparison of the dependencies of the interaction
force between individual RBCs and ECs on the concentration
of dextran with the molecular mass of 70 kDa for cases without
and with preactivation of ECs with TNF-�, as well as for dif-
ferent forms of RBCs (discocytes/echinocytes). Red squares
indicate a case without preactivation discocytes. The case of
preactivation and discocytes is indicated by yellow triangles. A
case without preactivation and echinocytes is indicated by blue
circles. Results obtained in the case of preactivation and echi-
nocytes/discocytes are indicated by green/yellow triangles
correspondingly. Each point on the graph corresponds to the
average force of interaction of di®erent individual RBCs with
di®erent individual ECs based on 10–12 measurements.
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concentration and amounted to 11� 1 pN with
activated EC and echinocytes (Fig. 8). The di®er-
ence between activated and nonactivated ECs for
echinocytes was 0:3� 0:1 pN. When comparing
discocytes and echinocytes, the di®erence in inter-
action forces with activated EC was 3� 1 pN.

When 500 kDa dextran was added to the plasma
solution, the interaction force between RBCs and
ECs turned out to be signi¯cantly higher than in the
case of 70 kDa dextran (at 9mg/mL, the interaction
force was 21:0� 0:7 pN), which corresponds to the
nonlinear nature of the force growth with increasing
dextran concentration (Fig. 9). At the highest
concentrations of 500 kDa dextran, the available
laser beam power was not su±cient to separate the
adhered ECs and RBCs. The di®erence between
activated and non-activated ECs for echinocytes
was 1:2� 0:7 pN. When comparing discocytes and
echinocytes, the di®erence in the interaction forces
with activated ECs was 6:0� 1:5 pN. In this case,
saturation was not observed, and a further increase
in the dextran concentration was meaningless due
to the excessive dose of the substance in the plasma.

Based on the obtained data, Fig. 10 represents
the dependence of the force of interaction between
echinocytes and ECs on the molecular mass of
dextran at its ¯xed concentration of 40mg/mL.

The graph shows a nonlinear increase in the force
of cell interaction along with the increase in the
molecular mass of dextran. This indicates the e®ect
of the molecular mass of dextran on the ability of
the dextran molecule to adsorb on the cell mem-
branes. In the ¯rst approximation, such a depen-
dence can be approximated by a power function.

The alternative technique for measuring inter-
action forces between live cells is Atomic force mi-
croscopy (AFM). Thus, using the method the force
of interaction between ¯brinogen as the bringing
molecules and RBC membrane was measured and
found ranging from 20 pN to 130 pN.39,40 The same
technique was used to measure the adhesion be-
tween two RBCs.41,42 It should be noted that this
range of forces is beyond that obtained in our
measurements.

The interaction of RBC and EC is mediated by a
number of factors including von Willebrand factor

Fig. 8. Comparison of the dependencies of the interaction
force between individual RBCs and ECs on concentration of
dextran with the molecular mass of 280 kDa for the cases
without and with preactivation of ECs with TNF-� as well as
for di®erent forms of RBCs (discocytes/echinocytes). Red
squares indicate a case without preactivation and discocytes.
The case of preactivation and discocytes is indicated by yellow
triangles. The case without preactivation and echinocytes is
indicated by blue circles. Results obtained in the case of pre-
activation and echinocytes/discocytes are indicated by green/
yellow triangles correspondingly. Each point on the graph
corresponds to the average force of interaction of di®erent in-
dividual RBCs with di®erent individual ECs based on 10–12
measurements.

Fig. 7. Comparison of the dependencies of the interaction
force between individual RBCs and ECs on concentration of
dextran with the molecular mass of 150 kDa for cases without
and with preactivation of ECs with TNF-�, as well as for dif-
ferent forms of RBCs (discocytes/echinocytes). Red squares
indicate a case without preactivation and discocytes. The case
of preactivation and discocytes is indicated by yellow triangles.
A case without preactivation and echinocytes is indicated by
blue circles. Results obtained in the case of preactivation and
echinocytes/discocytes are indicated by green/yellow triangles
correspondingly. Each point on the graph corresponds to the
average force of interaction of di®erent individual RBCs with
di®erent individual ECs based on 10–12 measurements.
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and syalic group on the RBC membrane.43,44 How-
ever, we did not discuss them in our paper because
we did not make measurements involving them.

A variety of other intercellular adhesion mole-
cules are expressed on ECs, which, among other
things, can bind both polysaccharide molecules
(such as dextrans) and glycoproteins-like ¯brino-
gen. Such molecules include, for example, the ICAM
family of receptors,11 complexes CD147,45 integrin
complexes IIbIIIa,46 and many others. It is also
known that both dextran and ¯brinogen are sorbed
on RBCs.46,47 Since bridging is based on the ad-
sorption of macromolecules on the surface, this
mechanism cannot be ruled out. But the depleted
layer also takes place.48 In the blood plasma, in
addition to ¯brinogen, there are many components
that di®er in structure and molecular weight (al-
bumin, globulins). They are also able to in°uence
the interaction of the cells with each other, despite
the fact that the mechanisms of their speci¯c
binding to the membrane have not yet been fully
investigated.49

4. Conclusion

Using LT, we measured the forces of the interaction
between individual RBCs and individual ECs in the
presence or absence of activator TNF-�, as well as
for di®erent shapes of RBCs (discocytes or echino-
cytes), and with the extra addition of proaggregant
macromolecules (¯brinogen and dextran) to blood
plasma. Our experiments showed that in all con-
sidered cases of ECs interaction with RBCs, the
interaction force raises along with increasing con-
centration of ¯brinogen and dextran. We showed
that an increase in the ¯brinogen concentration in
plasma leads to a nonlinear increase in the force of
interaction between RBCs and ECs. At low con-
centrations of ¯brinogen, the forces of interaction
are practically the same and the di®erence in the
values of the forces increases with increasing
concentration.

In experiments with dextran, a slight increase in
the interaction forces is observed with the addition
of dextran 70 kDa. The situation changes dramati-
cally when 500 kDa dextran is used. In this case, the
interaction forces signi¯cantly exceed those for
dextran 70 kDa and 150 kDa at the same concen-
tration. Alteration of the discoid RBCs shape leads
to a higher interaction force. Preactivation of ECs
with the TNF-� also results in an increase in their
force of interaction with RBCs. The largest

Fig. 9. Comparison of the dependencies of the interaction
force between RBCs and ECs on the concentration of dextran
with the molecular mass of 500 kDa for the cases without and
with preactivation of ECs with TNF-�, as well as for di®erent
forms of RBCs (discocytes/echinocytes). Red squares indicate
the case without preactivation and discocytes. The case of
preactivation and discocytes is indicated by yellow triangles.
The case without preactivation and echinocytes is indicated by
blue circles. Results obtained in the case of preactivation and
echinocytes/discocytes are indicated by green/yellow triangles
correspondingly. Each point on the graph corresponds to the
force of interaction of di®erent individual RBCs with di®erent
individual ECs based on 10–12 measurements.

Fig. 10. Dependence of the force of interaction between echi-
nocytes and preactivated ECs on the molecular mass of dextran
at a ¯xed concentration of 40mg/mL. Each point on the graph
corresponds to the force of interaction of di®erent individual
RBCs with di®erent individual ECs based on 10–12
measurements.
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interaction forces are observed in the case of inter-
action of ECs preliminarily activated with TNF-�
and echinocytes.

Our results give quantitative basis to the stud-
ies,50,51 in which the adhesion of echinocytes to ECs
was experimentally observed. Also, our results
quantitatively con¯rm the work,52 which showed
that this interaction can be increased if ECs are
activated with TNF-�.

Basing on the results obtained in our experi-
ments, we can speculate about what the two in-
vestigated agents are doing to promote adhesion.
With the dextrans, it looks like the observed adhe-
sion might be a colloidal depletion interaction while
with the ¯brinogen the adhesion mechanisms might
be a chemical bridging. Our further work will be
aimed at the more detailed study of the interaction
of various blood components with the EC mono-
layers under di®erent ways of EC activation. These
results could help us to better understand the pro-
cess of interaction between RBCs and endothelium
in vivo.
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