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Abstract. Blood microcirculation in human body is greatly dependent on the
microrheologic properties of red blood cells. The aim of this work is to
identify the relationship between the deformability of these cells and their
aggregation properties, both of which are the key factors for the blood flow.
Laser diffractometry, diffuse light scattering and laser tweezers were
implemented for invitro measurements. Different osmolarity of plasma
(150-500 mOsm/1) and concentrations of glutaraldehyde (up to 0.004%)
were used to change the deformability of healthy red blood cells in vitro. The
results show that with the cells becoming more rigid some aggregation
parameters (e.g. the fraction of aggregated cells) decrease, while some of
them (e.g. the hydrodynamic strength of the aggregate) stay unchanged. For
example, after incubation in 0.004% glutaraldehyde solution the erythrocyte
deformability drops by 19 + 2% and this leads to a decrease by 77 + 4% in
the aggregation index. This means that there is a connection between cell
deformability and the formation of the aggregates, however the relationship
is less pronounced and more complex for the disaggregation process.
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1 Introduction

The state of human organism largely depends on blood
microcirculation that, in turn, depends on the
microrheologic properties of red blood cells (RBCs), in
particular, the RBC intrinsic properties of deformability
and aggregation that some research [1] shows as
interdependent.

The RBCs have the ability to be deformed in the
blood flow. Usually they elongate in the direction of the
flow, but also, they can change their shape dramatically
in the vessels that are smaller than the size of the RBCs,
for example, capillaries with a 3 to 5 um radius [2]. A
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considerable contribution to the deformability comes
from the elasticity of the cell membrane, as well as from
the hemoglobin solution inside [3]. RBC deformability
plays a significant role in the blood circulation. In
particular, RBC filtering in narrow circulatory pathways
in the human spleen is based on their impaired
deformability [4].

Another important process that influences the blood
flow is the aggregation of RBCs [5]. It is a reversible
process of creation of linear and more complex
structures of RBCs. The aggregation happens
dominantly inside large vessels [5]. However, the
aggregates can become quite large themselves, and if
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not their ability to disaggregate to single cells, the blood
flow would be impaired.

Socially significant diseases such as arterial
hypertension, diabetes mellitus and others are associated
with serious changes in the RBC deformability [6, 7].
At the same time a significant change in the aggregation
parameters happens. For example, RBC aggregates in
the blood of patients suffering from arterial
hypertension are stronger and form faster than in the
blood of healthy people [8]. Moreover, these
pathologies are accompanied by an alteration in the
number of RBC involved in the process of spontaneous
aggregation [9]. This can be caused by many reasons: a
change in the protein composition of plasma, cell
membrane changes, different rigidity and age of the
cells, as well as the average patient age and their
medication, etc. [5].

The aim of this work is to study the effect of RBC
deformability on their aggregation properties using
optical methods in vitro. By establishing this
relationship, one can better predict the effect of drugs
such as Semax [10] on both of the discussed parameters.
Also, it is a small step towards understanding the RBC
aggregation process fundamentally.

2 Materials and methods

2.1 Blood samples

The blood was drawn from two healthy individuals who
gave informed consent. Blood was stabilized by EDTA
anticoagulant. The experiments were carried out within
3h after the sample collection. The RBCs were
separated from the plasma by centrifuging the sample at
170g for 10 min, then the plasma was centrifuged for 10
min at 3000g to remove the buffy coat. After that, two
treatments were used to change the deformability of
RBC. The first one included washing the RBCs thrice
with  isotonic phosphate-buffered saline (PBS),
incubating them in glutaraldehyde (GA) solutions in a
range 0 to 0.004% for 30 minutes at room temperature
(according to the protocol in Ref. [11]), washing them
three times in PBS again and then adding them to
plasma at 40% hematocrit. The second one included
mixing the plasma with PBS and NaCl in order to
achieve different osmolarities 150 to 500 mOsm/] and
then adding RBC at 40% hematocrit. Next, three optical
techniques described in more detail in the work [12]
were used to study the cells in vitro.

2.2 Laser tweezers

A part of the measurements was carried out with laser
tweezers using a highly diluted RBC suspension [13].
Two-channel optical tweezers based on a Nd:YAG laser
with diode pumping (4 = 1064 nm, 200 mW) allow us to
manipulate single cells and measure the forces of
interaction between them without a direct mechanical
contact [7]. Thus, numerical values of the forces of
aggregation and disaggregation on pairs of single RBCs
(doublets) were obtained. The aggregation force is the
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minimum force necessary to prevent spontaneous
aggregation and the disaggregation force is the
minimum force required to separate a pair of aggregated
RBCs. The measurements were performed at room
temperature.

2.3 Laser aggregometry

Laser aggregometry was performed using the RheoScan
aggregometer (Rheomeditech, Seoul, Korea) [14]. It is
based on diffuse light scattering and is applied to whole
blood samples in order to retrieve a number of the RBC
aggregation properties. By analyzing the scattered light
intensity as a function of time during the process of
RBC spontaneous aggregation we can evaluate the
aggregation index (Al), which characterizes the ratio of
aggregated cells during the first 10 sec of the
aggregation process [14]. Besides that, the critical shear
stress (CSS) that characterizes the balance of
aggregation and disaggregation processes was
measured. In order to do it, the blood flow conditions
were created in vitro with varying shear stress, and the
light scattered backwards was analyzed. The
measurements were performed at 37 °C.

2.4 Laser deformometry

Laser deformometry performed with the RheoScan
diffractometer was used to obtain the shear induced
deformation parameters of RBCs by processing the light
intensity distribution in the diffraction pattern [15]. This
pattern is based on diffraction of a laser beam on a
highly diluted RBC suspension in a flow channel
invitro. The dimensions of the channel are
0.2 mm high x 4.0 mm wide x 40 mm long. We
measured the RBC deformability index (DI) that
describes the average elongation of the cells by shear
stress illuminated by the laser beam induced. The
elongation of the cells corresponds to the elongation of
the diffraction pattern. Different shear stresses from
20 Pa to 0.5 Pa are applied to the RBC suspension in
order to change the shear stress and, consequently, the
elongation of the cells. Shear stress is calculated
automatically assuming a parabolic velocity profile
[11]. The measurements were performed at 37 °C.

2.5 Statistical analysis

This study was conducted on the blood of 2 healthy
donors. The values of AI, DI and the forces of RBC
interaction were measured 5 times for the same sample.
The results were then averaged and the standard
deviations from the mean values were calculated.

3 Results and discussion

3.1 RBC deformability changes

The RBC deformability changes are presented in the
Fig. 1. Firstly, results in the Fig. 1a show a decrease in
the deformability index with the increase of GA
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concentration that corresponds to the conclusions from
the study [16]. The deformability of all GA treated
samples is lower than that of the control sample. The
deformability index at the highest shear stress of 20 Pa
of the sample with maximum GA concentration
(0.004%) is 16 + 2% lower than the control. For shear
stresses less than 6 Pa the relationship is not that clear.
This can happen because the viscosity of the cytoplasm
inside of the cell plays a role in the deformability at
sufficiently high shear stress. As discussed in Ref. [17]
GA cross-links the proteins inside the cells. In the study
[18] the authors present a dependence of RBC
deformability for different GA concentrations measured
with ectacytometer LORRCA. It shows a conclusive
decrease of deformability in the samples treated with
GA at high shear stress similar to that in Fig 1a.
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Fig. 1 The deformability index as a function of the shear
stress (a) at different glutaraldehyde concentrations and
(b) at different osmolarities. The values were measured
5 times for each donor. The averaged values for two
donors and the standard deviations from the mean are
presented.

Secondly, in a separate experiment, the osmolarity
of the suspension was also shown to influence RBC
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deformability as seen in Fig. 1b. The normal osmolarity
of plasma of two healthy volunteers was measured to be
300 mOsm/l. We found that the deformability curve
corresponding to the normal osmolarity level does not
lie above all other curves, and even at 20 Pa the DI
control value is similar to that of 200 and 250 mOsm/I1.
However, any significant upward or downward
variations of osmolarity decrease the RBC deformability
dramatically. A similar dependence is described in the
following work [19]. A more complicated relationship
between osmolarity and deformability is discussed in
Ref. [20], where the authors show that the deformability
of RBC actually rises again at around 100 mOsm/1.

3.2 RBC aggregation changes

The results obtained by laser aggregometry for the
samples treated with GA are shown in Fig. 2. The
aggregation index significantly drops for samples with
low DI, which corresponds to high GA concentration.
Namely, the control measurement (0% GA) yields DI
equal to 0.522 +0.006 and Al equal to 39 +4%. For
0.004% GA  concentration DI decreases to
0.426 £ 0.006 and Al decreases to 9 + 3%. This means
that at high GA concentrations the process of
spontaneous aggregation almost stops.

The CSS parameter (Fig. 2b) remains unchanged at
160 + 40 mPa for all DI levels without any significant
differences due to the large deviations of its values. On
the one hand, the balance of aggregation and
disaggregation in flow conditions obviously depends on
the aggregability of RBC, but on the other hand, this
method measures the hydrodynamic strength of the
aggregates, not their number in the sample. Article [21]
suggests that membrane deformability does not
influence the aggregate break-up in steady uniform
shear flow. Also, the difference between the
deformability of interacting RBC within one sample can
explain large deviations. The following computer model
[22] based on the depletion theory of RBC aggregation
shows that cells with different deformabilities have a
reduced aggregating tendency in shear conditions.

For the samples suspended in different osmolarities
the laser aggregometry method shows similar results
(Fig. 3a). Lower deformability corresponds to smaller
aggregation index. No statistically significant influence
of the deformability on CSS was found.

However, more intriguing results are presented on
Fig. 3b. The effect of osmolarity (250 to 500 mOsm/1)
on the forces of interaction between RBC in a doublet is
more pronounced. The forces are presented in relative
units, normalized to the aggregation force with an
osmolarity of 300 mOsm/l. This graph clearly shows a
decrease in aggregation force at low deformability. At
the same time, the disaggregation force also decreases,
but very slightly. In the sample with low osmolarity of
250 mOsm/l, the force values are not significantly
different from those in the 300 mOsm/l sample. This
shows that the disaggregation process is less responsive
to changes in the deformability of RBC.
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Fig. 2 (a) The aggregation index and (b) critical shear
stress as functions of the deformability index for
different glutaraldehyde concentrations (labeled). The
values were measured 5 times for each donor. The
averaged values for two donors and the standard
deviations from the mean are presented.

To sum up, the parameters describing the formation
of aggregates (aggregation index and force) decrease
significantly for less deformable RBCs. However, the
parameters describing the aggregates destruction
(critical shear stress and disaggregation force) do not
show a strong dependence on the deformability of
RBCs. Both of these processes are complex and depend
not only on the RBC properties, but also on the
composition of the surrounding plasma. It was found
that the hydrodynamic strength of the aggregates
increases along with simultaneous reduction of RBC
deformability and elevation of fibrinogen levels [23].
Research [13] performed with laser tweezers shows that
the disaggregation process in large part can be described
with a migrating cross-bridging mechanism of cell
interaction, while the description of RBC aggregation
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requires additional factors. Nevertheless, further study
with different methods is needed to assess the synergetic
effects of protein concentration, deformability and
others on aggregation of RBCs.
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Fig. 3 (a) The aggregation index and (b) forces of
aggregation and disaggregation as functions of the
deformability index for different osmolarities (labeled).
The values were measured 5 times for each donor. The
averaged values for two donors and the standard
deviations from the mean are presented.

4 Conclusion

Firstly, the method of laser diffractometry confirmed
that with addition of glutaraldehyde and with a large
change in the osmolarity of the solution, red blood cells
become more rigid. Secondly, the methods of laser
aggregometry and laser tweezers gave consistent results:
with the decreased ability of red blood cells to deform
the formation of aggregates becomes impaired.
However, the critical shear stress and the disaggregation
force remain mostly unchanged. This means that the
RBC aggregate formation is dependent on the
deformability of the membrane, while the connection to
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disaggregation is less pronounced and more complicated
in nature.

These results confirm the existence of a complex
relationship between the selected microrheologic
parameters of blood, and it is necessary to study
thoroughly this relationship and keep it in mind when
diagnosing and treating various cardiovascular diseases.
Of course, these findings are valid only for in vitro
conditions. Further experiments are needed to correlate
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