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Red blood cell (RBC) aggregation as well as their deformation signi¯cantly a®ects blood
microrheology. These processes depend on various factors, one of which is concentration of the
nitric oxide, one of the main signaling molecule in the bloodstream. The purpose of this study was
to investigate the e®ect of nitric oxide on the microrheological properties of red blood cells
(RBCs) in RBC samples of various media after the addition of nitric oxide donor sodium
nitroprusside in vitro. Microrheological properties were measured using laser aggregometer and
ektacytometer based on di®use light scattering and di®raction of laser light on a suspension of
RBCs, respectively. The study found that heparin-stabilized blood showed increased RBC
aggregation and deformation with sodium nitroprusside concentrations of 100, and 200�M, while
EDTA-stabilized blood showed slightly decreased aggregation and unchanged deformation. With
washed RBCs in dextran solution, the addition of sodium nitroprusside (in the concentrations of
100, and 200�M) resulted in decreased aggregation and increased deformation. These ¯ndings
aid in our understanding of nitric oxide's e®ect on RBC microrheological properties.

Keywords: Sodium nitroprusside; nitric oxide; red blood cells; RBC aggregation; di®use light
scattering; laser di®ractometer.
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1. Introduction

Blood consists of blood plasma, and blood cells,
among which red blood cells (RBCs) predominate.
RBC is a nucleus free and highly deformable cell. RBC
has a shape of biconcave disc about 8�m in diameter
in the nonpathological state.1 The primary function of
RBCs is the transport of oxygen from the lungs to the
tissues, and the transport of carbon dioxide and
metabolic products in the opposite direction.2 But
there are other crucial functions in which RBCs play
an important role such as blood clotting,3 immune
response,4 and blood microrheology.5

Blood microrheology is mainly conditioned by
RBC reversible aggregation, and deformation. These
processes depend on a variety of endogenous, and
exogenous factors, respectively, cellular, and media
factors.5–7 Under in vivo conditions, RBC aggrega-
tion, and deformation are regulated by various sig-
naling mechanisms, including those involving
signaling molecules, i.e., gasotransmitters.8,9 In the
bloodstream, one of the most important signaling
molecules is nitric monoxide (NO). It is an unstable
radical with a lifetime of about 100ms and in vivo it is
mostly secreted by the endothelial NO synthase.10

Regarding NO secretion, there are two groups of
substances: compounds that releaseNO spontaneously
(e.g., sodium nitroprusside) and those that require
enzymatic metabolism to generate NO (e.g., L-Argi-
nine).11 As far as there is nitric oxide synthase in RBC,
both groups of NOdonors can a®ect RBCproperties.12

The e®ect of NO donors, i.e., sodium nitroprus-
side (SNP), and L-Arginine, on the microrheological
properties of RBCs has been investigated in vitro in
a number of studies.9,13–16 In these studies, it was
shown that the deformability of RBC increases, and
RBC aggregation diminishes under the in°uence of
NO donors. It is a fair point to mention that RBC
aggregation and RBC deformation was estimated in
dextran solutions or highly diluted solutions.

In the literature, there is some evidence that the
mechanisms of RBC aggregation as well as RBC de-
formation in blood plasma di®er from the dextran
solutions.5,17 Mainly, it is assumed that RBC
aggregation in blood plasma is more complex than in
solution of arti¯cial macromolecules, e.g., dextrans.18

For in vitro studies of RBC aggregation, it is neces-
sary to establish which anticoagulant is preferred and
how it a®ects the measured parameters.

The aim of this study was to investigate the ef-
fect of nitric oxide on the microrheological

properties of RBCs in RBC samples, i.e., whole
blood stabilized with di®erent anticoagulants
(EDTA K3 or lithium heparin) or washed RBC re-
suspended in dextran solution (130 kDa), after the
addition of nitric oxide donor SNP at di®erent
concentrations.

2. Materials and Methods

2.1. Blood preparation

The blood for all measurements was drawn from the
cubital vein of 3 healthy male donors (22–25 years)
on an empty stomach. All volunteers gave informed
consent in accordance with the Declaration of Hel-
sinki and the study was approved by the Ethics
Committee of Medical Research and Educational
Center of M.V. Lomonosov Moscow State Univer-
sity (protocol No. 11/22 05.12.2022). Tubes for
blood samples contained EDTA K3 (1.2mg in 1mL
of blood) or lithium heparin (12–30 IU in 1mL of
blood) anticoagulants. All experiments were per-
formed within 6–7 h after blood sampling. The ag-
gregation, and deformation properties of RBC do
not undergo signi¯cant changes during this time.19

The measurements in whole blood and in dextran
solutions were conducted separately in di®erent
days (each donor gave blood twice for this study) to
maintain the blood storage period.

SNP (Sigma-Aldrich; CAS Number:13755-38-9)
was suspended in distilled water to the concentra-
tions in the range 5–100mM. The SNP solution was
added to the RBC samples in ratio 1:100 (1 part of
SNP solution, and 100 parts of blood) in order to
obtain the ¯nal concentrations 0, 50, 100, 200, and
1000�M. The control sample consists of 1 part of
distilled water, and 100 parts of the blood sample.

2.1.1. Whole blood samples preparation

SNP was added to the whole blood stabilized by
EDTA K3 or lithium heparin to obtain the follow-
ing SNP concentrations: 0, 50, 100, 200, and
1000�M. The incubation of whole blood with SNP
was conducted for 30min at 37�C before the
measurements.

2.1.2. Dextran RBC samples preparation

To obtain washed RBC in dextran solution
(130 kDa), the following steps were performed:
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(1) Whole blood in a volume of 1.5mL was poured
into 2mL tubes, and centrifuged for 10min at
180 g under room temperature (22�C). The
plasma layer with platelets was then removed
by pipetting.

(2) 1mL of PBS was added to the RBC volume,
then the tube was stirred well to make suspen-
sion homogeneous. Then RBCs were washed in
PBS for 3min at 1000 g under room tempera-
ture (22�C).

(3) A mixture of Ringer's solution, and Voluven's
solution (6% hydroxyethyl starch 130/0.4 in
0.9% sodium chloride) in the ratio 6:4 was
prepared. The ¯nal concentration of dextran
(hydroxyethyl starch) was 24mg/mL, and the
theoretical pH of the prepared solution was in
the range 6.5–6.7 pH. Washed RBCs were
added to the prepared solution until the he-
matocrit reached 40% just before the next step.

(4) SNP solution was added to the freshly prepared
sample to obtain the following concentrations:
0, 50, 100, 200, and 1000�M. The incubation of
blood sample with SNP was conducted for
30min at 37�C before measurements.

2.2. RBC aggregation and deformation

measurements

Measurements of aggregation, and deformation
parameters of RBC were assessed by di®use light
scattering20 and laser ektacytometry techniques
implemented in the RheoScan-AnD300 device
(RheoMedTekh, Republic of Korea).21,22

2.2.1. Di®use light scattering technique

RBC aggregation was quanti¯ed by the di®use light
scattering technique and several parameters were
measured using two types of disposable test chips:
RSD-K01 chip — micro-channel type allowing to
measure the hydrodynamic strength of RBC aggre-
gates, and RSA-C01 chip — allowing to measure
parameters of the spontaneous RBC aggregation.23

This method is based on the fact that RBCs and their
aggregates scatter light di®erently.24 Therefore, by
measuring the intensity of light scattered from blood
sample during spontaneous aggregation, the kinetic
of RBC aggregation is measured.

The typical kinetic of the measured intensity of
light scattered forward for RSA-C01 chip is
presented in Fig. 1. At the beginning of the

measurement, the RBCs were in a state of maxi-
mum aggregation, so the intensity of the scattered
light was also maximum. Then, the magnetic stirrer
breaks the aggregates, stops (point 0 on the time
scale), and the process of spontaneous aggregation
of RBCs begins. Aggregation index (AI) can be
calculated, which characterizes the RBC spontane-
ous aggregation in the ¯rst 10 s of the process.

Additionally, the RBC spontaneous aggregation
kinetic (see Fig. 1) was approximated by two expo-
nential functions (seeEq. (1)). Time of linear (�1), and
time of 3D aggregates (�2) formation were calculated:

IðtÞ ¼ A1 � exp� t
�1 þA2 � exp� t

�2 þ Io; ð1Þ
I is the intensity of forward scattered light; t is the
time; A1, A2, Io, �1, and �2 are the ¯tting parameters
for approximation.

For RSD-K01 chip, a whole blood sample was
placed into one of two reservoirs connected by a
200�m thick channel.23 The channel was illumi-
nated with a laser (635 nm) and back-scattered light
was detected. The initial moment of measurement is
characterized by a large pressure di®erence between
the two reservoirs of the cuvette, and therefore by
large shear stresses (see Fig. 2). As the blood °ows
through the channel, the RBCs begin to disaggre-
gate, i.e., the average size of the scattering particles
decreases, and the particles begin to scatter more
light at larger angles, resulting in an increase in
backscattered light intensity. As the pressure be-
tween the reservoirs gradually decreases, at some
point the RBCs begin to reaggregate, which leads to

Fig. 1. The forward scattered light intensity (I) as the func-
tion of time during RBC spontaneous aggregation. The expla-
nation of aggregation index (AI) calculation.
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an increase in the average particle size. Conse-
quently, the power of light scattered backward
decreases. The extreme value of the backscattered
light intensity vs. time function characterizes the
point in time when the aggregation, and disaggre-
gation processes are equal (see Fig. 2). The shear
stress corresponding to this extreme value is called
critical shear stress (CSS). It characterizes the
hydrodynamic strength of RBC aggregates.

2.2.2. Laser ektacytometry technique

Measurements of the RBC deformation were per-
formed using laser ektacytometry technique.25 It is
based on the analysis of the shapes of the di®raction
patterns from a highly diluted suspension of RBCs
moving in a shear °ow when they are illuminated by
a laser beam. When the RBCs elongate due to shear
stress in the °ux, the di®raction pattern elongates
almost in the same way in the perpendicular direc-
tion to the °ow and deformation index (DI) for a
certain shear stress can be calculated (Eq. (2)).25

Thus, it is possible to obtain a quantitative
characteristic of the ability of the cells ensemble to
deform as a function of shear stresses26:

DI ¼ A�B

AþB
; ð2Þ

where A is the long axis of the elongated di®raction
pattern; B is the short axis of the elongated
di®raction pattern.

Additionally, the dependence of DI on shear
stress was approximated in semi-log scale by linear
regression, which allowed for calculating the yield
strength and the RBC intracellular viscosity
(Fig. 3). In detail, the determination of RBC yield
stress and RBC intracellular viscosity using defor-
mation index measurements was described by
Firsov and coauthors.27 Brie°y, the change in the
RBC intracellular viscosity can be estimated by the
change in slope of the dependence of the DI on the
logarithm of the shear stress, and yield strength
characterizing the RBC membrane rigidity can be
judged from the intersection of the X-axis. The yield
strength corresponds to the minimum shear stress
required to initiate RBC deformation, and the RBC
intracellular viscosity corresponds to the viscosity of
the RBC contents (hemoglobin, etc.).

2.3. Statistical analysis

The parameters measured on RSA-C01 chip (AI, �1,
and �2) and DI parameter were measured at least 4
times for all samples for each donor. CSS parameter
was measured at least 7 times for all samples for
each donor.

All data were processed, and all ¯gures were
plotted using application developed on Python. The
¯gures below are plotted using Box plot in Tukey's

Fig. 2. The explanation of critical shear stress (CSS) calcu-
lation; (above) the intensity of backscattered light as the
function of time during RBC disaggregation, and spontaneous
aggregation; (below) the shear stress as the function of time.

Fig. 3. Deformability index as the function of shear stress in
semi logarithmic axes. The explanation of yield strength and
RBC intracellular viscosity calculation.
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original de¯nition. The box extends from the ¯rst
quartile (Q1) to the third quartile (Q3) of the data,
with a line at the median. The whiskers extend from
the minimum (Q0) to the maximum value (Q4) of
the data set, excluding any outliers. Outliers are
values that exceed the boundaries of the box by 1.5
times the interquartile range (IQR) and are dis-
played by punctured points.28

Statistical di®erences between samples were
calculated using Mann–Whitney U test. Two sam-
plings were considered statistically signi¯cantly
di®erent if the p-value was less than 0.05 or 0.01 or
0.001 (*p < 0:05; **p < 0:01; ***p < 0:001).

3. Results

As was noted in the Statistical analysis section, all
¯gures below are plotted using Box plot. EDTA K3
samples are marked by purple colors; lithium hep-
arin samples are marked by green colors; dextran
samples are marked by blues colors.

3.1. RBC aggregation

The obtained results for the AI, �1, and �2 para-
meters at di®erent concentrations of SNP are shown
in Fig. 4. It is known that heparin is an inducer of

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 4. (a–b) The dependence of aggregation index (AI) on the concentration of sodium nitroprusside (SNP); (a) in blood stabilized
by lithium heparin, (b) in blood stabilized by EDTA K3 or (c) in washed RBC in dextran solution (130 kDa, 24mg/mL). (d–f) The
dependence of aggregation index (�1) on the concentration of sodium nitroprusside (SNP); (d) in blood stabilized by lithium
heparin, (e) in blood stabilized by EDTA K3 or (f) in washed RBC in dextran solution (130 kDa, 24mg/mL). (g–i) The dependence
of aggregation index (�2) on the concentration of sodium nitroprusside (SNP); (g) in blood stabilized by lithium heparin, (h) in
blood stabilized by EDTA K3 or (i) in washed RBC in dextran solution (130 kDa, 24mg/mL). The box corresponds to the ¯rst (Q1),
and to the third quartile (Q3) of the data, with a line at the median. The whiskers extend from the minimum (Q0) to the
maximum value (Q4) of the data set, excluding any outliers. Mean values correspond to the white dots in the center. *p < 0:05;
**p < 0:01.
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RBC aggregation.5 It explains the di®erences in the
control values between lithium heparin end EDTA
K3 samples (e.g., Figs. 4(a) and 4(b)). In heparin
stabilized blood, there is an increase in RBC ag-
gregation when adding SNP. Especially, it is well
shown in the decrement of the 3D aggregates time
formation (�2) (Fig. 4(g)).

However, in blood with EDTA anticoagulant,
only the tendency to a decrease in RBC aggregation
is expressed. No statistically signi¯cant di®erences
were found for AI parameter (Fig. 4(b)), and sta-
tistically signi¯cant di®erences were observed for �1
parameter.

For the dextran solution, there is a tendency for
RBC aggregation to decrease at SNP concentrations
of 100�M (Figs. 4(c) and 4(f)). No statistically
signi¯cant di®erences were found.

3.2. Hydrodynamic Strength of RBC

aggregates

The obtained results for the CSS parameter at dif-
ferent concentrations of SNP are shown in Fig. 5.
Here a signi¯cant di®erence between di®erent media
in which RBC aggregation occurs when adding SNP
is also observed. In particular, a decrease in CSS in
heparinized blood was observed at SNP
concentrations of 200�M (Fig. 5(a)), whilst in
dextran solution, an increase in CSS is observed at
SNP concentrations above 100�M (Fig. 5(c)).

It seems that CSS does not depend on SNP
concentration for EDTA samples Fig. 5(b). CSS
parameter di®ers from other RBC aggregation
parameters as far as it de¯nes the strength of RBC

aggregates and does not characterize RBC
aggregation directly.

3.3. RBC deformation

The obtained results for the yield strength and RBC
intracellular viscosity parameters at di®erent con-
centrations of SNP are shown in Fig. 6. There is
some correspondence between heparin, and dextran
samples as far as there is a decrease in yield strength
and an increase in RBC intracellular viscosity at
SNP concentrations of 100�M (Figs. 6(a) and 6(c)).

4. Discussion

4.1. RBC aggregation

The obtained data considerably di®er from those
obtained when studying RBC aggregation in
dextran solution using the °ow chamber,9 i.e., there

was a signi¯cant decrease in RBC aggregation at

100�M concentration of SNP, whereas in this work,

a tendency for a decrease in aggregation at 100�M

concentration of SNP was observed for dextran

solution and even an increase in RBC aggregation

was observed in heparinized blood. The reason for

these di®erences may lie in di®erent methods, blood

preparation, and RBC samples (for example, dif-

ferent hematocrit conditions — in work9 it was

about 1%, while in our work it was in the range of

whole blood values (40–45%)). This means that

nitric oxide can be both an inducer and an inhibitor

of RBC aggregation, depending on the environ-

ment, in which the cells aggregate. Since the main

(a) (b) (c)

Fig. 5. (a–b) The dependence of critical shear stress (CSS) on the concentration of sodium nitroprusside (SNP); (a) in blood
stabilized by lithium heparin, (b) in blood stabilized by EDTA K3 or (c) in washed RBC in dextran solution (130 kDa, 24mg/mL).
The box corresponds to the ¯rst (Q1), and to the third quartile (Q3) of the data, with a line at the median. The whiskers extend
from the minimum (Q0) to the maximum value (Q4) of the data set, excluding any outliers. Mean values correspond to the white
dots in the center. *p < 0:05; **p < 0:01; ***p < 0:001.
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di®erence in the action between the two anti-

coagulants (EDTA K3, and lithium heparin) is the

preservation or almost complete binding of calcium

in the blood, it seems that calcium acts as a regu-

lator in the mechanisms of action of nitric oxide on

RBC aggregation properties.

4.2. Hydrodynamic strength of RBC
aggregates

Dextran molecules have been shown to adsorb on
the RBC membrane, which directly a®ects RBC
aggregation.29 The increase in CSS for dextran so-
lution may be due to the change in the adsorption of
dextran molecules at di®erent SNP concentrations.
Further studies are required.

4.3. RBC deformation

The measured characteristics of RBC deformability,
such as yield stress, and RBC intracellular viscosity,
were not found to be sensitive to SNP concentration
in the range up to 1 mM in EDTA-stabilized blood
samples (Fig. 6(b)). It may be caused by the

absence of calcium ions in this blood sample. How-
ever, there is evidence to suggest that the deform-
ability of RBCs from EDTA-stabilized blood
increases with the addition of SNP, as observed in
measurements made for washed RBCs.30

Bivalent calcium ions play a major role in the
maintenance of RBC mechanical state. It is known
that an increase in intracellular Ca2þ+ concentra-
tion leads to impairment in RBC deformability.31

Some results suggest that SNP interacts with thiol
groups of RBC membrane proteins and forms non-
speci¯c disul¯de bonds, which inhibit calcium
in°ux.32 Thus, SNP prevents intracellular Ca2þ
accumulation and has a protective e®ect. This also
means that the protective e®ect of SNP on RBC
deformation might only occur in media in which
Ca2þ is present. In this case, it is consistent with the
results showing that SNP signi¯cantly decreased
the yield stress of RBC in heparinized blood
(Fig. 6(a)) and did not have a signi¯cant e®ect in
the EDTA blood sample (Fig. 6(a)). Additionally,
since RBCundergo externalmechanical stress during
ektacytometry measurements, the mechanosensitive
Piezo1 receptor complex localized on the membrane
can be activated. This leads to the intensi¯cation of

(a) (b) (c)

(d) (e) (f)

Fig. 6. (a–b) The dependence of yield strength of RBC on the concentration of sodium nitroprusside (SNP); (a) in blood stabilized by
lithium heparin, (b) in blood stabilized by EDTA K3 or (c) in washed RBC in dextran solution (130 kDa, 24mg/mL). (d–f)
The dependence of RBC intracellular viscosity on the concentration of sodium nitroprusside (SNP); (d) in blood stabilized by lithium
heparin, (e) in blood stabilized by EDTA K3 or (f) in washed RBC in dextran solution (130 kDa, 24mg/mL). The box corresponds to
the ¯rst (Q1), and to the third quartile (Q3) of the data, with a line at the median. The whiskers extend from the minimum (Q0) to the
maximum value (Q4) of the data set, excluding any outliers. Mean values correspond to the white dots in the center. *p < 0:05.
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Ca2þ channels, which regulate the activity of protein
kinase C, Calcium-ATPase, and Gardos channels
that a®ect RBC deformability properties.33 There-
fore, signi¯cant alterations in RBC deformability can
be expected upon the addition of SNP through met-
abolic pathways in Ca2þ-supplemented media.

5. Conclusion

The results demonstrate a complex behavior of
RBC aggregation, and deformation parameters
measured in vitro with sodium nitroprusside
depending on the sample preparation, and medium,
in which RBC can aggregate or deform. It seems
that the medium itself may be an additional factor
in altering the action of sodium nitroprusside, which
should be considered when determining the role of
sodium nitroprusside in RBC aggregation. This
suggests that the e®ect of nitric oxide donor sodium
nitroprusside on RBC aggregation is directly related
to the media in which RBC aggregation occurs.
In future studies, it is important to take this into
account because di®erent media and di®erent
anticoagulants are used in di®erent studies of RBC
aggregation, and deformation properties.
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