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ABSTRACT
The blood rheology in vitro in glass or plastic microfluidic chips is different from that in vivo in blood vessels with similar geometry. 
Absence of vascular endothelium is suggested to cause these discrepancies. This work aims to perform in vitro measurements of 
blood microrheologic parameters in a slit microfluidic channel covered with endothelial cells (HUVEC). The laser aggregometry 
was employed to measure the intensity of laser light, backscattered from the blood flow, as a function of shear stress to evaluate the 
hydrodynamic strength of red blood cells (RBC) aggregates in terms of critical shear stress (CSS). The results demonstrated a de-
crease in CSS accompanied by an increase in the accuracy of its measurement at similar shear stresses when endothelial cells were 
present in the channel. The findings hold valuable implications for advanced approaches for endothelization of microfluidic devices, 
facilitating the study of blood flow dynamics in physiologically more relevant environment.

1   |   Introduction

Blood circulates throughout the body via a complex network of 
tube- like vessels, which permeate the tissues and organs, facili-
tating the transport of respiratory gases and products of cellular 
metabolism. The rheological behavior of blood significantly in-
fluences the efficiency of its transport functions [1]. In addition 
to the geometric characteristics of the blood vessels that affect 
the flow velocity profiles, blood rheology on the microscale level 
(microrheology) is influenced by the aggregation and defor-
mation properties of red blood cells (erythrocytes, RBC). They 
constitute the most abundant cellular fraction of blood and de-
termine its non- Newtonian character [2].

The ability of RBC to form aggregates upon membrane contact 
(RBC aggregation) is a significant aspect of blood microrheology 

modulation at low shear rates [3]. When shear rates are insuffi-
cient to disperse aggregates, RBC aggregation promotes the axial 
migration of RBC clusters into the central area of large vessels 
decreasing the frictional flow resistance [4]. However, significant 
enhancement of RBC aggregation observed in diabetes mellitus 
[5, 6], arterial hypertension [7], inflammation [8, 9], hereditary 
hematological pathologies [10] leads to a pathological increase in 
blood apparent viscosity, potentially resulting in vaso- occlusions. 
Therefore, the assessment of RBC aggregation within microcir-
culation is essential for preventing irreversible tissue necrotic 
damage caused by oxygen supply deficiencies due to microrheo-
logical abnormalities, described above.

The laser aggregometry technique is a photometric approach 
used to quantitatively assess RBC aggregation [11]. This tech-
nique monitors changes in the intensity of laser light scattered 
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from whole blood samples, depending on the size of RBC aggre-
gates in the sample. Several aggregometers were commercially 
proposed [11], each with its own experimental chamber geometry. 
The Laser- assisted Optical Rotational Cell Analyzer (LORRCA, 
RR Mechatronics, Hoorn, the Netherlands) [12] utilizes a Couette 
system for shearing RBC suspensions. The chamber consists of 
a rotating glass cup and a precisely fitting coaxial bob, through 
which a laser beam is directed, and the intensity of backscattered 
light is detected. Myrenne aggregometer (MA- 1, Myrenne GmbH, 
Roetgen, Germany) [13] measures forward scattering during light 
transmission through a blood suspension, placed inside a cone- 
plate shearing system composed of two transparent plastic disks, 
one of which is static while the other one rotates. The RheoScan 
AnD- 300 aggregometer (Rheomeditech, Seoul, Korea) offers an 
alternative approach, utilizing an experimental chamber com-
posed of a disposable transparent plastic microfluidic chip con-
nected to a pumping device serving as a shearing system for 
assessing RBC aggregation under flow conditions [14].

The advantages of employing plastic microfluidic chips for di-
agnosing blood rheology have been convincingly demonstrated 
[15, 16]. Microchannels within these chips can mimic the dimen-
sions and structure of blood vessels. This allows for more relevant 
modeling of tissue perfusion. Microchannels also provide precise 
control over flow conditions, enabling the investigation of blood 
microrheology under various shear rates and flow patterns. The 
miniaturization of microfluidic chips makes them suitable for 
compact, portable medical devices. Additionally, microfluidic 
chips operate with smaller volumes of liquids, leading to a sig-
nificant reduction in reagent and biomaterial consumption. This 
reduction in volume also lowers the risk of contamination and 
minimizes sample loss during research. However, the rheological 
behavior of blood in such chips in vitro is different from that in 
vivo. One of the main challenges still not explained is that flow 
resistance in microcapillaries in vivo is higher than in vitro in 
similar vessels made of plastic or glass [17]. Vascular endothe-
lium, which is, the thin layer of cells forming the interior surface 
of blood vessels, is suggested to cause these discrepancies [18].

The aim of the present study was to evaluate the rheological im-
pact of endothelial cells on the blood flow in the slit microfluidic 
channel of the K- 01 chip, utilized in the RheoScan AnD- 300, 
by assessing changes in the hydrodynamic strength of RBC ag-
gregates under shearing flow in norm and in pathology (arterial 
hypertension).

2   |   Materials and Methods

2.1   |   Blood Sampling

The experiment involved the blood samples of six healthy male 
donors (aged 20– 30 years) and five donors with arterial hyper-
tension (AH). The AH group included donors of both genders 
aged over 54 years. Anthropometric data on the AH donors, as 
well as clinical information about their comorbidities and corre-
sponding medicine that constitutes their conservative therapy, 
are provided in the supporting information (Table S1).

The blood from cubital vein was sampled into Vacuette EDTA 
K3E tubes. Scientific research using donors blood samples was 

performed according to the Permission 11/22 dated 05.12.2022 
issued by Ethical Committee of International Educational 
Medical Center of M.V. Lomonosov Moscow State University. 
Informed consent was obtained from all subjects involved in the 
study. All manipulations were carried out in accordance with 
Declaration of Helsinki.

2.2   |   Cultivation of Human Umbilical Vein 
Endothelial Cells (HUVEC)

Human umbilical vein endothelial cells (HUVEC) were pro-
vided by unique scientific installation “Collection of cell cul-
tures” of the Center for Collective Use of the Koltzov Institute 
of Developmental Biology of Russian Academy of Sciences 
(Moscow, Russia). The HUVEC cells were cultured under stan-
dard cultivation conditions (incubation at 37°C and 5%- CO2) in 
M199 medium supplemented with Earle's salts (PanEco, Russia), 
containing 10% FBS (fetal bovine serum, HyClone, Cytiva, 
USA), 1× Glutamax (Gibco, Thermo Fischer, USA), 1× ITS 
(insulin- transferrin- selen, Gibco), 10 ng/mL EGF (Invitrogen, 
USA), 10 ng/mL FGF (PeproTech, Thermo Fischer, USA), and 
8000 U/mL heparin (Sigma Aldrich, USA). The cells were cul-
tured in collagen- coated culture flasks. Upon reaching conflu-
ence, the cells were passaged using Versene solution (PanEco) 
and 0.05% trypsin- EDTA (Gibco). Cells from passages 2– 6 were 
used for experiments.

For laser aggregometry measurements, the suspension of the 
HUVEC was injected into the microchannel of the K- 01 chip 
pre- coated with type I collagen. Prior to the cells injection, the 
chips were sterilized with UV- irradiation. After the injection, 
the chips were held in the incubator for several hours to let all 
the cells in the suspension attach to the surface of the channel. 
During the first 30 min of the incubation period, the chip has 
been periodically rotated to maintain the homogeneous cover-
age the channel surfaces. To initiate the activation of endothe-
lium (i.e., simulating inflammatory conditions), HUVEC were 
cultured inside the channel of the chip in the medium contain-
ing 20 ng/mL TNFα for at least 16 h.

2.3   |   Laser Aggregometry Measurements

Laser aggregometry measurements were performed in 
 microfluidic chips K- 01 utilized in aggregometer RheoScan 
AnD- 300. The schematic lay- out of the chip and the geo-
metric characteristics of the slit microchannel are provided 
in  Figure  1A. The plastic microchip is comprised of two 
 reservoirs connected with a slit microchannel. Figure  1B 
provides an explanation of the measurement procedure. The 
chip was filled with 500 μL of a donor's blood and plugged 
to the pump device which can apply pressure difference 
between the two reservoirs. The central part of the slit mi-
crochannel was illuminated with a laser diode (λ = 635 nm, 
power 1.5 mW). When the measurement starts, the pres-
sure impulse is  applied  and the blood suspension begins to 
flow through the microchannel. During the measurements, 
time dependencies of the shear stress in the microchannel 
and the intensity of the light, backscattered from the blood 
stream inside the  microchannel, are monitored. The curve of 
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back- scattered light intensity time dependence referred to as 
syllectogram has a specific profile: it has the area where the 
intensity grows  and  the area where the intensity decreases. 
The first area  corresponds to the time period when the shear-
ing forces inside the channel are high enough to disperse the 
RBC aggregates in the blood flow. Thus, the number of ag-
gregates decreases and the sizes of the prevailing scattering 
objects, single cells, become smaller than those of the aggre-
gates. In this case, the intensity of light backscattered from 
the microchannel becomes higher, so the output signal of 
the detector increases. As the pressure difference comes to 
zero, the shearing forces inside the channel are not sufficient 
enough to suppress RBC aggregation. RBC starts to aggregate, 
and therefore the size of the scattering objects increases. That 
means that during this period of the measurement the inten-
sity of light scattered in forward direction increases and the 
output signal of the detector decreases. The extremum of this 
profile corresponds to the critical point when two opposing 
processes— disaggregation and aggregation— are in equilib-
rium. Evaluating the value of the critical time, one can assess 
critical shear stress (CSS)— the minimal shear stress required 
to prevent RBC from aggregation [19]. Thus, CSS characterizes 
the hydrodynamic strength of RBC in the blood suspension. 
More details are available in the publications of the RheoScan 
developers group [14, 20].

2.4   |   Statistical Data Analysis

For the processing and plotting of all data, developed applications 
in python language were used. In the results section, the box plots 
in the figures show the first quartile (Q1) to the third quartile (Q3) 
of the data, with a median line inside. The whiskers represent the 
standard deviations with the mean values (white diamond- shaped 
dots). For independent data samples, Mann– Whitney U test was 
performed to assess the statistical significance of differences be-
tween samples. For dependent data samples, Wilcoxon signed- 
rank test was carried out to assess the statistical significance of 
differences between samples. Two samples were significantly dif-
ferent if the p value was less than 0.05.

3   |   Results

3.1   |   Viability of the Endothelial Cells, Cultured in 
the Slit Microfluidic Channel

Figure  2A demonstrates the transmittance microscopy im-
ages of HUVEC, covering the surfaces of the microchannel 
of the K- 01 fluidic chip. Figure  2B demonstrates the results 
of the viability test of HUVEC inside the microchannel. The 
assay was performed using cell- staining with Calcein- AM 

FIGURE 1    |    Laser aggregometry using the microfluidic chip K- 01 utilized in RheoScan AnD- 300 (RheoMeditech, Korea). (A) Schematic layout 
and the geometrical characteristics of the experimental chip with the microfluidic channel involving measuring the backscattered light intensity; (B) 
the time dependencies of shear stress inside the channel (upper graph) and backscattered light intensity (lower graph) with indicated areas, related 
to the processes of “RBC disaggregation” and “RBC re-aggregation.” A critical point between these two processes corresponds to hydrodynamic 
strength of aggregates in term of critical shear stress (CSS).
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(calcein- acetoxymethyl ester), generally used as a live/dead 
assay [21]. Calcein- AM is a non- fluorescent compound that can 
penetrate the cell membrane. In live cells it is hydrolyzed by en-
dogenous esterases, forming calcein, a highly fluorescent green 
product.

One can see that HUVEC, which cover the surfaces of the mi-
crochannel, exhibit intense fluorescence (Figure 2B) due to in-
tracellular accumulation of calcein, indicating that they are in 
the physiologically normal state without apoptotic alterations. 
More microscopic images of the endothelial cells, cultivated in-
side the fluidic channel, are available in supporting information 
(Figures S1 and S2).

3.2   |   Impact of Endothelial Cells (HUVEC) 
Cultivation on the Blood Flow in the Slit 
Microfluidic Channel

Figure 3 demonstrates the results of the impact of the modification 
of the microchannel by HUVEC cultivation on the CSS values. 
Prior to the insertion of blood into the fluidic chip, its microchan-
nel was pipetted thoroughly to get rid of the growth media and 
endothelial cells, which did not attach to the channel surface.

It is seen that CSS values of the blood of donors, suffering from 
arterial hypertension, were statistically significantly higher than 
CSS, measured in blood samples of healthy donors: 209 ± 52 mPa 
in healthy blood versus 306 ± 69 mPa in AH (w/o HUVEC cover-
age) and 142 ± 44 mPa in healthy blood versus 234 ± 47 mPa in AH 
(with HUVEC coverage). While the increase was observed with 
and without HUVEC cultivation, in case of the presence of en-
dothelium the statistical significance of this effect was two times 
higher according to the Mann– Whitney U test. It indicates that 
the cultivation of endothelium cells in the fluidic channel allows 
to significantly improve the sensitivity of laser aggregometry to 
microrheological disturbances of the blood flow, which accom-
pany arterial hypertension. The observed results correspond with 
the data on changes in apparent viscosity of blood of patients, suf-
fering from AH. We measured the viscosity of blood in the control 
group and group of patients suffering from AH by rotational vis-
cometer RM100 CP1000 (Lamy Rheology, France; acquired in the 
frame of M.V. Lomonosov Moscow State University Development 
Program). It was obtained that the whole blood apparent viscosity 

in case of AH was elevated to the value 6.8 ± 1.9 mPa·s in compar-
ison with the control group value of 4.7 ± 0.7 mPa·s under mea-
sured rotational speed 1000 1/s. The increase in the viscosity may 
be associated with an increase in the hydrodynamical strength of 
RBC aggregates in the case of AH, as was observed in this work 
in laser aggregometry measurements.

The coverage of microchannel with endothelium surprisingly 
led to the statistically significant decrease in CSS in both norm 
and arterial hypertension blood samples. We examined this 
phenomenon in more details using only blood of a healthy 
donor. We also made additional CSS measurements in micro-
channels, modified with TNFα activated endothelial cells. The 
results are demonstrated in Figure  4. Presence of HUVEC in 
the fluidic channel again resulted in significant decrease in CSS 
in comparison with bare chips (from 219 ± 57 to 131 ± 11 mPa), 

FIGURE 2    |    Results of the viability test of endothelium cells 
(HUVEC), cultivated in the slit microchannel of the fluidic chip K- 
01, utilized in the commercial medical device RheoScan AnD- 300 
(RheoMeditech, Korea). (A) Transmittance microscopy image of the 
endothelium coverage of the microchannel; (B) fluorescence microscopy 
image of the endothelium cells, stained with Calcein AM, tracking live 
cells in the microchannel. Measure bar corresponds to 200 μm.

FIGURE 3    |    Impact of endothelial cells (HUVEC) cultivation inside 
microfluidic channel on the critical shear stress (CSS) of the whole blood 
of healthy individuals and patients suffering from arterial hypertension 
(AH). Each point represents the average value of CSS of one individual. 
M.W., Mann– Whitney U test; W, Wilcoxon signed- rank test.

FIGURE 4    |    Impact of the TNFα activation of endothelial cells 
(HUVEC), cultivated inside microfluidic channel of chip K- 01, on the 
critical shear stress (CSS) of the whole blood of a healthy individual. 
Each point represents one CSS measurement of the individual. M.W., 
Mann– Whitney U test.
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and the activation of HUVEC with TNFα did not change the 
trend whereas the average CSS increased to a smaller extent 
(144 ± 10 mPa) in comparison with intact endothelium.

4   |   Discussion

Despite the numerous advantages of microfluidic chips, their 
application in hematology remains limited. One of the most 
significant limiting factors is the absence of a physiologically 
relevant environment for RBC when studying blood flow in the 
channels of plastic microchips. The blood flow within micro-
chip channels deviates significantly from that in physiological 
conditions due to the inherent interactions between blood and 
the polymer material composing the chip. In particular, the 
commonly used polymer polydimethylsiloxane (PDMS) has 
a high capacity for adsorbing hydrophobic molecules onto its 
surface [22]. This phenomenon can influence blood rheology 
by affecting interactions between blood cells in close proximity 
to the channel surface. The use of less hydrophobic materials 
such as polymethyl methacrylate, polystyrene, cyclic olefin co-
polymer, or glass only partially mitigates these undesired ef-
fects. Cultivating vascular endothelial cells in microchannels 
is a valuable approach to overcome this obstacle, as it allows 
for a physiologically more relevant environment for the blood 
flow [18, 23]. In our experiments, HUVEC effectively attached 
to the surface of the channel with the preliminary exposition 
of the channel to collagen, although usage of other adhesive 
compounds such as fibronectin or gelatin is possible [24]. 
Application of external shearing stress when measuring RBC 
aggregation/disaggregation properties under the flow con-
ditions did not affect physiological state of endothelial cells, 
cultured in the microfluidic channel. Finally, the cultivation 
of endothelium in the microchannel of the fluidic chip K- 01 
for RheoScan AnD- 300 aggregometer significantly increased 
the sensitivity and precision of the measurements of CSS as a 
parameter of hydrodynamic strength of RBC aggregates in the 
blood of donors with arterial hypertension. We suggest that 
the observed improvement in measurement quality, expressed 
by the reduction in the deviations of experimental data, was a 
result of creating more optimal hydrodynamic conditions for 
blood flow in the microchip with slit rectangular geometry. 
However, the absence of complete understanding of the mech-
anisms, underlying the impact of endothelium on blood rheol-
ogy, still stands as an important limitation factor.

Considering results of the laser aggregometry and rheometric 
measurements, the blood of arterial hypertension patients is 
characterized with increased apparent viscosity and increased 
CSS. Meanwhile, coverage of the surfaces of the slit microchan-
nel with HUVEC decreased CSS in the flow of blood of both 
healthy and arterial hypertension donors (Figure 3). The simi-
lar effects were observed upon activation of endothelium with 
TNFα (Figure 4). Such effects cannot be caused by the dilution of 
the blood by the presence of the growth media and/or detached 
endotheliocytes since CSS does not depend on the hematocrit 
[14]. Hence, the role of variations in the number of RBC within 
the blood samples can be disregarded.

Another possible mechanism might be the decrease in the 
height of the lumen of the microchannel upon culturing 

HUVEC inside. The thickness of HUVEC monolayer is gen-
erally does not exceed 1– 2 μm [25]. The RheoScan AnD- 300 
device is operated with the software, which considers the role 
of variations in the channel height dimensions in the value of 
wall shear stress [20]. According to the calculation formula, 
described in [20], the presence of HUVEC monolayer in the 
channel with 200 μm height would lead only to 1%- variation in 
values of wall- shear stress. However, one still should consider 
the role of the endothelium thickness when experimenting 
with endothelialized microchannels with higher thickness of 
the endothelial monolayer.

We also analyzed separately the regions of syllectogram, cor-
responding to disaggregation (Figure S3A) and re- aggregation 
(Figure  S3B) of RBC upon the blood flow in the fluidic chan-
nel. It is seen that during RBC disaggregation, the influence of 
endothelium coverage is pronounced during first stage of the 
measurements when the shearing rates are high (first 4 s). It 
should be noted that activation of endothelium did not change 
the profile of the backscattered light during the disaggregation 
stage. At lower shearing rates one can observe the slight impact 
of endothelium activation even earlier, during first 2– 3 s of the 
re- aggregation. This stage is usually associated with the forma-
tion of linear aggregates [26]. Since these are very short- scale 
time periods, the influence of endothelium in terms of releasing 
gas transmitters and other substrates is negligible. However, the 
rheological impact of some substances, secreted by endothelial 
cells, should be considered in specific cases, when rheological 
measurements are performed on the longer time scales. For in-
stance, arachidonic acid derivatives prostaglandins PGE1 and 
PGE2, and prostacyclins PGI2 not only modulate vascular per-
meability and promote fluid extravasation into tissues to me-
diate inflammatory processes and allergic reactions, but also 
exert microrheological effects, influencing the aggregation and 
deformability of RBC [27].

We suppose that the nature of the observed decrease in CSS is 
associated with the changes in the velocity profile, and hence 
the shear stress profile, of the flow caused by the presence of 
endothelium and its glycocalyx. The results of the several in 
silico investigations [28– 31] suggested that endothelialization 
of microchannels leads to reduced mean blood flow velocity 
and, importantly, increased wall shear stress. In particular, 
according to the blood flow modeling performed in [29], de-
crease in mean blood flow velocity in endothelialized chan-
nels compared with a smooth surface (i.e., glass or plastic) is 
caused by the roughness of endothelium. Authors suggested 
that the mean shear stress in a fluidic channel with endothe-
lial cells coverage also increases with the magnitude of the 
endothelium shape fluctuations. We suppose these observa-
tions underlie the mechanisms of the observed CSS decrease: 
when endothelium is cultivated in the slit microchannel, it 
dominantly increases the wall shear stress, therefore support-
ing an addition to the shearing force, aiding to disperse RBC 
aggregates.

We performed calculations of the shear stress in the slit chan-
nel, which geometry parameters are identical to those of 
K- 01 microchip, with smooth surface and with endothelial- 
like surface, using COMSOL Multiphysics software Version 
6.1 (COMSOL Inc., Sweden), in which the solutions to 
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Navier– Stokes equations for steady flow were obtained. The 
detailed description of the modelling and its results are pro-
vided in the supporting information (Figure S4). It is import-
ant to note that the modeling did not consider the interaction 
of cells with the wall/endothelium- like surface. It can be seen 
that while the mean average values of the shear stress were the 
same for both smooth and endothelial- like surface, the varia-
tions in the wall shear stress were 2– 2.5 times higher in case 
of rough endothelial- alike surface in comparison with smooth 
surface. Thus, the presence of the rough endothelium led to the 
increased wall shear stress in certain points of the surface. In 
[32], it was shown that backscattering of light is predominantly 
affected by wall shear stress rather than bulk volume effects. 
This means that in the experimental setup implemented in the 
RheoScan And- 300 with the K- 01 chip, the main contribution 
to the scattering pattern comes from the RBC near the top sur-
face of the chip. Thus, the presence of endothelium at the upper 
wall of the channel contributes to multiple regions of high and 
low shear stress, which apparently aids to disperse RBC aggre-
gates under the flow. The latter resulted in the decreased CSS 
values, observed in the experiment for both healthy norm and 
arterial hypertension groups. Further studies are needed for 
the detailed investigation of this phenomenon.

Since the endothelization of the fluidic channels is capable of 
affecting the microrheological behavior of blood, the role of the 
direct cell– cell interaction between endothelial cells and RBC 
should not be neglected. Series of the experimental evidence 
demonstrated an increased RBC adherence to the endothelium 
in many diseases, such as, diabetes mellitus, hypertension, he-
moglobinopathies, inflammation, sickle cell disease, malaria, 
and hereditary hematological pathologies [32– 36]. To date the 
molecular mechanisms of the RBC adhesion are far from being 
understood completely. Enhanced RBC adhesion can be driven 
selectively by specific metabolic cascades, in particular, adenylyl 
cyclase signaling cascade can selectively promote RBC adhesion 
by upregulating Lu/BCAM (Lutheran [Lu] blood group Basal 
Cell Adhesion Molecule) [37] or can be mediated non- selectively 
by the blood plasma proteins, in particular, fibrinogen [38]. In 
our previous works [39, 40], it was demonstrated that the RBC-
endothelial cells interaction force, measured by optical tweezers, 
depends on the concentration of fibrinogen in the blood plasma. 
At present, the impact of the enhanced RBC-endothelial cells 
interaction on the blood microrheology is poorly investigated 
neither in the case of endothelium activation nor in the case of 
stimulation of RBC intracellular signaling cascades.

5   |   Conclusion

Cultivation of endothelial cells provides novel opportunities 
for the laser aggregometry in vitro assessment of the blood mi-
crorheological behavior using fluidic biochips. The complex ap-
proaches of culture and maintaining endothelium cells in the 
fluidic channels allow to investigate how the local environment 
affects the blood flow in physiologically more relevant scenarios 
and therefore opens new possibilities in studies of the blood mi-
crorheology in norm and pathology.

Modulating the interactions between blood cells and endothe-
lial cells can significantly influence blood rheology, potentially 

affecting flow velocity, shear stress, and inducing spatial varia-
tions in the formation of the marginal cell- free layer near blood 
vessel walls. Understanding the diverse molecular mechanisms 
of interaction between RBC and endothelium cells enables the 
manipulation of blood cell adhesion levels in vitro, ranging from 
physiological to highly elevated conditions. This capability, fa-
cilitated by microfluidics, offers unique opportunities to model 
microrheological abnormalities in physiologically more relevant 
environment.

Author Contributions

Alexey N. Semenov: conceptualization, investigations, data analysis, 
and original draft writing. Andrei E. Lugovtsov: project management 
and data curation. Petr B. Ermolinskiy: investigations, statistical 
analysis, computing and modeling, and draft editing. Alexander V. 
Priezzhev: conceptualization, project management, writing –  review, 
and editing.

Acknowledgments

This work was supported by the Russian Science Foundation Grant 
No. 22- 15- 00120. The authors are grateful to Dr. Ekaterina Kiseleva 
from the Koltsov Institute of Developmental Biology (RAS, Moscow, 
Russia) for the endothelial cells supply and Arseniy Kapkov for his 
help in  experimental measurements. Open Access funding enabled 
and organized by Projekt DEAL.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

References

1. O. K. Baskurt, M. R. Hardeman, M. W. Rampling, and H. J. Meisel-
man, eds., Handbook of Hemorheology and Hemodynamics, (Amster-
dam: IOS Press, 2007).

2. O. K. Baskurt and H. J. Meiselman, “Blood Rheology and Hemo-
dynamics,” Seminars in Thrombosis and Hemostasis 29, no. 5 (2003): 
435–450, https://doi.org/10.1055/s- 2003- 44551.

3. O. K. Baskurt and H. J. Meiselman, “Erythrocyte Aggregation: Basic 
Aspects and Clinical Importance,” Clinical Hemorheology and Microcir-
culation 53, no. 1– 2 (2013): 23–37, https://doi.org/10.3233/CH- 2012- 1573.

4. G. B. Nash, T. Watts, C. Thornton, and M. Barigou, “Red Cell Aggre-
gation as a Factor Influencing Margination and Adhesion of Leukocytes 
and Platelets,” Clinical Hemorheology and Microcirculation 39, no. 1– 4 
(2008): 303–310, https://doi.org/10.3233/CH- 2008- 1109.

5. Q. Li, L. Li, and Y. Li, “Enhanced RBC Aggregation in Type 2 Diabe-
tes Patients,” Journal of Clinical Laboratory Analysis 29, no. 5 (2015): 
387–389, https://doi.org/10.1002/jcla.21784.

6. A. E. Lugovtsov, Y. I. Gurfinkel, P. B. Ermolinskiy, A. A. Fabrich-
nova, and A. V. Priezzhev, “The Use of Capillaroscopy and Aggregom-
etry Methods to Diagnose the Alterations of Microcirculation and 
Microrheology in Diabetes,” in Biomedical Photonics for Diabetes Re-
search, eds. A. V. Dunaev and V. V. Tuchin (Boca Raton: CRC Press, 
2023), 57–80.

7. A. E. Lugovtsov, Y. I. Gurfinkel, P. B. Ermolinskiy, A. I. Masly-
anitsina, L. I. Dyachuk, and A. V. Priezzhev, “Optical Assessment of 
Alterations of Microrheologic and Microcirculation Parameters in 

 18640648, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbio.202400379 by U

niversitätsbibliothek der U
niversität des Saarlandes, W

iley O
nline L

ibrary on [14/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1055/s-%c2%ad2003-%c2%ad44551
https://doi.org/10.3233/CH-2012-1573
https://doi.org/10.3233/CH-2008-1109
https://doi.org/10.1002/jcla.21784


7 of 8

 Cardiovascular Diseases,” Biomedical Optics Express 10, no. 8 (2019): 
3974–3986, https://doi.org/10.1364/boe.10.003974.

8. O. K. Baskurt, A. Temiz, and H. J. Meiselman, “Red Blood Cell Ag-
gregation in Experimental Sepsis,” Journal of Laboratory and Clini-
cal Medicine 130, no. 2 (1997): 183–190, https://doi.org/10.1016/S0022 
- 2143(97)90094 - 9.

9. R. B. Ami, G. Barshtein, D. Zeltser, et al., “Parameters of Red Blood 
Cell Aggregation as Correlates of the Inflammatory State,” Ameri-
can Journal of Physiology. Heart and Circulatory Physiology 280, no. 5 
(2001): H1982–H1988, https://doi.org/10.1144/M36.40.

10. T. Adar, R. Ben- Ami, D. Elstein, et al., “Aggregation of Red 
Blood Cells in Patients With Gaucher Disease,” British Jour-
nal of Haematology 134, no. 4 (2006): 432–437, https://doi.
org/10.1111/j.1365- 2141.2006.06199.x.

11. O. K. Baskurt, M. Uyuklu, P. Ulker, et al., “Comparison of Three 
Instruments for Measuring Red Blood Cells Aggregation,” Clinical 
Hemorheology and Microcirculation 43 (2009): 283–298, https://doi.
org/10.3233/CH- 2009- 1240.

12. M. R. Hardeman, P. T. Goedhart, J. G. G. Dobbe, and K. P. Lettinga, 
“Laser- Assisted Optical Rotational Cell Analyser (L.O.R.C.A.); I. A 
New Instrument for Measurement of Various Structural Hemorheolog-
ical Parameters,” Clinical Hemorheology and Microcirculation 14, no. 4 
(1994): 605–618, https://doi.org/10.3233/CH-1994-14416.

13. Z. Marton, G. Kesmarky, J. Vekasi, et al., “Red Blood Cell Aggre-
gation Measurements in Whole Blood and in Fibrinogen Solutions by 
Different Methods,” Clinical Hemorheology and Microcirculation 24, no. 
2 (2001): 75–83.

14. S. Shin, J. H. Nam, J. X. Hou, and J. S. Suh, “A Transient, Micro-
fluidic Approach to the Investigation of Erythrocyte Aggregation: 
The Threshold Shear- Stress for Erythrocyte Disaggregation,” Clinical 
Hemorheology and Microcirculation 42, no. 2 (2009): 117–125, https://
doi.org/10.3233/CH- 2009- 1191.

15. D. Tsvirkun, A. Grichine, A. Duperray, C. Misbah, and L. Bureau, 
“Microvasculature on a Chip: Study of the Endothelial Surface Layer 
and the Flow Structure of Red Blood Cells,” Scientific Reports 7 (2017): 
7, https://doi.org/10.1038/srep4 5036.

16. J. Picot, P. A. Ndour, S. D. Lefevre, et al., “A Biomimetic Microfluidic 
Chip to Study the Circulation and Mechanical Retention of Red Blood 
Cells in the Spleen,” American Journal of Hematology 90, no. 4 (2015): 
339–345, https://doi.org/10.1002/ajh.23941.

17. L. Lanotte, G. Tomaiuolo, C. Misbah, L. Bureau, and S. Guido, “Red 
Blood Cell Dynamics in Polymer Brush- Coated Microcapillaries: A 
Model of Endothelial Glycocalyx In Vitro,” Biomicrofluidics 8, no. 1 
(2014): 014104, https://doi.org/10.1063/1.4863723.

18. C. A. Hesh, Y. Qiu, and W. A. Lam, “Vascularized Microfluidics 
and the Blood- Endothelium Interface,” Micromachines (Basel) 11, no. 1 
(2019): 18, https://doi.org/10.3390/mi110 10018.

19. A. Semenov, A. Lugovtsov, P. Ermolinskiy, K. Lee, and A. Priez-
zhev, “Problems of Red Blood Cell Aggregation and Deformation 
Assessed by Laser Tweezers, Diffuse Light Scattering and Laser Dif-
fractometry,” Photonics 2022 (2022): 238, https://doi.org/10.3390/
photo nics9 040238.

20. S. Shin, J. X. Hou, and J. S. Suh, “Measurement of Cell Aggre-
gation Characteristics by Analysis of Laser- Backscattering in a Mi-
crofluidic Rheometry,” Korea- Australia Rheology Journal 19, no. 2 
(2007): 61–66.

21. X. Ming Wang, P. I. Terasaki, G. W. Rankin, D. Chia, H. Ping Zhong, 
and S. Hardy, “A New Microcellular Cytotoxicity Test Based on Cal-
cein AM Release,” Human Immunology 37 (1993): 264–270, https://doi.
org/10.1016/0198- 8859(93)90510 - 8.

22. T. Trantidou, Y. Elani, E. Parsons, and O. Ces, “Hydrophilic 
 Surface Modification of PDMs for Droplet Microfluidics Using a 

Simple, Quick, and Robust Method via PVA Deposition,” Microsys-
tems & Nanoengineering 3 (2017): 3, https://doi.org/10.1038/micro 
nano.2016.91.

23. G. Simitian, M. Virumbrales- Muñoz, C. Sánchez- De- Diego, D. J. 
Beebe, and D. Kosoff, “Microfluidics in Vascular Biology Research: A 
Critical Review for Engineers, Biologists, and Clinicians,” Lab on a Chip 
22 (2022): 3618–3636, https://doi.org/10.1039/d2lc0 0352j.

24. F. Akther, S. B. Yakob, N. T. Nguyen, and H. T. Ta, “Surface Mod-
ification Techniques for Endothelial Cell Seeding in PDMS Microflu-
idic Devices,” Biosensors 10, no. 11 (2020): 182, https://doi.org/10.3390/
BIOS1 0110182.

25. Y. T. Ho, G. Adriani, S. Beyer, P. T. Nhan, R. D. Kamm, and J. C. Y. 
Kah, “A Facile Method to Probe the Vascular Permeability of Nanopar-
ticles in Nanomedicine Applications,” Scientific Reports 7 (2017): 707, 
https://doi.org/10.1038/s4159 8- 017- 00750 - 3.

26. G. Barshtein, D. Wajnblum, and S. Yedgar, “Kinetics of Linear 
 Rouleaux Formation Studied by Visual Monitoring of Red Cell Dynamic 
Organization,” Biophysical Journal 78, no. 5 (2000): 2470–2474, https://
doi.org/10.1016/S0006 - 3495(00)76791 - 9.

27. A. Muravyov and I. Tikhomirova, “Signaling Pathways Regulating 
Red Blood Cell Aggregation,” Biorheology 51 (2014): 135–145, https://
doi.org/10.3233/BIR- 140664.

28. A. Carciati, Red Blood Cells Under Flow: Blood Rheology and Effect of 
Vascular Endothelial Cells on Haemodynamics In Vitro (Napoli: Univer-
sità degli studi di Napoli Federico II, 2017).

29. S. W. Park, M. Intaglietta, and D. M. Tartakovsky, “Impact of Endo-
thelium Roughness on Blood Flow,” Journal of Theoretical Biology 300 
(2012): 152–160, https://doi.org/10.1016/j.jtbi.2012.01.017.

30. C. Triebold and J. Barber, “Dependence of Red Blood Cell Dynam-
ics in Microvessel Bifurcations on the Endothelial Surface Layer's Re-
sistance to Flow and Compression,” Biomechanics and Modeling in 
Mechanobiology 21, no. 3 (2022): 771–796, https://doi.org/10.1007/s1023 
7- 022- 01560 - x.

31. C. Triebold and J. Barber, “The Effect of the Endothelial Surface 
Layer on Cell- Cell Interactions in Microvessel Bifurcations,” Biome-
chanics and Modeling in Mechanobiology 23 (2024): 1695–1721, https://
doi.org/10.21203/ rs.3.rs- 41885 02/v1.

32. J. L. Wautier and M. P. Wautier, “Molecular Basis of Erythrocyte 
Adhesion to Endothelial Cells in Diseases,” Clinical Hemorheology 
and Microcirculation 53, no. 1– 2 (2013): 11–21, https://doi.org/10.3233/
CH- 2012- 1572.

33. R. P. Hebbel, O. Yamada, C. F. Moldow, H. S. Jacob, J. G. White, and 
J. W. Eaton, “Abnormal Adherence of Sickle Erythrocytes to Cultured 
Vascular Endothelium. Possible Mechanism for Microvascular Occlu-
sion in Sickle Cell Disease,” Journal of Clinical Investigation 65, no. 1 
(1980): 154–160, https://doi.org/10.1172/JCI10 9646.

34. A. C. Silva- Pinto, “Pathophysiological Insights in Sickle Cell 
 Disease,” Indian Journal of Medical Research 134 (2011): 532–537.

35. G. B. Nash, B. M. Cooke, K. Marsh, A. Berendt, C. Newbold, and J. 
Stuart, “Rheological Analysis of the Adhesive Interactions of Red Blood 
Cells Parasitized by Plasmodium Falciparum,” Blood 79, no. 3 (1992): 
798–807, https://doi.org/10.1182/blood.V79.3.798.798.

36. T. Hovav, A. Goldfarb, G. Artmann, S. Yedgar, and G. Barshtein, 
“Enhanced Adherence of β- Thalassaemic Erythrocytes to Endothelial 
Cells,” British Journal of Haematology 106, no. 1 (1999): 178–181, https://
doi.org/10.1046/j.1365- 2141.1999.01489.x.

37. P. C. Hines, Q. Zen, S. N. Burney, et al., “Novel Epinephrine and Cy-
clic AMP- Mediated Activation of BCAM/Lu- Dependent Sickle (SS) RBC 
Adhesion,” Blood 101, no. 8 (2003): 3281–3287, https://doi.org/10.1182/
blood-2001-12-0289.

38. J. L. Wautier, D. Pintigny, M. P. Wautier, et al., “Fibrinogen, a Mod-
ulator of Erythrocyte Adhesion to Vascular Endothelium,” Journal of 

 18640648, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbio.202400379 by U

niversitätsbibliothek der U
niversität des Saarlandes, W

iley O
nline L

ibrary on [14/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1364/boe.10.003974
https://doi.org/10.1016/S0022-2143(97)90094-9
https://doi.org/10.1016/S0022-2143(97)90094-9
https://doi.org/10.1144/M36.40
https://doi.org/10.1111/j.1365-2141.2006.06199.x
https://doi.org/10.1111/j.1365-2141.2006.06199.x
https://doi.org/10.3233/CH-2009-1240
https://doi.org/10.3233/CH-2009-1240
https://doi.org/10.3233/CH-1994-14416
https://doi.org/10.3233/CH-2009-1191
https://doi.org/10.3233/CH-2009-1191
https://doi.org/10.1038/srep45036
https://doi.org/10.1002/ajh.23941
https://doi.org/10.1063/1.4863723
https://doi.org/10.3390/mi11010018
https://doi.org/10.3390/photonics9040238
https://doi.org/10.3390/photonics9040238
https://doi.org/10.1016/0198-8859(93)90510-8
https://doi.org/10.1016/0198-8859(93)90510-8
https://doi.org/10.1038/micronano.2016.91
https://doi.org/10.1038/micronano.2016.91
https://doi.org/10.1039/d2lc00352j
https://doi.org/10.3390/BIOS10110182
https://doi.org/10.3390/BIOS10110182
https://doi.org/10.1038/s41598-017-00750-3
https://doi.org/10.1016/S0006-3495(00)76791-9
https://doi.org/10.1016/S0006-3495(00)76791-9
https://doi.org/10.3233/BIR-140664
https://doi.org/10.3233/BIR-140664
https://doi.org/10.1016/j.jtbi.2012.01.017
https://doi.org/10.1007/s10237-022-01560-x
https://doi.org/10.1007/s10237-022-01560-x
https://doi.org/10.21203/rs.3.rs-4188502/v1
https://doi.org/10.21203/rs.3.rs-4188502/v1
https://doi.org/10.3233/CH-2012-1572
https://doi.org/10.3233/CH-2012-1572
https://doi.org/10.1172/JCI109646
https://doi.org/10.1182/blood.V79.3.798.798
https://doi.org/10.1046/j.1365-2141.1999.01489.x
https://doi.org/10.1046/j.1365-2141.1999.01489.x
https://doi.org/10.1182/blood-2001-12-0289.
https://doi.org/10.1182/blood-2001-12-0289.


8 of 8 Journal of Biophotonics, 2024

Laboratory and Clinical Medicine 101, no. 6 (1983): 911–920, https://doi.
org/10.5555/uri:pii:00222 14383 901361.

39. A. A. Kapkov, A. N. Semenov, P. B. Ermolinskiy, A. E. Lugovtsov, 
and A. V. Priezzhev, “Forces of RBC Interaction With Single Endothelial 
Cells in Stationary Conditions: Measurements With Laser Tweezers,” 
Journal of Innovative Optical Health Sciences 14, no. 5 (2021): 21420051, 
https://doi.org/10.1142/S1793 54582 1420050.

40. P. B. Ermolinskiy, M. K. Maksimov, A. V. Muravyov, A. E. Lugovtsov, 
O. N. Scheglovitova, and A. V. Priezzhev, “Forces of Interaction of Red 
Blood Cells and Endothelial Cells at Different Concentrations of Fibrin-
ogen: Measurements With Laser Tweezers In Vitro,” Clinical Hemor-
heology and Microcirculation 86 (2023): 1–10, https://doi.org/10.3233/
ch- 231941.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

 18640648, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbio.202400379 by U

niversitätsbibliothek der U
niversität des Saarlandes, W

iley O
nline L

ibrary on [14/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5555/uri:pii:0022214383901361
https://doi.org/10.5555/uri:pii:0022214383901361
https://doi.org/10.1142/S1793545821420050
https://doi.org/10.3233/ch-231941
https://doi.org/10.3233/ch-231941


Graphical Abstract
Please note that Graphical Abstracts only appear online as part of a table of contents and are not part of the main article (therefore, 
they do not appear in the article HTML or PDF files).

Microrheological behavior of blood flow in the slit channel of the plastic microfluidic chip with endothelium (HUVEC)- covered 
surfaces is investigated. The channel is illuminated with the laser light. The time- dependence of backscattered light intensity is 
measured. The critical point between disaggregation and reaggregation of erythrocytes corresponds to the critical shear stress (CSS), 
that is, the hydrodynamic strength of erythrocytes aggregates. Presence of endothelial cells decreased CSS, demonstrating its impact 
on blood microrheology.
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