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Abstract: This study aims to highlight the problems with implementing optical techniques (laser
tweezers, diffuse light scattering and laser diffractometry) in clinical hemorheological practice. We
provide the feasibility of these techniques to assess microrheological effects of various molecular
mechanisms affecting RBC aggregation and deformability. In particular, we show that they allow
assessment of changes in RBC aggregation in whole blood samples both on the level of single cells and
on the level of large ensembles of cells. Application of these methods allows for studying the mecha-
nisms of RBC aggregation because they are sensitive to changes in the medium which surrounds the
RBC (i.e., blood plasma, serum or model solutions of blood plasma proteins) and to changes in the
cellular properties of RBCs (i.e., effects on the cell membrane due to glycoprotein inhibition).
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1. Introduction

Alterations of blood rheological properties are associated with various pathologies
and may lead to multiple disorders of blood microcirculation. This can lead to significant
decreases in the efficiency of blood transport functions and complicates the treatment of
various diseases, such as cardiovascular diseases (e.g., arterial hypertension), diabetes
mellitus, nephropathy, etc. [1-4]. Pathological changes in blood rheology also occur in
circulatory disorders (e.g., ischemia and reperfusion), pulmonary disorders, connective
tissue disorders and sickle cell decease [5-7]. Recently, it was reported that the development
of severe acute respiratory syndrome coronavirus infection (SARS-CoV-2) is accompanied
by acute inflammation with significant disturbances in blood rheological behavior [8].
Therefore, blood rheological parameters may serve as additional novel indicators of the
stability and integrity of the microcirculatory system. Their assessment provides new
diagnostic information, which helps to improve the quality of the treatment.

Blood is a non-Newtonian fluid because it contains both noncellular and cellular
interacting fractions. The noncellular fraction is blood plasma—the aqueous solution of
different molecules, mostly proteins. As for the Newtonian liquid, blood plasma viscosity
is an important diagnostic parameter [9]. The cellular fraction includes several types of
cells, among which erythrocytes (red blood cells, RBCs) are the most abundant. Normally,
RBCs account for 40-45% of the total blood volume (i.e., hematocrit parameter) while
all other cells represent less than 1%. Therefore, the physiological conditions of RBC
and peculiarities of their interaction with each other—as well as with other blood cells
and vascular endothelium—greatly affects blood’s rheological behavior. One of the key
processes of blood rheology regulation is spontaneous aggregation of RBCs, which happens
at the direct contact between cells under low shear forces and at stasis and leads to the
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formation of RBC aggregates, so-called rouleaux. This is a reversible process, as aggregates
are easily dispersed due to shear stress in the blood flow. Normally, even low shear stress
(about hundred mPa) is sufficient to disaggregate RBC rouleaux. However, ing some
diseases, the interaction forces that drive RBC aggregation increase, and the hydrodynamic
strength of such aggregates gets higher. This decreases microcirculation, resulting in
disorders in blood perfusion. Parameters that characterize the aggregation process in vitro
are called aggregation parameters of RBCs (APs). The most commonly measured APs
in modern hematological practice are: the ratio of the number of RBCs participating in
the aggregation to the total number of cells (aggregation index), characteristic time of
aggregation, average hydrodynamic strength of RBC aggregates (the minimum shear stress
required to prevent aggregation) and others. The magnitude of the APs depends on the
content of the media that surrounds the RBCs (depending mostly on the concentration of
proaggregant molecules such as fibrinogen, globulins or synthetic polysaccharide dextrans)
and also on the properties of the RBCs’ membranes [10]. All these parameters are obtained
by diffuse light scattering on whole blood samples, which characterizes aggregation on
the level of a huge number of RBCs and represents the mean value of the properties
averaged across ensembles of the cells in the experimental chamber. Recently, with the
rapid development of laser techniques, a specific parameter was proposed for assessing
RBC interaction on the single-cell level during measurement of interaction forces (Fint)
arising between RBCs in highly diluted suspensions [11-14]. One of the problems specific
to the assessment of these parameters using optical techniques is the uncertainty of the
efficiency of these methods for evaluating the effects of cellular and noncellular factors on
RBC interaction. For example, there is a lack of quantitative data on the dependence of
APs, measured by various optical techniques, on changes in the macromolecular content
of blood plasma. This is a severe limitation of the usage of these methods in routine
clinical hematology.

Another important microrheological parameter determining blood circulation is RBC
deformability: the ability of RBCs to change their shape under external shear stress when
passing through capillaries with diameter less than or equal to their size [15]. When RBC
deformability is impaired (which is observed at several pathologies, such as metabolic
disorders, obesity, cardiovascular deceases, infections, inflammation, etc. [16]) the RBC
cannot pass through narrow capillaries. This leads to massive sludging of blood near the
capillary entrance, which significantly impairs microcirculation, leading to a decrease in
tissue perfusion and oxygenation. Without proper treatment, this may lead to irreversible
tissue necrosis. Therefore, more and more hematological clinical protocols mandate testing
of RBC deformation [17]. Nowadays, there are several techniques for measuring RBC
deformability. One of the first-developed approaches is the aspiration of RBCs into the
volume of a micro-pipette [18]. Another common technique is atomic-force microscopy
(AFM) [19,20]. These techniques were used intensively to study RBC deformability during
normal conditions and in pathology. However, they face several disadvantages in clinical
practice. First of all, these techniques are implemented only at the single-cell level and, thus,
routine measurements are difficult to perform and are very time-consuming. Secondly, espe-
cially for AFM, RBCs undergo high external mechanical stress, which they physiologically
do not experience during blood circulation. Laser diffractometry of RBCs—also referred
as ektacytometry—is an alternative optical method that measures RBC deformation of
a large population of RBCs under shear flow. Several commercially available systems
can perform such measurements: laser optical rotational cell analyzer (LORRCA; R&R
Mechatronics, Zwaag, The Netherlands) [21], laser aggregometer and deformometer of ery-
throcytes (LADE; Reomedlab, Moscow, Russia) and RBC aggregometer and deformometer
(RheoScan AnD-300; RheoMeditech, Seoul, Korea) [22]. The final aim of the present work
is to test whether a diffractometry technique based on the RheoScan AnD-300 is able to
evaluate the effects of different molecular agents targeted to change RBC deformability.
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2. Materials and Methods
2.1. Blood Sampling and Preparation

The blood for all measurements was drawn from the cubital veins of healthy male
donors on an empty stomach. All tubes for blood samples contained EDTA (EDTA K-3
tube, 1.2 mg/1 mL of blood, 4 mL) as an anti-coagulant agent. Immediately after blood
sampling, blood plasma was extracted by centrifugation of the whole blood according to
the following protocol: (1) centrifugation of the whole blood for 5 min at 600 x g to separate
the platelet-rich plasma (PRP); (2) two times centrifugation of PRP for 5 min at 11,000 g
to remove platelets and obtain platelet-poor plasma (PPP). Centrifugation was performed
at room temperature. In each experiment we used the blood of different individuals:
laser tweezers and laser diffractometry measurements were performed on the blood of
an individual donor; laser aggregometry measurements involved two groups (control
and experimental) with 3 donors in each group. In every experiment all measurements
were performed at least 3 times to calculate mean values and standard deviations. All
experiments were performed within 3 h after blood sampling. Recommendations for
hemorheological laboratories developed by the international expert group created for
hemorheological research standardization [23] were followed. The study was approved by
the ethics committees of M.V. Lomonosov Moscow State University. All volunteers were
informed of the purpose of the study and gave written informed consent in accordance
with the Declaration of Helsinki.

2.2. Laser Tweezers for Single-Cell-Level Measurements of Interaction Forces between Two RBCs

Laser tweezers (LT) were used to measure interaction forces (Fj,;) between two inter-
acting RBCs. The schematic layout of the experimental setup is given in Figure 1. A custom
two-channel optical trapping system based on two Nd:YAG lasers (1064 nm, 200 mW,
Shanghai Dream Lasers Technologies, Shanghai, China) and a high numerical aperture
water-immersion objective (N.A. = 1.00, x100, Olympus, Tokyo, Japan) was used. One of
the optical traps could be moved using a motorized mirror, placed in the conjugate plane
of the back-aperture of the objective, allowing for accurate moving of the optical trap with
controlled speed. The experimental chamber with the sample was located on the motorized
XYZ platform. The chamber consisted of a cover slip placed 100 um above a microscope
slide. About 100 pL of the sample was pipetted into the volume between the cover slip
and the microscope slide. After that, the chamber was sealed on both sides to prevent
vaporization and induction of undesirable flows. For the experiments with media that did
not contain albumin, the microscope slide surface was coated with 5 pL of 1% solution
of human serum albumin (HSA) in distilled water and then dried. This procedure was
necessary to avoid adhesion of the cells to the glass surface.

The experimental sample was prepared by diluting the RBCs (3 times washed (3000 g,
3 min) in PBS (Gibco, pH 7.4, Thermo Fischer Scientific, New York, NY, USA)) in platelet-
poor plasma at 0.5% hematocrit. The stepwise protocol of the Fj,; measurement procedure
is schematically presented in Figure 2. It included the following steps: (1) two different
RBCs were trapped with LT and manipulated to maintain parallel orientation; (2) one RBC
was then brought into initial contact with another one to form a doublet. As the interaction
forces between RBCs depend on the initial area of cell contact [24], this was visually
controlled to be 25-30% of the surface area. The time period while two cells maintained the
contact area was about 10 s; (3) one of the laser traps was moved in order to separate the
interacting cells; (4) step 3 was repeated while the trapping beam power and, subsequently,
magnitude of the trapping force Firap (the direction of Firap is designated by a white arrow in
Figure 2) was step-wisely decreased in order to find the minimal Fyap sufficient to disperse
the doublet; (5) the beam power was further decreased until Fiap became insufficient to
split the doublet and the trapped RBC escaped the trap, forming a complete aggregate. At
this point, beam power was fixed, and we assumed the corresponding value of Ftrap to be
equal to the RBC interaction force Fj; (designated as a short black arrow in Figure 2).
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Figure 1. Schematic layout of the two-channeled laser tweezers (LT) used to measure interaction
forces Fj; between two RBCs.
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Figure 2. Schematic representation of RBC interaction force (Fj;) measurement procedure: white
crosses describe the positions of the optical traps: white arrows point at the direction of the trapping
force (Firap); short black arrows point at the direction of Fin¢. (1) Two cells are trapped and orientated
in parallel; (2) cells are brought into contact, forming a doublet; (3) attempt to separate the cells
by moving the laser trap and (4) simultaneously decreasing laser power to measure the minimal
trapping force required to separate the cells; (5) below the minimal trapping force, the cell escapes
the trap and overlaps the other one. The obtained minimal trapping force is assumed to be equal to
the RBC interaction force.

Prior to the force measurements, the LT were calibrated to establish the relationship
between laser beam power and the magnitude of the trapping force. The calibration
was performed by comparing the trapping force and the viscous drag force, the latter
affecting the trapped RBCs in the environmental liquid flow induced by moving the
motorized platform holding the chamber with the sample. For more details, please refer to
Supplementary Material (Figure S1). LT experiments were performed at room temperature
(2022 °Q).

2.3. Diffuse Light Scattering Technique in the Assessement of RBC Aggregation Properties in
Whole Blood Samples

All diffuse light scattering measurements were performed using blood samples with
hematocrit normalized at 40%. This was implemented using the laser aggregometer RheoScan
AnD-300 (RheoMeditech, Seoul, Korea) to measure RBC aggregation parameters in the
samples of whole blood (i.e., characterizing RBC aggregation in a large ensemble of cells).
Three RBC aggregation parameters were measured: aggregation index (Al) and charac-
teristic aggregation time (T ;) (both of which refer to static parameters of aggregation
as no blood-flow was involved during the measurements) and critical shear stress (CSS;
which characterizes the minimal shear stress required to prevent aggregation and thus can
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be referred to as average hydrodynamical strength of RBC aggregates). The description
of Al and Tj,; measurement procedures is provided in Figure 3. They involve flat trans-
parent plastic cuvettes (C-01, RheoMeditech, Seoul, Korea), a photo of which is given in
Figure 3A, and the schematic layout is shown in Figure 3B. The microchip represents a thin,
flat, plastic chip with a microchamber (0.5 cm diameter, 0.3 mm height), in which a thin
metal stirring bar is capable of rotating under the action of an external magnetic field in
order to disperse the aggregates. An 8 puL volume of whole blood sample was injected
into the chamber with a pipette via a special inlet. During measurement, we registered
the aggregation kinetics, which represents the time dependence of intensity of the laser
light (A = 637 nm) scattered forward by the sample of blood (Figure 3C). At the beginning
of the measurement, the stirring bar rotated at a high speed and, thereby, dispersed all
RBC aggregates in the chamber. During this, the intensity of forward-scattered light is
minimal (area t < 0 on the aggregation kinetics curve). At t = 0, the bar rotation was halted.
Consequently, spontaneous aggregation immediately started, with an increasing number
and size of aggregates in the blood sample. This leads to an increase in forward-scattered
light intensity (area t > 0). After 2 min, the intensity reached the maximum magnitude
showing that most of RBCs in the chamber have aggregated. The aggregation parameters
are determined from the aggregation kinetics curve using special computer software.
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Figure 3. Schematic representation of diffuse light scattering for assessing the parameters of RBC
aggregation: aggregation index (Al) and characteristic aggregation time (Ty /). (A) photo of the
experimental microchip; (B) schematic layout of the microchip; (C) RBC spontaneous aggregation
kinetics curve measured with RheoScan AnD-300 with schematic indication of the aggregation
indices: Imax, forward scattered light intensity at maximum RBC aggregation; Al, ratio of the RBCs
participating in aggregation during the first 10 s of measurement in relation to the total number of
cells; Tq /», characteristic aggregation time, defined as the time required to reach half the value of the
maximum light intensity for measurements with a duration of 120 s.

Aggregation index (Al, %) is defined as the ratio of the area below the curve of the
aggregation kinetics (A) to the total area (A + B) over for the first 10 s time interval. Al
indicates the normalized quantity of aggregated RBCs during the first 10 s of the experiment.
Average characteristic time of aggregate formation (T /5, s) is defined as the time required
to reach the half-maximum value of light intensity for measurements with a duration of
120 s. This parameter indicates the characteristic time required to reach the 50% level
of aggregation.

Implementation of diffuse light scattering to assess the dynamic parameter of RBC
aggregation measured under flow conditions is schematically represented in Figure 4. Criti-
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cal shear stress (CSS)—the parameter characterizing the average hydrodynamic strength of
RBC aggregates in whole blood samples—was measured by RheoScan AnD-300 using the
flow microchip K-01 (RheoMeditech, Seoul, Korea) (Figure 4A). The schematic layout of the
chip presented in Figure 4B demonstrates two 500 pL chambers connected with a flat-slit
microchannel (0.2 mm height, 4 mm width, 40 mm length). CSS is measured in Pascals (Pa)
and equals the shear stress required to initiate forced disaggregation of RBC aggregates
in flow.
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Figure 4. Schematic representation of diffuse light scattering for assessing hydrodynamic strength
of RBC aggregates in terms of critical shear stress (CSS). (A) Photo of the experimental chip;
(B) schematic layout of the experimental chip with the microfluid channel with shear-scanning
based on measuring back-scattered light intensity; (C) graphs of time-dependencies of back-scattered
light intensity and shear stress in the microfluidic channel; two graphs are compared to determine
CSS: the critical value of shear stress between disaggregation (region of high back scattering due to
small sizes of the scattering objects) and aggregation (region of low back-scattered light intensity due
to increasing sizes of RBC aggregates).

All measurements were performed at 37 °C. A 0.5 mL portion of the whole blood
was put into the chamber. The RBC aggregates in the microchannel are subjected to the
continuously decreasing shear stress. Viscous forces occurring in the microchannel lead
to the dispersion of RBC aggregates in shear flow, with shear stresses ranging from 20 to
0 Pa. The CSS measurement process is illustrated in Figure 4C. The channel is illuminated
by the diode laser (A = 637 nm), and the backscattered light intensity is measured by the
photodetector. At the beginning of the measurement procedure (the first 10 s) the flow rate
and shear stress in the microchannel are high; therefore, the forced disaggregation process
prevails and the RBCs get mostly disaggregated. This leads to an increase in backscattered
light intensity as the average size of the scattering particles decreases. At a certain point
in time, the shear stress in the microchannel becomes insufficient to prevent reversible
aggregation of the cells. Aggregation forces start to overcome the disaggregation caused by
the shear flow. The RBC aggregates are intensively formed, their average size increases, and,
consequently, the back-scattered light intensity starts to decrease. The value of shear stress
that corresponds to the maximum magnitude of the intensity of light back-scattered from
the blood in the microchannel is assumed to be the CSS and related to the minimum shear
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stress that prevents the formation of RBC aggregates—in other words, it is the minimal
shear stress required for disrupting the aggregates in the sample under shear flow. Thus,
CSS can be referred to as the average hydrodynamic strength of RBC aggregates under
flow conditions.

More details on the aggregation parameters measured by RheoScan AnD-300 are
available in the publications of its developers [25,26].

2.4. Laser Diffractometry for Assessing RBC Deformability

Laser diffractometry for assessing RBC deformability was conducted using the RheoScan
AnD-300 with the same microchip as used for CSS measurements (Figure 5). The difference
was that the experiments were performed with 300 times dilution of donors” blood in
polyvinylpyrrolidone to avoid multiple scattering of the laser light. This allows for the
obtaining of a high-quality diffraction pattern upon laser-illumination of the blood-cell
suspension flowing in the microchannel of the chip (Figure 5B). The diffraction pattern
obtained results from the superposition of many partial diffraction patterns produced by
concurrently illuminated individual RBCs; its shape depends on the shape and orientation
of these cells in the microchannel. The diluted RBC suspension is sheared in the microchan-
nel under continuously decreasing pressure, ranging from 20 to 0 Pa. The direct laser beam
passing through the sheared sample is blocked, and the diffraction pattern produced by the
deformed cells is registered by the CCD camera for subsequent analysis. The deformation
of RBCs under shear stress arising in the microchannel results in the elongation of the
diffraction pattern in the direction perpendicular to cell stretching. In the condition that
all cells are equally deformed, the shape of the diffraction pattern becomes deformed in
such a way that its lines of equal intensity (isointensity lines) are close to elliptical. The
elongation index (EI)—defined as the ratio of the difference between the major and minor
axes of the ellipse, which approximates a certain isointensity line of the diffraction pattern
to their sum—is measured. Dependence of the EI on the shear stress characterizes the
ability of red blood cells to deform while passing through thin blood vessels and capillaries.
For more details, please refer to the publications of the RheoScan AnD-300 developers’
group on this topic [27,28].
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Figure 5. Schematic representation of laser diffractometry for assessing RBC deformability.
(A) Schematic layout of the experimental setup utilizing the fluidic chip with the microchannel
filled with 300 times diluted blood under shearing stress illuminated with a laser (637 nm) source;
(B) formation and analysis of diffraction patterns, and assessing RBC deformability in terms of the
elongation index (EI), which is dependent on shear stress.



Photonics 2022, 9, 238

8 of 16

3. Results
3.1. Results of the Single-Cell Measurements of RBC Interaction Force (Fj,;) Performed with Laser
Tweezers (LT)

The results of Fj,; in vitro measurements are presented in Figure 6. Fi was measured
in different media: autologous blood serum (platelet-poor plasma deprived of fibrinogen);
autologous blood plasma with physiologically normal concentrations of plasma proteins;
various lines of PBS solutions with different macromolecules: fibrinogen (Sigma Aldrich,
F3879, Merck, Darmstadt, Germany); human serum albumin (HSA, Sigma Aldrich, A9511,
Merck, Darmstadt, Germany); human y-globulin (Sigma Aldrich, G4386, Merck, Darmstadt,
Germany); dextran 500 kDa (Dex500, Sigma Aldrich, 31392, Merck, Darmstadt, Germany).
First of all, for all studied solutions, Fiyt was found to be in the range of 1-10 pN, which
corresponds to our own previous results as well as the results reported by some other
researchers. Secondly, Fj,; of RBCs in serum (2.2 &= 0.9 pN) was shown to be significantly
lower than that in plasma (6.3 &= 1.2 pN). This fact points out the crucial role of fibrinogen as
the major natural RBC proaggregant and proves that laser tweezer measurements are sensi-
tive to the effect of this key RBC aggregation modulator. The RBC aggregation-inducing
effect of fibrinogen was also pronounced in the model PBS solution: Fj,; increased almost
linearly with fibrinogen concentration. The difference is that in plasma RBCs, interaction
force reaches saturation at 6-8 mg/mL, while in the model PBS solution saturation was
not achieved. As expected, the addition of HSA to PBS model solution in the range of
physiological concentrations did not induce RBC aggregation at all: the interaction between
RBCs was so weak that it was impossible to measure Fj;. PBS containing y-globulin
induced RBC aggregation. However, an increase in Fiy; by addition of y-globulins was
significantly less-pronounced than for fibrinogen. The proaggregant effect of the synthetic
macromolecule Dex500 in model PBS solution can be characterized as an average between
the effects of y-globulin and fibrinogen: the values of Fjy corresponding to those in blood
plasma were achieved only a Dex500 concentration of 20 mg/mL.

15 -

RBC interaction
force (Fi), PN

Figure 6. RBC interaction force (Fiy;), measured in vitro with laser tweezers in different media—
autologous blood serum; autologous blood plasma and model PBS solution of different macro-
molecules at various concentrations: Fib, fibrinogen (data was taken from our previous publica-
tion [24] for better representation and convenience for the reader); HSA, human serum albumin;
v-gl, gamma-globulin from human serum; Dex500, dextran 500 kDa. Blood was from a healthy
male individual. Measurements were performed on N = 10 pairs of RBCs in each sample. Diagrams
show the mean values; error bars designate the mean square deviations, including the laser tweezer

calibration error.
3.2. Results of the Measurements of RBC Aggregation Parameters in Whole Blood Samples
Performed Using Diffuse Light Scattering

In Section 3.1, we presented novel results of single-cell measurements of RBC inter-
action forces in media with different molecular content. In other words, we studied the
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sensitivity of laser tweezers on the role of extracellular factors mediating RBC aggregation.
In general, diffuse light scattering and RheoScan AnD-300 have already been applied to
study the effects of fibrinogen, HSA, y-globulins and dextrans with various molecular
masses on the aggregation of RBCs in whole blood samples. To discover new opportunities
to implement diffuse light scattering in microrheological investigations, we performed
a pilot study of the effects of two commercially available drugs targeted to reduce the
interaction between blood cells (commonly referred to as RBC aggregability). The results
of this study are provided in Figure 7.
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Figure 7. A comparative diagram of RBC aggregation parameters measured using diffuse light scat-
tering implemented by RheoScan And-300 aggregometer in samples of whole blood supplemented
with glycoprotein IIb/Illa agonist commercial pharmaceuticals Integrelin (A) and Monafram (B).
Blood incubation time was 30 min at 37 °C. Control and experimental groups included 3 different
donors in each group. Data averaging was performed within each group. The mean values and
error bars designate standard deviations; * p < 0.05 (t-test); AI, RBC aggregation index; Ty /;, char-
acteristic time of aggregate formation; CSS, critical shear stress, sufficient to prevent spontaneous
aggregation (hydrodynamic strength of the aggregate). The parameters are presented under one
scale, measurement units for each parameter are indicated in brackets.

We studied the effects of Integrelin (Figure 7A) and Monafram (Figure 7B) in vitro.
Both substances decrease cell—cell interaction by preventing the linking of adhesive lig-
ands (namely, fibrinogen) with glycoprotein complexes IIb/Illa. Integrelin is an antiplatelet
pharmaceutical that contains eptifibatide as an active agent. Eptifibatide is a peptide in-
hibitor of glycoproteins IIb/Illa. When eptifibatide binds glycoproteins IIb/Illa on the cell
surface, it blocks this receptor from recognizing other adhesive molecules, resulting in a de-
crease in cell-cell interaction. Monafram consists of F(ab)2 fragments of anti-glycoprotein
IIb /1Ila monoclonal antibody FraMon (CRC64). Being a glycoprotein IIb/Illa agonist, it
acts similarly to eptifibatide and is used to decrease the aggregation activity of platelets.
We chose these drugs to verify the sensitivity of diffuse light scattering to determine the
effects of mediating RBC aggregability in whole blood measurements.

In every experiment, each group (the control and the experimental) included 3 donors.
Concentration was determined according to calculations based on the protocols of in-
travenous administration of these drugs in clinical practice [29]. The incubation time of
the blood samples supplemented with Integrelin or Monafram was 30 min at 37 °C. In
both Integrelin (40 pg/1 mL of blood) and Monafram (2.5 pug/1 mL of blood), the time
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of aggregate formation, Tj/,, was statistically significantly (p < 0.05, t-test) increased in
comparison with the control: 57.9 £ 2.9 s (control 33.5 & 3.6 s) for Integrelin; 60.0 +- 4.0 s
(control 40.2 + 2.0 s) for Monafram. The behavior of Al after 30 min of incubation of
inhibitors with blood samples was different: for Integrelin, Al increased from 15.8 & 3.3%
to 23.0 &= 4.2%, while for Monafram it decreased from 47.7 + 4.5% to 40.0 &+ 5.2%. The
differences for Al are not statistically significant (t-test). For both inhibitors, we discovered
a statistically insignificant yet observable reduction of hydrodynamic strength of RBC
aggregates: for Integrelin CSS it decreased to 131 & 10 mPa (control 157 & 15 mPa); for
Monafram CSS it decreased to 238 & 23 mPa (control 293 4 20 mPa). The effect of inhibitors
of glycoprotein complexes IIb/Illa was more pronounced on characteristic time (T /;) of
RBC aggregate formation. In this case, the differences were statistically significant. This can
be explained by that fact that Ty /, is a parameter of RBC aggregation kinetics and depends
on the early phase of RBC interaction—formation of linear aggregates—and also on the
later phase, when complex three-dimensional aggregates are formed. Meanwhile, CSS and
Al characterize RBC interaction in general, including both linear and three-dimensional
aggregate formation and dispersion. Such a difference in Ty, values demonstrates that
glycoprotein inhibition mostly affects early stages of RBC aggregation, precisely when cells
are in plane—parallel contact. This corresponds to results obtained by another group [30].
Control values are different because each experiment involved different donors within
the group.

To summarize, it is clearly seen that lasers allow for assessing changes in RBC aggre-
gation in whole blood both on the level of single cells (using laser tweezers) or on the level
of huge ensembles of cells. Usage of these methods allows for studying the mechanisms of
RBC aggregation because they are sensitive to the noncellular effects of the changes in the
medium which surrounds the RBCs (i.e., blood plasma, serum or model solution) and to
the changes in the cellular properties of RBCs (i.e., effects of glycoprotein inhibition on the
cell membrane).

3.3. Results of the Measurements of RBC Deformability Performed Using Laser Diffractometry

We performed measurements of RBC deformability under the effects of two stress
hormones—noradrenaline (Sigma Aldrich, A7257, Merck, Darmstadt, Germany) and
adrenaline (Sigma Aldrich, E4250, Merck, Darmstadt, Germany). It has been reported
that they possess opposite effects on RBC deformability. Noradrenaline impairs the rheo-
logic properties of RBCs by decreasing membrane fluidity and, correspondingly, deforma-
bility due to the changes in the structure of membrane proteins or their interactions in
the membrane [31,32]. On the contrary, the exposure of RBCs to adrenaline results in
a concentration-dependent increase in RBC membrane fluidity [33]. Based on this data, we
decided to perform a laser diffractometry test of the effects of noradrenaline and adrenaline
on RBC deformability.

RBCs were washed 3 times in phosphate-buffered saline PBS, administered into
aliquots of noradrenaline and adrenaline at desired concentrations and incubated for
15 min at 37 °C. The experimental solutions of hormones were achieved by dilution of dry
powders of noradrenaline and adrenaline in PBS at high concentrations with subsequent
dilution with PBS until the desired concentrations were obtained. After incubation, the
cells were gently sedimented without washing, supernatant was taken, and the remaining
RBCs were resuspended in 0.14 mM polyvinylpyrrolidone (PVP360, Sigma Aldrich, Merck,
Darmstadt, Germany; viscosity: 30 cP at 37 °C; pH = 7.4; osmolarity: 290 mOsm/L) at
1%-hematocrit. The obtained suspension was then measured using RheoScan AnD-300.

The results shown in Figure 8 demonstrate the elongation index (EI) of RBCs at the
applied external shear stress of 3 Pa. One can see that incubation of RBCs in solution of
noradrenaline (Figure 8A) at 2.7 uM concentration led to a statistically significant (p < 0.05,
t-test) decrease in RBC deformability (0.291 £ 0.022 vs. 0.364 % 0.014 in the control group).
This corresponds to the data in the literature [31]. The effect of adrenaline (Figure 8B), on
the contrary, points out a clear trend of increasing RBC deformability, which generally
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corresponds with the results of other groups [33,34]. Thus, we can see that laser diffrac-
tometry allows for assessing either decreases or increases in RBC deformability induced by
activation of various metabolic pathways.
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Figure 8. Changes in RBC deformability induced by metabolic hormones noradrenaline (A) and
adrenaline (B) assessed by laser diffractometry using RheoScan AnD-300. Incubation time 15 min at
37 °C. Elongation index refers to the elongation of RBCs when 3 Pa external shear stress is applied.
Blood was from a healthy male individual. Measurements were performed three times; bars represent
mean values; error bars designate standard deviations; * p < 0.05 (f-test).

4. Discussion

Blood is a unique type of tissue because it is constantly flowing. From this perspective,
both cellular and noncellular factors should be in good balance to support optimal rheo-
logical properties to maintain microcirculation and perfusion. There are many conditions
that may affect blood rheology in different ways: temperature effects [35]; changes in
blood plasma protein concentration; microrheological age-related changes in RBCs [14];
and pathological alterations. Thus, it is necessary to be able to assess the role of different
factors in controlling blood rheological behavior in routine clinical practice in theranostics
of many diseases accompanied with hemorheological disorders. Optical techniques have
great potential to fulfill this demand. The temperature effects on blood rheology have
been intensively studied for decades [36]. In our previous work, we demonstrated the
sensitivity of laser tweezers, diffuse light scattering and RBC diffractometry to changes in
blood rheology depending on the temperature [35]. The next stage of this complex study is
to characterize the sensitivity of laser optics to plasma protein concentration factors. The re-
sults of the current study demonstrate that their sensitivity to proteins and macromolecules
that are reported to be major inducers of RBC aggregation is quite high. In most cases
these are acute-phase proteins, such as fibrinogen and y-globulins. From the literature, it is
well known that blood rheological behavior strongly depends on the content of proteins
of the acute phase fraction [37]. We can see (Figure 6) that both in autologous media
(plasma\serum) and in model solutions (PBS) the presence of fibrinogen or y-globulin
significantly strengthens the interaction of RBCs, and we can track this on the single-cell
level by measuring the interaction force Fi,; using laser tweezers. Probing RBC interaction
in the model solution of synthetic macromolecule dextran 500 kDa showed that an increase
in Dex500 concentration leads to a significant increase in Fj,¢, which corresponds to the
data on Dex500 as a strong proaggregant [38]. However, there are several blood plasma
proteins that are present in blood plasma in normal physiological conditions, for example,
haptoglobins, and C-reactive protein, whose role in the regulation of blood rheology is
still uncertain or controversial [39]. This topic is additionally complicated by phenomena
when a plasma protein changes its role from aggregation inducer to inhibitor depending on
the concentration of other proteins. For example, human serum albumin, which normally
does not significantly affect RBC aggregation, at certain fibrinogen concentration provides
a synergistic effect on immunoglobulin-induced aggregation [40].
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The main disadvantage of LTs is the small quantity of cells measured. As the average
time of RBC searching and Ftrap measurement is about 5 min, no more than 10 pairs of
RBCs are measured in each sample. The main advantage of LTs is the ability to manipulate
single cells without mechanical contact and negligible heating effect. Overall, this field of
hemorheology requires further study involving various techniques. Recent advances in
the design of microchannel and microfluidics machinery allow implementation of lasers
in single-cell studies of cellular biomechanics under flow conditions. Overall, this field
of hemorheology requires further studies involving various techniques. In [41] it was
demonstrated that femtosecond laser sources can be used to fabricate microchannels in
monolith plastic chips with accurate control of channel geometry and, therefore, support the
desired flow conditions. The configuration of the laser system and the fabrication material
accommodates single-cell measurements of RBC biomechanical properties under flow using
multiple channel optical tweezers. Such an approach is very promising in correspondence
to the modern visions of hemorheological diagnosis in the “lab-on-a-chip” philosophy.

It has already been reported that devices based on diffuse light scattering are capable
of assessing the hemorheological effects of plasma proteins [21,22]. Moreover, such devices
are widely and successfully used in clinical practice in routine diagnostics of cardiovascular
disease [42], acute coronary syndrome [43], coronary heart disease, diabetes mellitus [44]
and more. Now this technique takes a step forward into assessing RBC aggregability medi-
ated by RBC cellular properties, namely membrane composition. Here we demonstrated
that some aggregation parameters measured by diffuse light scattering are sensitive to the
effects of antiaggregant drugs: glycoprotein IIb/Illa agonist pharmaceuticals Integrelin and
Monafram suppress RBC aggregation by binding the receptor and preventing fibrinogen-
induced aggregation. However, this field is additionally complicated with the fact that
mechanisms of RBC aggregation are not understood completely. Modern fundamental
studies in this field point to the principal duality of RBC mechanisms of aggregation involv-
ing the depletion layer theory [45] and the molecular cross-bridging model [13]. Diffuse
light scattering is a very convenient, simple and fast technique for obtaining the parameters
of RBC aggregation on a huge number of cells simultaneously. Use of diode laser light with
low intensity does not affect the intrinsic properties of cells. It should be noted that since
the measurements are based on the registration of the scattering signal from a large number
of RBCs in the blood sample, the concentration of the cells in the sample significantly affects
the scattering signal, which complicates the possibility of comparing the results obtained
from different samples. The important requirement and limitation for these measurements
is to bring the blood samples to an equal hematocrit.

Laser diffractometry of RBCs is a solid technique to test the red cells for their deforma-
bility on the level of large ensembles of cells [46] and can also be used to study the molecular
mechanisms driving RBC deformation. Nowadays, studies of metabolic effects modulating
RBC deformability are of particular interest [47]. According to recent studies [48] the mech-
anisms underlying RBC deformability are mediated by the conformational changes in the
structure of proteins responsible for the attachment of the actin—spectrin cytoskeleton to the
inner surface of the membrane (namely, band 3 complexes, protein 4.2 and others). Some of
the severe hematological diseases are accompanied by decreased RBC deformability. For
example, hereditary spherocytosis, which is accompanied by significantly decreased RBC
deformability due to the loss of inner membrane surface due to massive transformation
of RBCs from discocytes into spherocytes [49]. Today, the treatment of such pathologies
is very complicated due to lack of knowledge on the mechanisms for improving RBC
deformability. In the present work, we demonstrated that laser diffractometry was an
effective method to probe the opposing effects of stress hormones: noradrenaline decreased
average RBC deformability (Figure 8A) and adrenaline increased deformability (Figure 8B).
Such a result is of a particular benefit for hematological clinical practice. We are able to use
laser diffractometers in vitro for a search and characterization of physiological metabolites
or synthetic drugs that can potentially increase RBC deformability in cases of pathological
impairment. However, one of the problems with laser diffractometry is a dependence of
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the diffraction pattern on the shearing geometry of the flow occurring in the experimental
chamber [28]. In some cases, this complicates the interpretation of the experimental data.
To overcome this problem, we should extend the usage of diffractometers with different
shearing geometries in studies of RBC deformability and compare the obtained results.
Additionally, the problem of diffractometry data interpretation can be solved by devel-
oping advanced, novel algorithms of diffraction pattern analysis, which, for instance, are
presented by Nikitin et al. in their works [50,51].

The general problem for all laser optical approaches is the interaction of the laser beam
with RBCs. In most cases, the laser source is chosen according to the minimum phototoxicity
caused by light absorbance. Thus, the excitation wavelength range is chosen in the red
or near-infrared bands of the spectrum. However, during the trapping of RBCs with near
infrared laser tweezers, the RBCs are deformed and can take various shapes depending
on the power and polarization of the trapping beam and duration of the experiment [52].
We can clearly state that the effects of interaction between probing laser beam and RBCs
should be considered in order to avoid possible morphological alterations in the cell. The
importance of biological safety during laser trapping is discussed in [53]. In this work, the
authors study the rotation and deformation of RBCs using optical trapping in tapered fiber
probes. This technique allows simultaneous assessment of the rotational and deformation
properties of RBCs and also potentially provides information on the interaction between
deformed cells.

5. Conclusions

Optical techniques demonstrate high effectiveness in assessing the parameters of
RBC aggregation and deformability. These methods allow for studying the fundamental
mechanisms of RBC aggregation and deformation both on the single-cell level (using laser
tweezers) and on the level of large ensembles of cells (diffuse light scattering and laser
diffractometry). In particular, the results of our measurements of RBC paired-interaction
force in different media—autologous blood serum and plasma and various model PBS
solutions with different macromolecules (fibrinogen, human y-globulin and dextran)—
clearly show the crucial role of fibrinogen as the major natural RBC proaggregant and prove
that laser tweezer measurements are sensitive to the effect of this key RBC aggregation
modulator. The RBC aggregation-inducing effect of fibrinogen was also shown to be
pronounced in model PBS solution, and y-globulin also demonstrated the inducing effect
on RBC aggregation in the model PBS solution. However, an increase in RBC paired-
interaction force by the addition of y-globulins is significantly lower than that of fibrinogen.
The proaggregant effect of synthetic macromolecule Dex500 in model PBS solution can be
characterized as an average between the effects of y-globulin and fibrinogen. Our ability to
assess the changes in RBC deformability induced by metabolic hormones noradrenaline and
adrenaline opens possibilities for the practical application of this technique for correcting
blood microrheological properties in clinics.
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