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Abstract: Preeclampsia (PE) is a hypertensive disease characterized by proteinuria, endothelial
dysfunction, and placental hypoxia. Reduced placental blood flow causes changes in red blood cell
(RBC) rheological characteristics. Herein, we used microfluidics techniques and new image flow
analysis to evaluate RBC aggregation in preeclamptic and normotensive pregnant women. The results
demonstrate that RBC aggregation depends on the disease severity and was higher in patients with
preterm birth and low birth weight. The RBC aggregation indices (EAI) at low shear rates were higher
for non-severe (0.107 ± 0.01) and severe PE (0.149 ± 0.05) versus controls (0.085 ± 0.01; p < 0.05).
The significantly more undispersed RBC aggregates were found at high shear rates for non-severe
(18.1 ± 5.5) and severe PE (25.7 ± 5.8) versus controls (14.4 ± 4.1; p < 0.05). The model experiment
with in-vitro-induced oxidative stress in RBCs demonstrated that the elevated aggregation in PE RBCs
can be partially due to the effect of oxidation. The results revealed that RBCs from PE patients become
significantly more adhesive, forming large, branched aggregates at a low shear rate. Significantly
more undispersed RBC aggregates at high shear rates indicate the formation of stable RBC clusters,
drastically more pronounced in patients with severe PE. Our findings demonstrate that altered RBC
aggregation contributes to preeclampsia severity.

Keywords: preeclampsia; red blood cell aggregation; microrheological properties of the blood;
microfluidic device; image flow analysis; oxidative stress

1. Introduction

Preeclampsia, a hypertensive multisystem disorder, affects 3–5% of pregnancies and
stands as a prominent contributor to maternal and neonatal morbidity and mortality, with
its occurrence primarily in the later stages of pregnancy. The clinical diagnostic criteria
involve elevated blood pressure (systolic blood pressure ≥ 140 mm Hg and diastolic
blood pressure ≥ 90 mm Hg) after the 20th week of gestation in women whose blood
pressure had previously been within the normal range. In most cases, PE is accompanied
by proteinuria (defined as protein excretion ≥ 0.3 g in a 24-h urine specimen) as well as
renal insufficiency, liver dysfunction, pulmonary edema, visual or cerebral disturbances,
and/or thrombocytopenia [1]. PE can also lead to circulation problems with insufficient
blood flow to the placenta and thus limit the fetus’s supply of nutrients and oxygen and
consequently growth restriction and low birth weight (LBW).
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The pathophysiology of preeclampsia remains unclear, but it is considered that an abnor-
mal formation of the placenta may serve as the triggering factor [2]. The trophoblast invasion
in preeclampsia is impaired, reducing placental perfusion and creating intermittent flow [3].
Various stress factors can disturb the syncytiotrophoblast; however, the main one responsible
for preeclampsia is uteroplacental malperfusion secondary to defective remodeling of the
uterine spiral arteries. The failed remodeling of extravillous trophoblasts to deeply invade
the uterine spiral arteries and to replace the vascular endothelial cells leads to hypoxia and
reduced uteroplacental blood flow to the placenta [4]. Chronic placental hypoxia leads to elec-
tron slip from oxidative phosphorylation, reduced ATP production, and the overproduction
of reactive oxygen species (ROS), thus inducing damage to both the placenta and the endothe-
lium [5]. Oxidative stress of the syncytiotrophoblasts is one of the characteristic features of
preeclampsia especially of its early onset. In response to syncytiotrophoblast stress, soluble
factors (such as antiangiogenic factors, cell-free nucleic acids, and pro-inflammatory cytokines)
and microvesicles are released from the placenta into the maternal bloodstream [6–8]. The
imbalance of proangiogenic and antiangiogenic factors in maternal circulation plays a key
role in triggering PE. It has been confirmed that soluble fms-like tyrosine kinase 1 (sFLT1)
and soluble endoglin (sEng) are significantly increased in preeclamptic patients compared
to normotensive pregnant women. At the same time, concentrations of vascular endothelial
growth factor (VEGF) and placental growth factor (PlGF) are decreased [9]. Evidence suggests
that the interaction of soluble factors with maternal endothelium contributes to vascular
dysfunction [10]. The disruption of endothelial function results in a systemic inflammatory
response, which is one of the clinical syndromes of pre-eclampsia [11].

Red blood cells (RBCs) are highly susceptible to oxidative stress and inflammation,
making them among the first cells to be affected by unfavorable conditions. Throughout
their life span, they are exposed to internal and external sources of oxidants and inflamma-
tory cytokines that can impair their primary function of delivering oxygen to tissues. RBCs,
as carriers of respiratory gases, are continuously exposed to a high oxygen concentration,
which promotes ROS production. RBCs are also exposed to oxidants derived from the
surrounding endothelial cells and cells of the immune system. To protect against the effects
of ROS, RBCs are equipped with antioxidant machinery. Under normal conditions, enzyme
systems and low molecular weight antioxidants largely prevent red blood cell damage [12].
However, in some pathological situations and hereditary diseases that create conditions for
excessive oxidative stress, the redox balance is disturbed, and the RBC protective mech-
anisms become ineffective [13,14]. Weakening or deficiencies in the RBCs’ antioxidant
systems can lead to cellular damage. Several studies have reported elevated RBCs and
plasma glutathione peroxidase in severe preeclampsia [15,16]. As a result of excess levels of
oxidants, red blood cells can undergo modifications in both lipid and protein components,
including lipid peroxidation and concomitant externalization of phosphatidylserine (PS).
Since membrane lipids of RBCs are rich in polyunsaturated fatty acids, their exposure to
ROS damages membrane stability and causes hemolysis. The process of lipid peroxidation
can disturb the integrity of the membrane, thus leading to deviations in its fluidity and per-
meability [17]. Lipid peroxidation products alter RBC membrane functions by cross-linking
the skeletal proteins of the RBC membrane and lead to protein polymerization, potassium
leakage from the cell, and RBC dehydration. Oxidative modifications of cytoskeletal pro-
teins, Band 3, and cytoskeleton-membrane interactions can largely affect red blood cell
deformability and membrane stability [18–20]. Spickett et al. have demonstrated increased
RBC lysis in preeclamptic patients compared to normotensive pregnant women as a result
of oxidative damage to the RBC membrane, leading to reduced fluidity [21].

RBC properties have a strong influence on blood flow. RBC fluidity and elasticity
enable them to deform as they pass through narrower vessels. Thus, they withstand hemo-
dynamic changes in blood flow, ultimately reducing vascular resistance. The ability of
RBCs to adapt their morphology in response to shear forces is the main determinant of
blood viscosity. In normal conditions, in large vessels where blood velocity is low, with a
lower shear rate (<1–10 s−1), red blood cells tend to aggregate (forming so-called rouleaux
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or 3-dimensional clusters), promoting a rise in apparent whole-blood viscosity [22]. The
conditions of the formation of aggregates largely determine the rheological behavior of
the blood, especially in the microcirculation. RBC aggregation is reversible and shear
dependent. At high shear rates (>150 s−1) in large vessels, RBCs’ deformability and dissoci-
ation result in low whole-blood viscosity [23]. High shear forces (i.e., in the arterial system)
induce the disaggregation and dispersion of RBCs thereby facilitating microcirculation [24].
RBC aggregation depends on various factors, including local shear rate, hematocrit, plasma
concentration of high molecular weight proteins as well as RBC properties such as surface
charge, membrane fluidity, and cell deformability. Increased concentration of fibrinogen and
other high molecular weight proteins in plasma was found to be related to increased red
blood cell aggregation [25]. Exposure of RBCs to oxidative stress also affects both the extent
and strength of their aggregation. ROS may damage RBCs by increasing the strength of their
aggregation, thus leading to an elevation in vascular resistance against blood flow, especially
at the precapillary level [26]. A change in RBC aggregation can be an important indicator
of disease as well as of the course of disease progression. Therefore, the understanding of
the extent of aggregation and its effect on blood rheology is important as it can be enhanced
in some pathological states and diseases including infections [27], diabetes mellitus [28],
cardiovascular disease [29], hypertension [30], preeclampsia [31], and other pathologies.

Microcirculation can be seriously disturbed in case of deviation of elasticity and de-
formability of RBCs. RBC aggregates with impaired deformability are known to be difficult
to disperse as the shear rate increases [32]. Abnormalities in the shape or deformability
of red blood cells leading to stiffening of the cell membrane in some inherited diseases
such as sickle cell anemia, hemolytic anemias, and thalassemic syndromes affect whole-
blood viscosity [33]. Previous studies have found that RBC deformability is reduced in
women with PE and in some cases of intrauterine growth restriction and contributes to
reduced microcirculation [34]. The increased viscosity due to enlarged RBC aggregation
found in patients with PE may impair proper tissue perfusion in the placental intervillous
space. Damaged RBCs enhance the progression of endothelial dysfunction and maternal
circulatory disorders [35,36].

In recent years, the developments of microfluidics technologies with microchannels
that simulate dimensions of the smallest human capillaries have allowed the study of
rheological and mechanical properties of RBCs and their influence on blood flow in health
and disease [37,38]. Microfluidics technology is often used to mimic microcirculation and
microvasculature networks. In microfluidics, data is usually collected optically using a
high-speed video system connected to a microscope and a micropump [39]. The alteration
of RBC aggregation at different shear rates in a microfluidic system provides valuable
information for the variations in blood rheology. Recent advances in microfluidic systems
have led to more realistic models of blood vessels, used in many studies for blood flow
analysis and appropriate selection of experimental flow conditions. These models applied
the shear force effects on cell dynamics and their use in microfluidic applications [40,41].

To evaluate the main indices of RBC aggregates, several image processing and analysis
techniques have been applied. In their study, Foresto et al. quantified the RBC aggregation at
stasis and under several shear stresses to better mimic aggregation behavior in vivo by defining
an aggregation shape parameter [42]. Fusman et al. (2000) have found that the area between
adjacent RBC aggregates, known as the vacuum radius, is a direct indicator of RBC aggregate
size [43]. Using this concept, Kaliviotis et al. (2011) and Dusting et al. (2009) have defined
an indirect index of aggregation based on RBC-free area, hematocrit, and total area have been
determined from microscopic blood images [44,45]. A computerized image analysis technique
has been applied to determine the size distribution of RBC aggregates at different shear stresses
by varying the flow rate of suspensions in flow chambers [46]. Kavita and Ramakrishnan (2007)
use a two-dimensional wavelet transform to find the aggregation size index as the standard
deviation of the coefficients generated by the wavelet functions [47].

In this study, a microfluidic-based measurement was applied to investigate RBC
aggregation at low and high shear rates in normal pregnancies and PE patients and evaluate
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the relationship between the severity of preeclampsia and the extent of RBC aggregation. A
new image processing methodology was applied to evaluate RBC aggregation indices (AI).
We revealed that the RBC aggregation is significantly elevated in patients’ samples vs. the
control ones, especially in cases of severe PE. The in vitro-induced oxidative stress in red
cells from healthy donors demonstrates that the elevated AI in PE RBCs can be partially
due to the effect of the oxidants.

2. Results
2.1. Characteristics of the Patients with Preeclampsia and Healthy Pregnant Women

In this study, thirteen pregnant women suffering from preeclampsia were enrolled.
Of the surveyed cases, six had severe preeclampsia requiring emergency delivery, and the
rest had a mild form of PE (referred to as non-severe PE). The non-severe cases of PE were
defined in the presence of hypertension (blood pressure > 140/90) but below 160 systolic
BP and 110 diastolic BP, with or without the presence of proteinuria and in the absence
of significant end-organ dysfunction. The severe PE cases were defined as PE with the
presence of systolic blood pressure of 160 mmHg or higher or diastolic blood pressure of
110 mmHg and/or proteinuria of more than 3+ on 2 random urine samples collected at
least 4 h apart and/or significant end-organ dysfunction (persistent headaches, epigastric
pain, elevated liver enzymes, thrombocytopenia, etc.). The main clinical characteristics and
laboratory indices from PE patients and normotensive pregnant women are summarized
in Table 1, Tables S1 and S2 (Supplementary Materials) for individual patients. The mean
maternal age at the time of blood sampling of severe PE was significantly above that of the
PC and non-severe PE. The systolic and diastolic blood pressures were statistically higher
in the PE groups than in the control pregnant group. Premature births occur significantly
more in 69% of studied PE cases. The weight of babies born to mothers with non-severe PE
and severe PE was 16% and 59%, respectively, less than that of newborns of mothers with
normal pregnancies.

Table 1. Clinical data (maternal age; gestational age, GA at the time of diagnosis and at deliv-
ery; mean blood pressure, BP; newborn weight, low body weight, LBW) and laboratory indices
(Proteinuria, PU; RBC count; Hemoglobin, Hb; Hematocrit, Ht; mean corpuscular volume in femto-
liters (fl), MCV; mean corpuscular hemoglobin, MCH; mean corpuscular hemoglobin concentration,
MCHC; red cell distribution width, RDW; Fibrinogen, Fg; C-reactive protein (CRP); Platelet Count;
Creatinine serum; aspartate aminotransferase, ASAT; and alanine aminotransferase, (ALAT) of the
pregnant controls (PC), and women with preeclampsia (PE).

Characteristics Reference
Values for Pregnant Women

PC
(n = 8)

Non-Severe PE
(n = 7)

Severe PE
(n= 6)

Maternal age (years) 26.2 ± 5.6 27.4 ± 5.8 36.8 ± 4.3 *
Mean BP (systolic/diastolic) 105 ± 7/70 ± 5 145 ± 3/94 ± 6 * 165.5 ± 4/112 ± 2 *

GA at diagnostic of PE 34.8 ± 3.4 * 28.8± 1.3 *
GA at delivery 39.1 ± 1.1 35.3 ± 3.0 * 29.3 ± 1.0 *

Newborn weight (g) 3366.7 ± 124.7 2824.3 ± 416.0 * 1388.0 ± 356.6 *
Number of LBW - 1 6

Proteinuria (mg in 24-h urine collection) - - 644 ± 6 * 1975 ± 646 *
Number of patients with PU 3 5

Fg (g/L) 2.90–6.50 5.7 ± 0.2 5.6 ± 0.4 5.7 ± 1.1
CRP (mg/L) (interval) 0.5–5.0 4.2–19.9 2.00–26.87 2.37–76.82

Creatinine serum (µmol/L) 35–80 66.25 ±9.1 74.4 ±7.3 76.0 ±15.1
ASAT (U/L) 4–32 16.3 ± 0.9 29.2 ± 17.2 33.5 ± 20.8
ALAT (U/L) 3–30 16.6 ± 4.3 26.1 ± 18.3 19.7 ± 8.5

RBC count (T/L) 3.6–5.1 3.84 ± 0.18 3.94 ± 0.3 3.87 ± 0.4
Hb (g/L) 110–148 118.7 ± 10.7 122.2 ± 6.8 118.2 ± 5.8
Ht (L/L) 0.30–0.46 0.37 ± 0.03 0.36 ± 0.02 0.36 ± 0.02
MCV (fl) 82–98 94.05 ± 3.13 92.50 ± 3.73 92.60 ± 6.47

MCH (Pg/L) 26.5–32.0 31.0 ± 1.8 31.0 ± 1.4 30.7 ± 2.4
MCHC (g/L) 295–360 329.5 ± 9.23 345.7 ± 24.2 330.8 ± 6.5

RDW % 12.3–14.7 12.9 ± 1.3 13.6 ± 1.6 13.6 ± 2.1
Platelet Count ×109/L 146–429 249.5 ± 63.2 269.2 ± 68.2 220.8 ± 99.1

* Indicates statistically significant difference (p < 0.05) in the PE values for both severe and non-severe groups
compared with the PC values.
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The value of CRP was within a wide range both for PE patients and controls. However,
it should be noted that CRP exceeded the upper limit in 42% of non-severe PE and 66% of
severe PE cases, and only in 25% of the controls. Serum creatinine and ASAT tended to
have higher values in patients with preeclampsia, but these values did not reach statistical
significance. All other laboratory indices did not differ between the groups (Table 1).

According to the gestational age at the time of diagnosis, 54% of the investigated PE
cases were of early onset. All cases with severe PE were early onset, while for those with
non-severe PE, only one case was early onset.

2.2. RBC Aggregation and Main Rheological Indices of Healthy Pregnant Women and Patients
with Preeclampsia

Red blood cells from the blood of patients with PE were isolated at the time of
diagnosis before patients received any treatment. RBC aggregation was monitored at
two conditions—at low-shear conditions, followed by a high-shear flow for the PE and con-
trol groups. The obtained images are shown in Figure 1. At a low shear rate (8.9 s−1) in the
RBC suspension from normotensive women, small, stacked aggregates called “rouleaux”
formed by a small number of RBCs were observed (Figure 1A, Figure 2A and Figure S1).
Data examination shows that the “rouleaux” formations are the predominant part of the
RBC aggregates (Figure S1, Supplementary Materials). The image analysis of the PE RBCs
revealed a difference both in the size and the number of aggregates depending on disease
severity (Figure 1B,C, Figures S2 and S3).
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Figure 1. Representative images of RBC aggregates obtained with the BioFlux microfluidic system
under low-flow condition (8.9 s−1), from (A) healthy pregnant women (n = 8); (B) patients with
non-severe preeclampsia (n = 7), and (C) patients with severe preeclampsia (n = 6). Scale bar—50 µm.
The encircled RBC aggregates (examples are depicted with white circles in A–C) are shown enlarged
in Figure 2.
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RBCs from the non-severe PE group formed predominantly larger branched aggregates
(Figure 2B and Figure S2) compared to the control group (Figure 1A,B). The image analysis
determined that the RBC aggregation index at a low shear rate (AIL) was significantly
higher (by 26%, p = 0.04) compared to that of the PC group (Table 2). The average number
of RBC aggregates at a low shear rate (NAL) in the non-severe PE subgroup was lower
(by 23%) than in PC; however, we did not find a statistically significant difference (Table 2).
Therefore, the non-severe PE subgroup formed larger, but fewer, RBC aggregates than the
control group of healthy pregnant women.
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Figure 2. Representative images of RBC aggregate shapes: the “rouleaux” formation (A) as identified
in Figure 1A, and different types of aggregates designated as branched aggregates (B) and extended
branches, i.e., network (C) as identified in Figure 1B,C, respectively. Scale bar—25 µm.

Table 2. RBC Aggregation Indexes (AI) and Number of RBC Aggregates (NA) at low (AIL and NAL)
and high shear rates (AIH and NAH) of the patients with non-severe (n = 7) and severe preeclampsia
(n = 6) (non-severe PE and severe PE) and the control group of healthy pregnant women (n-8) (PC
group). Mean values and SD.

Groups
Low Shear Rate High Shear Rate

AIL NAL AIH NAH

PC 0.085 ± 0.01 119.4 ± 38.7 0.005 ± 0.002 14.4 ± 4.1
Non-severe PE 0.107 ± 0.01 * 92.1 ± 16.7 0.006 ± 0.001 18.1 ± 5.5 *

Severe PE 0.149 ± 0.05 * 127.0 ± 9.1 ♦ 0.011 ± 0.002 *♦ 25.7 ± 5.8 *
* Indicates statistically significant difference (p < 0.05) in the PE values for both severe and non-severe groups
compared with the PC values; ♦ Indicates statistically significant difference (p < 0.05) in the values of the severe
PE group compared with the respective values of the non-severe PE group.

In the severe PE subgroup, larger aggregates are formed, having extended branches
(Figure 2C and Figure S3), with which they are connected in aggregate complexes, forming
networks, in comparison with non-severe PE cases and PC group (Figure 1). RBC aggre-
gation in severe PE cases (Figure 1C) was increased compared to both the non-severe PE
subgroup and normotensive pregnant women (Figure 1A,B). The RBC aggregation index
(AIL) increased statistically significantly in severe PE cases by 75% (p = 0.04) compared to
the control group, and by 39% compared to the non-severe PE subgroup at a low shear
rate. The number of RBC aggregates (NAL) was significantly higher (by 38%) compared
to the non-severe form of PE (p = 0.005, Table 2) and slightly above that of the PC group.
Therefore, in the severe PE subgroup, RBCs were connected into large complex aggregates,
more numerous compared to both the control group and non-severe PE cases.

As mentioned above, in healthy status the RBC aggregation process is reversible under
high shear flow conditions. Thus, we analyzed RBC behavior under a high-shear rate
(446 s−1), simulating the microcirculation in the narrow capillaries/arterioles. From image
analysis, it was estimated how many of the formed RBC aggregates did not break up
under high shear flow conditions (Figure 3). In the RBC suspension of the control group, a
few undispersed aggregates are observed, formed by a small number of cells (Figure 3A).
In cases of non-severe PE and especially in severe PE, a greater number of small RBC
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aggregates consisting of more RBCs remain after high-flow conditions than in healthy
pregnant women (Figure 3B,C).

In the PC group, NAH under high-flow conditions was reduced by more than 88%
and AIH by 94% relative to a low shear rate (Table 2). Undispersed RBC aggregates from
non-severe PE were statistically significantly more (by 26%, p = 0.049) compared to the
PC group (Table 2). However, the AIH value for the non-severe PE subgroup showed no
statistical difference from that of the controls. In contrast, both aggregation indices of the
severe PE subgroup were significantly higher, more than two times (p = 0.007 for AIH and
p = 0.005 for NAH) compared to the corresponding PC values (Table 2). Therefore, as the
preeclampsia worsens, the degree of RBC aggregation increases.
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2.3. Rheological Features of RBCs under In Vitro Chemically Induced Oxidative Stress

It is known that oxidative stress is involved in the pathogenesis of preeclampsia and
has significant impacts on RBCs. To assess the degree of influence of oxidative stress on the
rheological changes of red blood cells and its relationship with pathological conditions during
pregnancy, we examined the effect of hydrogen peroxide (H2O2) on newly isolated RBCs from
three healthy pregnant women, not included in the main PC group. H2O2 is a metabolite
involved in most of the redox metabolism processes of living cells and is, therefore, often used
in model systems [48]. The number of RBC aggregates and the RBC aggregation index are
determined after treatment of the cells with three concentrations of H2O2 (Table 3).

At a low shear rate, treatment of red blood cells with a low concentration of H2O2
(200 mM) did not induce a shift to increased aggregation compared to non-treated cells. The
aggregates observed were similar to those formed at low shear rates, such as untreated RBCs
(Figure 4A,B). No difference was found between the values of the respective NAL indices
of the untreated samples and those treated with 200 mM H2O2. At the low concentration
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of H2O2, AIL was statistically significantly reduced (by 15%, p < 0.05) compared to that of
non-treated RBCs (Table 3).

As the concentration of H2O2 (300 mM) increases, RBC aggregation improves. Larger
aggregates with visible branching were observed (Figure 4C). The AIL aggregation index
was significantly increased (by 63%, p < 0.05) above that of untreated RBCs (Table 3) and
was comparable to that of severe PE (Table 2).
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At the highest concentration of H2O2 (400 mM), the RBC aggregation further increased
(p < 0.05) and even exceeded that of the severe PE group. The AIL of RBCs treated with
400 mM H2O2 is twice as large as untreated cells, while NAL was nearly 1.6 times lower
(Table 3) due to the greatly increased aggregates’ size (Figure 4D). The image analysis
(Figure 4C,D) of the RBCs treated with the two high concentrations of H2O2 (300 mM and
400 mM H2O2) showed a strong similarity of the aggregates formed (Figure 4C,D) with
those corresponding to non-severe and severe PE (Figures 1B and 1C, respectively).

At a high shear rate, the disaggregation of the formed aggregates in the untreated
RBC suspension was visible (Figure 5A). Compared with the RBC aggregation index of
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untreated RBCs, AIH was increased (by 25%) when cells were treated with 200 mM H2O2
(Table 3). Aggregate dispersion in suspensions from treated cells was weak compared to
untreated; several small aggregates could be seen especially in 300 mM and 400 mM H2O2
solution (Figure 5C,D). However, the aggregation indices, AIH and NAH, were not different
from those of the untreated group.

Table 3. RBC aggregation indexes (AI) and number of RBC aggregates (NA) at low (AIL and NAL)
and high shear rates (AIH and NAH) of the non-oxidized, newly isolated RBCs from healthy pregnant
donors and cells treated with three concentrations of hydrogen peroxide (H2O2). Mean values and SD.

Groups
Low Shear Rate High Shear Rate

AIL NAL AIH NAH

Non treated RBCs 0.086 ± 0.04 131.5 ± 31.4 0.004 ± 0.001 11.3 ± 1.1
RBCs treated with 200 mM H2O2 0.073 ± 0.01 * 128.0 ± 13.3 0.005 ± 0.001 9.3 ± 2.8 *
RBCs treated with 300 mM H2O2 0.140 ± 0.03 * 114.0 ± 23.9 0.003 ± 0.002 8.4 ± 1.3 *
RBCs treated with 400 mM H2O2 0.173 ± 0.03 * 84.2 ± 25.3 * 0.005 ± 0.002 11.3 ± 2.5

* Indicates statistically significant difference (p < 0.05) in the values of H2O2-treated RBCs compared with those of
non-treated RBCs.
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At the lowest concentration of H2O2 tested (200 mM), the aggregation index of red
blood cells was lower, while the number of aggregates was not significantly different from
that of untreated cells. The increasing H2O2 concentration at a low shear rate leads to an
elevation in both AI and the number of RBC aggregates compared to those of the untreated
ones (Table 3). The Pearson’s correlation analysis we applied demonstrated a strong relation
(r = 0.9; p = 0.033) for AIL of the pair parameters of treated cells with 300 mM H2O2 and
those derived from the non-severe PE group and moderate (r = 0.55; p = 0.05) for RBCs
treated with 400 mM H2O2 and RBCs from the severe PE group. Although the oxidative
stress model we applied in this study does not fully account for disease progression, it
sheds light on the influence of oxidative stress on the RBC rheological behavior.

At a high shear rate, the aggregation index of RBCs treated with the three H2O2
concentrations did not differ significantly from that of untreated cells. At treatment with
200 and 300 mM H2O2, the number of undispersed RBC aggregates at high shear flow
conditions was lower than that of RBCs treated with the highest concentration of H2O2
(400 mM), and of untreated ones. We hypothesize that this effect is a reflection of intact
antioxidant defense machinery in healthy individuals.

3. Discussion

Assessing of rheological changes in the RBC features plays a key role in understand-
ing complex pathophysiological processes affecting the microcirculation in preeclampsia.
The main manifestation of PE- hypertension is associated with abnormalities in blood
viscosity [49], which strongly depends on the aggregation and deformability of red blood
cells [50].

Based on the concept that preeclampsia is a multisystem disorder, it can be classified
into different subtypes. According to the time of its manifestation, PE is defined as early-
onset type and late-onset preeclampsia. These two main types of preeclampsia (early-onset
and late-onset) are reported to have different risk factors and pathophysiology but lead
to a common manifestation. However, all women with pre-eclampsia can be at risk of
deterioration regardless of the timing of disease onset. Thus, considering the severity of
clinical symptoms and the involvement of organ dysfunction, PE can be stratified into
severe or no-severe PE [51].

3.1. Changes in the Rheological Features of RBCs in Preeclampsia

In our investigation, we classified PE patient samples according to their clinical char-
acteristics as severe and non-severe PE and then compared their corresponding rheological
features. Determining the disease severity was based on a complex assessment of the
patient’s status, which includes, on the one hand, the presence of increased blood pressure
and/or proteinuria, but also dysfunction in some organs, vertigo, headaches, edema, etc.
The RBC aggregation, a mechanism that greatly influences the non-Newtonian properties of
blood, is the main determinant of low shear blood viscosity [52]. For all studied patients, the
values of AIL of RBC aggregates at low shear rates were found to be statistically increased
relative to those of the PC group, although to a different extent. To quantitively relate the
disease severity with the increased RBC aggregability, a correlation approach was applied.
Pearson’s correlation analysis between patients’ blood pressure and the corresponding
RBC aggregation indices supports our finding that RBC aggregation correlates with disease
severity (Table S3). A very strong correlation was found between the respective values of
AIL and the diastolic BP of non-severe PE patients (r = 0.87) and the systolic BP of patients
with severe PE (r = 0.81), and a strong correlation between the AIL and systolic BP of
non-severe PE (r = 0.61) and diastolic BP of severe PE group (r = 0.65), respectively.

Another criterion we applied to differentiate the rheological properties of patients’
RBCs was their rheological behavior at high shear-flow conditions. Taken together, the
changes in these pairs of parameters, combined with the image analysis used to determine
the number and size of the aggregates, allowed us to analyze the cases of the two PE subsets
for their association with disease severity and the time of PE onset (early and late PE).
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For more than half of the PE cases, forming the first PE subset, i.e., non-severe PE, the
main rheological indices at low shear rate, AIL, and the number of RBC aggregates differ
from the controls showing enlarged RBC aggregation. Image analysis of the non-severe PE
cases revealed the formation of long-chain rouleaux, unlike controls where these rouleaux
were shorter and less branched. At a high shear rate, the number of the RBCs′ aggregates
was higher than the control ones possibly as a consequence of enhanced cell adhesion
forces. However, the values of AIH were similar to those of the PC group, indicating the
reversibility of the aggregates. This finding suggests that the disease has a moderate, but
still distinguishable effect on RBCs relative to the PC group. Indeed, this group included
non-severe cases of PE, most of them being late-onset preeclampsia and one case of early-
onset. In their work, Pepple et al., who investigated only mild preeclampsia, determined
no altered RBC aggregation in preeclamptic compared to non-preeclamptic women [35].
This discrepancy with our results is probably due to different techniques used and, on the
other hand, to the methodology for determining aggregation (aggregation index vs. the
aggregation half time).

A more significant deviation in RBC rheological characteristics from the control values
was found for the remaining PE cases. This subset included samples from patients with
severe preeclampsia. It is worth noting that all these patients were of early-onset PE.
Regarding RBC aggregation indices, the severe PE group strongly differs from the PC
group both at low and high shear rates, indicating the formation of stable RBC clusters that
are difficult to break down at high flow conditions. Consistent with our results, Heilmann
et al. found statistically elevated red cell aggregation at stasis and low shear rates, along
with increased levels of hematocrit and hemoglobin in patients with severe PE compared
to normal pregnant women [31]. However, a certain influence of the time of onset of PE
should not be excluded since all patients with severe forms of preeclampsia are also of
an early onset. Recently, Csiszar et al. reported an increased RBC aggregation in women
with early-onset PE but did not specify the severity of symptoms [36]. The enhanced
formation of immense RBC aggregates we observed in the severe PE group, even in the
absence of plasma protein enhancing RBC aggregation, suggested their robust impact on
the patients′ microcirculation. Red blood cell aggregation largely determines the viscosity
of blood at low-shear conditions, such as the placental intervillous space. Altered RBC
aggregation would impair placental microcirculation, and, in these conditions, the RBCs
would not be able to accomplish their main function of oxygen delivery [53]. The elevated
RBC aggregation could influence tissue hypoxia in PE. In this regard, rouleaux was found
to be present in pathological conditions involving hypoxia [54].

Among the factors influencing elevated RBC rouleau formations is the bridging action
of plasma proteins, especially fibrinogen. In the cases we tested, the levels of fibrinogen
did not differ from the controls; on the other hand, the experiments were carried out with
washed RBCs which suggested that the observed rheological alterations can be attributed
to the changes in the RBC biophysical features, which probably play a significant role in PE.
For example, membrane fluidity of RBCs, an important factor in modifying cell rheology,
was found to be reduced in subjects with essential hypertension [55]. Changes in the lipid
composition of RBC plasma membranes in hypertensive individuals have been found to
result in morphological and physiological abnormalities that alter the dynamic properties
of RBCs [56].

Blood viscoelastic properties are particularly sensitive indicators of aggregation and
stiffness of RBCs. At a low shear rate (<10 s−1), the viscoelastic properties depend mainly
on the RBC aggregation [57]. Our results demonstrated enhanced RBC aggregation in
PE cases, especially in the severe group relative to the controls. Therefore, the elevated
RBC aggregation in PE groups could be caused by the impaired viscoelasticity of RBCs in
PE patients.

Increased RBC aggregation may result from conformational alterations of membrane
components occurring during hypertension. These changes in turn lead to membrane
stiffness and loss of elasticity. The extensive decrease of RBC membrane elasticity or de-
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formability in some pathological conditions is indicative of abnormal cell morphology and
damaged RBC capacity to adequately adapt its shape to navigate blood vessels, resulting
in impaired hemorheology [58]. Recently, we have reported impaired membrane integrity
and the presence of RBCs with unusual morphology in preeclamptic women [59]. A great
percentage of schistocytes (fragmented red blood cells) was also found in peripheral blood
smears of the samples from patients with hypertensive disorders of pregnancy [60]. It is
notable that under hypoxic conditions, partial oxygenation of Hb takes place, increasing
autoxidation, which leads to ROS production near the RBC membrane. Aiming to better
understand the impact of hypoxia and oxidative stress on PE pathology, we studied the
impact of in vitro chemically induced oxidative stress on RBCs.

3.2. Effect of a Chemically Induced Oxidative Stress

Oxidative stress plays an important role in many pathological conditions and has been
recognized as one of the factors in the pathogenesis of PE. Oxidative stress is accepted as one
of the determinants of RBC aggregation, which increases with the increased level of reactive
oxygen species (ROS) [26,61,62]. To examine the degree of impact of ROS on the rheological
RBC alterations, we mimicked in vitro oxidative stress with H2O2 on newly isolated RBCs
from normotensive pregnant donors. Hydrogen peroxide is generated by most cells in
the human body and is present in blood at low concentrations. An interesting finding,
we made was that at low concentrations of H2O2 (200 mM), the degree of aggregation
and aggregation indices were somewhat less expressed compared to untreated cells. In
line with this finding, it was previously demonstrated a slightly increased RBC membrane
deformability in response to H2O2 treatment [63]. As noted above, RBC deformability
largely determines the formation of aggregates, altering rheological blood properties.
Another plausible hypothesis is that low-dose oxidant incubation triggers the innate defense
RBC mechanisms that are intact in healthy cells and elicit a potent response.

The proposed model showed that the pretreatment with an increasing concentration
of H2O2 (300 and 400 mM) led to changes in the degree of aggregation and the main
rheological indices of RBCs, similar to those observed in the cells of both PE groups. The
strong correlation we found in the aggregation index between 300 mM and 400 mM H2O2
treated cells and that of women with PE, supports the notion that ROS contributes to
the hyperaggregation of red blood cells. Recently, our oxidative stress model on RBCs
showed a significant decrease in biconcave cells (young cells) at the expense of senescent
cells, i.e., spiculocytes and spherocytes [64]. It is reported that the aggregation of old cells
is much higher than that of young cells due to the reduced electrostatic repulsion and
markedly improved cell-cell affinities of senescent RBCs [65].

The RBCs possess multiple enzymatic and non-enzymatic antioxidant defense
mechanisms to prevent oxidative damage. However, during persistent oxidative
stress, these mechanisms may become exhausted [66,67]. According to research by
N. A. Besedina et al. (2022), the built-in antioxidant defense system has a limit exceeding
which hemoglobin oxidation, membrane, and cytoskeleton transformation occurs. It leads
to cell swelling, increased stiffness, and adhesion, which in turn results in a decrease
in the transit velocity in microcapillaries [68]. At low levels of oxidative stress, the
biophysical properties of “healthy” red blood cells do not change significantly, while at
high levels, only a small part of RBCs remains stable with intact biophysical properties
and retain their ability to move in microcapillaries [68]. In addition, overexpressed
oxidative stress can cause lipid peroxidation, changes in their morphology, disturbance in
membrane-cytoskeleton linkage, or conformation alteration of membrane proteins [69,70].
Such alterations of RBC characteristics affect the tendency of RBC to aggregate and
consequently to impaired rheological properties. For example, excessive oxidative stress
induces membrane reorganization leading to the exposure of PS to the outer surface. PS
externalization, in turn, is associated with increased RBC aggregation [71]. In their study,
Balaji et al. have demonstrated that externalization of phosphatidyl serine induces the
appearance of hydrophobic regions on the plasma membrane, increasing its stickiness and
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thus enhancing red blood cell aggregability [72]. A strong correlation was found between
the amounts of malonyldialdehyde (MDA), the product of lipid peroxidation, and the
increased viscosity values of the suspensions of oxidized RBCs at low shear rates, due
to a higher tendency of RBCs to form aggregates under oxidative stress [73]. Increased
membrane lipid peroxidation is characteristic of several RBC diseases, such as sickle cell
disease, thalassemia, unstable hemoglobin disease, etc. In addition, placental ischemia in
preeclampsia has been found to reduce the antioxidant activity of glutathione peroxidase
and catalase, enzymes, responsible for the degradation of H2O2 in RBCs [74]. Levels of
antioxidants in the blood of women with preeclampsia have been demonstrated to be
reduced, leading to oxidative modifications of RBC membrane proteins [75].

Upon exposure to large amounts of oxidant, hemoglobin, as the primary target of
oxidative damage, can undergo spontaneous oxidation of iron in its heme groups to form
methemoglobin. On the other hand, oxidized hemichromes preferentially bind to the
cytoplasmic domain of band 3, thereby inducing the formation of band 3 aggregates. The
clustering of Band 3 protein significantly reduces the main RBC functions, including their
antioxidant capacity [76].

Our results also demonstrated that the dispersion of RBC aggregates at high-flow
conditions was not significantly affected by the H2O2 treatment. This finding supports the
assumption that the RBC antioxidant systems of healthy donors are not damaged and can
resist external influences maintaining normal circulation in the microcapillaries, in contrast
to pathological ones.

4. Materials and Methods
4.1. Study Groups and Ethics Statement

The study population consisted of 8 pregnant controls (designated as PC) in the
third trimester of pregnancy (mean age 26.2 ± 5.6 years) and 13 pregnant women with
PE (seven patients with non-severe PE, mean age 27.4 ± 5.8 years, and six patients with
severe PE, 36.8 ± 4.3 years) admitted to the Medical University, Pleven or the Hospital
of Obstetrics and Gynecology “Maichin Dom”, Medical University Sofia. In addition,
three other normotensive pregnant women (mean age 26.7 ± 4.0 years) were recruited to
isolate RBCs for the subsequent oxidative stress study. The diagnosis and the severity of
PE were determined according to hypertension in pregnancy guidelines [77]. Women in
the control group had no complications during pregnancy or elevated blood pressure, and
all delivered after 38 weeks of gestation.

Exclusion criteria: Pregnant women with chronic hypertension, thyroid diseases,
diabetes, kidney diseases, erythrocytopathies, autoimmune diseases, hyperlipidemia, or
fetal malformations were not included in this study.

All women involved in the investigation provided written informed consent The
study was approved by the Ethics Committee of Medical University-Pleven (approval
No. 404-KENID 22 October 2015) and was performed following the Helsinki International
ethical standards on human experimentation.

4.2. Sample Preparations

Blood samples were drawn by venipuncture in 6 mL tubes (Vacutainer; Becton
Dickinson, and Company, Franklin Lakes, NJ, USA) containing K2EDTA. According to
Baskurt et al., EDTA is the most widely used anticoagulant in hemorheological studies [78].
Blood from patients with preeclampsia was collected immediately after diagnosis, before
treatment was prescribed, and by normotensive pregnant women at their prenatal visits.
The RBCs were isolated by centrifugation from freshly drawn blood (centrifuge Universal
320 R, Hettich, Germany) at 1500 g for 10 min, and the yellowish supernatant (plasma and
white blood cells) was discarded. The remaining RBCs were resuspended and washed
three times in PBS solution (140 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 1 mM KH2PO4),
pH 7.4. The hematocrit of the washed RBC suspension was adjusted to 40% (centrifuge
Haematokrit 200, Hettich, Tuttlingen, Germany) in PBS buffer.
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4.3. Preparation of Oxidized RBCs

Oxidative stress was chemically induced using hydrogen peroxide (H1009 Sigma-
Aldrich Pty Ltd., an affiliate of Merck KGaA, Darmstadt, Germany) on newly isolated
RBCs from three healthy pregnant women who were not included in the control group PC
according to the protocol described in [59]. In brief, RBCs were treated for 4 h at 37 ◦C with
200 mM, 300 mM, and 400 mM H2O2. The reaction was stopped with 200 µL 10 mM EDTA.
The oxidized RBCs were resuspended and washed two times in PBS solution (140 mM
NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 1 mM KH2PO4), pH 7.4. Oxidized RBC suspensions
were diluted to 40% hematocrit in PBS buffer for further investigation.

4.4. Stimulation RBC Aggregation

For the stimulation of RBC aggregation, 10 µL from RBC suspensions (hematocrit 40%)
from PE and PC groups’ samples, and those treated with hydrogen peroxide is taken and
added to 200 µL of Dextran 70 solution (at a concentration of 4 g/dL) to stimulate RBC
aggregation. The final hematocrit of the thus diluted RBC suspensions decreased to 2% for
all experiments.

4.5. Viscosity Measurements

The viscosity of the diluted RBC suspensions in Dextran 70, prepared according to the
methodology described in Section 4.4. was determined in steady state flow conditions by
a Brookfield Programmable Viscometer DV-II+Pro (Brookfield Engineering Laboratories,
Inc., Middleboro, MA, USA). The device is calibrated with water at a temperature of 37 ◦C.
The measured viscosity of the diluted suspensions of RBCs in Dextran 70 at a temperature
of 37 ◦C is 1.12 ± 0.04 mPa.s.

4.6. Microfluidic System and Experiments

The RBC aggregation was studied using the air pressure-driven microfluidic system
BioFlux (Fluxtion Biosciences, Oakland, CA, USA), a high-quality imaging platform for
conducting in-flow rheological analyses. The microfluidic system consists of a BioFlux 200
electro-pneumatic flow control pump; BioFlux microfluidic plates; inverted fluorescence
microscope Lumascope 620; and computer configuration with operational and analysis
software. For experiments assessing RBC aggregation, BioFlux plates 24-well 0–20 dyn/cm2,
containing 8 microfluidic channels with cross-sectional dimensions of 350 µm in width and
75 µm in height were used.

4.7. Design of the Experiments

The microfluidic channels were filled with 200 µL of each prepared diluted RBC
suspension in Dextran 70. Two modes of operation are used. In the first one, the RBC
suspension was initially perfused through the microfluidic channels at a high shear stress
of 5 dyn/cm2 (corresponding to a shear rate of 446 s−1), for 5 min to disperse pre-existing
aggregates, following which, the flow in the channels was abruptly reduced to a low shear
stress of 0.1 dyn/cm2 (corresponding to a shear rate of 8.9 s−1) for 5 min.

After stopping the flow, the formed RBC aggregates were imaged using an inverted
microscope operating in the Phase Contrast mode.

In the second mode, the aggregates formed in the channel were subjected to shear
stress of 5 dyn/cm2 (shear rate 446 s−1), again for 5 min. The images of the remaining
RBC aggregates not destroyed by the flow were imaged using the Phase Contrast mode of
the microscope.

After low and high shear rates (each of them with a duration of 5 min), 30 s after
stopping the flow, at least 5 images were taken every 2 s along the entire visible length of
the channel at randomly selected locations.

To evaluate the aggregation of RBCs in each sample, the mean values (±SD) of the
rheological parameters detected from all images taken were used.
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4.8. Computational Image Analysis for the Evaluation of the RBC Aggregates

To evaluate RBC aggregates in the current study, a new methodology was developed,
which includes an experimental method and a computer algorithm based on it. The
elaborated algorithm, shown as a flowchart illustrating the processing steps, and the
corresponding resulting images are shown in Figure 6.
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Figure 6. Analysis of the bioimage data: (A) Block-scheme of an algorithm for RBC aggregate
analysis; (B) raw image of RBC aggregates taken with BioFlux system, using a 10× magnitude
objective and Phase Contrast mode; (C) image after applying the segmentation process and fulfilling
the final evaluation criteria; (D) image of selected RBC aggregates (circled in blue), which was used
to determine their number and area. Scale bar—50 µm.

The algorithm for the assessment and analysis of the obtained image data is illustrated
in Figure 6A. The obtained raw images (Figure 6B) of RBC aggregates are imported as input
data into the Image J 1.54 g software environment. The selection of the criteria parameter
is based on the elaborated experimental methodology and the application of the image
intensity transformation process and the region segmentation analysis. Contrast Software
Setting (image intensity transformation process) (Figure 6C) is an automatic process, that
includes such variation of the pixel values of the obtained images to achieve improvement of
visibility and to prepare the image for further analysis. The second step of this process is the
realization of the region segmentation analysis, whereby the application of the incorporated in
the Image J tool—threshold, the image data results in dividing the image into regions based on
the intensity values of its pixels (Figure 6C). Hence, the processed after the contrast software
automatic setting image is converted into a binary image, where pixels are classified into two
categories: foreground (object of interest—RBC aggregates) and background.

The next step is the selection of the criteria parameter, which determines the sepa-
ration between RBC aggregates and non-aggregates. The differentiations of the state of
the cells (aggregate or non-aggregate) were determined according to the number of the
stuck together/(clumped) cells one over the other. We have chosen as an initial parameter
(minimum) 3 grouped cells, according to Yeom E. and Lee S.J. [79]. Based on this parameter,
the initial assessment of RBC aggregates is performed. To refine this algorithm, a final eval-
uation parameter is set. It verifies that all the RBC aggregates are selected (Figure 6D). If this
parameter is fulfilled/met, the next step is to obtain the table with results for the size of the
area and the number of each object of interest. In case this is not accomplished, the process
of RBC aggregates evaluations is repeated. A detailed description of the quantification of
the number of RBC aggregates (NA) is given in Supplementary Materials (Methods).
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The obtained results for the number and the area size of the RBC aggregations were
further analyzed in a program elaborated in IntelliJ IDEA.

4.9. RBC Aggregation Measurement

After image analysis, RBC aggregation indices are determined. Two indices of RBC
aggregation were measured: (i) the extent of RBC aggregation (RBC aggregation index, AI)
and (ii) the number of RBC aggregates (NA), at low (8.9 s−1) and high shear rates (446 s−1).

The first AIL represents the power of RBC aggregation under low-flow conditions,
calculated by the formula adapted by [80]:

AIL =
S2

S1

where S2 (in pixels) is the total sum of areas of the aggregates (after the flow of 8.9 s−1), and
S1 (in pixels) is the total observed area of one visual field of the microscope. Each image
(with area of S1) in Figures 1 and 3–6 represent 1600 × 300 pixel2.

The second AIH presents the not-destroyed RBC aggregates at high-flow conditions
and is calculated by the formula:

AIH =
S3

S1

where S1 (in pixels) is the total observed area of one visual field of the microscope
(1600 × 300 pixel2), and S3 (in pixels) is the total sum of areas of RBC aggregates at high
shear rate (after the flow of 446 s−1).

4.10. Statistics

Data were presented as mean ± SD (standard deviation). A non-parametric Wilcoxon
test was used to compare data between groups. Significant differences were registered
at the level of p ≤ 0.05. Pearson’s correlation analysis was performed to determine the
correlation between patients’ blood pressure and corresponding RBC aggregation indices,
and between AIL of H2O2 treated cells and untreated RBCs.

5. Conclusions

The obtained results revealed significantly altered rheological behavior both in low
and high shear flow conditions of red blood cells obtained from women with preeclampsia
as compared to that of healthy gestational age-matched pregnant women. This change
is reflected in (i) RBCs from PE patients becoming visibly significantly more adhesive,
forming large, branched aggregates at low shear rate; (ii) increased RBC aggregation index
in the patients’ cells; (iii) significantly more undispersed RBC aggregates at a high shear
rate indicating the formation of stable RBC clusters, which are difficult to break down at
high flow conditions. In addition, the modifications found in RBCs are drastically more
pronounced in patients with severe PE, thus let us assume their contribution to disease
severity. Therefore, the assessment of the rheological properties of red blood cells could
serve as an additional criterion for distinguishing the disease severity.

The applied in vitro model of oxidative stress suggests the involvement of ROS in the
pathological changes in PE RBCs and/or their reduced antioxidant protective mechanisms.

Our findings could provide new insights into the complex mechanisms of preeclampsia
and help shape future preventive strategies.
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11. Michalczyk, M.; Celewicz, A.; Celewicz, M.; Woźniakowska-Gondek, P.; Rzepka, R. The Role of Inflammation in the Pathogenesis
of Preeclampsia. Mediat. Inflamm. 2020, 2020, 3864941. [CrossRef] [PubMed]

12. Möller, M.N.; Orrico, F.; Villar, S.F.; López, A.C.; Silva, N.; Donzé, M.; Thomson, L.; Denicola, A. Oxidants and Antioxidants in the
Redox Biochemistry of Human Red Blood Cells. ACS Omega 2022, 8, 147–168. [CrossRef] [PubMed]

13. Wang, Q.; Zennadi, R. The Role of RBC Oxidative Stress in Sickle Cell Disease: From the Molecular Basis to Pathologic Implications.
Antioxidants 2021, 10, 1608. [CrossRef] [PubMed]

14. Spengler, M.I.; Svetaz, M.J.; Leroux, M.B.; Bertoluzzo, S.M.; Parente, F.M.; Bosch, P. Lipid peroxidation affects red blood cells
membrane properties in patients with systemic lupus erythematosus. Clin. Hemorheol. Microcirc. 2014, 58, 489–495. [CrossRef]
[PubMed]

15. Uotila, J.T.; Tuimala, R.J.; Aarnio, T.M.; Pyykkö, K.A.; Ahotupa, M.O. Findings on lipid peroxidation and antioxidant function in
hypertensive complications of pregnancy. Br. J. Obstet. Gynaecol. 1993, 100, 270–276. [CrossRef] [PubMed]

16. Kaur, G.; Mishra, S.; Sehgal, A.; Prasad, R. Alterations in lipid peroxidation and antioxidant status in pregnancy with preeclampsia.
Mol. Cell. Biochem. 2008, 313, 37–44. [CrossRef]

17. Catalá, A. Lipid peroxidation of membrane phospholipids generates hydroxy-alkenals and oxidized phospholipids active in
physiological and/or pathological conditions. Chem. Phys. Lipids 2009, 157, 1–11. [CrossRef]

18. Reisz, J.A.; Tzounakas, V.L.; Nemkov, T.; Voulgaridou, A.I.; Papassideri, I.S.; Kriebardis, A.G.; D’Alessandro, A.; Antonelou, M.H.
Metabolic Linkage and Correlations to Storage Capacity in Erythrocytes from Glucose 6-Phosphate Dehydrogenase-Deficient
Donors. Front. Med. 2017, 4, 248. [CrossRef] [PubMed]

19. Bosman, G.J.; Stappers, M.; Novotný, V.M. Changes in band 3 structure as determinants of erythrocyte integrity during storage
and survival after transfusion. Blood Transfus. 2010, 3, s48–s52.

20. Barbarino, F.; Wäschenbach, L.; Cavalho-Lemos, V.; Dillenberger, M.; Becker, K.; Gohlke, H.; Cortese-Krott, M.M. Targeting
spectrin redox switches to regulate the mechanoproperties of red blood cells. Biol. Chem. 2021, 402, 317–331. [CrossRef]

https://doi.org/10.1038/s41581-019-0119-6
https://www.ncbi.nlm.nih.gov/pubmed/30792480
https://doi.org/10.1172/JCI70431
https://www.ncbi.nlm.nih.gov/pubmed/23934119
https://doi.org/10.3390/ijms222011202
https://doi.org/10.1111/jpi.12821
https://www.ncbi.nlm.nih.gov/pubmed/35941749
https://doi.org/10.1016/j.jri.2013.06.002
https://doi.org/10.1016/j.molmed.2014.11.009
https://doi.org/10.1371/journal.pone.0056754
https://doi.org/10.1111/j.1471-0528.2000.tb11586.x
https://doi.org/10.1155/2020/3864941
https://www.ncbi.nlm.nih.gov/pubmed/33082708
https://doi.org/10.1021/acsomega.2c06768
https://www.ncbi.nlm.nih.gov/pubmed/36643550
https://doi.org/10.3390/antiox10101608
https://www.ncbi.nlm.nih.gov/pubmed/34679742
https://doi.org/10.3233/CH-131716
https://www.ncbi.nlm.nih.gov/pubmed/23603321
https://doi.org/10.1111/j.1471-0528.1993.tb15242.x
https://www.ncbi.nlm.nih.gov/pubmed/8476834
https://doi.org/10.1007/s11010-008-9739-z
https://doi.org/10.1016/j.chemphyslip.2008.09.004
https://doi.org/10.3389/fmed.2017.00248
https://www.ncbi.nlm.nih.gov/pubmed/29376053
https://doi.org/10.1515/hsz-2020-0293


Int. J. Mol. Sci. 2024, 25, 3732 18 of 20

21. Spickett, C.M.; Reglinski, J.; Smith, W.E.; Wilson, R.; Walker, J.J.; McKillop, J. Erythrocyte Glutathione Balance and Membrane
Stability During Preeclampsia. Free Radic. Biol. Med. 1998, 24, 1049–1055. [CrossRef] [PubMed]

22. Baskurt, O.K.; Meiselman, H.J. Blood rheology and hemodynamics. Semin. Thromb. Hemost. 2003, 29, 435–450. [CrossRef]
[PubMed]

23. Simmonds, M.J.; Meiselman, H.J.; Baskurt, O.K. Blood rheology and aging. J. Geriatr. Cardiol. 2013, 10, 291–301.
24. Alexy, T.; Detterich, J.; Connes, P.; Toth, K.; Nader, E.; Kenyeres, P.; Arriola-Montenegro, J.; Ulker, P.; Simmonds, M.J. Physical

Properties of Blood and their Relationship to Clinical Conditions. Front. Physiol. 2022, 13, 906768. [CrossRef] [PubMed]
25. Baskurt, O.K.; Temiz, A.; Meiselman, H.J. Red blood cell aggregation in experimental sepsis. J. Lab. Clin. Med. 1997, 130, 183–190.

[CrossRef] [PubMed]
26. Baskurt, O.K.; Temiz, A.; Meiselman, H.J. Effect of superoxide anions on red blood cell rheologic properties. Free Radic. Biol. Med.

1998, 24, 102–110. [CrossRef] [PubMed]
27. Bros, J.; Ibershoff, L.; Zollmann, E.; Zacher, J.; Tomschi, F.; Predel, H.G.; Bloch, W.; Grau, M. Changes in Hematological and

Hemorheological Parameters Following Mild COVID-19: A 4-Month Follow-Up Study. Hematol. Rep. 2023, 15, 543–554. [CrossRef]
[PubMed]

28. Sun, J.; Han, K.; Xu, M.; Li, L.; Qian, J.; Li, L.; Li, X. Blood Viscosity in Subjects with Type 2 Diabetes Mellitus: Roles of
Hyperglycemia and Elevated Plasma Fibrinogen. Front. Physiol. 2022, 13, 827428. [CrossRef] [PubMed]

29. Koscielny, J.; Jung, E.M.; Mrowietz, C.; Kiesewetter, H.; Latza, R. Blood fluidity, fibrinogen, and cardiovascular risk factors of
occlusive arterial disease: Results of the Aachen study. Clin. Hemorheol. Microcirc. 2004, 31, 185–195.

30. Lominadze, D.; Schuschke, D.A.; Joshua, I.G.; Dean, W.L. Increased ability of erythrocytes to aggregate in spontaneously
hypertensive rats. Clin. Exp. Hypertens. 2002, 24, 397–406. [CrossRef]

31. Heilmann, L.; Rath, W.; Pollow, K. Hemorheological changes in women with severe preeclampsia. Clin. Hemorheol. Microcirc.
2004, 31, 49–58.

32. Cicco, G.; Pirrelli, A. Red blood cell (RBC) deformability, RBC aggregability and tissue oxygenation in hypertension. Clin.
Hemorheol. Microcirc. 1999, 21, 169–177. [PubMed]

33. Tripette, J.; Alexy, T.; Hardy-Dessources, M.D.; Mougenel, D.; Beltan, E.; Chalabi, T.; Chout, R.; Etienne-Julan, M.; Hue, O.;
Meiselman, H.J.; et al. Red blood cell aggregation, aggregate strength and oxygen transport potential of blood are abnormal in
both homozygous sickle cell anemia and sickle-hemoglobin C disease. Haematologica 2009, 94, 1060–1065. [CrossRef]

34. Schauf, B.; Lang, U.; Stute, P.; Schneider, S.; Dietz, K.; Aydeniz, B.; Wallwiener, D. Reduced red blood cell deformability, an
indicator for high fetal or maternal risk, is found in preeclampsia and IUGR. Hypertens. Pregnancy 2002, 21, 147–160. [CrossRef]
[PubMed]

35. Pepple, D.J.; Hardeman, M.R.; Mullings, A.M.; Reid, H.L. Erythrocyte deformability and erythrocyte aggregation in preeclampsia.
Clin. Hemorheol. Microcirc. 2001, 24, 43–48.

36. Csiszar, B.; Galos, G.; Funke, S.; Kevey, D.K.; Meggyes, M.; Szereday, L.; Kenyeres, P.; Toth, K.; Sandor, B. Peripartum Investigation
of Red Blood Cell Properties in Women Diagnosed with Early-Onset Preeclampsia. Cells 2021, 10, 2714. [CrossRef]

37. Guo, Q.; Duffy, S.P.; Matthews, K.; Santoso, A.T.; Scott, M.D.; Ma, H. Microfluidic analysis of red blood cell deformability. J.
Biomech. 2014, 47, 1767–1776. [CrossRef] [PubMed]

38. Pivkin, I.V.; Peng, Z.; Karniadakis, G.E.; Buffet, P.A.; Dao, M.; Suresh, S. Biomechanics of red blood cells in human spleen and
consequences for physiology and disease. Proc. Natl. Acad. Sci. USA 2016, 113, 7804–7809. [CrossRef]

39. Kang, Y.J. Microfluidic-based effective monitoring of bloods by measuring RBC aggregation and blood viscosity under stepwise
varying shear rates. Korea Aust. Rheol. J. 2020, 32, 15–27. [CrossRef]

40. Sebastian, B.; Dittrich, P.S. Microfluidics to Mimic Blood Flow in Health and Disease. Annu. Rev. Fluid Mech. 2018, 50, 483–504.
[CrossRef]

41. Papaioannou, T.G.; Stefanadis, C. Vascular wall shear stress: Basic principles and methods. Hell. J. Cardiol. 2005, 46, 9–15.
42. Foresto, P.; D’Arrigo, M.; Carreras, L.; Cuezzo, R.E.; Valverde, J.; Rasia, R. Evaluation of red blood cell aggregation in diabetes by

computerized image analysis. Med. B Aires 2000, 60, 570–572.
43. Fusman, R.; Zeltser, D.; Rotstein, R.; Chapman, J.; Avitzour, D.; Shapira, I.I.; Eldor, A.; Elkayam, O.; Caspi, D.; Arber, N.;

et al. INFLAMET: An image analyzer to display erythrocyte adhesiveness/aggregation. Eur. J. Intern. Med. 2000, 11, 271–276.
[CrossRef] [PubMed]

44. Kaliviotis, E.; Dusting, J.; Balabani, S. Spatial variation of blood viscosity: Modelling using shear fields measured by a µPIV based
technique. Med. Eng. Phys. 2011, 33, 824–831. [CrossRef]

45. Dusting, J.; Kaliviotis, E.; Balabani, S.; Yianneskis, M. Coupled human erythrocyte velocity field and aggregation measurements
at physiological haematocrit levels. J. Biomech. 2009, 42, 1438–1443. [CrossRef]

46. Chen, S.; Gavish, B.; Zhang, S.; Mahler, Y.; Yedgar, S. Monitoring of erythrocyte aggregate morphology under flow by computer-
ized image analysis. Biorheology 1995, 32, 487–496. [CrossRef]

47. Kavitha, A.; Ramakrishnan, S. Assessment of human red blood cell aggregation using image processing and wavelets. Meas. Sci.
2007, 7, 43–51.

48. Di Marzo, N.; Chisci, E.; Giovannoni, R. The Role of Hydrogen Peroxide in Redox-Dependent Signaling: Homeostatic and
Pathological Responses in Mammalian Cells. Cells 2018, 7, 156. [CrossRef] [PubMed]

https://doi.org/10.1016/S0891-5849(97)00362-6
https://www.ncbi.nlm.nih.gov/pubmed/9607616
https://doi.org/10.1055/s-0043-1777802
https://www.ncbi.nlm.nih.gov/pubmed/38122808
https://doi.org/10.3389/fphys.2022.906768
https://www.ncbi.nlm.nih.gov/pubmed/35874542
https://doi.org/10.1016/S0022-2143(97)90094-9
https://www.ncbi.nlm.nih.gov/pubmed/9280145
https://doi.org/10.1016/S0891-5849(97)00169-X
https://www.ncbi.nlm.nih.gov/pubmed/9436619
https://doi.org/10.3390/hematolrep15040057
https://www.ncbi.nlm.nih.gov/pubmed/37873792
https://doi.org/10.3389/fphys.2022.827428
https://www.ncbi.nlm.nih.gov/pubmed/35283762
https://doi.org/10.1081/CEH-120005376
https://www.ncbi.nlm.nih.gov/pubmed/10711739
https://doi.org/10.3324/haematol.2008.005371
https://doi.org/10.1081/PRG-120005387
https://www.ncbi.nlm.nih.gov/pubmed/12175443
https://doi.org/10.3390/cells10102714
https://doi.org/10.1016/j.jbiomech.2014.03.038
https://www.ncbi.nlm.nih.gov/pubmed/24767871
https://doi.org/10.1073/pnas.1606751113
https://doi.org/10.1007/s13367-020-0003-8
https://doi.org/10.1146/annurev-fluid-010816-060246
https://doi.org/10.1016/S0953-6205(00)00108-4
https://www.ncbi.nlm.nih.gov/pubmed/11025252
https://doi.org/10.1016/j.medengphy.2010.09.004
https://doi.org/10.1016/j.jbiomech.2009.04.004
https://doi.org/10.3233/BIR-1995-32406
https://doi.org/10.3390/cells7100156
https://www.ncbi.nlm.nih.gov/pubmed/30287799


Int. J. Mol. Sci. 2024, 25, 3732 19 of 20

49. de Simone, G.; Devereux, R.B.; Chinali, M.; Best, L.G.; Lee, E.T.; Welty, T.K.; Strong Heart Study Investigators. Association of
blood pressure with blood viscosity in American Indians: The Strong Heart Study. Hypertension 2005, 45, 625–630. [CrossRef]

50. Shin, S.; Ku, Y.; Park, M.S.; Suh, J.S. Deformability of red blood cells: A determinant of blood viscosity. J. Mech. Sci. Technol. 2005,
19, 216–223. [CrossRef]

51. Pennington, K.A.; Schlitt, J.M.; Jackson, D.L.; Schulz, L.C.; Schust, D.J. Preeclampsia: Multiple approaches for a multifactorial
disease. Dis. Model Mech. 2012, 5, 9–18. [CrossRef]

52. Kaliviotis, E. Mechanics of the Red Blood Cell Network. J. Cell. Biotech. 2015, 1, 37–43. [CrossRef]
53. Gamzu, R.; Barshtein, G.; Tsipis, F.; Lessing, J.B.; Berliner, A.S.; Kupferminc, M.J.; Eldor, A.; Yedgar, S. Pregnancy-induced

hypertension is associated with elevation of aggregability of red blood cells. Clin. Hemorheol. Microcirc. 2002, 27, 163–169.
[PubMed]

54. Weber-Fishkin, S.; Seidner, H.S.; Gunter, G.; Frame, M.D. Erythrocyte aggregation in sudden flow arrest is linked to hyperthermia,
hypoxemia, and band 3 availability. J. Thromb. Haemost. 2022, 20, 2284–2292. [CrossRef] [PubMed]

55. Tsuda, K. Association of resistin with impaired membrane fluidity of red blood cells in hypertensive and normotensive subjects:
An electron paramagnetic resonance study. Heart Vessel 2016, 31, 1724–1730. [CrossRef]

56. Martínez-Vieyra, I.; Rodríguez-Varela, M.; García-Rubio, D.; De la Mora-Mojica, B.; Méndez-Méndez, J.; Durán-Álvarez, C.;
Cerecedo, D. Alterations to plasma membrane lipid contents affect the biophysical properties of erythrocytes from individuals
with hypertension. Biochim. Biophys. Acta BBA–Biomembr. 2019, 1861, 182996. [CrossRef] [PubMed]

57. Hahn, R.; Müller-Seydlitz, P.M.; Jöckel, K.H.; Hubert, H.; Heimburg, P. Viscoelasticity and Red Blood Cell Aggregation in Patients
with Coronary Heart Disease. Angiology 1989, 40, 914–920. [CrossRef] [PubMed]

58. Olumuyiwa-Akeredolu, O.O.; Soma, P.; Buys, A.V.; Debusho, L.K.; Pretorius, E. Characterizing pathology in erythrocytes
using morphological and biophysical membrane properties: Relation to impaired hemorheology and cardiovascular function in
rheumatoid arthritis. Biochim. Biophys. Acta BBA–Biomembr. 2017, 1859, 2381–2391. [CrossRef] [PubMed]

59. Giosheva, I.; Strijkova, V.; Komsa-Penkova, R.; Krumova, S.; Langari, A.; Danailova, A.; Taneva, S.G.; Stoyanova, T.; Topalova, L.;
Gartchev, E.; et al. Membrane Lesions and Reduced Life Span of Red Blood Cells in Preeclampsia as Evidenced by Atomic Force
Microscopy. Int. J. Mol. Sci. 2023, 24, 7100. [CrossRef]

60. Hernández Hernández, J.D.; Villaseñor, O.R.; Del Rio, A.J.; Lucach, R.O.; Zárate, A.; Saucedo, R.; Hernández-Valencia, M.
Morphological changes of red blood cells in peripheral blood smear of patients with pregnancy-related hypertensive disorders.
Arch. Med. Res. 2015, 46, 479–483. [CrossRef]

61. Uyesaka, N.; Hasegawa, S.; Ishioka, N.; Ishioka, R.; Shio, H.; Schechter, A.N. Effects of superoxide anions on red cell deformability
and membrane proteins. Biorheology 1992, 29, 217–229. [CrossRef] [PubMed]

62. Ugurlu, E.; Kilic-Toprak, E.; Altinisik, G.; Kilic-Erkek, O.; Cengiz, B.; Kucukatay, V.; Senol, H.; Akbudak, I.H.; Ekbic, Y.;
Bor-Kucukatay, M. Increased erythrocyte aggregation and oxidative stress in patients with idiopathic interstitial pneumonia.
Sarcoidosis Vasc. Diffus. Lung Dis. 2016, 33, 308–316.

63. Sinha, A.; Chu, T.T.; Dao, M.; Chandramohanadas, R. Single-cell evaluation of red blood cell bio-mechanical and nano-structural
alterations upon chemically induced oxidative stress. Sci. Rep. 2015, 7, 9768. [CrossRef]

64. Langari, A.; Strijkova, V.; Komsa-Penkova, R.; Danailova, A.; Krumova, S.; Taneva, S.G.; Giosheva, I.; Gartchev, E.; Kercheva, K.;
Savov, A.; et al. Morphometric and Nanomechanical Features of Erythrocytes Characteristic of Early Pregnancy Loss. Int. J. Mol.
Sci. 2022, 23, 4512. [CrossRef] [PubMed]

65. Neu, B.; Sowemimo-Coker, S.O.; Meiselman, H.J. Cell-Cell Affinity of Senescent Human Erythrocytes. Biophys. J. 2003, 85, 75–84.
[CrossRef]

66. Orrico, F.; Laurance, S.; Lopez, A.C.; Lefevre, S.D.; Thomson, L.; Möller, M.N.; Ostuni, M.A. Oxidative Stress in Healthy and
Pathological Red Blood Cells. Biomolecules 2023, 13, 1262. [CrossRef]

67. Richards, R.S.; Wang, L.; Jelinek, H. Erythrocyte oxidative damage in chronic fatigue syndrome. Arch. Med. Res. 2007, 38, 94–98.
[CrossRef]

68. Besedina, N.A.; Skverchinskaya, E.A.; Shmakov, S.V.; Ivanov, A.S.; Mindukshev, I.V.; Bukatin, A.S. Persistent red blood cells retain
their ability to move in microcapillaries under high levels of oxidative stress. Commun. Biol. 2022, 5, 659. [CrossRef] [PubMed]

69. Fibach, E. The Redox Balance and Membrane Shedding in RBC Production, Maturation, and Senescence. Front. Physiol. 2021,
12, 604738. [CrossRef]

70. Rinalducci, S.; Ferru, E.; Blasi, B.; Turrini, F.; Zolla, L. Oxidative stress, and caspase-mediated fragmentation of cytoplasmic
domain of erythrocyte band 3 during blood storage. Blood Transfus. 2012, 2, s55–s62.

71. Sola, E.; Vaya, A.; Martinez, M.; Moscardo, A.; Corella, D.; Santaolaria, M.L.; Espana, F.; Hernandez-Mijares, A. Erythrocyte
membrane phosphatidylserine exposure in obesity. Obes. Silver Spring 2009, 17, 318–322. [CrossRef]

72. Balaji, S.N.; Trivedi, V. Extracellular methemoglobin primes red blood cell aggregation in malaria: An in vitro mechanistic study.
FEBS Lett. 2013, 587, 350–357. [CrossRef]

73. Chung, T.W.; Ho, C.P. Changes in Viscosity of Low Shear Rates and Viscoelastic Properties of Oxidative Erythrocyte Suspensions.
Clin. Hemorheol. Microcirc. 1999, 21, 99–103.
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