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Abstract

It is known that in COVID-19, hypercoagulation and 
sometimes thrombocytopenia are related to disease 
severity. There is also controversial data on platelet 
participation in COVID-19 pathology. We aimed to 
determine the degree of platelet hyperactivation in 
COVID-19 patients. Whole blood flow cytometry with 
Annexin-V and lactadherin staining (“PS+ platelets”) 
was utilized. Additionally, a stochastic mathematical 
model of platelet production and consumption 
was developed. Here we demonstrated that the 
percentage of PS+ platelets in COVID-19 patients 
was twofold that of healthy donors. There was a 
significant correlation between the amount of PS+ 
platelets and the percentage of lung damage in 
patients. No connection was found between platelet 
senescence and hospital therapy or patients’ chronic 
diseases, except for chronic lung disease. Although 
no thrombocytopenia was observed in patients, the 
observed increase in platelet size (FSC-A parameter 
in flow cytometry) could indicate that platelet age is 
decreased in patients. The developed computational 
model of platelet turnover confirms the possibility 
of intense platelet consumption without noticeable 
changes in platelet count. We conclude that the 
observed platelet hyperactivation in COVID-19 
could be caused by platelet activation in circulation, 
leading to platelet consumption without significant 
thrombocytopenia. 

Keywords: COVID-19, platelets, coagulation, 
inflammation, hyperactivation

Introduction
SARS-CoV-2 is the cause of the pandemic that 

broke out worldwide in 2020 [1]. In patients with the 
severe form of the disease, there is an association with 
interstitial pneumonia, thrombosis, and subsequent 
pulmonary failure [2], [3]. Thrombocytopenia was 
also shown to be common in COVID-19 patients, and 
lower platelet count correlated with disease severity 
and higher mortality rates [4]–[6]. COVID-19 is known 
to cause a strong inflammatory response, the cytokine 
storm characterized by increased concentrations 
of interleukins 1β, 6, and 8, among others [7]. This 
inflammatory state can be one of the causes of 
serious hemostatic disorders observed in patients 
with severe forms of the disease [8]. Pulmonary 
embolism and deep vein thrombosis of the lower 
extremities are among the leading causes of death 
in COVID-19 [9]. In less severe cases, microthrombi 
were still present in the lungs of patients [10], [11]. 

The mechanism of thrombosis’ initiation in 
COVID-19 is often proposed to be based on 
macrophages, the cells central to the inflammatory 
response in lungs [12], [13]. Macrophages, as well 
as lung epithelial cells, are infected by the SARS-
CoV-2 virions, get activated, and thus induce the 
inflammatory response. Consequently, the blood 
vessel endothelial cells also get activated [13], [14]. 
Activated endothelial cells express on their surface a 
potent activator of the plasma coagulation cascade, 
tissue factor (TF)[15], and secrete von Willebrand 
Factor (vWF), which adheres platelets to the inflamed 
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endothelium [16]. Thus, COVID-19 induced endothelial 
cell activation results in activation of both platelet and 
plasma coagulation, leading to pathologic thrombosis 
[12]. Additional evidence for the involvement of blood 
coagulation in the development of COVID-19 comes 
from the effectiveness of treatment with heparin and 
its derivatives [17]. Heparins are also known for their 
anti-inflammatory effect [8], [18]. Although heparin 
effectiveness in COVID-19 treatment has been 
demonstrated several times [19], [20], the efficacy of 
the antiplatelet agents is still debatable [21]. 

The key driving enzyme of blood plasma 
coagulation, thrombin, could induce platelet 
hyperactivation and procoagulant response [22]. 
Procoagulant platelets are characterized by the 
presence of phosphatidylserine (PS) on their surface, 
thus enhancing plasma coagulation [22], [23]. PS-
positive platelets were proposed to be one of the 
key markers of the enhanced platelet activation in 
the circulation [24]–[26]. It should be noted that PS+ 
platelets are rapidly removed from circulation by 
macrophages [27]. Therefore, mean platelet age can 
drop in case of platelet activation in circulation. It is 
noteworthy that younger platelets, recently produced 
by the megakaryocytes in the bone marrow, are larger 
in size [24] and more prone to activation than older 
platelets [28], those are sequestered in the spleen 
or liver after 7-10 days of circulation [25]. Thus, 
mean platelet size, as well as the percentage of PS+ 
platelets, could be indicators of platelet activation in 
circulation. 

The mechanisms of SARS-CoV-2 influence 
on platelet functioning and the role of the platelet 
hemostasis in the pathology of COVID-19, in 
general, are currently actively studied. Younes et al. 
have shown that viral RNA was present in patients’ 
platelets in 22% of cases, both severe and non-
severe [29]. Conversely, Manne et al. have shown 
that no viral RNA was found in COVID-19 patients 
(3 from ICU and one non-ICU) using transmission 
electron microscopy, while mRNA expression of 
the SARS-CoV-2 N1 gene was present in 2 out 
of 25 patients. Both of them were in ICU [3]. The 
angiotensin-converting enzyme 2 (ACE-2) receptor 
[8] is the key route for SARS-CoV-2 entrance into 
human cells. However, it is not clear if this receptor 
is present on platelets [3], [6], [29], [30]. However, 
ACE2 presence on platelets is controversial, as there 
are both works confirming [29], [31] and denying [3] it.  
Finally, resting platelets of COVID-19 patients were 
increased in size [28] and had increased expression 
of of P-selectin [3], [32]. However, it is noteworthy 
that an increase in thrombopoietin – a major inducer 
of platelet thrombopoiesis – has been reported in 
COVID-19 patients [32]. Therefore, the observed 
increase in platelets’ size could be due to increased 
thrombopoientin-dependent production of the new 
(younger) cells [29].

To summarize the above platelets of the COVID-19 
patients are defective due to reasons that are poorly 
understood. Here, based on the experimental 
observations of platelet necrosis and size, as well 
as computational modeling, we suggest that the 
observed changes in platelets may be explained by 
their increased activation in circulation in COVID-19 
patients.

Materials and Methods

Patients

32 patients, diagnosed with coronavirus 
infection, who were treated at the Federal State 
Budgetary Healthcare Institution Hospital of the 
Russian Academy of Sciences (Troitsk), as well as 
five healthy donors, aged from 21 to 45 years, who 
have not been ill and have not taken any medications 
within the last month, were enrolled in the study. All 
patients’ condition was described as “mild severity” by 
physicians and did not require mechanical ventillation. 
All procedures comply with the ethical standards of 
the National Research Ethics Committee and the 
1964 Declaration of Helsinki and its subsequent 
amendments or comparable ethical standards. 
Informed voluntary consent was obtained from each 
of the participants included in the study. All patients 
were subsequently discharged from the hospital 
within 2 weeks due to improvement in their condition. 
Blood samples of five patients were analyzed twice 
on different days. The study was approved by the 
decision of the Independent Ethics Committee of 
the Dmitry Rogachev National Research Center No. 
3/2020 dated May 19, 2020.

Materials

Annexin-Alexa647, lactadherin-FITC (Sony 
Biotechnology, San-Jose, USA), HEPES, bovine 
serum albumin (BSA), D(+)glucose (Sigma, USA); 
NaCl; Na2HPO4; KCl; NaHCO3; MgCl2; CaCl2 (Agat-
Med, Moscow, Russia).

Flow Cytometry

Blood was collected in 3 mL tubes containing 
sodium citrate (3,8%) and was kept at room 
temperature for 30 minutes. During that time, red 
blood cells sedimented into the lower layers of the 
blood sample. Blood was then collected from the 
top 10 percent of the tube’s volume, was diluted in 
Tyrode’s buffer (134 мМ NaCl; 0.34 мМ Na2HPO4; 
2.9 мМ KCl; 12 мМ NaHCO3; 20 мМ HEPES; 5 
мМ glucose; 1 мМ MgCl2; 2 мМ CaCl2; BSA 2% by 
weight; pH 7.3) to platelet concentration of 1×103 
per 1 mL. After that, AnnexinV-Alexa647 (2% v/v) 
and Lactadherin-FITC (2% v/v) were added to each 
sample, and cells were incubated for 10 minutes, as 
previously described [24]. Samples were analyzed 
using Beckman Coulter Navios flow cytometer. The 
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platelet and vesicle populations were identified 
by the forward and side light scattering (Fig. 1A). 
Annexin-V, Lactadherin, and double-positive events 
were identified as shown in Fig. 1B. An event was 
considered PS-positive (PS+) if it was detected in 
lact+, anV+ or lact+anV+ gates (see Fig. 1B).

Computational model

The computational model was constructed on 
the principles of cellular automata models [33] when 
each cell is considered as an object in the program. 
In the model, two types of cells were present: 
platelets and megakaryocytes. Each platelet has 
two features: age and size. Each megakaryocyte 
has only one feature: platelet production = 3500 
(platelets per megakaryocyte, [34]). The parameter 
age is the number of days (model time step) for 
which the object exists. At each time step, M new 
megakaryocytes are produced in the bone marrow. 
M is a random number from N(μ=10; σ=1), where 
N(_ ; _) is the normal distribution. A megakaryocyte 
could produce platelets only once. The model 
describes events related to 1 µL of blood. The platelet 
production is also influenced by the concentration of 
thrombopoetin in the following manner:

P = PlateletProduction× n× TPO, (1)P = PlateletProduction× n× TPO, (1)

where P is the number of platelets produced by 
the megakaryocyte, n is the random value from 
N(μ=1;σ=0.1), TPO is the parameter reflecting 
thrombopoietin concentration according to equation 
(2):

TPO = 1− 1

1+
(

NTPO
Plt

)h , (2)

where NTPO is the approximate number of platelets 
below which TPO production in the liver is initiated, 
and Plt is the number of platelets at the given time 
point, the parameters NTPO= 120000  and h = 6 
were adjusted to describe experimental data on 
the relationship between platelet counts and [TPO] 
concentration in blood from Makar et al. [35]. In 
human organism platelets can be cleared from the 
circulation in the liver and spleen, and the probability 
of platelet clearance increases with platelet ageing 
[36]. On the model on each time step, each platelet 
has a removal probability:

TPO = 1− 1

1+
(

NTPO
Plt

)h , (2)

pclear = nnat + nthr, (3)pclear = nnat + nthr, (3)

where nnat reflects the natural platelet removal and 
is a random value from N(0.625‧age; 0.0125‧age), 
and nthr reflects the platelets removal due to their 
participation in thrombus formation and is a random 
value from N(0.625‧K; 0.0125‧K), where K is the 
consumption index, which can be varied to simulate 
severity of thrombosis. Platelet size is known to be 
related to the platelet’s age and RNA content [37]–
[39]. To simulate the distribution of platelet sizes, we 
have introduced equation (3) into the model, where 

size = s0 ×
(
1− (1− Min

Max )
1+(Mean

age )
h

)
, (4)size = s0 ×

(
1− (1− Min

Max )
1+(Mean

age )
h

)
, (4)

where s0 reflects the initial platelet size and is a value 
from N(12; 1) in [fL], parameters Max = 11 [fL] and 
Min = 6 [fL] reflect the platelet size distribution found in 
healthy donors [40], Mean = 3 [days] reflects median 
platelet age [39]. The formula (3) and coefficient h = 
3 were adjusted to describe data on the relationship 
between the immature platelet fraction, platelet 
size and platelet counts [37]–[39]. The model was 
constructed in Python 3.7.

Clinical data

The results of complete blood count, biochemical 
analysis, blood clotting test, CT scans, data of daily 
objective examinations, age, and diagnoses of 
patients were kindly provided by the hospital with the 
patients’ consent.

Data processing

Raw flow cytometry data were processed 
using FlowJoTM Software. Statistical analysis was 
performed utilizing GraphPad Prizm. 

Results and Discussion

Platelets size and phosphatidylserine exposure are 
increased in patients with COVID-19

The patients with mild Covid-19 disease examined 
in this study did not suffer from thrombocytopenia, as 
the platelets numbers in all patients were between 
139x103 and 519x103 platelets per μl. To examine 
the size and activation status of the platelets we 
performed flow cytometry analyisis of cells in patients’ 
blood stained with lactadherin and Annexin V (Fig. 
1). Analysis  of the platelet’s forward scattering (FS-
A) revealed a significant increase in patients FS-A 
compared to healthy donors (mean value ± SD: 
213±25x103 a.u. for patients, 185±20x103 a.u. for 
healthy donors, p=0.027, Fig. 1C). These findings 
are in line with previously published data [3], [32]. 
Interestingly, Kovacz et al. have reported that 
increased platelet size is characteristic for patients 
suffering from venous thromboembolism [41], which 
allows us to suspect that some thrombotic events 
may occur in our cohort of COVID-19 patients [42]. 
The observed increase in platelet’s size may not 
be exclusive for patients with SARS-COV-2 virus. 
A couple of recent studies have demonstrated that 
platelet count is significantly reduced in influenza-
induced pneumonia, and the mean platelet 
volume is significantly increased [43], [44]. Severe 
thrombocytopenia is extremely rare for the Epstein-
Barr virus, but this infection often presents a mild 
reduction in platelet counts as well as moderate 

the size parameter is recalculated from the age 
parameter:
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Figure 1. Comparison of the percentage of procoagulant platelets and their size in patients with Covid-19 and healthy 
donors. A – Gating of the area for forward (FS-A; ) and sight (SS-A) light scattering: events in the red oval correspond to platelets, 
events in the red square correspond to platelets and vesicles. B – Estimation of the percentage of events positive for annexin 
(anV +), lactadherin (lact +), and phosphatidylserine-positive events (falling into both or one of the areas). C – Comparison of 
the obtained average platelet sizes from healthy donors (green) and patients with Covid-19 (red); p = 0.0269. D – Comparison of 
the obtained values of the percentage of phosphatidylserine-positive events in healthy donors (green) and patients with Covid-19 
(red), p = 7.523x10-5 - platelets and p = 0.0003 - platelets and vesicles. E – Comparison of the obtained values of the percentage 
of annexin-positive events in healthy donors (green) and patients with Covid-19 (red), p = 6.466x10-5 - platelets and p = 0.0001 - 
platelets and vesicles. F – Comparison of the obtained values of the percentage of lactadherin-positive events in healthy donors 
(green) and patients with Covid-19 (red); p = 4.467x10-5 - platelets, p = 0.0001 - platelets and vesicles. G – General information 
about the Covid-19 patients included in the study. The Mann-Whitney test was used for significance; three asterisks denote p 
<0.001, four - p <0.0001.

increase in platelet size for uncomplicated cases [45].
The percentage of PS+ platelets in patients was 

more than two times higher than that in healthy 
donors (mean value ± SD: 0.74±0.37% for patients, 
0.29±0.07% for healthy donors; p<0.0001, Fig. 1D-
F). The average percentage of PS+ events was 
higher for lactadherin than for annexin V (p=0.0372, 
Fig. 1E, F), which is consistent with the literature 
data on the higher effectivity of lactadherin for PS+ 
cells detection [46]. The values obtained for both 
PS+ platelet markers correlated well with each other 
(r=0.64, p<0.0001), and the total percentage of PS+ 
events (r=0.74, p<0.0001 for annexin V, r=0.96, 
p<0.0001 for lactadherin, see Table 1). Therefore, we 
observe platelet hyperactivation in COVID-19, which 
is in line with previously published data [32]. 

The PS+ platelets are known to form in response 

to strong stimulation, for example, dual collagen 
and thrombin [47], [48]. The observed increase in 
percentage of PS+ platelets (0.5-1.5%) in Covid-19 
patients could reflect an ongoing platelet activation 
in circulation [49]. An inflammatory process in the 
COVID-19 patient’s body is inextricably linked with 
the activation of cells in adjacent tissues [12] and 
may lead  to platelets’ activation due to their contact 
with the products of thrombus-forming processes 
(such as the contents of platelet granules, thrombin, 
ADP, etc.) [3].  Thus, in case of moderate ongoing 
lung microthrombosis,  weak increase of PS+ platelet 
number could be observed. This is in line with the 
clinical picture of the studied patients. None of them 
suffered from severe thrombotic complications during 
the course of the study.
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Correlation of platelet parameters with clinical data

Platelets are not only the critical players in 
coagulation but are also an essential source of 
inflammatory mediators. In addition to anticoagulant 
therapy, applied to COVID-19 patients, anti-
inflammatory therapy is also carried out using various 
approaches: these include immunosuppressants 
(for example, actemra), antimalarial drugs 
(hydroxychloroquine) and corticosteroids, IL-6 
antagonists (tocilizumab) [7]. Therefore we analyzed 
the correlation between platelet parameters, the 
applied therapy, and the concurrent patients’ 
diseases.  

The proportion of PS+ platelets correlated 
(r=0.69, p<0.01) with the lung damage (according 
to CT scan performed no later than 2 days from the 
date of platelet examination, Table 1). These results 
are in good agreement with the hypothesis about 
the influence of the inflammatory process occurring 
in the lungs on the coagulation system since an 
increase in the area of affected alveoli leads to 
activation of adjacent endothelial tissues [50], [51]. 
In addition, there is a negative correlation (r=-0.49, 
p<0.05) between the total number of platelets and 
the number of procoagulant ones. We presume 
that high consumption of platelets can cause these 
changes (Table 1). The percentage of PS+ platelets 
and platelet count correlated with blood fibrinogen 
levels (p<0.05 and p<0.001 respectively, Table 1). 
This result may be explained by thrombus formation 
leading to increased consumption of clotting factors 

and platelets. Owing to this, the liver compensates 
for protein intake [28], [52]. No correlation was found 
between procoagulant platelets and C-reactive 
protein or D-dimer (see Table 1).

Correlation of platelet parameters with the applied 
therapy

In the hospital, all patients with suspected 
COVID-19 were prescribed thromboprophylaxis [53]. 
The use of heparins can lead to transient heparin-
induced thrombocytopenia (HIT) [54], [55]. However, 
it was not observed in our study. The amount of PS+ 
platelets for patients receiving heparins also was not 
altered compared to other COVID-19 patients (Fig. 
2A). Sometimes, antiplatelet drugs are prescribed for 
COVID-19 patients [56]. For two out of three patients 
receiving antiplatelet drugs in our study because of 
previous prescriptions, the amount of PS+ platelets 
was significantly lower than for other COVID-19 
patients (Fig. 2A). 

According to previously published 
recommendations, other therapeutic agents are 
prescribed for the patients in the hospital, including 
the antiretroviral drug lopinavir [57], [58]. There were 
no differences in the number of procoagulant platelets 
between the groups of patients who took and did not 
take the lopinavir-ritonavir combination (Fig. 2A).

When comparing groups of patients for the 
presence of chronic diseases, statistically significant 
differences (p=0.027) were found only for the group of 
patients with chronic lung diseases. The percentage of 
PS+ events in the presence of the disease was lower 
than in the absence (mean value ± SD: 0.81±0.37% 
for absence, 0.41±0.17% for presence, Fig. 2B), 
which may be due to the presence of a compensatory 
mechanism in these patients’ coagulation system. 
The patient cohort included in this study is highly 
heterogenic in terms of age and health status. 
However, the lack of significant differences between 
different patients’ groups (Fig. 2B, Fig. S1) and the 
absence of the observed altered platelet phenotype 
in chronic diseases [59]–[62] allows us to claim that 
this phenotype is the result of COVID-19. 

The computational model predicts that the enhanced 
platelet consumption underlies thrombocytopathy in 
COVID-19 patients

Platelet phenotype of COVID-19 patients 
appeared to be distinctive: while no significant 
thrombocytopenia was detected in our study as well as 
in the literature [3], [28], [29], [32], increased platelet 
size and increased PS+ platelet subpopulation were 
also noted. In order to understand, whether such 
phenotype could be caused by the consumption 
of platelet due to thrombosis, we have constructed 
the model of the platelet production, ageing, and 
clearance (Fig. 3A).

In the model, in the absence of additional 

Table 1. Pearson’s correlation coefficients (R) for 
the percentage of phosphatidylserine-positive (PS+) 
events, platelet counts, and platelet forward scattering 
with indicators of the patient’s condition and test values: 
age, percentage of lung damage (by CT), respiratory 
rate, C-reactive protein (CRP), AST / ALT, total bilirubin, 
glucose, total protein, hemoglobin, platelets, platelet 
forward scattering, leukocytes, INR, fibrinogen, D-dimer. 
Green values indicate p-value < 0.05.
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Figure 2. Association of phosphatidylserine-positive events with clinical parameters of patients, the presence of 
chronic diseases, and ongoing therapy. A – Comparison of the results of patients on the therapy they take (3 different 
groups by the amount of low molecular weight heparins, a group was taking anticoagulants and antiplatelet agents, groups 
taking anti-HIV drugs and not taking them). When using the Mann-Whitney criterion statistics no significant differences 
were found between the groups. B – Comparison of the percentage of phosphatidylserine-positive events for groups of 
patients suffering from various chronic diseases (type II diabetes mellitus (Diabetes), diseases of the gastrointestinal 
tract (Digestive), lungs (Lungs; p = 0.0274), cardiovascular (Cardiovascular), chronic arterial hypertension (CAH)). The 
green rectangle shows the normal range obtained for healthy donors (mean ± 2 standard deviations). The Mann-
Whitney test was used for significance; one asterisk indicates p <0.05.

platelet consumption, the average platelet counts 
are between 155x103 platelets/μl and 177x103 
platelets/μl (Fig. 3B). The number of platelets and 
platelet size were stochastically fluctuating (Fig. S2 
A and B correspondingly). Introduction of additional 
consumption, which did not significantly alter platelet 
counts (∆Plt < 25 000/μl), results in a significant 
increase in the platelet size (Fig. 3B,C; S2A,B). 
Increased consumption also resulted in the platelets 
becoming younger (Fig. S2C,D). Enhancement of 
the platelet consumption above 2 resulted in mild 

Figure 3. Computational model of platelet production in the presence of COVID-19 induced thrombosis. A – 
Detailed scheme of the model (most sensitive reactions are highlighted in red). B – Dependence of the average platelet 
count (green curve and dots) and platelet size (red curve and dots) from the platelet consumption index in the model. 
Platelet number and size in the absence of consumption lie in the areas, highlighted by green and red rectangles 
correspondingly. C – Platelet size distribution in the absence (green bars) and the presence (red bars) of consumption 
(with consumption index set to 2). Whiskers on all plots represent SD.

thrombocytopenia and platelets becoming younger 
(Fig. 3B). Severe thrombocytopenia appeared 
at platelet consumption above K = 5, which 
corresponded to more than half of the produced 
platelets being consumed (Fig. 3B, S2). Additional 
sensitivity analysis revealed that model outcome 
was most sensitive to the TPO synthesis, platelet 
consumption, and platelet clearance parameters. 
These reactions are highlighted in red (Fig. 3A). 

It is noteworthy that in patients the PS+ platelet 
fraction weakly correlated with the mean FS-A values 
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(Table 1). This finding supports the hypothesis that in 
COVID-19, platelets are consumed due to thrombosis 
which leads to the increase in PS+ platelet fraction,  
younger overall age of platelets and therefore larger 
size. The weakness of the correlation could be 
caused by the enhanced PS+ platelet consumption 
by the liver and spleen [36]. However, it should also 
be kept in mind that the cells were resting during 
the experiment, and no comparison of the degree 
of activation for patients and healthy donors was 
carried out.

Conclusions
Here we observed a significant increase in the 

fraction of PS+ platelets in COVID-19 patients (Fig. 
1). This phenomenon does not correlate either with 
therapeutic interventions carried out in the hospital 
or with chronic diseases in the patients (Fig. 2). 
Therefore, we assume that the observed increase 
in platelet size and phosphatidylserine exposure 
is mainly caused by COVID-19 and associated 
pneumonia. Previously it has been reported that 
such changes could be caused by active thrombosis 
[26], [41]. The proposed computational model 
demonstrates that moderate consumption, which 
does not result in pronounced thrombocytopenia, 
could result in a 1.3-fold increase in mean platelet 
volume observed for the COVID-19 patients (Fig. 1).

Based on our experimental results and theoretical 
findings, we propose the following scheme of the 
COVID-19 impact on human platelets: 

• SARS-CoV-2 induces lung damage. This 
results in the blood vascular endothelium 
activation and tissue factor (TF) exposure to 
the blood flow [12], [13]; 

• TF induces thrombus formation and platelet 
consumption;

• Fraction of PS+ platelets is increased (Fig. 
1) as a result of strong platelet activation, 
and platelets production is enhanced by the 
megakaryocytes (Fig. 3) [3], [29], [32] due to 
the increased TPO synthesis by the liver [3]; 

• A mild reduction of the platelet count occurs 
[3], [52], while platelet size increases 
significantly [3], [28]. 

Therefore, it can be assumed that a therapeutic 
correction of the pro-thrombogenic state of the lung 
vascular endothelium could improve the platelet’s 
quality. Still, further study of platelets and their role 
in the development of COVID-19 is necessary, as 
platelets can be used to monitor the hemostasis 
system in COVID-19 patients.
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Abstract

Store-operated calcium entry (SOCE) plays 
an important role in platelet function. It is generally 
assumed that the mechanism of SOCE relies on 
the direct interaction of STIM1 and ORAI1 proteins 
with specific STIM1:ORAI1 stoichiometry. However, 
in platelets, other pathways may take place. Here 
we aim to investigate the mechanisms of SOCE in 
platelets. We developed a lattice-based mathematical 
model that represented STIM1-ORAI1 interactions 
and applied it to both HEK cells, where SOCE 
mechanism is well established, and platelets. The 
model was able to describe STIM1-ORAI1 behavior 
in HEK cells successfully. We used the same 
parameters for protein interaction and applied them 
to platelets. As a result, we demonstrated that the 
number of STIM1 proteins on ER membrane could 
not assure the needed stoichiometry to proper SOCE 
in platelets. 

Keywords: Platelet intracellular signaling, Store-
Operated Calcium Entry, Mathematical Modeling, 
Platelets

Introduction
Platelets play an essential role in hemostasis as 

they prevent blood loss upon vessel wall disruption 
[1]. This is achieved by their activation, subsequent 
aggregation and thrombus formation. It is well known 
that these processes are mainly governed by the 
dynamics of intracellular Ca2+ concentration [2]. 
There are two main sources of free Ca2+ that provide 
elevation of this ion in the cytosol after activation: 
intracellular stores (represented by endoplasmic 
reticulum (ER)) and extracellular medium [3], [4]. 
Major extracellular Ca2+ influx pathway in platelets is 
store-operated calcium entry (SOCE), that is caused 
by store depletion.

Two main proteins contributing to SOCE are ER 

protein STIM1, that senses Ca2+ levels in intracellular 
stores [5] and plasma membrane (PM) protein 
ORAI1, that forms Ca2+ highly selective channel [6]. 
STIM1 and ORAI1 in platelets contribute to thrombus 
formation, procoagulant activity and GPVI activation 
[7].

What is the mechanism of SOCE in platelets? 
While the crucial role of STIM1 and ORAI1 proteins is 
well established [8], [9], their interplay leading to Ca2+ 
influx in platelets is still unclear. The main mechanism 
of SOCE is considered to be STIM1-ORAI1 direct 
interaction and conformational coupling [6], [10], [11]. 
This was shown for many cells in vitro, specially on 
HEK293 cell line [12]–[14], where many aspects of 
STIM1-ORAI1 interaction where studied in detail. 
The chain of events is following: 1) ER depletion 
leads to dissociation of Ca2+ ions from STIM1 EF-
hand motif, 2) this induces conformational changes in 
whole protein and its transition to an extended state, 
3) activated STIM1 can couple with ORAI1 protein in 
ER-PM junctions (form puncta) if the spacing between 
two membranes is ~15 nm, 4) ORAI1 interaction with 
STIM1 opens the hexameric pore and significantly 
enhances Ca2+ conductance. Another interesting 
feature of coupling mechanism is the stoichiometry 
that leads to SOCE. It seems interaction of one 
STIM1 protein with pore is not sufficient for proper 
pore opening and at least 5 STIM1 are needed to 
induce Ca2+ influx (for more detail see review [15]).

Besides direct STIM1-ORAI1 interaction there 
is an alternative SOCE mechanism. It requires 
intermediate diffusible messenger – calcium influx 
factor (CIF) [16], the nature of which is still unknown. 
Store depletion and subsequent STIM1 activation 
leads to production of CIF [17]  which activates 
calcium-independent phospholipase A2 (iPLA2) by 
displacing inhibitory calmodulin from its active site. 
Activated iPLA2, in turn, leads to pore opening and, 
thus, Ca2+ influx. ORAI1 opening is considered to be 
associated with the presence of lysophospholipids, 
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ri ∈ ℒ, i = 1,…, N. Every node has b = 8 nearest 
neighbors. Each lattice node ri ∈ ℒ is connected to 
its nearest neighbor by unit vectors ci, i = 1,…, b. The 
neighborhood is assumed to be Moore neighborhood. 
In addition, protein can be in a resting state, that is 
presented as c0. As we consider two opposing lattices, 
that denote two membranes (ER and PM), additional 
unit vector c9 is introduced in order to represent the 
occupation in the second lattice at same lattice cell. 
The parameter K = b + 1 defines the possible node 
movement choices.

The state space is defined through the occupation 
numbers sj ∈ {0, 1}, j = 0,…, K. These occupation 
numbers represent the presence (sj = 1) or absence 
(sj = 0) of a protein in the channel cj within some 
node. Then, the configuration of a node is given by 
the state vector: 

that are products of iPLA2 activity. This mechanism 
does not imply direct STIM1-ORAI1 coupling, however 
protein proximity in needed for rapid diffusion of CIF 
from ER to PM. 

There are several mathematical models of 
SOCE [18]–[20]. Mass-action based model proposed 
by Schmidt et. al. [20] considers processes of 
oligomerization, diffusion and clustering of STIM1-
ORAI1. Despite the fact that this model takes into 
account the ER-PM junctions, specifically the diffusion 
of proteins in these regions, the modeling principle 
assumes a large number of molecules. Indeed, this 
approach is valid for large cells with a large number 
of proteins of interest (for example, HEK, which were 
used to validate the data). However, this cannot be 
applied to cells with significantly smaller number of 
proteins, as the system can no longer be considered 
as homogeneous. Considering relatively low STIM1 
counts in platelet it is reasonable to use different 
type of approach for SOCE modelling. One of this 
approaches can be lattice-based models [21], where 
the system is represented by a mesh of cells that 
have a finite number of states. Each cell evolves 
according to a specific set of rules that represents 
temporal evolution of the system. 

In this article we propose a lattice-based model 
of SOCE in platelets. We demonstrate that small 
surface concentration of STIM1 cannot provide 
sufficient stoichiometry for proper pore opening and 
Ca2+ influx.

Methods

Modelling Approach

The SOCE model is defined by two discrete 
spatial lattices ℒ: ER and PM membranes, a discrete 
state space ε and local rule-based dynamics.

The regular lattice ℒ⸦ℝ2 consists of N nodes 

s = (s1, . . . , sK) ∈ ε = {0, 1}K .

Figure 1. Scheme of single STIM1-ORAI1 interaction within the model. STIM1 protein is represented by black color, 
ORAI1 – grey. Diffusion of proteins along their membranes leads to their interaction and subsequent coupling.

The node by itself has properties. In our model 
STIM1(ORAI1) can be in two states – free, bound. 
Additionally STIM1 can be a part of a cluster. This 
fact is denoted by the parameter a ∈ {0, 1, 2}, where 
a = 0 represents free protein, a = 1 – bound, a = 2 – in 
cluster (for STIM1). If a protein is in bound state it can 
no longer diffuse along the membrane (Fig. 1).

A new lattice configuration is created according 
to a local rule that determines the new state of each 
node in terms of the current states of the node and 
the nodes in its neighborhood. In order to determine 
a new lattice configuration, the local rule is applied 
sequentially at every node r of the lattice. 

The algorithm, by which STIM1-ORAI1 interaction 
was modelled is presented in the following block-
diagram (Fig.2).

Note that we assume that close location of 
proteins is not sufficient for clustering and they need 
to “overlap” in order to form a cluster. Therefore, we 
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Figure 2. Block-diagram representing modelling algorithm.

consider clustering as a process that occurs when 
one protein tends to diffuse “into” another protein, 
rather than cluster due to simple proximity. 

Initial state of each membrane is produced by 
randomly placing nodes on 2-dimentional lattice. 
The number of nodes for each lattice is equal to the 
number of proteins (STIM1 or ORAI1). 

Model parameters were assessed manually 
in order to match experimental data. Specifically, 
STIM1-ORAI1 probability was estimated according 
to known characteristic times and maximal number 
of STIM1-ORAI1 complexes and STIM1 clustering 
according to known STIM1:ORAI1 stoichiometry 
within one puncta.

Results

Evaluation of diffusion coefficient

Our modelling approach for diffusion is similar 
to modelling Brownian motion using a random walk. 
However, length of the step for each iteration is 
fixed and is equal to 1 lattice cell. This is due to the 
fact that when simulating the Brownian motion of 
particles in water, the collision length of a particle is 
much larger than the size of the particle itself due to 
the liquid state of aggregation of the medium [22]. 
When modeling diffusion along the membrane, the 
density of lipids and membrane proteins makes it 
possible to neglect this parameter. Fig.3 shows, that 
our approach and parameters for diffusion modelling 
gives us similar diffusion rate [13] and typical 
MSD(time) dependencies.

STIM1-ORAI1 direct interaction in HEK cells

In order to investigate the mechanism of SOCE 
in platelets, we first applied our model on HEK cells.  
Such approach was chosen based on two reasons: 
1) HEK cells have well known geometric parameters 
and protein counts, including typical PM-ER junction 
areas, 2) STIM1-ORAI1 direct interaction is mostly 
investigated on this type of cells and so there is 
plenty of experimental data, on which model can be 

Figure 3. Diffusion of single protein along the lattice. 
Blue color represents MSD of n=100 proteins. Orange 
color shows individual SD.

evaluated. The parameters for HEK cells were taken 

Typical system state for ER membrane on                  
t = 0 ms, 10 ms and 100 ms is shown in Fig. 4A. The 
model parameters were estimated to match rapid 
STIM1-ORAI1 puncta formation ([20], [23]) and then 
subsequent cluster growth. Clustering probability 
does not significantly affect system dynamics (typical 
characteristic times remain in same order) (Fig. 4B). 
For much lower diffusion coefficient (0.01 μm2/s) 
resulting dynamics does not change (Fig. 4B, dashed 
lines). As a result, clustering does not affect the total 
number of puncta, but contribute to stoichiometry and 
therefore correct pore opening (Fig. 4C).

SOCE modelling in platelets

After estimating parameters for STIM1-ORAI1 
interaction we applied our model on platelets. We 
used same probabilities for clustering and binding, 
but changed the initial number of proteins on 
each membrane. It appears, that such low STIM1 
concentration cannot provide normal stoichiometry. 
Typical system states are presented in Fig.5A. It also 
seems that characteristic time of f STIM1-ORAI1 
puncta formation is enhanced (Fig. 5B).

Discussion
In the present work we developed a lattice-based 

model of STIM1-ORAI1 interaction. The model 
was able to adequately describe protein coupling 
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Figure 4. (A) STIM1-ORAI1 interaction for HEK cells. Bound proteins are presented by brown, STIM1 in cluster – green, 
free proteins - red. (B) STIM1-ORAI1 puncta formation dependance on clustering probability. Dashed lines represent 
same process for D = 0.01 μm2/s (C) Typical system state at t=100ms for different clustering probabilities

Figure 5. (A) STIM1-ORAI1 interaction for platelets. 
Bound proteins are presented by brown, STIM1 in cluster 
– green, free proteins - red. (B) STIM1-ORAI1 puncta 
formation dependance on clustering probability

dynamics in HEK cells, which was in accordance to 
experimental data and results of different modelling 
approach. Our data also revealed that in HEK cells 
crosslinking of ORAI1 pores by STIM1 takes place, 
that according to [24] can change pore conductance 
properties.

On the other side, in platelets not only crosslinking 
does not occur, but neither needed stoichiometry 
is achieved. This is due to small surface STIM1 
concentration, even if all STIM1 proteins are 
considered to be fully on ER, although they are 
presented both on PM and ER.  

There are several ways to interpret the obtained 
data. Firstly, we may assume that direct interaction 
does not play significant role in platelets. Then, as 
STIM1 and ORAI1 are known to mediate platelet 
function, we consider different mechanism of SOCE. 
iPLA2 pathway of SOCE is known to be present in 
platelets and may be responsible for SOCE instead 
of direct coupling model. However, it was shown 
by Harper et. al. [25]  that iPLA2 activation is not 
sufficient for SOCE activation in platelets, which is 
still discussible.

Another possible mechanism of SOCE still 
accounts direct interaction of STIM1 and ORAI1, but 
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with addition of TRPC channels [26], [27]. It is known 
that TRPC1 play role in SOCE and also can be 
activated by coupling with STIM1. In addition, there 
is evidence that TRP channels tend to colocalize with 
ORAI pores. Thus, ORAI1-TRPC complex may react 
different to activation of STIM1 and not require such 
stoichiometry as ORAI1 solely.
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Abstract
Phospholipase C ζ (PLCζ) is an enzyme found 

in the cytoplasm and acrosome of mammalian 
spermatozoa. It catalyzes the reaction of 
phosphatidylinositol-4,5-phosphate hydrolysis into 
inositol-3-phosphate and diacylglycerol. PLCζ is 
present in the sperm cell acrosome and cytosol but 
doesn’t significantly affect its metabolism. However, 
after the fusion of sperm and egg membranes, its 
activity increases as it begins to bind membranes 
of the egg. It is unknown why PLCζ is inactive in 
spermatozoa or any type of somatic cell.

A model describing the activity of PLCζ in 
physiological calcium concentrations was developed. 
In this work, the modeling approach explains the 
absence of PLCζ activity in any type of mammalian 
cells but eggs. It was shown that the presence of 
phosphoinositide-rich vesicles is required for the PLC 
ζ activity in mature mammalian eggs.  

Keywords: Phospholipase C ζ, Oocyte, 
Spermatozoa, Calcium signalingt

Introduction
During mammalian fertilization, sperm induces a 

series of calcium oscillations in the egg that induce 
egg activation and early embryonic development 
[1]. Phospholipase C (PLC) ζ is a sperm-specific 
protein capable of causing Ca2+ release [2]. 
PLCζ is an enzyme that catalyzes the reaction of 
phosphatidylinositol-4,5-phosphate (PIP2) hydrolysis 
into inositol-3-phosphate (IP3) and diacylglycerol 
(DAG). It is present in the sperm cell acrosome and 
cytosol but doesn’t significantly affect its metabolism. 
However, after the fusion of sperm and egg cell, its 
activity increases as PLC ζ begins to bind membranes 
of the egg cell and generate IP3 [3]. PLC ζ can also 
initiate calcium oscillations in oocytes without the 
sperm cell if its expression in the oocyte is artificially 
enabled [2].  Some eggs fertilized by PLCζ-null sperm 
can develop, albeit at significantly reduced efficiency, 
and after a significant time delay [4].

One of the main questions about PLC ζ is the 
reason for the absence of its activity in sperm cells, 
as well as in other cell types like Chinese hamster 
ovary cells (CHO) [5]. Several hypotheses are 
explaining the cause of exclusive PLC ζ activity in 
the oocyte (Fig. 1). One of them assumes that there 
is an unknown cofactor that activates PLC ζ (Fig. 
1A). This cofactor is located in oocyte cytosol [3]. The 
alternative explanation suggests that in sperm PLC 
ζ is bound to some kind of inhibitor (Fig. 1B), and 
after fusion with the oocyte, the complex with inhibitor 
dissolves. This hypothesis partially contradicts data 
from [5], which demonstrated that when expressed 
in Chinese hamster ovary cells PLC ζ shows no 
significant impact on calcium concentration. None of 
these hypotheses are supported by direct evidence.

The alternative hypothesis is based on PIP2-
rich vesicles in oocytes (Fig. 1C, D). These vesicles 
have much higher relative surface space than the 
membrane, and it was demonstrated that a large part 
of PLC ζ bounds to these vesicles [6], [5].

The modeling approach has been successfully 
used to study the calcium activation mechanism in 
both the sperm and egg cells [7], [8], but no work 
exists on the PLC ζ activity regulation. In this work, 
we utilize the modeling approach to clarify the 
mechanisms regulating the PLC ζ activity in sperm 
and egg cells.

Materials and methods

Computational model construction and integration

To study the PLCζ activity in mammalian eggs, a 
computer model was developed. First, the ordinary 
differential equations were constructed based on 
laws of chemical kinetics (either mass action law, 
Henry-Michaelis-Menthen kinetics, or Hill functions). 
Kinetic equation parameters were either taken 
from the literature or estimated based on existing 
experimental data. The final model consisted of 18 
equations with two unknown parameters. The model 
was solved using the LSODA method.

Cite as: Tabachnik A.K. et al. SBPReports 2021 June 30; 1 (2) pp. 17-22
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Figure 1. Major hypotheses explaining PLC ζ activity in the oocyte. (А)  The first hypothesis is that the PLC ζ 
acquires the ability to cleave the oocyte membrane PIP2 (PIP2m) and produce IP3 upon activation by an unspecified 
PLC ζ activator A present in oocytes. (B) The second hypothesis is the presence of an unspecified PLC ζ inhibitor in 
all cell types but eggs (C, D). The third hypothesis suggests that mammalian oocytes contain vesicles higher in PIP2 
(PIP2V) content, and PLC ζ is targeted on the vesicle surface.

Results and discussion

Mathematical model of PLCζ activity

Before checking the hypotheses described 
above, an accurate mathematical model of PLCζ 
activity that can describe the existing experimental 
data [6],[9] was developed.  According to multiple 
authors ([6],[9]) the unique feature of PLCζ is its high 
cooperativity for Ca2+ binding, which is performed by 
its four EF-hand domains. Its Hill coefficient varies 
from 3.8 to 4.3 ([10], [11],[5],[9]) according to different 
sources. However, as it was shown below, such a 
high value for the Hill coefficient is incompatible with 
the data demonstrated in these articles. Therefore, 
the Hill coefficient was calculated using two different 
methods. It was shown that its value, according to the 
data from [10], is close to 1.1.

A simple mathematical model which could predict 
calcium dependence of PLCζ activity in physiologically 
relevant concentrations of calcium (10-8‒10-6 M) was 
created. It was based on Klotz equation (1), and a 
hypothesis that every following calcium ion binds with 
an equilibrium coefficient equal to the previous one 
multiplied on cooperativity constant  α (2-5): 

Here K1 is the constant for the first calcium ion 
binding, K2 – for the second calcium ion binding,  
K3 – for the third, K4 – for the fourth, Keq is the 
equilibrium constant for the first calcium ion binding 
reaction, a is cooperativity constant, [PLCz_Ca] is 
the concentration of PLCζ bound with one Ca2+ ion 
in the steady-state, [PLCz_2Ca] is the concentration 
of PLCζ bound with two Ca2+ ions in the steady-
state, [PLCz_3Ca] with three, [PLCz_4Ca] with 
four. PLCtotal is the total concentration of all forms 
of PLCζ summarized. B is a parameter in the Klotz 
equation, representing the molar ratio of total PLCζ 
and calcium bound with it.

Using equations 2-5, a mathematical model 
based on mass action law was developed. Calcium 
concentration in this model was fixed, while variables 
represent dynamics of PLCζ bound with different 

B =
[PLCz−Ca] + 2 ∗ [PLCz−2Ca] + 3 ∗ [PLCz−3Ca] + 4 ∗ [PLCz−4Ca]

PLCtotal
=

=
Keq ∗ [Ca] + 2 ∗ a ∗Keq2 ∗ [Ca]2 + 3 ∗ a3 ∗Keq3 ∗ [Ca]3 + 4 ∗ a6 ∗Keq4 ∗ [Ca]4

1 +Keq ∗ [Ca] + a ∗Keq2 ∗ [Ca]2 + a3 ∗Keq3 ∗ [Ca]3 + a6 ∗Keq4 ∗ [Ca]4

(1)

K2 = K1 ∗ a (2)

K3 = K1 ∗ a2 (3)

K4 = K1 ∗ a3 (4)

Kr = K1/Keq (5)

d[PLCz]

dt
= −K1 ∗ [Ca] ∗ [PLCz] +

K1

Keq
∗ [PLCz−Ca] (6)

d [PLCz−Ca]

dt
= K1 ∗ [Ca] ∗ [PLCz]− K1

Keq
∗ [PLCz−Ca]−

−K1 ∗ a ∗ [Ca] ∗ [PLCz−Ca]
K1

Keq
∗ [PLCz−2Ca] +

+
K1

Keq
∗ [PLCz−2Ca] (7)

d[PLCz−2Ca]

dt
= K1 ∗ a ∗ [Ca] ∗ [PLCz−Ca]− K1

Keq
∗ [PLCz−2Ca]−

−K1 ∗ a2 ∗ [Ca] ∗ [PLCz−2Ca] +
K1

Keq
∗ [PLCz−3Ca] (8)

d[PLCz−3Ca]

dt
= K1 ∗ a2 ∗ [Ca] ∗ [PLCz−2Ca]− K1

Keq
∗ [PLCz−3Ca]−

−K1 ∗ a3 ∗ [Ca] ∗ [PLCz−3Ca] +
K1

Keq
∗ [PLCz−4Ca] (9)

d[PLCz−4Ca]

dt
= K1 ∗ a3 ∗ [Ca] ∗ [PLCz−3Ca]− K1

Keq
∗ [PLCz−4Ca] (10)

0.03 ∗ [PLCz−2Ca] + 0.22 ∗ [PLCz−3Ca] + [PLCz−4Ca]

PLCtotal
= % of activity

(11)

E

Emax
=

[Ca]n

[EC50]n + [Ca]n
(12)
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amount of calcium ions:

Here, K1 is constant for the first calcium ion 
binding, K2 – for the second, K3 – for third, K4 – 
for fourth, Keq is the equilibrium constant for the 
first calcium ion binding reaction, a is cooperativity 
constant. The concentration of PLCζ, [PLCz_Ca] is 
the concentration of PLCζ bound with one Ca ion in 
the steady-state, [PLCz_2Ca] is the concentration of 
PLCζ bound with two Ca2+ ions in the steady-state, 
[PLCz_3Ca] - with three, [PLCz_4Ca] - with four.

We have investigated the steady-state of the 
model. The details are given in S1. 

B =
[PLCz−Ca] + 2 ∗ [PLCz−2Ca] + 3 ∗ [PLCz−3Ca] + 4 ∗ [PLCz−4Ca]

PLCtotal
=

=
Keq ∗ [Ca] + 2 ∗ a ∗Keq2 ∗ [Ca]2 + 3 ∗ a3 ∗Keq3 ∗ [Ca]3 + 4 ∗ a6 ∗Keq4 ∗ [Ca]4

1 +Keq ∗ [Ca] + a ∗Keq2 ∗ [Ca]2 + a3 ∗Keq3 ∗ [Ca]3 + a6 ∗Keq4 ∗ [Ca]4

(1)

K2 = K1 ∗ a (2)

K3 = K1 ∗ a2 (3)

K4 = K1 ∗ a3 (4)

Kr = K1/Keq (5)

d[PLCz]

dt
= −K1 ∗ [Ca] ∗ [PLCz] +

K1

Keq
∗ [PLCz−Ca] (6)

d [PLCz−Ca]

dt
= K1 ∗ [Ca] ∗ [PLCz]− K1

Keq
∗ [PLCz−Ca]−

−K1 ∗ a ∗ [Ca] ∗ [PLCz−Ca]
K1

Keq
∗ [PLCz−2Ca] +

+
K1

Keq
∗ [PLCz−2Ca] (7)

d[PLCz−2Ca]

dt
= K1 ∗ a ∗ [Ca] ∗ [PLCz−Ca]− K1

Keq
∗ [PLCz−2Ca]−

−K1 ∗ a2 ∗ [Ca] ∗ [PLCz−2Ca] +
K1

Keq
∗ [PLCz−3Ca] (8)

d[PLCz−3Ca]

dt
= K1 ∗ a2 ∗ [Ca] ∗ [PLCz−2Ca]− K1

Keq
∗ [PLCz−3Ca]−

−K1 ∗ a3 ∗ [Ca] ∗ [PLCz−3Ca] +
K1

Keq
∗ [PLCz−4Ca] (9)

d[PLCz−4Ca]

dt
= K1 ∗ a3 ∗ [Ca] ∗ [PLCz−3Ca]− K1

Keq
∗ [PLCz−4Ca] (10)

0.03 ∗ [PLCz−2Ca] + 0.22 ∗ [PLCz−3Ca] + [PLCz−4Ca]

PLCtotal
= % of activity

(11)

E

Emax
=

[Ca]n

[EC50]n + [Ca]n
(12)

The model % of activity was calculated as 
follows:

This parameter depends on the concentrations 
of PLCζ forms associated with two, three or four 
calcium ions. The coefficients for recalculating the 
activity of the concentrations of these forms are taken 
from the data on the maximum activity of PLCζ with 
the deletion of one or two EF-hands [12]. For PLCζ 
bound to three calcium ions, the data on PLCζ with 
one EF-hand deletion was used (in this case, activity 
was 22% of the native enzyme form activity). For 
PLCζ bound to two calcium ions, the data on PLCζ 
with two EF-hand deletion was used (in this case, 
activity was 3 % of the native enzyme form activity).

Parameter optimization was performed using a 
genetic algorithm. The experimental enzyme activity 
in relation to the maximal (% of activity) was obtained 
from the literature data.

The model predicted equilibrium constant  Keq 
= 8.3*108 M-1 and cooperativity constant a = 0.33. 
Using these values, a dependency of PLCζ activity 
on calcium concentration was built (Fig. 2A).

Hill approximation of PLCζ activity
As an alternative approach to describing PLCζ 

activity, we used the Hill equation. The Hill equation 
for an enzyme has the following form:

Figure 2. Validation of the models. (A) Validation of our calcium-binding model with experimental data from [10]. (B) 
Comparison of Hill equation for n=4.3 with experimental data from [10]. (C) Comparison of Hill equation for n=0.9 with 
experimental data from [10]. (D) Comparison of Hill equation for n=1.1 with experimental data from [10].
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where E is PLCζ activity, Emax is on PLCζ 
maximum activity, EC50 is calcium concentration 
required for 50% activity, [Ca] is calcium concentration, 
n is Hill coefficient.

If we take the Hill coefficient from [11], (n=4.3), 
we will receive calcium dependency, which can be 
observed on Fig. 2B. It approximates the experimental 
data with much higher standard deviation than our 
model described in (6)-(10). The same stands true for 
the Hill coefficient obtained from [12] (n=0.9).

Hill coefficient could be estimated from data on 
calcium concentration at different activities (EC90 
and EC10 – 90% and 10% of maximum activity 
accordingly).
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n =
log10(91)

log10(EC90/EC10)
(13)

For PLCζ activity predicted by our model, EC90 
is 2.7*10-7  M, while EC10 is 5.3*10-9  M. By using 
equation (13), we can find that Hill coefficient for 
PLCζ is equal to 1.12.

The same procedure was repeated for data from 
[11]. For PLCζ, EC90 is 4.3 x 10-7  M, and EC10 is         
8 x 10-9  M. By using the same equation (13), we 
can find that the actual experimental Hill coefficient 
for PLCζ is approximately equal to 1.1, which 
corresponds well with the predictions of our model.

The complete model of phospholipase C activity in 
mammalian spermatozoa and egg cells

The complete model of PLCζ activity on egg (Fig. 
3A) and sperm membranes (Fig. 3B) was developed. 

Figure 3. Scheme of the full model. (A) Reactions in 
the oocyte, PLCζ – calcium-free PLCζ , PLCζCa – PLCζ, 
bound with one calcium ion, PLCζ2Ca – PLCζ, bound 
with two calcium ions, PLCζ3Ca  – with three, PLCζ4Ca  – 
with four. PLCζm  – PLCζ, bound with cell membrane, 
PLCζCa m – PLCζ, bound with the cell membrane and 
one calcium ion, PLCζ2Ca m – PLCζ, bound with the cell 
membrane and two calcium ions, PLCζ3Ca m – with the 
cell membrane and three calcium ions, PLCζ4Ca m – with 
the cell membrane and four calcium ions. PIP2 and 
PIP2v  – are phosphatidylinositol-4,5 – bis-phosphates 
on cell and vesicle membrane accordingly. DAG and 
DAGv  – diacylglycerol on cell membrane and vesicles 
accordingly. IP3 – inositol-3-phosphate. PLCζv – 
PLCζ, bound with vesicles, PLCζCa v – PLCζ, bound 
with vesicles and one calcium ion, PLCζ2Ca v – PLCζ, 
bound with vesicles and two calcium ions, PLCζ3Ca 

v – with vesicles and three calcium ions, PLCζ4Ca v  – 
with vesicles and four calcium ions. (B) The sperm cell 
model is identical to the oocyte model except for the 
absence of the vesicles.

In the sperm and the egg, two similar reaction 
schemes were used.  PLCζ  could bind calcium and the 
available plasmatic membranes independently, but 
only the form that was bound both to the membrane 
and four calcium ions could produce IP3. IP3 was 
removed from the system with a constant rate. The 
differences between two models were as follows: the 
egg contains vesicles rich in phosphoinositides, while 
sperm does not. All reactions occurring on the vesicle 
membrane duplicate the reactions occurring on the 
plasmalemma. The reaction constants between 
schemes did not differ, except for the presence of 
a separate constant for PLC binding to vesicles in 
the oocyte model and the rate constant for inositol-3-
phosphate degradation. 

Two models were created using the schemes 
described above: a model for PLCζ activity in the 
oocyte (Fig.3, A) and sperm cell (Fig.3, B). The model 
equations are described in S2. The details of the 
model parameters are given in Table S1.

The dependence of IP3 concentration on PIP2 
concentration on various membranes is shown in 
Fig. 4. A single steady-state existed in both of the 
models. The stationary concentration of IP3 in the 
spermatozoon was approximately 50-60 nM, and 
in the oocyte, IP3 concentration was about 200 nM 
(which is above the response threshold of 130 nM 
[13] for IP3 receptors present both in sperm cells 
and oocytes [14], [15]). Thus, according to the point 
model, the activity of PLCζ alone should be sufficient 
to initiate calcium oscillations in the oocyte. 

In the sperm cell, the final concentration of 
inositol-3-phosphate, depending on the concentration 
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Figure 4. Results in the whole model. (A) Dependence of the IP3 concentration on sperm membrane PIP2 content. 
(B) Dependence of the IP3 concentration on PIP2 content in oocyte vesicles.

of PIP2, reaches a plateau long before reaching even 
half of the threshold concentration (130 nM). 

A decrease in the concentration of 
phosphatidylinositol-4,5-bisphosphate on the 
surface of vesicles by a factor of 10 would reduce 
the final concentration of inositol-3-phosphate to 
approximately 20-30 nM and eliminate the possibility 
of calcium oscillations in the oocyte solely due to 
the activity of PLCζ (Fig. 4B). This explains both 
the absence of oscillations upon initiation of PLCζ 
expression in somatic cells [2] and the absence of 
oscillations under similar conditions at the early 
stages of oocyte maturation, before the formation of 
phosphatidylinositol-4,5-bis-phosphate-rich vesicles 
[16].

Conclusions
Here we have built a mathematical model of 

PLC ζ activity in mammalian egg and sperm cells 
and validated it on existing experimental data.  It 
was theoretically shown that the activity of PLC ζ in 
the sperm is insufficient for the synthesis of IP3 in 
sufficient quantities to initiate calcium oscillations. 
Its activity on vesicles in egg cells creates a total 
concentration of IP3 close to 200 nM, which is above 
the border value for initiation of Ca oscillations.

The results obtained support the hypothesis of 
the phosphoinositide composition of egg vesicles 
as the main factor in the effectiveness of PLC ζ as 
an initiator of calcium oscillations. They exclude 
the possibility of calcium oscillations in the sperm 
cell, which is consistent with all currently available 
experimental data.
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Abstract
Abnormalities in hemostatic response are 

responsible for a large number of life-threatening 
conditions, however, despite many decades of 
research, today there are no reliable ways to correct 
hemostasis without significant risks of thrombosis or 
bleeding. This situation reflects a poor understanding 
of the key mechanisms that regulate the hemostatic 
response. To uncover the principles underlying the 
regulation of hemostasis, both experimental models 
and theoretical approaches are actively used. This 
review focuses on current in vitro models of thrombosis 
and hemostasis and describes key approaches and 
tools for studying blood coagulation outside the 
human/animal body. To reconstruct this process, 
both microfluidic technologies and approaches 
based on manufacturing artificial vessels using a 
variety of hydrogels are actively used. In vitro models 
of thrombosis traditionally mimic non-penetrating 
damage to the vessel wall and have been used for 
more than 30 years to uncover the key processes 
responsible for the formation of arterial thrombi. 
Models of in vitro hemostasis have been actively 
developed only in recent years and are focused 
ono crucial mechanisms governing the formation of 
hemostatic plugs - clots that stop bleeding upon a 
penetrating vascular injury. Modern in vitro models of 
thrombosis and hemostasis are used not only as tools 
for fundamental research but are also introduced into 
clinical practice.

Keywords: Thrombosis, Hemostasis, Platelets, 
Microfluidics, Hydrogel, Whole blood, In vitro models

List of Abbreviations: PDMS — 
polydimethylsiloxane; HUVEC — Human Umbilical 
Vein Endothelial Cells; СFD – computational fluid 
dynamics; TF - tissue factor; GelMA - methacrylate-
gelatin

Introduction
The human hemostasis system remains the 

subject of active research primarily due to its great 
clinical significance: complications caused by arterial 
thrombosis alone are the most common cause of 
death and disability in people worldwide [1]. The key 
methods for studying the physiology of hemostasis 
today are in vivo animal models [2], as well as in vitro 
[3-5] and in silico [6] approaches.

In vitro models make it possible to reconstruct the 
processes of hemostatic response outside the body 
under well-controlled conditions, which is crucial due 
to the extreme complexity of the hemostatic system. 
Such models are also of great importance as potential 
systems for assessing the state of hemostasis in 
clinical settings, as well as tools for the development 
of new drugs since they allow working with human 
blood.

This review highlights the most significant in vitro 
approaches proposed in recent years for the study 
of thrombosis and hemostasis. Following traditional 
concepts, the structure of this work implies the 
separation of thrombosis models, which simulate 
the formation of intravascular clots, and hemostasis 
models, which aim to reconstruct the processes 
that occur in response to penetrating damage to the 
vessel.

Here we will focus on the technological features 
of these models, rather than the biological or clinical 
results obtained with their help.

In vitro models of thrombosis

Microfluidic models

The current in vitro models of thrombosis 
represent flow devices, usually termed flow 
chambers, which allow perfusion of whole blood 
or its components through a specially designed 
channel that mimic blood vessels. One of the most 
popular and proven approaches to the creation of 
flow chambers for modeling thrombosis is based 
on PDMS as a material that forms the geometry of 
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Figure 1. Fabrication of PDMS-based flow 
chamber: a) A master mold is prepared using 
photolithography. The relief (typically made of 
photoresist on a silicon wafer, shown in orange) 
usually contains several patterns to be imprinted on 
PDMS; b) The relief form (master mold) is poured 
with the liquid mixture of PDMS base with curing 
agent; с-d) A part of polymerized PDMS is then сut 
and extracted from the mold e) inlet and outlet holes 
are made and the required tubings are connected. 
The chamber is attached onto the glass or plastic 
coverslip (gray) using plasma bonding or vacuum-
sealing.

the channels. The optical transparency of PDMS, 
its biological inertness, as well as an excellent 
combination with photolithography technology, led 
to the rapid development of microfluidics and its 
active application in various problems of biology and 
medicine. The use of this technology to reconstruct 
the process of blood coagulation outside the body 
makes it possible to regulate a significant part of 
the experimental parameters: the geometry of the 
channel which imitates the vessel, the pressure in 
the channel, the flow and the surface shear rates, the 
location of the activator that initiates the formation of 
a thrombus, and the introduction of various solutions 
into the system. To create such a flow chamber, the so-
called microfluidic chips are widely used. These chips 
(moulds, masters) are created by photolithography 
technology and determine the geometry of the 
channels. The tandem of photolithography and 
polymerizing elastomer (PDMS) is called soft 
lithography and is illustrated with Fig. 1.

The key parameters of experiments on thrombus 
formation under flow conditions include channel 
geometry (shape, characteristic size), wall shear rate 
(usually ranging from 100 to 2000 s-1), biochemical 
composition and geometry of the area with an activator 
molecules (usually type I fibrillar collagen and tissue 
factor are used), the source and composition of the 
blood (the organism from which the blood was drawn, 
the type of anticoagulants, the presence of additional 
substances in the blood).

An example of the elegant application of 
microfluidic technology to study thrombus formation 
is the classic work of researchers from the University 
of Pennsylvania [7]. Using the blood of wild-type mice 
and various knockout strains, makes it possible to 
assess the contribution of certain platelet receptors 
to the process of thrombus formation under controlled 
hemodynamic conditions. To reduce the volume of 
blood used in a single experiment, the researchers 
significantly reduced the dimensions of the channels 
(100 by 100 micrometers) using photolithography 
technology. To initiate the process of thrombus 
formation, the most widely used activator, fibrillar 

type I collagen, was immobilized onto a previously 
cleaned glass slide via another microfluidic channel. 
This technique involves vacuum sealing of the 
PDMS chamber with a single channel running almost 
the entire length of the slide (Fig. 2, a,b). Another 
chamber with multiple independent channels was 
further assembled on top of the collagen stripe. This 
approach makes it possible to carry out experiments 
at various wall shear rates within one chamber,  
regulate the area of the simulated injury, and also 
keep the position, size, and concentration of the 
activator constant for a given series of experiments.

Microfluidics technology allows manufacturing 
flow systems with much more complex geometries. 
Researchers from the same group led by Scott L. 
Diamond have demonstrated the use of a microfluidic 
device that allows fluorescent probe (FITC, 
fluorescein isothiocyanate) to be pumped through 
a growing thrombus formed on collagen or collagen 
with TF scaffold. This technique makes it possible to 
measure the permeability of platelet and platelet/fibrin 
deposited layers, while independently controlling the 
pressure gradient and shear rate [8]. The microfluidic 
device was created using soft lithography technique 
and attached to a glass slide using an evacuated 
circuit. The device geometry includes several inputs 
and outputs, additional resistance for providing 
increased pressure, and domains for pressure 
monitoring and control (Fig. 2, c-f). Thus, such a 
system allows the researchers to control and vary 
a number of model degrees of freedom, including 
hemodynamic parameters - pressure and shear rate. 
A distinctive feature of the model was the the location of 
activators and thrombus respective to the microscope 
objective: unlike classical systems in which thrombus 
formation occurs on one of the horizontal planes of 
the flow system, in this model thrombus growth was 
initiated on the vertical walls and propagated in the 
horizontal plane into the channel depth (Fig. 2, f), 
allowing researchers to observe the internal structure 
of the thrombus without making optical sections, as in 
classical in vitro systems. 
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Figure 2. Microfluidic devices for analysis of thrombus formation under controlled shear. a) A 100 μm strip of 
collagen (red) was deposited and immobilized with a microfluidic pattern along the length of the slide. b) A microfluidic 
device with a set of channels was oriented perpendicular to the collagen pattern (red). Adapted from [7]. с-e) Microfluidic 
device with adjustable pressure gradients. The constant flow rate Q1 was provided by the syringe pump. The presence 
of pressure transducers (P1, P2 and P3) and additional inlet Q2 allowed controllable pressure gradient in the thrombus 
formation zone (e,f). f) Thrombus (orange) was formed on a collagen (blue) located between the PDMS pillars (white 
circles). Adapted from [8].

Hydrogel-based models

The most commonly used approaches to the 
design of microfluidic chambers are convenient in 
use, but their degree of correspondence to a real 
vessel is rather low, because they are characterized 
by non-physiological geometry (rectangular/square 
channel section), the absence of endothelial cells 
and mechanically rigid PDMS walls. The most 
realistic models of vessels today are created based 
on combining hydrogel technology and cell culture 
methods, and such systems are gaining popularity in 
a variety of biomedical fields [9-11].

Yu Shrike Zhang et al. used 3D bioprinting 
technology to create a highly biomimetic model 
of thrombosis [12]. The body of the chamber was 

made of a hydrogel - methacrylate-gelatin (GelMA), 
based on which three types of channels were 
made - microchannels coated with HUVEC without 
fibroblasts; non-endothelialized microchannels 
with encapsulated fibroblasts in a hydrogel and 
endothelialized microchannels with simultaneously 
encapsulated fibroblasts inside (Fig. 3, a-c). Thus, the 
use of hydrogels and sacrificial bioprinting technology 
makes it possible to obtain vascular models with 
a high degree of similarity to real vessels, both in 
terms of mechanical properties and the biochemical 
composition of the cell wall.

Another popular approach for design of realistic 
vessel is based on capillary removal technique (Fig 
3, d-f) and has been successfully applied for various 
tasks [9]. 
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Figure 3. Various approaches for using hydrogels to fabricate artificial vessels. a) - c): bioprinting of vascularized 
hydrogels, schematic of the bioprinting process (adapted from [12]). a) bioprinting vessels and the wall; b) scaffold for 
GelMA; c) final GelMA block after curing with ultraviolet light and dissolving of the sacrificial layer (made from pluronic). 
d) - f): the tissue-engineered 3D microvessel, schematic of the construction process: d) PDMS mold, which contains 
input and output ports, is vacuum-sealed to the glass slide and serves as the shell. Cylindrical template rod (e.g. glass 
capillary) is positioned in the middle of the chamber into the special functional holes; e) PDMS mold is filled with hydrogel 
in a liquid state; f) after the gelation, the rod is physically removed by pulling it out from one side. After the removal of the 
template rod, the chamber is ready to use for blood/plasma perfusion or could be perfused for endothelial cell seeding 
and cultivation. Adapted from [9].

Parallel-plate flow chambers

It should be noted that flow chambers of standard 
parallel-plate geometry, despite their simplicity, are 
actively and successfully applied in fundamental 
research of the hemostasis system today [13-
17]. These chambers are designed using both 
microfluidic technique or more simplified approaches 
(for example, by cutting the channel in a sticky tape, 
which is further placed in between the coverslip and 

coverglass or analogues). 
Researchers at the University of Maastricht, 

using a standard flow chamber with parallel-plate 
geometry, have demonstrated the ability of cell-free 
homogenates from human atherosclerotic plaques to 
promote platelet adhesion and aggregate formation 
under relatively high shear rates (1000 s-1) [18]. This 
work made it possible to compare the thrombogenic 
potential of standard activators (including fibrillar 
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Figure 4. Schematic of a microfluidic flow chamber designed to generate shear gradients. (а) Schematic of a 
polydimethylsiloxane (PDMS) microfluidic flow chamber containing a straight rectangular channel 1 mm wide and 0.1 
mm height, and a stenotic channel of similar dimensions, but providing a 90% width reduction in the central region 
(zone 3). Zones 1 through 5 are labeled in the bottom of the schematics showing 3D view. (b) Microphotograph of a 
microfluidic flow chamber from a fluorescent microscope: transition from zone 2 to zone 3 of the stenotic channel. Image 
was obtained with x20 objective. (c) Map of velocity magnitude at mean height in the stenotic canal, obtained using 
velocimetry imaging of microparticles: transition from zone 2 to zone 3. (d) Dimensionless velocity profiles U⁄Umax as 
a function of Y⁄Ymax or Z ⁄Zmax (U is the magnitude velocity, Ymax - stenosis half-width, Zmax - half-height) at the 
average height and average width of the microfluidic flow chamber in zone 3. (e) Computational fluid dynamics analysis 
representing the shear rate at the bottom of the chamber (z = 0) throughout the chamber and in the enlarged area, 
corresponding to the entrance to zone 3. The geometry of the channel in the computational fluid dynamics (CFD) model 
corresponded to the stenotic version of the chamber shown in panel (a). Figure adapted from [20].

collagen of the first type) with a multicomponent 
mixture of activators released from atherosclerotic 
plaques of patients. The idea of comparing thrombus 
formation on various activators and their combinations 
was further taken by the authors to a new level: using 
microprinting technology, thrombus formation was 
analyzed on more than 50 different surfaces [19].

Models with stenotic geometries

To study the impact of flow disturbance on the 
dynamics of thrombus formation, flow chambers with 
a special geometry are used, wherein a stenosis is 
added to the standard shape of the channel, affecting 
the surface shear rate distribution. 

Such systems make it possible to study thrombus 
formation in case when local spatial shear rate 

changes by over an order of magnitude. The creation 
of stenotic geometry is usually accomplished by 
microfluidic technique (using soft lithography) 
and was realized by imitating the atherosclerotic 
geometry with a semicircle [20] or by creating a local 
perturbation intended for a sharp increase in the shear 
rate up to 1800 s-1 in combination with an immediate 
deceleration of the shear to 200 s-1 [21]. Using 
chambers that mimic stenosis, shear rate gradients 
have been recently shown to promote biphasic 
thrombus formation on weak adhesion proteins such 
as fibrinogen in a von Willebrand factor-dependent 
manner [22]. The design of a standard plane-parallel 
flow chamber has been modified (Figure 4) to allow 
the comparison of two channels - direct and stenotic 
(reduction of the vessel lumen area by 90%).
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Miscellaneous: beyond traditional tasks and 
techniques

In several works, microfluidic approaches 
have also been successfully used to analyze fibrin 
polymerization under flow conditions, but in the 
absence of platelets [23, 24]. 

In most current models of thrombosis, the flow 
in the system is kept constant by using syringe 
pumps, leading to drastic increase of local pressure 
gradients in case when thrombus significantly alters 
hydraulic resistance of a system. Such conditions 
of a constant flow are non-physiological; therefore, 
in some models, researchers use special bypass 
channels, thereby realizing the conditions of a quasi-
stationary pressure drop [25, 26]. The approximation 
of a constant shear  rate might be also improper on 
a timescales corresponding to a cardiac cycle: the 
effects of pulsations in arteries can be significant, 
and therefore, in several models researchers used 
special systems to create the effect of pulsations [27, 
28].

Either syringe pumps or hydrostatic pressure is 
commonly used to provide fluid perfusion through the 
flow chamber. A more complicated approach, ex vivo 
autoperfusion system, has recently been proposed to 
study the behavior of mouse leukocytes and platelets 
under realistic hemodynamic conditions [29]. In this 
model, the mouse heart continuously controls blood 
flow through the chamber, providing a wide range of 
physiological shear rates. Thus, the ex vivo chamber 
is an external vessel connecting the arterial and 
venous systems of a living mouse, while the animal’s 
heart creates a driving force for blood circulation.

The studies of thrombus formation under blood 
flow conditions in vitro in most aim to reproduce 
processes that occur in vivo in case of non-penetrating 
damage to the inner layer of the vascular wall above 
the atherosclerotic plaque and thus correspond to 
arterial thrombosis. Another pathological scenario of 
thrombus formation is the formation of a so-called red 
venous thrombi in the area of stagnant zones near 
the venous valves. To simulate this process, a special 
microfluidic flow chamber was proposed, in which, 
due to the selection of geometric and hemodynamic 
parameters, a stagnant zone is formed that simulates 
the situation in a living organism [30].

Today, in vitro models of thrombosis are much 
more often used in basic research than in clinical 
practice, which is mainly associated with the problems 
of standardizing such systems. Nevertheless, flow 
chambers are slowly gaining popularity in clinical 
studies as novel diagnostic tools [3-5, 31].

In vitro models of hemostasis
One of the first models of hemostasis described 

in the literature was proposed by researchers from 
the University of Colorado and created based on 

Figure 5. Scheme of a microfluidic model of hemostasis 
with an injury channel. Citrated whole blood and 
recalcification buffer were combined at a 9:1 volumetric 
flow ratio. Recalcified whole blood (red) and wash buffer 
(blue) were injected into two different vertical channels of 
the extravascular injury device. A horizontal injury channel 
(consisting of collagen and/or TF)  connects two vertical 
channels. Adapted from [32].

standard microfluidic technologies [32]. The original 
device was designed in the shape of the letter “H”, 
where the two external vertical channels represent 
the vascular and extravascular, respectively. The 
vertical channels are connected by a horizontal 
channel that imitates an injury-made opening in the 
vessel wall, which is called an ‘injury’ channel (Fig. 
5). Fibrillar collagen type I, recombinant human 
tissue factor, or their combination were adsorbed on 
the walls of this channel. Thus, the injury channel 
was covered with components that are located in 
the vessel wall and contribute to the initiation of a 
hemostatic response in the event of vessel damage. 
Recalcified whole blood and buffer were delivered via 
vascular and extravascular channels, respectively. 
The pressure drops in whole blood and buffer were 
adjusted so that the mean wall shear rate in the blood 
channel was 2200 s-1. The constant pressure drop 
in the channel simulating vessel damage reflected 
the pressure difference between the vessel interior 
and the surrounding tissues. Suppression of platelet 
function or coagulation led to an increase in the 
closure time of the injury channel or instability of the 
forming hemostatic thrombi. The time of closure of the 
damage channel in the presence of the only collagen 
was more than 20 minutes, in the presence of the only 
TF - 15.8 ± 2 minutes, and with their simultaneous 
application - 7.5 ± 1.6 minutes. Inhibition of platelet 
function with clopidogrel resulted in ~50% increase of 
occlusion time. Interestingly, authors did not observe 
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closure in the absence of TF or in case of significant 
inhibiting factor VIII activity with a function-blocking 
antibody. The developed system, because of its 
technical simplicity, can be tried as an integral test 
of hemostasis to identify high risks of bleeding or 
thrombosis.

The next published model of hemostasis was 
proposed by a group led by Wilbur Lam. In addition to 
using a multi-layer PDMS chamber, the researchers 
introduced a monolayer of endothelial cells into the 
system. The “damage” to this system is simulated 
using the pneumatic valve, which induces abrupt 
change in the geometry of the chamber, leading to 
the outflow of the blood into a special channel (Fig. 
6). Thus, the developed complex model of bleeding 
in mechanical injury includes an “endothelialized” 
microfluidic system in combination with a microscopic 
pneumatic valve that causes vascular “damage” [33]. 
The authors visualized the formation of a hemostatic 
plug and measured the “bleeding time” in vitro. 
Thus, in this model, the damaged endothelial cells 
themselves, as components of the subendothelial 
matrix, accumulated by the cells during cultivation, 
act as activators of the hemostatic response.

A recent work by researchers from the University 
of Pennsylvania describes a new approach to 
modeling hemostasis in vitro, in which the wall of 
an artificial vessel is pierced with a needle (Fig. 7), 
thereby creating a channel through which the blood 
outflows due to the pressure drop [34]. Using the 
analysis of microscopic images, the authors presented 
quantitative data on the dynamics of the formation of 
a hemostatic plug and closure of the injury site and 
demonstrated their qualitative similarity with situations 
in vivo. The model includes a PDMS shell and 
comprises three sections: a chamber for collagen gel 
formation, a channel that mimics a blood vessel and 

Figure 6. Multilayer microfluidic 
model of bleeding. (a) Three PDMS-
layers: 1-vascular layer, consisting of 
a vascular channel and a bleeding 
channel, 2-PDMS valve layer, 3-layer 
that deforms the valve due to pressure 
reduction; (b) The schematics of the 
assembled device; c) General scheme 
of the system: first, endothelial cells 
(pink) are cultured to form a monolayer 
in the vascular channel (blue). d) 
Further, whole blood (red) is perfused 
and the valve layer is displaced by 
decrease of the pressure in the valve 
actuator chamber (white). Blood, while 
the valve is in the open position, flows 
through the vascular channel, as well 
as through the newly created channel, 
simulating bleeding due to penetrating 
damage. Adapted from [33].

a chamber that mimics extravascular space (Figure 
7). Type I collagen was mixed with relipidated TF and 
polymerized in a special chamber while endothelial 
cells were seeded directly over the collagen gel and 
cultured to form a monolayer. Damage to the “vessel 
wall” was produced with a needle, and the size of the 
damage (diameter of the hole in the gel) varied from 
120 µm to 200 µm and is determined by the diameter 
of the needle (Fig. 7). To study the formation of a 
hemostatic plug, whole human blood recalcified in the 
presence of CTI (corn trypsin inhibitor) at a shear rate 
of 100 s-1 (which corresponds to large veins in the 
human body) was pumped through the intravascular 
canal. The simultaneous accumulation of platelets 
and fibrin at the site of injury led to the formation of 
hemostatic plugs, which stopped the blood loss within 
10 minutes after injury. The main results of this work 
show that this model of vascular injury is a potentially 
powerful tool for simulating and investigating various 
aspects of the hemostatic response. The complexity 
of this model (associated primarily with the use of a 
monolayer of endothelial cells) seems to restrict its 
application in clinical settings, but allows it to be used 
in basic research, as well as for preclinical studies of 
the new drugs.

Conclusion
In vitro models that aim to answer fundamental 

questions in a field of hemostasis demonstrate 
a reasonable tendency to take into account an 
increasing number of microenvironmental features 
of a living organism.  Mechanical properties of 
tissues (transition to hydrogels), the presence of both 
damaged/activated endothelial cells and healthy 
endothelium, the peculiarities in hemodynamics (the 
presence of stenosis in case of modeling arterial 
thrombosis, flow pulsations, as well as bypass 
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Figure 7.  In vitro model of hemostasis 
with artificial vessel. a) The system 
is encapsulated into PDMS shell. 
Basic components are shown in the 
schematics and labeled accordingly b) 
Consecutive steps of the puncturing 
process performed by the needle. The 
needle is moved from right to the left and 
first penetrates the blood chamber (right 
section), then punctures the endothelial 
layer (shown red) and collagen gel 
section (middle), and finally reaches 
the “extravascular” domain, denoted as 
bleeding chamber. Adapted from [34].

vessels) are among these features that gained more 
attention during the last decade. On the other hand, 
systems that are increasingly popular in clinical 
studies remain relatively simple in terms of technical 
design and implementation due to standardization 
problems. An important trend in recent years has also 
been the development of hemostasis models, which 
were highlighted in a separate section of this review. 
The development of new models of hemostasis both 
in vivo and in vitro represents an extremely important 
task due to high importance for both fundamental and 
clinical research.

Acknowledgements
The work was supported by the Russian 

Foundation for Basic Research grant 19-51-15004, 
and by a grant from the endowment foundation 
“Science for Children”. This work was also performed 
within the framework of the Development Program of 
the Interdisciplinary Scientific and Educational School 
of Lomonosov Moscow State University «Photonic 
and Quantum technologies. Digital medicine».

References
1. Jackson SP. Arterial thrombosis—insidious, 

unpredictable and deadly. Nature medicine. 
2011 Nov;17(11):1423-36. https://doi.
org/10.1038/nm.2515

2. Westrick RJ, Winn ME, Eitzman DT. 
Murine models of vascular thrombosis. 
Arteriosclerosis, thrombosis, and vascular 
biology. 2007 Oct 1;27(10):2079-93. https://
doi.org/10.1161/ATVBAHA.107.142810

3. Brouns SL, van Geffen JP, Heemskerk JW. 
High-throughput measurement of human 
platelet aggregation under flow: application in 
hemostasis and beyond. Platelets. 2018 Oct 
3;29(7):662-9. https://doi.org/10.1080/09537
104.2018.1447660

4. Neeves KB, Onasoga AA, Wufsus AR. The 
use of microfluidics in hemostasis: clinical 
diagnostics and biomimetic models of 

vascular injury. Current opinion in hematology. 
2013 Sep 1;20(5):417-23. DOI: 10.1097/
moh.0b013e3283642186

5. Mangin PH, Neeves KB, Lam WA, Cosemans 
JM, Korin N, Kerrigan SW, Panteleev MA, 
Subcommittee on Biorheology. In vitro flow‐
based assay: From simple toward more 
sophisticated models for mimicking hemostasis 
and thrombosis. Journal of Thrombosis and 
Haemostasis. 2021 Feb;19(2):582-7. https://
doi.org/10.1111/jth.15143

6. Nechipurenko DY, Shibeko AM, Sveshnikova 
AN, Panteleev MA. In silico hemostasis 
modeling and prediction. Hämostaseologie. 
2020 Sep 11. DOI: 10.1055/a-1213-2117

7. Neeves KB, Maloney SF, Fong KP, Schmaier 
AA, Kahn ML, Brass LF, Diamond SL. 
Microfluidic focal thrombosis model for 
measuring murine platelet deposition and 
stability: PAR4 signaling enhances shear-
resistance of platelet aggregates. J Thromb 
Haemost 2008; 6: 2193–201. https://doi.
org/10.1111/j.1538-7836.2008.03188.x

8. Muthard, Ryan W., and Scott L. Diamond. 
“Side view thrombosis microfluidic device with 
controllable wall shear rate and transthrombus 
pressure gradient.” Lab on a Chip 13.10 
(2013): 1883-1891. https://doi.org/10.1039/
C3LC41332B

9. Bogorad MI, DeStefano J, Wong AD, Searson 
PC. Tissue‐engineered 3D microvessel and 
capillary network models for the study of 
vascular phenomena. Microcirculation. 2017 
Jul;24(5):e12360. DOI: 10.1111/micc.12360

10. Jamieson JJ, Searson PC, Gerecht S. 
Engineering the human blood-brain barrier 
in vitro. Journal of biological engineering. 
2017 Dec;11(1):1-1. https://doi.org/10.1038/
s41467-019-13896-7

11. Xie R, Zheng W, Guan L, Ai Y, Liang Q. 
Engineering of hydrogel materials with 
perfusable microchannels for building 



31Asadov A.E., Chidunov I.K. et al. SBPReports 2021

vascularized tissues. Small. 2020 
Apr;16(15):1902838. https://doi.org/10.1002/
smll.201902838

12. Zhang Yu Shrike, Davoudi Farideh, Walch 
Philipp et al. Bioprinted thrombosis-on-a-chip 
// Lab on a Chip. –– 2016. –– Vol. 16, no. 21. 
–– P. 4097–4105. https://doi.org/10.1039/
C6LC00380J

13. Ahmed MU, Kaneva V, Loyau S, Nechipurenko 
D, Receveur N, Le Bris M, Janus-Bell E, 
Didelot M, Rauch A, Susen S, Chakfé N. 
Pharmacological blockade of glycoprotein 
VI promotes thrombus disaggregation in 
the absence of thrombin. Arteriosclerosis, 
Thrombosis, and Vascular Biology. 2020 
Sep;40(9):2127-42. https://doi.org/10.1161/
ATVBAHA.120.314301

14. Nechipurenko DY, Receveur N, Yakimenko 
AO, Shepelyuk TO, Yakusheva AA, Kerimov 
RR, Obydennyy SI, Eckly A, Léon C, Gachet 
C, Grishchuk EL. Clot contraction drives 
the translocation of procoagulant platelets 
to thrombus surface. Arteriosclerosis, 
thrombosis, and vascular biology. 2019 
Jan;39(1):37-47. https://doi.org/10.1161/
ATVBAHA.118.311390

15. DeCortin ME, Brass LF, Diamond SL. Core 
and shell platelets of a thrombus: A new 
microfluidic assay to study mechanics 
and biochemistry. Research and Practice 
in Thrombosis and Haemostasis. 2020 
Oct;4(7):1158-66. https://doi.org/10.1002/
rth2.12405

16. Podoplelova NA, Sveshnikova AN, Kotova 
YN, Eckly A, Receveur N, Nechipurenko 
DY, Obydennyi SI, Kireev II, Gachet C, 
Ataullakhanov FI, Mangin PH. Coagulation 
factors bound to procoagulant platelets 
concentrate in cap structures to promote 
clotting. Blood, The Journal of the 
American Society of Hematology. 2016 Sep 
29;128(13):1745-55. https://doi.org/10.1182/
blood-2016-02-696898

17. Swieringa F, Baaten CC, Verdoold R, 
Mastenbroek TG, Rijnveld N, Van Der 
Laan KO, Breel EJ, Collins PW, Lancé MD, 
Henskens YM, Cosemans JM. Platelet 
control of fibrin distribution and microelasticity 
in thrombus formation under flow. 
Arteriosclerosis, thrombosis, and vascular 
biology. 2016 Apr;36(4):692-9. https://doi.
org/10.1161/ATVBAHA.115.306537

18. Cosemans JM, Kuijpers MJ, Lecut C, 
Loubele ST, Heeneman S, Jandrot-Perrus 
M, Heemskerk JW. Contribution of platelet 
glycoprotein VI to the thrombogenic effect of 
collagens in fibrous atherosclerotic lesions. 
Atherosclerosis. 2005 Jul 1;181(1):19-27.  

10.1016/j.atherosclerosis.2004.12.037
19. De Witt SM, Swieringa F, Cavill R, Lamers 

MM, Van Kruchten R, Mastenbroek T, Baaten 
C, Coort S, Pugh N, Schulz A, Scharrer I. 
Identification of platelet function defects by 
multi-parameter assessment of thrombus 
formation. Nature communications. 2014 
Jul 16;5(1):1-3.  https://doi.org/10.1038/
ncomms5257

20. Westein, Erik, et al. “Atherosclerotic 
geometries exacerbate pathological thrombus 
formation poststenosis in a von Willebrand 
factor-dependent manner.” Proceedings of the 
National Academy of Sciences 110.4 (2013): 
1357-1362. DOI: 10.1073/pnas.1209905110

21. Nesbitt, Warwick S., et al. “A shear gradient–
dependent platelet aggregation mechanism 
drives thrombus formation.” Nature medicine 
15.6 (2009): 665-673. https://doi.org/10.1038/
nm.1955

22. Receveur, Nicolas, Dmitry Nechipurenko, 
Yannick Knapp, Aleksandra Yakusheva, Eric 
Maurer, Cécile V. Denis, François Lanza, 
Mikhail Panteleev, Christian Gachet, and 
Pierre H. Mangin. “Shear rate gradients 
promote a bi-phasic thrombus formation on 
weak adhesive proteins, such as fibrinogen in 
a von Willebrand factor-dependent manner.” 
haematologica 105, no. 10 (2020). https://doi.
org/10.3324/haematol.2019.235754

23. Neeves KB, Illing DA, Diamond SL. Thrombin 
flux and wall shear rate regulate fibrin fiber 
deposition state during polymerization 
under flow. Biophysical journal. 2010 
Apr 7;98(7):1344-52. DOI: 10.1016/j.
bpj.2009.12.4275

24. Onasoga‐Jarvis AA, Puls TJ, O’Brien SK, 
Kuang L, Liang HJ, Neeves KB. Thrombin 
generation and fibrin formation under flow on 
biomimetic tissue factor‐rich surfaces. Journal 
of Thrombosis and Haemostasis. 2014 
Mar;12(3):373-82. https://doi.org/10.1111/
jth.12491

25. Govindarajan V, Zhu S, Li R, Lu Y, Diamond 
SL, Reifman J, Mitrophanov AY. Impact 
of tissue factor localization on blood clot 
structure and resistance under venous shear. 
Biophysical journal. 2018 Feb 27;114(4):978-
91. https://doi.org/10.1016/j.bpj.2017.12.034

26. Zilberman-Rudenko J, Sylman JL, 
Lakshmanan HH, McCarty OJ, Maddala 
J. Dynamics of blood flow and thrombus 
formation in a multi-bypass microfluidic 
ladder network. Cellular and molecular 
bioengineering. 2017 Feb 1;10(1):16-29.  
https://doi.org/10.1007/s12195-016-0470-7

27. Casa LD, Ku DN. High shear thrombus 



32Asadov A.E., Chidunov I.K. et al. SBPReports 2021

formation under pulsatile and steady 
flow. Cardiovascular Engineering and 
Technology. 2014 Jun;5(2):154-63. https://
doi.org/10.1007/s13239-014-0180-z

28. Zhao XM, Wu YP, Cai HX, Wei R, Lisman T, 
Han JJ, Xia ZL, de Groot PG. The influence of 
the pulsatility of the blood flow on the extent of 
platelet adhesion. Thrombosis research. 2008 
Jan 1;121(6):821-5. https://doi.org/10.1016/j.
thromres.2007.07.013

29. Hafezi-Moghadam, Ali, Kennard L. Thomas, 
and Christian Cornelssen. “A novel mouse-
driven ex vivo flow chamber for the study of 
leukocyte and platelet function.” American 
Journal of Physiology-Cell Physiology 286.4 
(2004): C876-C892. https://doi.org/10.1152/
ajpcell.00500.2003

30. Lehmann M, Schoeman RM, Krohl PJ, 
Wallbank AM, Samaniuk JR, Jandrot-Perrus 
M, Neeves KB. Platelets drive thrombus 
propagation in a hematocrit and glycoprotein 
VI–dependent manner in an in vitro venous 
thrombosis model. Arteriosclerosis, 
thrombosis, and vascular biology. 2018 
May;38(5):1052-62. https://doi.org/10.1161/
ATVBAHA.118.310731

31. Caruso C, Lam WA. Point-of-Care Diagnostic 
Assays and Novel Preclinical Technologies 
for Hemostasis and Thrombosis. InSeminars 
in Thrombosis and Hemostasis 2021 Mar 
(Vol. 47, No. 02, pp. 120-128). Thieme 
Medical Publishers, Inc. DOI: 10.1055/s-
0041-1723798

32. Schoeman, R. M., Rana, K., Danes, N., 
Lehmann, M., Di Paola, J. A., Fogelson, A. 
L., ... & Neeves, K. B. (2017). A microfluidic 
model of hemostasis sensitive to platelet 
function and coagulation. Cellular and 
molecular bioengineering, 10(1), 3-15. https://
doi.org/10.1007/s12195-016-0469-0

33. Sakurai, Y., Hardy, E. T., Ahn, B., Tran, R., Fay, 
M. E., Ciciliano, J. C., ... & Lam, W. A. (2018). 
A microengineered vascularized bleeding 
model that integrates the principal components 
of hemostasis. Nature communications, 9(1), 
1-9. https://doi.org/10.1038/s41467-018-
02990-x

34. Poventud‐Fuentes, I., Kwon, K. W., Seo, J., 
Tomaiuolo, M., Stalker, T. J., Brass, L. F., & 
Huh, D. (2021). A Human Vascular Injury‐
on‐a‐Chip Model of Hemostasis. Small, 
17(15), 2004889. https://doi.org/10.1002/
smll.202004889


