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Purpose: To study the platelet adhesion and aggregation behaviour of late pregnancy women under arterial shear rate using 
microfluidic chip technology and evaluate the risk of thrombosis in late pregnancy.
Methods: We included pregnant women who were registered in the obstetrics department of our hospital between January 2021 and 
October 2022 and underwent regular prenatal examinations. Blood samples were collected at 32–35 weeks of gestation for routine 
blood tests and progesterone, oestradiol, and platelet aggregation function. A microfluidic chip was used to construct an in vitro 
stenosis vascular model to explore the platelet reactivity at shear rates of 1000s-1, 1500s-1 and 4000s-1. Flow cytometry was used to 
analyse the effect of shear rate induction on the expression of platelet membrane surface fibrin receptor (PAC-1) and P-selectin 
(CD62P) in pregnant women.
Results: Compared to the non-pregnant healthy control group, the white blood cell count increased and platelet count decreased 
significantly in late pregnant women (P < 0.05), and platelet reactivity to agonists increased under non-flow conditions (adhesion and 
aggregation rates, P < 0.05). Microfluidic chip technology showed that platelet aggregation in late pregnant women increased 
significantly (P < 0.05) in the shear-rate environment and was positively correlated with the shear rate. The degree of aggregation 
at 4000s−1 was more evident, but the stability of platelet aggregates was low. Shear rate increased PAC-1 and CD62P expression.
Conclusion: Microfluidic chip technology was used to analyse the platelet aggregation function under arterial shear rate combined 
with flow cytometry to detect platelet activation, which was consistent with the traditional non-flow conditions used to evaluate 
platelet function. However, microfluidic technology can simulate a more realistic in vivo shear rate environment, providing more 
effective clinical application data and a theoretical basis for the diagnosis and prevention of platelet dysfunction and thrombotic 
diseases during pregnancy.
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Introduction
Pregnancy is a special physiological period for women, and pregnant women are hypercoagulable due to hormonal leaves 
and elevated fibrinogen levels during pregnancy, which can not only provide prophylactic haemostasis protection for 
bleeding from the stripped surface of the placenta and laceration after delivery but also facilitate the formation of 
arteriovenous thrombosis.1–4 The changes in hormone levels and coagulation status during pregnancy vary with 
increasing gestational age with further increases in the levels of factors II, V, VII, X, and other coagulation factors in 
late pregnancy. They result in further decreases in antithrombin activity and fibrous activity, and aggravation of 
hypercoagulability, which is beneficial for placental separation during delivery and reduces postpartum haemorrhage, 
but increases the risk of thrombosis in pregnant women.5 With the increasing attention being paid to postpartum 
haemorrhage, the disease mortality rate decreased, but venous thromboembolism is still the leading cause of maternal 
death in some developed countries; therefore, it is of great significance for the early diagnosis of thrombotic diseases 

Journal of Blood Medicine 2025:16 15–25                                                                        15
© 2025 He et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Blood Medicine                                                                

Open Access Full Text Article

Received: 12 September 2024
Accepted: 31 December 2024
Published: 8 January 2025

Jo
ur

na
l o

f B
lo

od
 M

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


during pregnancy.6–8 Additionally, 20% of thrombi in pregnancy are arterial, and the remaining 80% are venous,9,10 and 
venous thrombosis is common in lower limbs and pelvic thrombosis. Currently, the diagnosis of the disease is still mainly 
based on imaging examinations, such as colour Doppler ultrasound; however, imaging examinations have a certain lag, 
which is not conducive to early diagnosis and treatment of the disease.11,12 Prevention of arteriovenous thromboembo-
lism is essential, often occurring after surgery and delivery, and in severe cases can lead to death. Platelet aggregation is 
markedly enhanced in women in early, middle and late pregnancy, with activation of platelets or platelet activation, 
which may be associated with the synthesis and release of large amounts of platelet-activating factor (PAF)13 and 
vascular endothelial cell damage.14 Moreover, Edwards et al15,16 found that the PAF, CD62p, and CD63 were signifi-
cantly increased in the third trimester and postpartum, with expression levels positively associated with platelet 
aggregation rate and increased platelet aggregation activity in patients with venous thrombosis. Moreover, platelet cell 
levels of Ca2+ and plasma β-thromboglobulin (bTG) are significantly increased.17,18 Thus, platelet adhesion, aggrega-
tion, and activation in vivo are important parts of thrombosis.19

In addition to the well-known agonist-induced platelet activation, the other way is to interact with the cells and 
extracellular matrix components of the blood vessel wall at different shear rates, resulting in mechanical forces that cause 
platelet aggregation and thrombosis. Such shear-induced platelet aggregation (SIPA) is a specialized platelet aggregation 
that is rare in normal haemostatic mechanisms. The first step in thrombosis management is the accumulation of platelets 
at sites of vascular injury. Shear-induced platelet aggregation is related to the interaction between plasma vWF and 
platelet membrane surface receptors GPIb and GPIIb/IIIa. In contrast, the mechanical stimulation of the protein targets 
associated with shear stress, platelet membrane surface mechanical ion channel piezo1, platelet endothelial adhesion 
molecule 1 (PECAM-1), and the directed receptor plexin D1, stimulate shear stress and convey downstream protein 
activation that in turn affects platelet activation. The binding of platelets to adhesion proteins and subendothelial stroma 
such as von Willebrand factor (vWF), fibrinogen, or collagen involves specific receptors expressed on platelet mem-
branes (GPIb/IX/V, GPIIb/IIIa, GPVI, and GPIa/IIa, respectively). Once triggered, these receptors cause platelet adhe-
sion, activation, and spread, and granular secretion amplifies recruitment of additional platelets to form platelet 
thrombus.20,21 And these can be detected by Ca release and expression of the platelet surface marker CD62, CD63. 
Researchers have been devoted to the study of the formation, prevention, and treatment of pathological thrombosis in 
pregnancy, with fewer studies. Platelet adhesion aggregation function and thrombotic risk in most normal pregnant 
women and the detection of platelet aggregation function under static conditions cannot comprehensively assess the 
transient interactions between platelets and increased shear forces. Limited ability to test the efficacy of platelet adhesion 
aggregation in the hemodynamic environment experienced by platelets in vivo. Therefore, in this study, the platelet 
function was studied using microfluidic chips by simulating micro vessel size and structural characteristics in vivo to 
precisely regulate microfluidic dynamics.

The microfluidic microarray used in this study simulates microchannel structures similar in size and structure to 
microvessels in vivo and accurately regulates the flow dynamics, thus serving as an ideal in vitro microvessel model for 
exploring relevant physiologic pathological mechanisms such as coagulation and platelet formation under the control of 
shear forces. We used microfluidic chip technology to simulate the shear rate of venous vessel walls at ~500s−1, small 
arterial duct wall shear at 1500s−1, and arterial wall moderate stenosis shear at 4000s−1 in vitro to investigate platelet 
adhesion aggregation behaviour and thrombotic risk. In this study, we found that platelet adhesion aggregation function 
was generally enhanced in women in the third trimester. Platelet adhesion increased at a low shear rate with slow flow, 
and thrombosis formed larger aggregates that were easily washed away, whereas at a higher shear rate, thrombosis was 
less and all aggregates were small and were less easily washed away. Therefore, we believe that platelet aggregation 
function is enhanced in late pregnancy, but that thrombotic capacity is reduced under normal blood flow conditions, 
which increases the risk of thrombosis in patients with other pregnancy complications.

Materials and Methods
Ethical Approval
The study complies with the Declaration of Helsinki.
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Collection and Processing of Blood Samples
Blood samples were collected from pregnant women who were registered in the Department of Obstetrics, Yongchuan 
Hospital of Chongqing Medical University from January 2021 to December 2022 and delivered naturally in the 
Department of Obstetrics, Yongchuan Hospital of Chongqing Medical University. Twenty healthy volunteers were 
recruited from the physical examination centre of Yongchuan Hospital of Chongqing Medical University. Enrolment 
criteria: pregnant women: first-trimester singletons aged 20–35 years with a prepregnancy body mass index (BMI) of 
18.5–23.9, no history of thrombosis, normal platelet count, no medications related to platelet count and function within 
2 weeks, no pregnancy complications. Eligible nonpregnant volunteers: aged 20–35 years with a BMI of 18.5–23.9, no 
history of cardiovascular disease, and no recent medications: clopidogrel, aspirin, and other antiplatelet and statin lipid- 
lowering drugs, normal platelet count. This study was approved by the Ethics Committee of Chongqing Medical 
University Affiliated Yongchuan Hospital (approved number 2021086), all of the participants were informed about the 
purpose of the study and signed a consent form. Vessel samples were collected by vacuum, using 1:9 (v/v) 3.2% sodium 
citrate (fibrinogen, D-dimer, platelet function assay), EDTA-K2 anticoagulant (white blood cell count, haemoglobin 
level, and platelet count), without anticoagulant blood vessel collection (progesterone, estradiol assay) within 2 h. Blood 
samples for microflow control were fluorescently labelled with Calcein AM for platelets in blood samples. Calcein AM 
fluorescent dye at a concentration of 1 mmol/L was added 1 500 (v/v) to the blood samples during the experiment, 
which were gently shaken and incubated in a photophobic chamber at 37°C for 10 min.

Microchannel Chip Design and Processing
The microchannel chip design and processing were based on a previous report by the research group.22 Straight 
microchannels with width and depth of 1000 μm and 70 μm were selected. Adding narrow microchannels on the basis 
of the previous study, simulated the pathological high shear rate in small artery stenosis. The narrow microchannels used 
in this study had a width of 200 μm (80% narrowness) at the narrow point and a length of 0.5 mm (Figure 1a), with other 
components being homostenic channels.

Microfluidic Chip Technology Analysis of Platelet Aggregation Function
The microchannel platelet aggregation experiment was based on a previous report.22 In this study, the shear rate of 
straight microchannel wall was set at 300/s and 1500/s, which represented the shear rate of blood flow wall in human 
veins and arteries under physiological conditions, and 4000/s represented the shear rate of blood flow wall in narrow 

Figure 1 (a) Physical map of the microfluidic chip. (b) Chromatic scale of the shear rate of a narrow microchannel and shear-rate distribution at the stenosis. (c) Shear-rate 
distribution in the narrow microchannel.
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arteries. The whole blood samples were perfused into the microchannel for 200 s, and fluorescent images were taken for 
analysis.

Fluid Dynamics Analysis of Narrow Microchannel in Microfluidic Chip
The finite element analysis module of the Solidwork3D modelling software was used to analyse the fluid dynamics of the narrow 
microchannels (Figure 1b and c). The flow rate of narrow microchannels was set to 50ul/min, and the cut rate of the walls through 
finite element analysis could reach 5000/s. The splicing rate distribution was uniform across most of the splicing area of the 
narrow microchannel, with a narrow microchannel length of 0.50 mm and a region of upstream and downstream splicing rate 
gradient change at 0.75 mm before and after the narrow microchannel, with a gradient decreasing from the narrow microchannel 
to both ends. Anticoagulant whole blood is perfused through narrow microchannels in which platelets enter upstream of the high 
shear area and subsequently out into the lower shear area where they aggregate to form a steady platelet aggregate. Therefore, the 
platelet aggregation image of this study selected the aggregation area downstream of the stenosis at 0.75 mm.

Intravenous whole blood samples were collected in the pregnant women group and non-pregnant women healthy 
control group at the same time. Progesterone and estradiol were detected by Mindray 6000, fibrinogen and D-dimer by 
the automated coagulation analyser, and white blood cell count, haemoglobin level and platelet count by automatic blood 
cell analyser. All reagents are instrument specific accessory reagents.

Detection of Platelet Adhesion Aggregation Function by Continuous Multiparameter 
Method
Platelet aggregation induced by AA, ADP, and COL was analysed using a continuous multiparameter method based on 
Aggrestra (PL-12). The collected anticoagulated whole blood samples were maintained at equilibrium at room tempera-
ture for 10 min. The detection program was Aggrestra (PL-12). The inducers AA, ADP and COL corresponding to the 
program setting were added to each 30 ul at the specified position of the reagent. Next, 300 ul of sodium citrate 
anticoagulant was added to the whole blood at the sample detection position. At the end of the assay, the maximum 
adhesion rate and maximum aggregation rate of platelets induced by different inducing agents were recorded.

Analysis of Platelet Activation by Flow Cytometry
Anticoagulant whole blood, normal control group and whole blood of women in late pregnancy were incubated at 37 °C 
for 30 min. After that, the blood was perfused into the bovine serum albumin-closed straight-through and 80% narrow 
microchannels. Blood samples were collected at a volume flow rate of 52 μL / min and 100 μL / min.5 μL of each sample 
was incubated with anti-human CD61, CD62 P, PAC-1 at room temperature for 20 min in the dark. Before perfusion, 
blood samples from Group 1 were used as negative controls. Labelled samples were added to 1% paraformaldehyde 
1 mL, fully mixed, and fixed for 10 min. The expression of CD62 P and PAC-1 was analysed by flow cytometry using 
three-colour fluorescence, and the data were analysed using Flowjo 10.5.3.

Statistical Analysis
SPSS 26.0 statistical software was used for data analysis. Measurement data were expressed as mean ± standard 
deviation. Multiple-group comparisons of mean values were designed with randomized blocks for analysis of variance, 
multiple comparisons were performed with the LSD test, paired t tests were used for comparisons of mean values 
between two groups, and the Shapiro–Wilk experiment was used for normality testing. P <0.05 was statistically 
significant as a difference.

Result
Basic Data
Hormone levels in late pregnancy and postpartum women increased, the number of red blood cells and platelets 
decreased, the number of white blood cells increased slightly, and protein C, protein S activity, and plasma antithrombin 
III and D-dimer levels increased significantly (Table 1).
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Effect of Platelet Adhesion and Aggregation Induced by AA, ADP, and COL
In this study, the platelet adhesion rates induced by AA, ADP and COL in the control group were 25.15 ± 2.18%, 29.48 ± 
2.48% and 23.18 ± 4.25%, respectively. The maximum aggregation rates induced by AA, ADP and COL were 54.8 ± 
5.43%, 61.16 ± 4.09%, and 46.46 ± 6.32%, respectively. The adhesion and aggregation rates of pregnant women in the 
third trimester were 32.58 ± 4.62%, 40.16 ± 5.96%, 36.87 ± 6.21%, 65.97 ± 4.13%, 74.25 ± 3.54%, and 72.39 ± 5.83%, 
respectively. The reactivity of platelets to inducers in pregnant women in late pregnancy was significantly increased, and 
the aggregation function was significantly enhanced (P < 0.05). (Table 2 and Figure 2)

Platelet Adhesion Aggregation Effect and Activation Under Shear Rate Condition
After the blood of women in late pregnancy was allowed to flow for 200 s at 300/s, 1500/s, and 4000/s, the platelet 
adhesion and aggregation images showed that there were fewer platelet aggregates at 300/s, and the distribution was 
punctate and nondirectional (Figure 3). At 1500/s, the platelet adhesion aggregates increased, and the brightness 
increased significantly and extended linearly along the flow direction. When the shear rate of blood in the simulated 
stenotic artery was 4000/s, the platelet aggregation image showed obvious platelet aggregation downstream of the 
pathologically high shear rate, which was highlighted at the stenosis outlet. With a gradual increase in the wall shear rate, 
the total area and coverage of platelet aggregation increased significantly (P < 0.05, Figures 3 and 4). This is consistent 
with our previous results.23

In this study, fluorescein-labelled antiplatelet monoclonal antibody immunofluorescence-stained specimens were 
flowed through enclosed microchannels, and the expression of platelet surface activation markers (PAC-1 and CD62P- 
positive platelet percentages) was evaluated by flow cytometry, which showed that the blood of pregnant women 
increased the expression of P-selectin under either wall shear ratio condition and showed an upward trend with increasing 
shear ratio (Figure 5).

Discussion
Pregnancy represents a period of accelerated cardiovascular adaptation, where the body undergoes profound changes to 
accommodate foetal growth and development. To maintain adequate perfusion of both maternal and foetal vascular 
systems, hemodynamic alterations commence within the blood vessels. Additionally, maternal hypercoagulability 
emerges as a physiological response facilitating childbirth, yet this heightened coagulation state, coupled with the foetus’ 

Table 1 Basic Data of Research Objects (n=52)

Items Control Pregnant P

Estradiol (ng/mL) 25.14 ± 3.19
Progesterone (ng/mL) 215.12 ± 30.58

Red blood cells (*1012/L) 3.77 ± 0.35 3.26 ± 0.29 0.516

White blood cells (*109/L) 6.41 ± 1.95 9.53 ± 3.31 0.006
Platelets (*109/L) 239.4 ± 50.05 196.4 ± 48.22 0.015

D-dimer (ug/mL) 1.58 ± 0.21 2.74 ± 1.51 0.021

FiB (g/L) 2.76 ± 0.35 5.95 ± 0.72 0.008

Note: P < 0.05 indicates a statistically significant difference.

Table 2 Platelet Adhesion and Aggregation Rate in the Third Trimester (n=52)

Ttem Control Pregnant P

Adhesion Rate Aggregation Rate Adhesion Rate Aggregation Rate

AA 25.15 ± 2.18 54.8 ± 5.43 32.58 ± 4.62 65.97 ± 4.13 <0.01

ADP 29.48 ± 2.48 61.16 ± 4.09 40.16 ± 5.96 74.25 ± 3.54 <0.01
COL 23.18 ± 4.25 46.46 ± 6.32 36.87 ± 6.21 72.39 ± 5.83 <0.01

Note: P < 0.05 indicates a statistically significant difference.

Journal of Blood Medicine 2025:16                                                                                                 https://doi.org/10.2147/JBM.S490649                                                                                                                                                                                                                                                                                                                                                                                                      19

He et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Figure 2 Platelet adhesion and aggregation rate in the presence of inducer.

Figure 3 Arrow indicates flow direction; platelet adhesion and aggregation at shear rates of 300/s, 1500/s, and 4000/s.
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weight gain during the third trimester intensifies the burden on lower limb circulation, leading to a significant reduction 
in venous flow rates. Furthermore, maternal activity levels often diminish significantly compared to daily norms, thereby 
escalating the risk of thrombotic diseases during this stage. The abrupt onset of thromboembolic disorders, which can be 
fatal if not promptly and effectively addressed, underscores the paramount importance of predicting such complications 
during pregnancy. While imaging modalities are the gold standard for diagnosing thrombotic diseases in pregnancy, they 

Figure 4 Platelet aggregation coverage under different shear rates.

Figure 5 Flow cytometry of platelet activation marker.
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possess inherent delays and limited predictive capabilities. Thus, there is a pressing need for earlier and more accurate 
means of identifying those at risk.

Typically, platelets are in a relatively stable state, and thrombosis occurs once the platelets have been converted to 
a condition with activating functions. There is a mild inflammatory response during normal pregnancy, and various 
inflammatory factors can lead to the activation and injury of vascular endothelial cells, often manifesting themselves as 
a prethrombotic state and a platelet-activating state.24 After endothelial cell injury in the affected patients, there is 
a certain exposure of the patient to collagen under the endothelial tissue, and the exposed tissue is involved in the process 
of platelet activation, further exacerbating platelet activation. While platelet activation can also further contribute to the 
patient’s microcirculatory thrombotic disorders, both promoting and influencing each other.25,26

Platelet function testing is used in the adjunctive diagnosis of platelet disease, prethrombotic status, efficacy 
monitoring, and personalised treatment of antiplatelet therapy. Currently, a variety of platelet-based workups are mainly 
the following: optical turbidimetry (LTA), thromboelastography (TEG), MEA, VerifyNow, and VASP method, etc.27–30 

LTA method is the “gold standard” for determining platelet aggregation, and test results correlate well with clinical 
outcomes. Numerous studies are conducted both domestically and internationally to adopt this method. TEG method is 
widely used and has high clinical acceptance owing to advantages such as simple operation and good reproducibility. 
However, there are certain differences in the current multiple assays for assessing platelet reactivity; that is, the results 
derived from one assay (HPR or LPR) may differ from the results of other assays.31 Furthermore, the critical values of 
different methods are inconsistent.6 Overall, the methods for assessing platelet function have significant limitations, 
usually by detecting changes in absorbance caused by aggregation of platelets under stimulation with chemoactivators 
such as thrombin, collagen, and adenosine diphosphate (ADP), which do not evoke a full response to platelet aggregation 
in the flow state, and do not reflect the shear effect that platelet flow may experience when passing through stenotic 
vessels. Shear stress is a critical factor in achieving platelet activation by modulating mechanical action. Moreover, in 
arterial thrombotic disease, vascular stenosis can cause blood flow to be subjected to much higher than physiological 
levels of shear forces that can directly induce rapid platelet activation/aggregation in vitro.6,19,32 The effects included 
membrane receptor aggregation, membrane tension, integrin and cytoskeleton modifications, and signal transduction.

With the widespread application of micron processing technology, studies have reported that microfluidic technology 
offers unique advantages in studying platelet adhesion aggregation, including precise control of the fluid shear stress 
environment, simulation of the structural features of blood and vascular wall interactions in vivo, integration of 
endothelial-mediated antithrombotic and prothrombotic mechanisms, and simulation of subendothelial substrate exposure 
such as collagen, fibronectin, and vWF in direct contact with platelets. Evaluation of platelet function under flow 
conditions is an effective complement to traditional assays. In the in vivo environment, platelets are always exposed to 
different flow shear stress conditions. The shear rate at venous vessels is 10–200s−1; platelet adhesion and aggregation 
are more dependent on vWF when the shear rate of arterial vessels exceeds 600 s−1, especially for arterioles or stenotic 
arteries, which can be sheared at a rate of 5000 s−1. Under conventional shear flow conditions, platelets can form stable 
adhesive aggregates that participate in the thrombosis and haemostasis processes, which is also consistent with the results 
of this study. In a previous study by this group, we found that platelets from patients with other thrombotic conditions, 
such as atherosclerosis and acute myocardial infarction, aggregate to form thrombi at a pathologically high shear rate. 
However, these platelet aggregations are not inhibited by current commonly used drugs, such as aspirin, which can 
inhibit platelet aggregation under the action of shear rates in physiological flow environments.33,34 Therefore, we 
considered aspirin as a prophylactic medication for the prevention of platelet thrombosis caused by blood flow changes 
in pregnant women rather than by vasculopathy, resulting in an abnormal shear rate.

The involvement of platelets in the coagulation process consists of secretion, activation, adhesion, and aggregation. 
Hypercoagulability and elevated thrombin concentrations during pregnancy can induce platelet activation, resulting in 
changes in platelet shape, membranous vacuoles, increased pseudopodia formation, increased and enlarged open 
microtubule systems, which allow platelet surface area to be stretched, increasing by 4 times, supporting increased 
secretion of various particles and extra particulate matter such as thromboxane A2 to TXA2, further promoting platelet 
activation and aggregation, and reducing platelet consumption by large amounts. During pregnancy, activation and 
facilitation between the coagulation system and platelets are bidirectional. Activated platelets stimulate erythrocytes to 
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promote platelet activation by releasing the platelet aggregation activator ADP and enhance platelet reactivity by 
promoting platelet granule release and recruitment of more platelets. Owing to the presence of fibrinogen-specific 
binding sites on both erythrocyte and platelet cell membranes, it allows for large amounts of fibrinogen to be bound. 
This platelet-red blood cell interaction, which is affected by increased oestrogen levels during pregnancy, results in 
hypercoagulable state of the blood by initiating platelet activation and promoting platelet aggregation.35 Especially for 
some pregnancy complications, such as systemic lupus erythematosus, antiphospholipid antibody syndrome, and other 
diseases, due to changes in hormone levels during pregnancy, these autoimmune diseases relapse or become aggravated, 
and the risk of arteriovenous thrombosis increases. Anti-β2-glycoprotein I (aβ2GPI) antibodies are closely related to 
APS-related thrombosis. Aβ2GPI antibodies are often detected in SLE patients, and aβ2GPI antibodies are closely related 
to the severity of thrombosis. Therefore, anti-β2GPI antibodies are more specific than lupus anticoagulants and antic-
ardiolipin antibodies in APS patients. The mechanism by which antiphospholipid antibodies promote thrombosis is 
complex and of great significance in the pathogenesis of APS thrombosis. The binding of aPLs to the cell surface can 
activate vascular endothelial cells, platelets, neutrophils, and monocytes, and promote their release of tissue factors and 
pro-inflammatory cytokines. APLs induce vascular endothelial cells to express adhesion molecules, promote thrombus 
adhesion, and activate the complement pathway; thus, c5 binds to vascular endothelial cells and increases cell adhesion. 
Regarding molecular mechanism, the possible reason could be that anti-β2-GPI antibody triggers the signal transduction 
pathway of LRP8 through lipid rafts in endothelial cells to induce LRP8 phosphorylation under the action of shear rate. 
This signalling pathway will lead to eNOS phosphorylation and insufficient intracellular nitric oxide production, thereby 
increasing the risk of thrombosis, and pretreatment with RAP or MβCD will reverse this phenomenon.36–38 This also 
brings new therapeutic targets and hope for pregnancies complicated by autoimmune diseases and thrombosis.

In this study, we used microfluidic microarray technology to monitor whole-blood platelet thrombosis, which is 
a method for simulating human haemostasis and thrombosis in vitro. The detection of platelet aggregation under 
physiological conditions is particularly important. During pregnancy, the uterine blood vessels undergo significant 
vascular remodelling due to mediation of vascular endothelial growth factor (VEGF) and placental growth factor 
(PlGF), leading to potential platelet collagen matrix interactions and hemorheological changes. In this study, late platelets 
of pregnant women had enhanced platelet adhesion aggregation function and markedly elevated expression of platelet 
activation markers under inducer conditions. Platelet reactivity increases, adhesion and aggregation are markedly 
enhanced in the arterial shear environment, and platelet aggregation stability in the microchannels is low and is prone 
to being washed away. This result may help to counteract the hypercoagulability state in late pregnancy, reduce the risk 
of arterial thrombosis, or may be associated with partial depolymerization of platelet aggregation induced by pathological 
shear rates in vitro over a defined period, and the specific mechanisms require further investigation. PAC-1 is the 
fibrinogen binding site exposed after glycoprotein IIb/IIIa activation, ie activated glycoprotein IIb/IIIa; CD62P is 
a protein component of the resting platelet a granule membrane, which undergoes a granulating reaction upon platelet 
activation, where a granule membrane rapidly fuses with platelets, and P-selectin either shifts to the platelet surface or 
degranulates becomes a soluble P-selectin, and according to our independent study, CD62P is a reliable marker of shear- 
dependent platelet activation.39 This study examined the expression of activation markers after spleen platelets were 
subjected to shear using flow cytometry and showed that increased spleen platelet activation resulted in increased platelet 
activation, but no significant platelet aggregation, possibly related to changes in flow status and hormone levels in the 
third trimester or may be related to the limited number of samples in this study. Our results suggest that the measurement 
of platelet function under arterial blood flow conditions may provide valuable information for determining the potential 
risk of thrombosis or bleeding in complex pregnancies. However, the application of microfluidic chip technology to study 
the adhesion and aggregation of platelets in a shear-rate environment remains. However, the molecular mechanisms 
underlying platelet activation and thrombosis have not yet been elucidated. Therefore, our group will study the adhesion 
and aggregation of platelets at different stages of pregnancy and the postpartum shear rate in the future.

In summary, platelet aggregation effects in pregnant women in the third trimester were significantly enhanced and 
activation was increased, but platelet aggregation stability was not significantly increased. The specific mechanism 
remains to be investigated. The results of this study provide preliminary evidence that microfluidic chip systems can be 
used to assess shear-induced platelet aggregation and activation function in the context of significant changes in blood 
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flow during late pregnancy and high levels of hormones, analyse platelet reactivity differences under different shear rates, 
and combine flow cytometry to assess the risk of thrombosis in late pregnancy.
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Acknowledgments
The authors would like to thank Professor Deng Surong and the members of the research group for their guidance and 
help throughout the experiment; the Science and Technology Research Program of Chongqing Municipal Education 
Commission [grant number KGQN202100442]; the Natural Science Foundation of Yongchuan District [grant numbers 
2022yc-jckx20052, 2023yc-jckx20027]; and the Teaching Reform Research Project of Yong-chuan Hospital of 
Chongqing Medical University (20240301). This paper is also available on Research Square, link is as follows: 
https://www.researchsquare.com/article/rs-4203479/v1. There have been some changes in the structure and images in 
the two manuscripts. Second, this study did not consider diagnostic accuracy; therefore, the ROC curve was deleted 
before the second submission. Therefore, the manuscript was updated prior to submission.

Disclosure
The authors declare that there are no conflicts of interest in this work.

References
1. Needleman L, Cronan JJ, Lilly MP, et al. Ultrasound for lower extremity deep venous thrombosis: multidisciplinary recommendations from the 

society of radiologists in ultrasound consensus conference. Circulation. 2018;137(14):1505–1515. doi:10.1161/CIRCULATIONAHA.117.030687
2. Devis P, Knuttinen MG. Deep venous thrombosis in pregnancy: incidence, pathogenesis and endovascular management. Cardiovasc Diagn Ther. 

2017;7(suppl 3):S309–S319. doi:10.21037/cdt.2017.10.08
3. Yan X, Ye SL, Gu XK, et al. The value of modified Caprini thrombosis risk assessment scale in predicting pregnancy-related venous 

thromboembolism. Int J Obstet Gynecol. 2022;49(1):95–100.
4. Wang ZL, Geng HZH, Zhao XL, et al. Investigation on the incidence and risk factors of venous thromboembolism in pregnant women in nine 

hospitals in China. Chin J Obstet Gynecol. 2020;55(10):667–672.
5. Wang XH, Yin J. Clinical value of coagulation indexes in the status of pregnant women in late pregnancy and obstetric accidents. Exp Lab Med. 

2018;36(4):560–562.
6. Middeldorp S, Naue C, Köhler C. Thrombophilia, thrombosis and thromboprophylaxis in pregnancy: for what and in whom? Hamostaseologie. 

2022;42(1):54–64. doi:10.1055/a-1717-7663
7. Satoshi N, Koji K, Tomokazu K, et al. Predictors of venous thromboembolism development before and during chemotherapy for advanced germ 

cell tumor. Jpn J Oncol. 2020;50(3):338–343.
8. Qin QY, Ma YY. The predictive value of D-D and coagulation indexes for postpartum venous thromboembolism in elderly pregnant women. Med 

Clin Res. 2022;39(6):949–952.
9. James AH, Jamison MG, Brancazio LR, Myers ER. Venous thromboembolism during pregnancy and the postpartum period: incidence, risk factors, 

and mortality. Am J Obstet Gynecol. 2006;194(5):1311–1315. doi:10.1016/j.ajog.2005.11.008
10. Creanga AA, Syverson C, Seed K, Callaghan WM. Pregnancy related mortality in the United States, 2011–2013. Obstet Gynecol. 2017;130 

(2):366–373. doi:10.1097/AOG.0000000000002114
11. Pomp ER, Lenselink AM, Rosendaal FR, Doggen CJ. Pregnancy, the postpartum period and prothrombotic defects: risk of venous thrombosis in the 

MEGA study. J Thromb Haemost. 2008;6(4):632–637. doi:10.1111/j.1538-7836.2008.02921.x
12. Jackson E, Curtis KM, Gaffield ME. Risk of venous thromboembolism during the postpartum period: a systematic review. Obstet Gynecol. 

2011;117(3):691–703. doi:10.1097/AOG.0b013e31820ce2db
13. Diao Y, Zhao X, Yao XSH. Changes and significance of platelet activating factor content and platelet activating factor-acetylhydrolase activity in 

plasma of early pregnant women. Pract Med J. 2009;25(21):3607–3608.
14. Bolte AC, van Geijn HP, Dekker GA. Pathophysiology of preeclampsia and the role of serotonin. Eur J Obstet Gynecol Reprod Biol. 2001;95 

(1):12–21. doi:10.1016/s0301-2115(00)00367-5
15. Edwards CC, Lessing NL, Ford L, Edwards CC. Deep vein thrombosis after complex posterior spine surgery: does staged surgery make a 

difference? Spine Deform. 2018;6(2):141–147. doi:10.1016/j.jspd.2017.08.012
16. Ramos Aranda J, Ramírez Cerda C, Cohen Mussali S, Valdés Flores J. Inferior vena cava agenesis: an unusual cause of deep vein thrombosis and 

pulmonary embolism in young adult patients. EJVES Short Rep. 2018;39:12–15. doi:10.1016/j.ejvssr.2018.03.005
17. Douglas JT, Shah M, Lowe GD, Belch JJ, Forbes CD, Prentice CR. Plasma fibrinopeptide A and beta-thromboglobulin in pre-eclampsia and 

pregnancy hypertension. Thromb Haemost. 1982;47(1):54–55. doi:10.1055/s-0038-1657124
18. Kilby MD, Broughton Pipkin F, Symonds EM. Changes in platelet intracellular free calcium in normal pregnancy. Br J Obstet Gynaecol. 1993;100 

(4):375–379. doi:10.1111/j.1471-0528.1993.tb12983.x
19. Shen YD, Zh X, Gao Y, et al. Analysis of the diagnostic value of the ratio of red blood cell distribution width to platelet count in deep venous 

thrombosis of lower extremities. J Baotou Med Coll. 2019;35(1):11–13.

https://doi.org/10.2147/JBM.S490649                                                                                                                                                                                                                                                                                                                                                                                                                                                                       Journal of Blood Medicine 2025:16 24

He et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.researchsquare.com/article/rs-4203479/v1
https://doi.org/10.1161/CIRCULATIONAHA.117.030687
https://doi.org/10.21037/cdt.2017.10.08
https://doi.org/10.1055/a-1717-7663
https://doi.org/10.1016/j.ajog.2005.11.008
https://doi.org/10.1097/AOG.0000000000002114
https://doi.org/10.1111/j.1538-7836.2008.02921.x
https://doi.org/10.1097/AOG.0b013e31820ce2db
https://doi.org/10.1016/s0301-2115(00)00367-5
https://doi.org/10.1016/j.jspd.2017.08.012
https://doi.org/10.1016/j.ejvssr.2018.03.005
https://doi.org/10.1055/s-0038-1657124
https://doi.org/10.1111/j.1471-0528.1993.tb12983.x


20. Jackson SP. The growing complexity of platelet aggregation. Blood. 2007;109(12):5087–5095. doi:10.1182/blood-2006-12-027698
21. Varga-Szabo D, Pleines I, Nieswandt B. Cell adhesion mechanisms in platelets. Arterioscler Thromb Vasc Biol. 2008;28(3):403–412. doi:10.1161/ 

ATVBAHA.107.150474
22. Liu J, Ding L, He C, et al. 3D-morphological analysis of inhibitory effect of aspirin on platelet aggregation. Zhongguo Shi Yan Xue Ye Xue Za Zhi. 

2018;26(6):1757–1764. doi:10.7534/j.issn.1009-2137.2018.06.030
23. Haidong M, Cui H, Suyong D, et al. Micro-flow-controlled chip technique to study the shear force-induced platelet adhesion and aggregation 

effects of gradient changes. Chin J Exp Hematol. 2023;31(02):495–502. doi:10.19746/j.cnki.issn1009-2137.2023.02.027
24. Shu RM, Xiao L, Zheng D, et al. Study on the correlation between hypertensive disorder complicating pregnancy and platelet and coagulation 

function in pregnant women. Thromb Haemost. 2017;23(3):403–405.
25. Liu D, Hong L, Li H, et al. Effects of nifedipine combined with magnesium sulfate on oxidative stress, hemorheology, platelet active substance 

index and renal function in patients with pregnancy-induced hypertension. J Hainan Med Coll. 2017;23(18):2476–2479.
26. Wu WW. The Application of D-Dimer and Platelet Parameters in Hypertensive Disorder Complicating Pregnancy. Yan’an: Yan’an University; 2018.
27. World Association of Chinese Laboratory and Pathologists. Expert consensus on the application of platelet function test in antiplatelet therapy for 

patients with acute coronary syndrome. Chin J Med. 2018;98(22):1743–1751.
28. Gurbel PA, Becker RC, Mann KG, Steinhubl SR, Michelson AD. Platelet function monitoring in patients with coronary artery disease. J Am Coll 

Cardiol. 2007;50(19):1822–1834. doi:10.1016/j.jacc.2007.07.051
29. Sun P, Mcmillan-Ward E, Mian R, Israels SJ. Comparison of light transmission aggregometry and multiple electrode aggregometry for the 

evaluation of patients with mucocutaneous bleeding. Int J Lab Hematol. 2019;41(1):133–140. doi:10.1111/ijlh.12937
30. Sibbing D, Aradi D, Alexopoulos D, et al. Updated expert consensus statement on platelet function and genetic testing for guiding p2y12 receptor 

inhibitor treatment in percutaneous coronary intervention. JACC Cardiovasc Interv. 2019;12(16):1521–1537. doi:10.1016/j.jcin.2019.03.034
31. Le Quellec S, Bordet JC, Negrier C, Dargaud Y. Comparison of current platelet functional tests for the assessment of aspirin and clopidogrel 

response. A review of the literature. Thromb Haemost. 2016;116(4):638–650. doi:10.1160/TH15-11-0870
32. Abu Assab TA, Raveh-Brawer D, Abramowitz J, Naamad M, Ganzel C. The predictive value of throm boelastogram in the evaluation of patients 

with suspected acute venous thromboembolism. Acta Haematol. 2020;143(3):272–278. doi:10.1159/000502348
33. He C, Yu L, Dan W, et al. Application of a simple microfluidic chip analysis technology to evaluate the inhibitory role of protocatechuic acid on 

shear-induced platelet aggregation. Evid Based Complement Alternat Med eCAM. 2021;2021:5574413. doi:10.1155/2021/5574413
34. Tiancong Z, XiaoJing H, Cui H, et al. Therapeutic effects of antiplatelet agents in vitro using microfluidic methods. Med Biomech. 2023;38 

(5):931–937. doi:10.16156/j.1004-7220.2023.05.013
35. Swanepoel AC, Pretorius E. Erythrocyte-platelet interaction in uncomplicated pregnancy. Microsc Microanal. 2014;20(6):1848–1860. doi:10.1017/ 

S1431927614013518
36. Riitano G, Capozzi A, Recalchi S, et al. Role of lipid rafts on LRP8 signaling triggered by anti-β2-GPI antibodies in endothelial cells. 

Biomedicines. 2023;11(12):3135. doi:10.3390/biomedicines11123135
37. Yang XV, Banerjee Y, Fernández JA, et al. Activated protein C ligation of ApoER2 (LRP8) causes Dab1-dependent signaling in U937 cells. Proc 

Natl Acad Sci U S A. 2009;106(1):274–279. doi:10.1073/pnas.0807594106
38. Pennings MT, Derksen RH, van Lummel M, et al. Platelet adhesion to dimeric beta-glycoprotein I under conditions of flow is mediated by at least 

two receptors: glycoprotein Ibalpha and apolipoprotein E receptor 20. J Thromb Haemost. 2007;5(2):369–377. doi:10.1111/j.1538- 
7836.2007.02310.x

39. He D, Du YL. Research progress of platelet activation markers CD62p and PAC-1 in respiratory diseases. Clin J Pulm Med. 2014;19(03):516–517+520.

Journal of Blood Medicine                                                                                                          

Publish your work in this journal 
The Journal of Blood Medicine is an international, peer-reviewed, open access, online journal publishing laboratory, experimental and clinical 
aspects of all aspect pertaining to blood based medicine including but not limited to: Transfusion Medicine; Blood collection, Donor issues, 
Transmittable diseases, and Blood banking logistics; Immunohematology; Artificial and alternative blood based therapeutics; Hematology; 
Biotechnology/nanotechnology of blood related medicine; Legal aspects of blood medicine; Historical perspectives. The manuscript management 
system is completely online and includes a very quick and fair peer-review system. Visit http://www.dovepress.com/testimonials.php to read real 
quotes from published authors.  

Submit your manuscript here: http://www.dovepress.com/journal-of-blood-medicine-journal

Journal of Blood Medicine 2025:16                                                                                                       25

He et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1182/blood-2006-12-027698
https://doi.org/10.1161/ATVBAHA.107.150474
https://doi.org/10.1161/ATVBAHA.107.150474
https://doi.org/10.7534/j.issn.1009-2137.2018.06.030
https://doi.org/10.19746/j.cnki.issn1009-2137.2023.02.027
https://doi.org/10.1016/j.jacc.2007.07.051
https://doi.org/10.1111/ijlh.12937
https://doi.org/10.1016/j.jcin.2019.03.034
https://doi.org/10.1160/TH15-11-0870
https://doi.org/10.1159/000502348
https://doi.org/10.1155/2021/5574413
https://doi.org/10.16156/j.1004-7220.2023.05.013
https://doi.org/10.1017/S1431927614013518
https://doi.org/10.1017/S1431927614013518
https://doi.org/10.3390/biomedicines11123135
https://doi.org/10.1073/pnas.0807594106
https://doi.org/10.1111/j.1538-7836.2007.02310.x
https://doi.org/10.1111/j.1538-7836.2007.02310.x
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Materials and Methods
	Ethical Approval
	Collection and Processing of Blood Samples
	Microchannel Chip Design and Processing
	Microfluidic Chip Technology Analysis of Platelet Aggregation Function
	Fluid Dynamics Analysis of Narrow Microchannel in Microfluidic Chip
	Detection of Platelet Adhesion Aggregation Function by Continuous Multiparameter Method
	Analysis of Platelet Activation by Flow Cytometry
	Statistical Analysis

	Result
	Basic Data
	Effect of Platelet Adhesion and Aggregation Induced by AA, ADP, and COL
	Platelet Adhesion Aggregation Effect and Activation Under Shear Rate Condition

	Discussion
	Data Sharing Statement
	Acknowledgments
	Disclosure

