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Abstract

The structural integrity of platelet receptors is essential for platelets to play the normal hemostatic
function. The high non-physiological shear stress (NPSS) commonly exists in blood contacting
medical devices and has been shown to cause platelet receptor shedding. The loss of platelet
receptors may impair the normal hemostatic function of platelets. The aim of this study was to
quantify NPSS-induced shedding of three key receptors on the platelet surface. Human blood was
subjected to the matrix of well-defined shear stresses and exposure times, generated by using a
custom-designed blood shearing device. The expression of three key platelet receptors,
glycoprotein (GP) Iba, GPVI and GPIIb/llla in sheared blood was quantified using flow
cytometry. The quantitative relationship between the loss of each of the three receptors on the
platelet surface and shear condition (shear stress level and exposure time) was explored. It was
found that these relationships followed well the power law functional form. The coefficients of the
power law models for the shear-induced shedding of these platelet receptors were derived with
coefficients of determination (R2) of 0.77, 0.73, and 0.78, respectively. The power law models
with these coefficients may be potentially used to predict the shear-induced platelet receptor
shedding of human blood.
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INTRODUCTION

Cardiovascular disease, lung disease and chronic renal disease affect millions of Americans
[1-3]. Blood contacting medical devices (BCMDs), such as ventricular assist devices
(VADs), extracorporeal membrane oxygenation (ECMO), cardiopulmonary bypass,
hemodialyzers and mechanical heart valves have been commonly used to treat these diseases
or to replace dysfunctional organs resulted from these diseases. The benefits with use of
these devices are clearly demonstrated in clinical practice. Unfortunately, the clinical use of
BCMDs is accompanied with serious adverse complications, especially thrombosis and
bleeding [4-6].

Regions with high non-physiological shear stress (NPSS) often exist in BCMDs. For
example, the level of shear stress at the blade tip gap of the impeller in rotary VADs is well
above 100 Pascal (Pa) and even reaches 400 Pa [7, 8]. It has been demonstrated that this
level of shear stress could induce a variety of damage to blood [9-11]. Platelets have long
been considered as the unique cells, which mediate physiologic hemostasis and play a
critical role in pathologic thrombosis [12, 13]. Platelet dysfunction will affect normal
hemostasis, which may lead thrombosis or bleeding. Over the last three decades the effects
of shear stress on platelet activation and aggregation have been extensively investigated [14—
17]. The activation and aggregation of platelets can increase the risk of thrombotic
complications. Brown et a/. [18] observed that a very low shear stress level of 5 Pa resulted
in the liberation of small amount of ATP, ADP and serotonin and subsequent platelet
aggregation. Pathological shear stress level of 31.5 Pa, as encountered in severe
atherosclerotic arteries, activated platelets and triggered platelet microparticle generation
[14]. In our previous study, it had been found that NPSS (>100 Pa) even with very short
exposure time (<1s) can induce platelet activation [11, 19, 20]. All the above studies focused
on shear-induced platelet activation. Recently, it has been demonstrated that the elevated
shear stress can also cause platelet receptor shedding [21-23]. The receptor shedding is a
process of the extracellular proteolysis of transmembrane receptors at a position close to the
extracellular surface of cells. This process generates a membrane-associated remnant
fragment and releases a soluble ectodomain fragment. These ectodomain fragments retain
the unique sequence of the receptors for which agonists bind to. The loss of these
ectodomain fragments could modify the responses of platelets to agonists and stimulus, and
affect the hemostatic function of platelets. There are three adhesive receptors (GPlba, GPVI
and GPlIb/Il1a) on the platelet surface, which are important for hemostasis. The binding of
GPlba with von Willebrand factor (VWF), GPVI with collagen and GPIIb/ll1a with
fibrinogen and VWEF can lead to platelet activation, adhesion and aggregation. If these
receptors are shed from the platelet surface, the capacity of platelets for normal hemostasis
could be compromised, increasing the risk of bleeding. Hu et a/. [24] compared two groups
(bleeding and non-bleeding) of patients supported with continuous-flow VADs, and found
that bleeding was related to the shedding of the platelet GPIba.. Chen et a/. [21] showed that
the shedding of platelet receptors (GPIba and GPVI) induced by NPSS could affect platelet
aggregation. Other research groups also reported that the shedding of the platelet receptor
GPVI was associated with bleeding [25, 26].
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Since shear-induced platelet receptor shedding (SIPRS) will lead to platelet dysfunction and
affect normal hemostasis, it is critical to consider both shear-induced platelet activation and
SIPRS during the development of BCMDs. However, no study has been conducted to
quantify the relationship between the platelet receptor shedding and the levels of NPSS and
exposure time. This study aimed to quantitatively characterize the shear-induced shedding of
three key platelet receptors (GPlba, GPVI and GPIIb/111a) under various levels of NPSS
(from 35 to 350 Pa) with short exposure time (from 0.1 to 1.5 sec). These ranges of shear
stress and exposure time represent the most common shear situations which platelets would
experience in BCMDs [7, 8, 27]. The quantitative relationships between shear-induced
shedding of these receptors and shear stress/exposure time were derived.

MATERIALS AND METHODS

Blood-shearing device

A centrifugal flow-through Couette-type blood shearing device whose rotor was
magnetically suspended with bearingless motor technology was used in this study. This
device can generate unique shearing conditions (NPSS and short exposure time) similar to
those observed in BCMDs. A narrow gap with a uniform width of 150 um and a length of
2.5 mm was created between the rotor and the housing in the shearing device (Figure 1). The
magnetically suspended rotor can be rotated between 500 and 5000 rpm. The shear stress
generated by this device ranges from 21 to 212 Pa for a blood viscosity of 0.0036 Pa's. But
the level of shear stress can increase up to 350 Pa when the blood viscosity is higher at
0.0046 Pas [9]. The details of the design features and the operational principles of this
device can be found in the reference [9]. Figure 1 depicts the whole blood shearing system
used in this study. In this system, the syringe pump (PHD 2000, Harvard Apparatus,
Holliston, MA) was used to push the blood to flow through the narrow gap in the shearing
device.

Experimental procedure

Fresh human blood was collected from 20 healthy adult donors (18 men and 2 women, 22 to
28 years old) who didn’t take any antiplatelet medication within two weeks prior to their
scheduled blood donation. All the donors were informed the purpose of the study and gave
informed consent. The procedures involving the blood collection were approved by the
Institutional Review Board (IRB) for human subject research. For each donor, 250 ml fresh
blood was collected by antecubital vena puncture and mixed with sodium citrate (9:1) within
a blood bag.

Blood viscosity was measured using a semi-micro viscometer (Cannon Instrument
Company, State College, PA). The required rotating speed for the rotor of the shearing
device to achieve the desired shear stress was calculated based on the measured blood
viscosity. The flow rate through the device was calculated according to the desired exposure
time in the narrow gap of the shearing device. The uniform experimental design method was
applied to choose the experimental conditions [28]. A total of 47 combinations of shear
stress and exposure time were selected as the experimental conditions. The shearing
experiment under each experimental condition was repeated at least 3 times. Experiments
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were performed in a random order on different days with different donor’s blood. The blood
shearing experiments under nine experimental conditions could be performed with the 250
ml blood collected from a single donor. In each experiment, a sheared blood sample was
collected from the sample outlet of the shearing device while a baseline blood sample was
collected from the sample inlet (Figure 1). The nine experiments were completed within 2
hours after the blood collection.

Flow cytometry assays for quantifying the platelet receptor shedding

To quantify the shedding of the platelet GPlba receptor in the sheared blood, platelets were
stained with phycoerythrin (PE) conjugated anti-CD41 antibody (CD41-PE) (BioLegend,
San Diego, CA) for identifying the platelet population and fluorescein isothiocyanate (FITC)
conjugated anti-CD42b antibody (CD42b-FITC) (BioLegend, San Diego, CA) for
determining the expression of GPlba receptors in each platelet. FITC-labeled IgG1K
antibody (1IgG1K-FITC) was used for the negative control for CD42b. After the blood
shearing experiment, the collected baseline and sheared blood samples were spun at 160 g
for 15 min at 20°C for getting platelet-rich plasma (PRP). The PRP (5 ul) was incubated
with 25 pl HEPES buffer mixed with 5 pl CD41-PE antibody and 5 ul CD42b-FITC
antibody or 5 pl IgG1K-FITC antibody at room temperature in the dark for 30 min.

For the GPVI shedding, CD41-PE antibody, eFluor 660-labeled anti-human GPV1 antibody
(GPVI-eFluor 660) (eBioscience, San Diego, CA) and eFluor 660 conjugated mouse IgG1K
Isotype (IgG1K-eFluor 660) were used for platelet population identification, determination
of GPVI receptors on each platelet and negative control for the GPVI, respectively. The PRP
(5 uI) was incubated with 25 ul HEPES buffer mixed with 5 ul CD41-PE antibody and 5 pl
GPVI-eFluor 660 antibody or 5ul IlgG1K-eFluor 660.

For the GPIIb/111a shedding, FITC conjugated anti-CD41 antibody (CD41-FITC), PerCP/
Cy5.5 anti-human CD41/61 antibody (CD41/61-PerCP/Cy5.5) and PerCP/Cy5.5 Mouse
1gG2a, « Isotype antibody (IgG2ak- PerCP/Cy5.5) (BioLegend, San Diego, CA) were used
for platelet population identification, determination of GPI1b/1l1a receptors on each platelet
and negative control for the GPIIb/111a, respectively. The PRP (5 pl) was incubated with 25
ul HEPES buffer mixed with 5 ul CD41-FITC antibody and 5 pl CD41/61-PerCP/Cy5.5
antibody or 5 pl 1gG2ak- PerCP/Cy5.5.

After the above labeling and incubation steps, the stained PRP samples were fixed with 1 ml
1% paraformaldehyde (PFA) for 30 min at 4 °C in the dark. The flow cytometry data for the
expression of the three platelet receptors were collected with a BD™ LSR 11 flow cytometer
(BD Bioscience, San Jose, CA) and analyzed with the FCS Express software (De Novo
Software, Los Angeles, CA). In the flow cytometry data, the fluorescence intensity produced
by the fluorescent-labeled antibodies bund to their specific receptors on each platelet is
proportional to the number of the functional receptors. The mean fluorescence intensity
(MFI) in the fluorescence channel for each of the three platelet receptors was used to
represent the number of the GPIba,, GPVI and GPIIb/111a receptors on the platelets in the
baseline and sheared blood samples.
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Data analysis

In each experiment, all the MFI data were normalized with that of the baseline sample. All
the data were presented in the form of mean + standard error (n=3). Then, the experimental
data were linearized with a log-scale transformation. After that, a multivariate linear
regression analysis was performed to fit the power law model with the linearized data for
each receptor. ~test was implemented to test the overall significance of the regression
analysis. Coefficient of determination was employed to indicate the goodness of fit for
model coefficients. For the representative data, statistical differences were performed with
the Student’s t-test. Statistical significance was set at £< 0.05.

RESULTS

To establish the quantitative relationships between shear-induced loss of the platelet GPIba,
GPVI and GPIIb/Illa receptors and applied high shear stress/exposure time, the power law
model was used for the multivariate regression to fit the experimental data. Figures 2A, 2B
and 2C exhibit the measured data points (green dots) for the shear-induced loss of the
GPlba, GPVI and GPIIb/Illa receptors on the platelet surface under the 47 combinations of
shear stress and exposure time. The mesh surfaces in the plots are generated from the fitted
power law relationships between the loss of the three platelet receptors and applied shear
stress/exposure time. The losses of the three platelet receptors (GPIba, GPVI and GPIIb/
I11a) on the platelet surface under a shear condition of 300 Pa for 1 sec could be estimated at
35%, 40% and 34% from the power law model with their respective coefficients and were
marked as a black dot in Figures 2A, 2B and 2C, respectively. As shown in these plots, the
loss of the platelet GPlba, GPVI and GPIIb/ll1a receptors increases with increasing level of
shear stress and exposure time. Table 1 lists the three coefficients in the power law model of
SIPRS for GPlba, GPVI and GPIIb/I11a and the coefficients of determination (/9 of fitting
the experimental data with the power law models. The Fvalues for the regression analysis
were calculated by transforming the experimental data into log-scale and estimated to be
73.7,59.5 and 82.5 for GPIba, GPVI, and GPIIb/1l1a, respectively. These values were above
the Atest acceptance criterion (£ (2, 45) 0.01= 5.11). Therefore, the linearized models through
log-scale transformations for SIPRS of GPlba, GPVI and GPIIb/Illa can be accepted. The
coefficients of determination (/) for the power law models of SIPRS for GPIba., GPVI and
GPlIb/Illa were 0.77, 0.73 and 0.79, respectively. Thus, the power law model with the
specific coefficients for each of the three platelet receptors does provide a significantly good
prediction of SIPRS. The general power law model is expressed as:

S=Axxi
Where Siis the loss percentage of the platelet surface receptors (GPlba, GPVI and GPIIb/
I1la), Tis shear stress, and #is exposure time. The values of A, a and gfor GPlba, GPVI

and GPlIb/Illa can be found in Table 1 respectively. These coefficients can be used to
estimate the SIPRS for GPIba, GPVI and GPIIb/ll1a.

The representative SIPRS under four experimental conditions were presented in Figure 3.
The MFI values for the platelet receptors, GPlba,, GPVI and GPIIb/Illa, from the sheared

ASA/O J. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 6

blood samples under four shear conditions were plotted compared with those of the baseline
blood sample, respectively. The MFI values for the platelet GPlba and GPVI receptors
decreased significantly after the blood was subjected to the shear stresses of 100 Pa and 250
Pa for 0.5 sec and 1.0 sec compared to those of the baseline blood sample. The MFI value
for the platelet GPIIb/Il1a receptor also decreased in the sheared blood samples compared to
that of the baseline sample. However, the reduction became significant only when the blood
was exposed to the shear stress of 250 Pa. The lower MFI values indicate that there was a
reduction in the number of the functional GPlba, GPVI and GPIlb/llla receptors on the
platelets in the sheared blood samples. This reduction increased with the elevated level of
high shear stress and the duration of exposure time.

DISCUSSION

Regions with NPSS often exist in contemporary BCMDs [7, 27]. Many studies have
documented that the NPSS can cause damage to blood cells. In these previous studies, the
focus and attention had been placed on shear-induced red blood cell damage (hemolysis) and
platelet activation. Quantitative relationships between hemolysis and shear stress/exposure
time had been established to evaluate blood trauma induced by BCMDs [9, 29]. The NPSS
can also induce platelet structural damage, especially SIPRS. Previous in-vitro studies had
showed that the NPSS can induce the shedding of platelet receptors [19, 21]. Lukito ef a/.
[30] reported that the soluble GPVI level in plasma significantly elevated in patients on VAD
or ECMO support. The surface expression levels of the platelet GPlba and GPVI in these
patients were significantly lower compared with healthy donors. The loss of the adhesion
receptors on the platelet surface can affect platelet normal hemostatic function and increase
the risk of bleeding [21-23]. Thus, it is important to consider the SIPRS during BCMD
development.

To quantify the SIPRS, the blood from 20 healthy donors was exposed to a range of elevated
shear stress (35 to 350Pa) for short exposure time (0.1 to 1.5s). The results showed that
NPSS with short exposure time (<1s) could cause the shedding of the three key platelet
receptors (GPlba, GPVI and GPlIb/Illa). The power law model had previously been used to
describe the relationship of blood cell damage and shear stress/exposure time. For example,
Giersiepen et al. [31] and Zhang et al. [9] used the power law model to relate hemolysis to
shear stress and exposure time. Ding et a/. [20] used the power law model to describe the
relationship between the percentage of activated platelets indicated by surface P-selectin
expression and shear stress/exposure time. These previous studies showed that the power law
model could be useful to describe the relationship between shear-induced blood trauma and
shear stress/exposure time. Therefore, we utilized the power law model to quantitatively
relate the SIPRS to shear stress/exposure time and to derive the respective coefficients for
the platelet GPlba, GPVI and GPIIb/Illa receptors. The coefficients of determination and
the ~Test values for fitting the experimental data to the model indicated that the power law
model was a good fit.

The shear stress and exposure time within BCMDs can be obtained by using computational
fluid dynamics (CFD) modeling. The power law model and coefficients for the SIPRS can
be integrated into the CFD modeling to estimate the platelet receptor shedding induced by
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the NPSS in a BCMD. Through the CFD modeling, areas that potentially induce severe
platelet receptor shedding can be identified within BCMDs and then mitigated through the
design iteration.

There are some limitations in the present study. First, the exposure time for blood subjected
to NPSS to clinical BCMDs may be shorter or longer than what we used in this study. For
example, the exposure time in oxygenators can be 2 to 3 seconds. Thus, the power law
model for the SIPRS built in this study may be more appropriate for blood pumps or
mechanical heart valves. Second, the blood samples were collected from healthy donors. The
vulnerability of blood to SIPRS for these healthy donors might be different from that of
patients with cardiovascular disease or other diseases involving blood cells.

CONCLUSIONS

The shear-induced shedding of three critical platelet receptors (GPIba,, GPVI and GPIIb/
I11a) was investigated. The shedding increased with increasing shear stress level and
exposure time. The relationships between the loss of the platelet receptors (GPlba, GPVI
and GPlIb/Illa) and shear stress/exposure time followed well with the power law functional
form. The coefficients of the power law model for the shear-induced shedding of the platelet
receptors (GPlba, GPVI and GPIIb/Il1a) were derived with the coefficients of determination
of 0.77, 0.73 and 0.79, respectively. The power law model can be used to estimate SIPRS in
HF patients implanted with BCMDs and to guide the design optimization of BCMDs.
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Figurel.
The diagram of the blood shearing system, including a syringe pump used to control the

flow rate, 140ml syringe, blood shearing device (Hemolyzer-L) with 150um narrow gap
between the inner rotor and the outer housing, sample inlet, sample outlet, reservoir and
tubing.
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Figure 2.
The power law representation of the loss of the shear-induced platelet (A) GPlba, (B) GPVI

and (C) GPIIb/111a receptors with experimental data points (green dots) under the 47
experimental conditions. The loss of the receptors is expressed as the MFI ratio of platelets
in the sheared blood samples relative to the baseline blood sample.
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