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ABSTRACT

Cardiovascular disease in its many forms is the leading cause of death for men and women
in the United States, and its prevalence has led to an increased need for mechanical devices to
restore or improve heart function. Inferior vena cava filters (IVCs), left ventricular assist devices
(LVADs), and mechanical heart valves are among the most common type of cardiovascular
devices, and although they improve heart function, they also introduce a greater risk of thrombosis
in patients. Thrombosis is a result of increased platelet activation in the blood surrounding the
device, and can lead to stroke, heart attack, or pulmonary embolism. Increased platelet activation
surrounding devices is caused by mechanical stresses induced by changes in geometry or flow
pattern. A prediction of thrombosis can be determined by measuring changes in activated platelet
levels. The objective of this study is to quantify platelet activation levels using flow cytometry and
fluorophore-conjugated P-Selectin specific antibodies.
Two main protocols are compared to determine whether platelet rich plasma (PRP) or
whole blood is more appropriate for platelet activation quantification. The effects of centrifugation
speed on platelet activation are quantified, and it is determined that the whole blood protocol is
more appropriate because it eliminates the need for centrifugation. Experimental conditions such
as needle size, fixation with paraformaldehyde, and data post-processing are varied and compared
to optimize the protocol. The resulting protocol is one that produces accurate platelet activation
results that are repeatable and reliable. The protocol development process proves the importance
of considering each experimental factor and provides opportunity for future improvement and
applications.
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Chapter 1
Introduction

1.1 Clinical Need
Cardiovascular disease in its many forms is the cause of the most deaths globally each year,
including 31% of all deaths in 2015.1 The rising number of patients suffering from some form of
heart disease has created a clinical need for mechanical devices that restore heart function, lower
the risk of heart attack or stroke, and prolong the lives of patients awaiting a heart transplantation.
These devices include left ventricular assist devices (LVADs), inferior vena cava filters (IVC
filters), and replacement heart valves. These devices vastly improve the longevity of their patients,
with LVAD patients awaiting transplant having a 71% survival rate over 2 years. Despite this,
complications still arise in a number of patients.2 The biggest setback to the success of these
devices is the formation of blood clots on or around the device through the process of thrombosis.
Thrombi can clog these devices and prevent them from working properly, and if they become
detached, they can lead to heart attack, pulmonary embolism, or stroke. The development of a
thrombus on a device such as an LVAD necessitates a second operation to replace or repair the
damaged device in up to 6% of patients receiving an LVAD.2 A review done in 2017 found that
of over 10,000 patients treated with an LVAD, 4.0% of them developed some type of pump
thrombus.3
To counteract the effects of thrombus formation, patients with implanted cardiovascular
devices are almost always prescribed antiplatelet and anticoagulation therapies post-implantation.4
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The most common of these drugs are warfarin, heparin, and aspirin, and although they effectively
decrease the risk of thrombosis, they introduce a new range of negative side effects that can affect
a patient for the rest of his or her life.5 Investigators are looking towards preventing device
thrombosis by altering the design of the device itself rather than prescribing medications postoperation.

1.2 Pathways of Coagulation
The increased risk of thrombosis in patients with an implanted cardiovascular device is a
result of the non-native geometries introduced to the blood flow by the devices. The nonphysiologic flow patterns created by the geometries create areas of stagnation and recirculation
and induce mechanical activation of platelets, initiating a positive feedback system that can lead
to thrombus formation.
Coagulation in the human body is controlled by thrombogenic and antithrombogenic
factors in the vessel walls and blood which work together to regulate clotting and maintain
hemostasis.6 Tissue factor and collagen exposed in damaged endothelium are agonists that trigger
the activation of Factor X through a cascade of coagulation factors in the extrinsic pathway. Factor
X then initiates the conversion of prothrombin to thrombin, then fibrinogen to fibrin, ultimately
forming a fibrin network to stabilize the platelet clot. Simultaneously, fibrinolysis activators,
antithrombin, and platelet inhibitors secreted from the vessel walls help to stop the coagulation
cascade and return the body to hemostasis.6 The coagulation cascade pathways are illustrated in
Figure 1.
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Figure 1. Schematic of the coagulation cascade initiated by exposure of tissue factor in
damaged endothelium and fibrinolysis.7

1.3 Platelets
Platelets are disc-like, anucleic cell fragments, approximately 2 microns in size, that play
a crucial role in thrombosis. When they become activated, they aggregate together to form the
initial platelet plug at the site of injury. When a platelet is activated by an agonist such as ADP or
collagen, it undergoes a conformational shape change, forming pseudopods that increase its
surface area and allow it to adhere to vascular walls and other platelets.6,7 The conformational
change of a platelet due to thrombin exposure is shown in Figure 2. When a platelet is activated,
the contents of its -granules (previously located inside the cell) are secreted to the surface. These
contents include fibronectin, P-Selectin, and several coagulation factors. These secretions in turn
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activate and recruit more platelets to the site of the thrombus, thus initiating a positive feedback
loop.7

Figure 2. Conformational change of a platelet and release of P-Selectin from -granules
after activation by thrombin.8

1.4 Platelet Activation
Platelets can become activated through either biochemical or mechanical pathways.
Platelets become chemically activated when they are exposed to biological markers present at the
site of vessel damage, atherosclerotic areas, or inflammation.9 At sites of vessel damage, exposed
collagen binds to glycoprotein (GP) Ia/IIa and glycoprotein VI receptors on the surface of platelets,
causing them to become activated.9 Most prothrombotic factors released at the damaged
endothelial site (and from activated platelets) activate platelets further through G-protein coupled
receptors on the cell surface. These factors include thrombin, ADP, and thromboxane A 2. All of
the pathways of chemical platelet activation converge to increase GP IIb/IIIa expression on the
surface of platelets that allow for binding with other activated platelets, von Willebrand factor, and
fibrinogen to form an aggregate.10 A platelet aggregate can be seen in Figure 3. At sites of
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inflammation, the P-selectin protein on the surface of activated platelets acts as a bridge between
platelets and leukocytes, promoting more cytokine production to fight inflammation. The
biochemical pathways of platelet activation are normally very well regulated by hemostasis and
the regulation of prothrombotic factors, but because activated platelets activate more cells, any
change to blood hemostasis can cause a cascade of activation.
Although the majority of platelet activation events are the result of the biochemical intrinsic
and extrinsic pathways, platelets can also become activated by mechanical pathways that occur
regardless of endothelial damage. As platelets move through a flow field, changes in the fluid
dynamics of blood cause the cells to stretch, compress, and tumble. In 1979, Ramstack et al.
showed that mechanical platelet activation is a function of both shear stress and exposure time. 11
Introducing non-native geometries into the blood circulation pathway creates regions of high shear
stress around edges and regions of low shear stress and recirculation behind sudden changes in
diameter or shape. The high shear regions activate the platelets through shear stress deformation,
while the recirculation regions increase risk of platelet activation by increasing the amount of time
that platelets are exposed to coagulation factors.11,12 Mechanical activation of platelets can occur
due to atherosclerotic plaques and stenotic regions and due to increased shear stress from cardiac
assist devices.13
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Figure 3. Scanning electron microscopy images of platelets before activation (left) and
after activation (right). Pseudopodia are visible on activated platelets. 14

Since platelet activation is a key step in the process of coagulation and thrombus formation,
developing an assay to measure levels of activation provides valuable insight to the increased risk
of thrombosis brought on by non-physiologic geometries. Activated and unactivated platelets are
roughly the same size, 1-2 m, so the most effective way to measure platelet activation is to target
a specific protein expressed on the surface of activated platelets. As previously stated, P-Selectin,
or CD62P, is a protein that is released by -granules upon platelet activation and is expressed in
large quantities on the surface of activated platelets. Because P-selectin is so specific to activated
platelets, it is used commonly as a biochemical marker for platelet activation.

1.5 Blood Damage Studies
To understand the pathways of thrombus formation at damaged, irregular, or pathological
regions in the bloodstream, first researchers must understand and characterize blood damage and
its effects on platelet activation, both mechanically and chemically.
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The ability to understand the behavior of platelets in several different flow regimes is
crucial to developing cardiovascular devices that will minimize blood damage and thrombus
formation. Irregular geometries cause areas of high shear stress, low shear stress, and recirculation
regions. High shear stresses cause the mechanical activation of platelets, and platelet adhesion is
significantly increased in regions of low shear and recirculation regions due to the stagnation of
activated platelets.15 To study the physiology of why and how thrombi form in recirculation and
low shear regions, a simplified model is often used. A sudden expansion geometry is one of the
most common geometries used to model thrombus formation.
The backward-facing step model, seen in Figure 4, has been one of the standards in
cardiovascular fluid dynamics research since it was studied by Armaly et al. in 1983.16 This model
is useful because it is easily modeled with computational fluid dynamics and is an effective way
to study sudden expansion geometries. Simplifying the geometry to a backward-facing step model
allows complete control over all fluid dynamic parameters including Reynolds number Re,
expansion ratio H/h, and aspect ratio W/h.16,17 Conveniently, the recirculation regions observed
downstream of the backward-facing step model are also an excellent model of the fluid dynamics
seen after atherosclerotic plaques.18 The backward-facing step model is ideal for studying the
effects of sudden expansion geometries on blood components because of the high degree of control
that the user has over the fluid dynamics. Specifically, it is important to study how shear stress,
Reynolds number, and thrombus development affect the composition of blood in a flow loop.18
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Figure 4. Streamlines showing the recirculation that occurs after the step of the
backward-facing step model at increasing Reynold’s numbers. Fluid is flowing from left to
right.17

While the mechanical studies are useful to understand mechanical blood damage on a large
scale, they do little to shed light on the mechanisms of platelet activation. Several methods can be
used to determine the activation level of platelets, and one of the most common is the platelet
activation state (PAS) assay developed by Bluestein and Jesty.19 This assay takes advantage of the
positive feedback loop involving thrombin formation during platelet activation.
Prothrombin is converted to thrombin when exposed to prothrombinase bound by activated
platelets. The thrombin generated activates more platelets, which then create more thrombin,
accelerating the rate of platelet activation and creating a positive feedback loop. In 1999, Bluestein
and Jesty used an acetylated form of prothrombin that when converted to thrombin, will not
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activate platelets but will still retain all the other characteristics of the protein. Acetylated
prothrombin therefore removes the positive feedback loop from thrombin generation so that there
is a linear relationship between thrombin generation and platelet activation. Prothrombin-deficient
platelet rich plasma is prepared and then supplemented with the acetylated prothrombin.
Researchers are then able to stimulate the platelets with whichever agonist or mechanism they are
researching. Thrombin levels are then measured and used to quantify platelet activation. The
linearization of the thrombin-platelet relationship can be seen in Figure 5. The PAS assay is
commonly used today as a reliable measure of platelet activation over time.
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Figure 5. Thrombin generation over time of platelets activated by normal prothrombin
(top) and acetylated prothrombin (bottom).20

One of the most novel approaches to measuring platelet activation was done by Woolley
et al., who took advantage of the morphological differences between unactivated and activated
platelets by using changes in topography to measure platelet activation. 21 Platelets were isolated
and fixed before being placed between a microscope coverslip and slide. Alexa Fluor 647 was used
to create a dye solution that was injected into the slide chamber using capillary action. The
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displacement of the dye was captured via fluorescence microscopy and the topography of the
platelets was observed through atomic force microscopy (AFM). These combined methods created
two and three-dimensional images of activated and unactivated platelets, seen in Figure 6, and
were used to determine activation levels. This study boasts that it is the first platelet activation
assay that does not require any type of label, and is therefore much more inexpensive than
traditional methods.21 However, the elimination of any platelet-specific label from the protocol
means that there is no way to distinguish activated platelets from cell debris and contamination.
Furthermore, this protocol takes advantage of platelet aggregates rather than individual platelets,
and therefore introduces some error in the quantification of activated platelets.

Figure 6. Atomic force microscopy image of an activated platelet aggregation (left) as
obtained from the dye displacement fluorescence microscopy image (right). 21
By far the most widely used and successful method of platelet activation quantification is
flow cytometry. Flow cytometry is a cell counting method that uses laser technology to measure
the fluorescence of individual particles that pass through the machine. Flow cytometry has the
advantage of being able to measure individual particles rather than large groups, and it can record
both their size and their fluorescence.22 First popularized by Michelson in the mid 1990s, flow
cytometry has been used successfully as a means to measure platelet activation in several studies.
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Platelets or whole blood are incubated with two fluorophore conjugated antibodies: one that is
specific to all platelets and one that is specific only to a marker of activated platelets. Flow
cytometry then allows the researcher to obtain a percentage of total platelets that are activated.
Perhaps one of the greatest advantages of this technique is that flow cytometry requires miniscule
amounts of whole blood (no more than 300 L), and is independent of platelet count.7 Okano et
al. used flow cytometry as an assay for platelet activation to determine the effects of aspirin
treatments on activation levels. Like others, this study was done using a FITC-conjugated CD61
antibody as a general platelet marker and a PE-conjugated CD62P antibody as an activated platelet
marker.
Selecting the target proteins for flow cytometry is crucial to obtaining meaningful results.
CD61 (glycoprotein IIIa) and CD41 (glycoprotein IIb) are the most reliable platelet markers that
are activation-independent. Upon activation, the two integrins form the IIb/IIIa complex that
increases fibrinogen and vWF binding, and becomes an ideal target site for a platelet activation
marker. PAC-1 is an antibody that targets the fibrinogen binding site of the IIb/IIIa integrin
complex on the surface of activated platelets. 23 This antibody is useful when studying the
conformational changes of platelet integrins during activation, but other targets must be chosen to
study the release of granules during activation. P-Selectin, or CD62P, is a protein located inside
-granules that is released to the surface of activated platelets. Because it is exclusive to activated
platelets and not dependent on other factors like IIb/IIIa, it is the most popular activationdependent protein marker.
The research was performed with both whole blood samples and platelet rich plasma (PRP)
samples, but it was found that the PRP displayed highly elevated activated platelet levels due to
activation during centrifugation.24 However, Leung et al. successfully used platelet rich plasma in
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place of whole blood by centrifuging on a low speed to minimize the mechanical effects of
centrifugation on platelet activation.25 The activation state of a whole blood sample can be seen in
the histogram shown in Figure 7. The advantages of flow cytometry in regards to sample size and
specificity make it the most widely used method of platelet activation quantification, and the
consistency of P-Selectin expression on the surface of activated platelets make it an excellent
marker.

Figure 7. Flow cytometry histogram obtained from a whole blood sample. The histogram
indicates that 78.9% of platelet events were CD62P(+), therefore activation was 78.9%. 24

1.6 Study Goals
This study aims to design a protocol based on flow cytometry quantification of platelet
activation. The protocol will use P-Selectin as a marker for platelet activation and will use the
specificity of monoclonal antibodies to measure levels of activated platelets among the general
platelet population. The purpose of the protocol development is to validate the methods used
commonly in platelet activation assays and to gain insight into the factors that affect the success
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of such protocols. These results will serve as a valuable tool in redesigning the geometries of
cardiovascular devices to minimize mechanical platelet activation and therefore, decrease the risk
of thrombosis-related complications in patients suffering from cardiovascular disease.
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Chapter 2
Methods

2.1 Platelet Rich Plasma Protocol
Blood Collection
Whole blood was collected by venipuncture via an 18-gauge IV catheter into 10 mL
vacutainer tubes containing 18 mg of K2-EDTA (BD, Franklin Lakes, NJ). The first 2 mL of blood
collected was discarded, as it contains activated platelets. Blood was used within 30 minutes of
collection to minimize platelet activation and was stored at room temperature during that time. All
blood was collected from healthy adult volunteers who provided informed consent through a Penn
State IRB approved protocol.

Platelet Isolation
Platelet rich plasma (PRP) was separated from whole blood using a centrifuge (Eppendorf,
Hauppage, NY) at 1300 rpm for 20 minutes after verifying that this was the minimum speed
required to separate the blood without causing mechanical activation of platelets. 25 The
acceleration and deceleration were both turned off to minimize agitation of the platelets. PRP was
separated using an automatic pipette, and the remaining blood components were centrifuged at
3600 rpm for an additional 20 minutes to separate platelet poor plasma (PPP) from the packed red
blood cells and white blood cell buffy coat. The platelet concentration was calculated using a
hemocytometer (Figure 8) and adjusted to 1 x 106 cells/100L using PPP. For measurement with
the hemocytometer, PRP is diluted by a 1:20 ratio with PBS. Five squares with cross sectional area
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of 0.04

mm2

and depth of 0.1 mm are counted and summed. The concentration of platelets can

then be calculated with Equation 1. A minimum of 300 L of whole blood was needed to produce
one sample for flow cytometry.
(Eq. 1)

(𝑁 𝑝𝑙𝑎𝑡𝑒𝑙𝑒𝑡𝑠) ∗

𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
𝑣𝑜𝑙𝑢𝑚𝑒
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= 𝑁 ∗ 0.04∗0.1∗5 = 𝑁 ∗ 1000

𝑝𝑙𝑎𝑡𝑒𝑙𝑒𝑡𝑠
𝑚𝑚3

= 𝑁 ∗ 106

𝑝𝑙𝑎𝑡𝑒𝑙𝑒𝑡𝑠
𝑚𝐿

Figure 8. A hemocytometer used to determine platelet count. Platelets are counted in
each of the five red squares and then summed to obtain cell count.

Fluorophore-conjugated Antibodies
Fluorescently conjugated monoclonal antibodies were used for direct immunofluorescence
staining of the platelets, as seen in Figure 9. Platelets in PRP were fluorescently tagged using a
CD41-specific, FITC-conjugated monoclonal antibody (BD Biosciences, San Jose, CA) and a
CD62P-specific, PE-conjugated monoclonal antibody (BD Biosciences, San Jose, CA). The CD41
antibody acted as an activation-independent marker of platelets, while the CD62P antibody
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targeted activated platelets only. Twenty L of each antibody was incubated with 100 L of PRP
at room temperature in the dark for 20 minutes. The conjugation reaction was then stopped by the
addition of 1 mL of 1% paraformaldehyde (SigmaAldrich, St. Louis, MO).26 Samples were
analyzed immediately using the 488 nm blue laser on a Guava easyCyte Single Sample flow
cytometer (MilliporeSigma, Burlington, MA).

Figure 9. Schematic of a labeled platelet tagged with a FITC and PE conjugated
antibody.27
Data Collection and Analysis
Size and fluorescence acquisition thresholds were set using an unstained control sample of
PRP, and 5,000 events were counted from each sample. As each sample event passes through the
blue excitation laser, optical filters and fluorescent detectors receive the emitted light. The light
passing directly through the sample is received by the FSC, or forward scatter detector, which
detects the size of each object. The light that is emitted perpendicularly is received by the SSC, or
side scatter detector, which detects the granularity of each object. FSC and SSC are useful for
differentiating between different cells in a sample, such as the components of blood. Various other
filters split the emitted light by wavelength to be detected by photomultiplying tubes, or PMTs.
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The PMTs therefore can detect whether or not a particle is stained with a fluorophore based on the
wavelength of light emitted. The signal is then processed and transferred to the receiving computer
system (Figure 10). The raw flow cytometry data was analyzed using FlowJo software (FlowJo,
LLC, Ashford, OR).
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Figure 10. A typical flow cytometry system. The light source passes through each
particle and the emitted light is received by forward scatter (FSC), side scatter (SSC), and
photomultiplying tube detectors (PMT). 28
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The PMT voltages for FL1 (FITC) and FL2 (PE) were adjusted using an unstained sample,
and the data was compensated using single-stained control cells. This was done to prevent false
positives caused by the overlap between the FITC and PE emission spectra (Figure 11) Since the
flow cytometer used is a single-laser system, there are some cells which may appear to be stained
with both PE and FITC, creating false positives. .

Figure 11. Spectral overlap between FITC and PE emission spectra.

Events were gated first by size using a logarithmic scatter plot (Fig 12a) of forward scatter
(FSC) and side scatter (SSC) data in order to exclude any recorded events too small or too large to
be platelets, such as small platelet aggregates, cell fragments, and debris. Using data from control
samples stained with only one of the two fluorophores, the F1 (FITC) and F2 (PE) PMT voltages
were adjusted and thresholds were determined (Fig 12b). These thresholds were used to determine
the fluorescence positivity of each event.
To determine the percentage of platelet activation, a logarithmic scatter plot of F1 and F2
was gated into four quadrants using the PMT thresholds previously determined (Fig 12c). Events
that were negative for FITC were not counted as platelets. The percentage of events located in the
upper right quadrant was determined to be the percentage of activated platelets in the blood.
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Figure 12. A) Size gating using FSC and SSC, B) PMT threshold determination using
fluorescence and forward scatter, and C) determination of platelet activation percentage.26,29,30

2.2 Whole Blood Protocol
Flow cytometry can also be used to determine platelet activation levels in whole blood
samples. This protocol, provided by BD, was explored as an alternative to the PRP protocol that
was developed. This protocol uses many of the same methods and materials such as the antibodies
and cytometry, but the elimination of PRP preparation allows for much more time-efficient
analysis of platelets. Additionally, this methodology is used by the researchers at Hershey Medical
Center.26 This ensures that for future LVAD patient sample analyses, results will be comparable
to those obtained at Hershey Medical Center.
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Blood Collection, Activation, and Fixation
Blood was collected from healthy adult volunteers who provided consent through a Penn
State IRB approved protocol. Blood was collected via venipuncture with a 21 gauge needle into a
6 mL tube containing anticoagulant citrate dextrose (ACD). The first 2 mL of blood collected were
discarded, as this contained activated platelets. The blood was analyzed within 15 minutes of blood
collection. If immediate analysis was not possible, the blood was fixed and analyzed within five
days.
To provide a positive control, 0.45 mL of whole blood was stimulated using a solution of
ADP (Bio/Data, Inc, Philadelphia, PA). Immediately after blood collection, 0.45 mL whole blood
was added to 50 L of ADP solution and incubated at room temperature for 2 minutes. The blood
was either stained or fixed immediately afterwards.
For fixation, 100 L of whole blood was added to 1 mL of cold (4C) 1% paraformaldehyde
solution and fixed for two hours. The fixed blood was then centrifuged at 1200 x G for 5 minutes
at 25 C and the supernatant was discarded. The cells were washed with 1 mL of wash buffer
(0.1% sodium azide in phosphate-buffered saline). After resuspending the cells by vortexing, the
sample was centrifuged again at 1200 x G for 5 minutes. The supernatant was discarded and the
cells were resuspended in 1 mL of staining medium (0.1% sodium azide and 2% fetal bovine serum
in PBS).

Immunofluorescence Staining
Fluorophore-conjugated antibodies were used to target markers of platelet activation. The
activation-independent antibody was a FITC-conjugated CD41 specific antibody (BD Biosciences,
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San Jose, CA), and the activation-dependent antibody was a PE-conjugated CD62P specific
antibody (BD Biosciences, San Jose, CA).
Isotype controls were used to eliminate false positives due to non-specific binding from
the flow cytometry results. These antibodies are of the same class and conjugate as the primary
antibodies used in the test, but they lack a specific target, so that any positive results of an isotype
control are due to non-specific binding.31 In this application, a FITC Mouse IgG3 antibody control
and a PE Mouse IgG1 antibody control were used (BD Biosciences, San Jose, CA). Test samples
were prepared according to the following table within 15 minutes of blood collection.

Table 1. Sample Preparation Guide
Component

Sample #
1

2

3

4

5

6

Whole Blood

5 L

5 L

5 L

5 L

5 L

5 L

FITC Isotype
Control

-

20 L

-

-

-

-

PE Isotype
Control

-

-

20 L

-

-

-

FITC-conjugated
CD41 antibody

-

-

-

20 L

-

20 L

PE-conjugated
CD62P antibody

-

-

-

-

20 L

20 L

Samples were prepared with both unstimulated and activated whole blood. If using fixed
cells, the 5 L whole blood was replaced with 45 L of fixed blood suspension. Samples were
incubated for 15 minutes in the dark at room temperature after preparation and then 1 mL of cold
1% PFA solution was added. Samples were then analyzed immediately.
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Data Collection and Analysis
Samples were again analyzed on a Guava easyCyte Single Sample flow cytometer
(MilliporeSigma, Burlington, MA). The unstained control (Sample 1) was used to adjust the
fluorescence acquisition thresholds. Using the FloJo software, the isotype control antibodies
(Samples 2 and 3) were used as controls to subtract background data, and the single stained
antibody controls (Samples 4 and 5) were used to create a compensation matrix as seen in Figure
13. The double stained sample (Sample 6) was used to obtain a platelet activation value.

Figure 13. Compensation histograms created using A) the FITC single stained antibody
and B) the PE single stained antibody. Regions are defined for regions that are both positive and
negative for the fluorophores.
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Chapter 3
Results and Discussion
In developing a flow cytometry protocol to determine platelet activation levels, several
factors had to be considered due to the sensitive nature of platelets and the variability of flow
cytometry. Platelet rich plasma was chosen as the medium for testing because unlike whole
blood, PRP does not contain large red and white blood cells that can dominate a flow
cytometer’s readings. With PRP, there is no need to use size or fluorescence gating to isolate the
2-3 micron platelets from the larger blood components, and therefore the data gathered was less
likely to be contaminated with non-platelet blood components. The preparation of PRP presented
an immediate difficulty, as it involves the centrifugation of whole blood, which can activate
platelets mechanically by shear force. This could be avoided by fixing the cells before
centrifugation, but because fixation is reported to decrease P-Selectin expression on platelets, it
was not done.24

3.1 Effects of Centrifugation
When preparing platelet rich plasma for the PRP protocol, it was important to determine
the effects of centrifugation speed on the activation of platelets. In order to test this, samples of
PRP were prepared using centrifugation speeds ranging from 1300 rpm to 2900 rpm. 1300 rpm
was chosen as the minimum because this speed has been reported to be the maximum speed at
which blood can be spun without activating platelets. 25 A maximum of 2900 rpm was chosen
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because this speed guaranteed maximum activation of platelets. The centrifugation speed for the
preparation of PPP was kept constant at 3600 rpm for all samples. These results were analyzed
without compensation controls, and as a result, the apparent activation level is significantly
increased. The results are seen in Figures 14 and 15 and in Table 2.

Table 2. Platelet Activation at Different Centrifugation Speeds
Sample 1

Sample 2

Average

1300 RPM

68.4 %

67.9 %

68.15 %

1700 RPM

69 %

70.4 %

69.7 %

2100 RPM

70 %

73.5 %

71.75 %

2500 RPM

70 %

74.8 %

72.4 %

2900 RPM

72 %

75.7 %

73.85 %
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Figure 14. Sample 1 flow cytometry results of platelet rich plasma centrifuged at A)
1300 rpm, B) 1700 rpm, C) 2100 rpm, D) 2500 rpm, and E) 2900 rpm
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Figure 15. Sample 2 flow cytometry results of platelet rich plasma centrifuged at A)
1300 rpm, B) 1700 rpm, C) 2100 rpm, D) 2500 rpm, and E) 2900 rpm
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In analyzing the effects of centrifugation on platelet activation, it was seen that there was
an increase in platelet activation with an increase in centrifugation speed (Table 2). There was a
5.7% increase in platelet activation levels between 1300 rpm and 2900 rpm, indicating that
centrifugation does in fact play a role in activation. The standard PRP preparation protocol used
in the Artificial Heart Lab at Penn State dictates that a speed of 1800 rpm be used for PRP prep,
but for the platelet activation protocol, a speed of 1300 rpm with 0 brake and 0 acceleration was
used, as these results indicated that this would decrease mechanical activation. It must be noted
that activation levels of 68-73% are not physiologically normal, and that the results were obtained
without compensation of the data.

3.2 Effects of Compensation
FloJo, the flow cytometry analysis software, can be utilized to apply compensation to data
when there is background fluorescence and overlap between two fluorophores’ emission spectra.
Samples stained with a single antibody individually were used to identify where there was overlap
between the FITC and PE spectra, and therefore, provide compensation for the data.
Uncompensated and compensated results of unstimulated PRP are seen in Figures 16 and 17 and
in Table 3.
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Figure 16. Uncompensated results of unstimulated PRP (samples 1-3).
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Figure 17. Compensated results of unstimulated PRP (samples 1-3)
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Table 3. Apparent Platelet Activation of Compensated and Uncompensated Data
% Apparent Platelet Activation
Sample 1

Sample 2

Sample 3

AVERAGE

Uncompensated results

81.2%

78.9%

82.1%

80.7%

Compensated results

17.6%

38%

33.2%

29.6%

When single-stained control samples were used to set the compensation matrix, apparent
platelet activation values decreased significantly, from an average of 80.7% to an average of
29.6%. This data proved the importance of creating an appropriate compensation matrix before
obtaining platelet activation data, as without it, approximately 50% of the platelets in the sample
registered falsely as positive for activation markers. Regardless, an average activation level of
29.6% is still much higher than the physiological resting average of around 10%.
The whole blood protocol offered many benefits over the platelet rich plasma protocol.
Firstly, it negated the issues brought about by centrifugation, as the samples can be analyzed
immediately after collection without incurring any further unnecessary agitation. The whole blood
protocol is time and cost effective, and can also be utilized when analysis is not easily possible via
the option of cell fixation. This aspect will be valuable for future projects in which the Artificial
Heart Lab at Penn State analyzes samples collected from patients at the Hershey Medical Center,
as these samples will need to be fixed prior to transport.
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3.3 EDTA vs. ACD anticoagulant
The whole blood protocol that was provided by BD Biosciences and used by the Penn State
Hershey Medical Center requires vacutainer tubes containing ACD rather than EDTA. The
anticoagulant used must prevent blood coagulation and platelet activation, but also should not
inhibit antibody binding in any way. Blood was collected into both tubes, and the whole blood
protocol was performed on each sample. The results of sample 1 comparing the two anticoagulants
can be seen in Figures 18 and 19 and in Table 4. The remaining samples’ results can be found in
Appendix A.
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Figure 18. Results from Sample 1 whole blood drawn into EDTA tubes. A) Fluorescence
gating by CD41 FITC antibody and side scatter to identify platelet population. B) FITC IgG
isotype control for quadrant gating. C) ADP activated platelets. D) unstimulated platelets.
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Figure 19. Results from Sample 1 whole blood drawn into ACD tubes. A) Size gating
with forward and side scatter. B) FITC IgG isotype control for quadrant gating. C) ADP
activated platelets. D) Unstimulated platelets.
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Table 4. Platelet Activation in stimulated and unstimulated whole blood
Unstimulated

ADP-stimulated

ACD

EDTA

Increase in
activation

sample 1

19.1 %

30.7 %

11.6 %

58.2 %

49 %

sample 2

16.3 %

46 %

29.7 %

48.6 %

-----

sample 3

31.5 %

44.4 %

12.9 %

60 %

-----

sample 4

14.2 %

30.1 %

15.9 %

50.8 %

47.8 %

AVERAGE

ACD

EDTA

17.525 %

Anticoagulant citrate dextrose (ACD) vacutainer collection tubes yielded better flow
cytometry results than the EDTA vacutainer tubes that were used for the platelet rich plasma
protocol. When ACD was used, the platelet activation level of unstimulated platelets was an
average of 17.5% less activated than the unstimulated platelets drawn into EDTA tubes, indicating
that EDTA may cause chemical activation of platelets and is not suitable for this protocol. In
activated platelets, there was less of a noticeable trend, and no conclusions can be drawn due to
the loss of Sample 2 and Sample 3 EDTA platelets.
Flow cytometry analysis of whole blood is expected to yield three distinct populations
when viewed on a forward scatter vs. side scatter size gating plot: one population for red and white
blood cells, one for platelets, and a third for debris. As seen in Figure 19a, which shows the forward
scatter vs. side scatter plot of ACD platelets, only one population was visible. This raised concerns
because it was possible that the flow cytometer used was not sensitive enough to register platelets
through larger blood components. However, the platelet population was still able to be isolated
using fluorescence gating, as seen in Figure 18a. For future works, it would be beneficial to test a
different, more sensitive flow cytometer to determine if gating a platelet population by size would
be possible.

37

3.4 Fixed vs. Unfixed cells
A challenge that researchers often face when working with blood is the sensitivity of blood
components once the sample has been drawn. For the most accurate platelet activation results,
whole blood should be analyzed within fifteen minutes of collection. Otherwise, separation,
stagnation, and exposure can cause chemical activation of platelets. To overcome this challenge,
a protocol was tested which fixed whole blood within fifteen minutes of collection using a solution
of 1% paraformaldehyde. The fixed cells were tested within five days, and the results were
compared to those obtained on the same day of collection. ADP-activated platelets and
unstimulated platelets were fixed. Figure 20 shows the results of unfixed blood sample 1 that were
analyzed the same day as collection. Figure 21 shows the results gathered from the sample 1 fixed
cells that were analyzed five days later. The scatter plots showing the fixed and unfixed results
from samples 2-4 can be found in Appendix A. The change in activation between the fixed and
unfixed samples 1-4 are tabulated in Table 5. Figure 22 shows overlapping histograms comparing
the P-Selectin positivity between fixed and unfixed ADP-activated cells.
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Figure 20. Results from Sample 1 unfixed whole blood. A) Fluorescence gating by CD41
FITC antibody and side scatter to identify platelet population. B) Removing the spectral overlap
that was not removed by compensation. C) FITC IgG isotype control for quadrant gating. D)
ADP activated platelets. E) unstimulated platelets.

39

Figure 21. Results from Sample 1 fixed whole blood. A) Fluorescence gating by CD41
FITC antibody and side scatter to identify platelet population. B) FITC IgG isotype control for
quadrant gating. C) ADP activated platelets. D) unstimulated platelets.
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Table 5. Change in platelet activation as a result of fixation. The significant results are
highlighted in yellow.
Unstimulated

ADP-stimulated

UNFIXED

FIXED

UNFIXED

FIXED

sample 1

34.3 %

4.67 %

54.9 %

54.7 %

sample 2

21.6 %

20.7 %

52.6 %

27.6%

sample 3

19.6 %

15.7 %

51.8 %

29.5%

sample 4

19.2 %

19.7 %

39.6 %

28.2 %

Figure 22. Histograms comparing the P-Selectin positivity of ADP-stimulated fixed
(blue) and unfixed (red) whole blood; A) Sample 1, B) Sample 2, C) Sample 3, D) Sample 4
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In Figure 20B, which shows a single stained FITC platelet sample, there is a portion of the
scatter plot which looks linear. This occurs when there is overlap in the emission spectra of two
fluorophores, and objects register equally positive for both. Normally, this issue is eliminated by
the inclusion of single-stained compensation controls. However, Figure 20B shows that in this
unfixed, unstimulated sample, the compensation was not entirely successful. A population was
created to exclude the events in the linear section, so that they would not affect the results.
However, Figure 20E and Table 5 show that in the unstimulated and unfixed sample, 34.3% of
platelets were activated. This value is significantly higher than that of the fixed, unstimulated
sample, which was 4.67% activated. An abnormally high result from an unstimulated sample
indicates that there was human error in the handling of the sample and that either by contamination
or mechanical stress, platelets were activated. Sample 1 should therefore be treated as an outlier.
In comparing the activated platelets of the unfixed and fixed samples, there was a
significant decrease in P-Selectin positivity when the cells were fixed (excluding sample 1). The
highlighted results in Table 5 show that when ADP-activated cells are fixed with PFA, their
activation levels cannot be accurately determined with this protocol. This supports the reported
findings that P-Selectin binding is decreased on PFA fixed cells, regardless of activation level.26
The change in P-Selectin binding can be more clearly seen in Figure 22, where the blue peaks
(fixed cells) are consistently lower in fluorescence than the red peak (unfixed cells). The intensity
of the fluorescence is consistent between fixed and unfixed cells, but the number of cells displaying
this fluorescence, or height of the peaks, is significantly decreased. These results confirm that cell
fixation is not plausible. This protocol therefore cannot be conducted on samples that must travel
long distances, or samples that cannot be analyzed immediately.
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Chapter 4
Conclusions and Future Works

4.1 Conclusions
There are many reported protocols for the use of flow cytometry in a platelet activation
assay. The protocols differ in the way that the blood samples are collected and prepared, in their
antibodies and targets, and in the way that the data is analyzed. In comparing methodologies from
various protocols to optimize the process, this research highlights the importance of every
experimental factor in the accuracy of the results. The effects of centrifugation, fixation, and
anticoagulant on platelet activation are crucial not only for this protocol, but for any future studies
that work with blood and thrombosis. Understanding the behavior of platelets under different
experimental conditions allows future researchers to reduce thrombosis formation by minimizing
platelet activation.
Whole blood is better suited for platelet activation studies than PRP because it reduces
preparation time and eliminates the need for centrifugation. The whole blood protocol that uses
ACD collection tubes and analyzes fresh blood within fifteen minutes of collection is ideal. The
data presented must be supplemented in order to fully validate the conclusions drawn about the
protocol, and there are several other experimental factors that should be examined. For example,
the concentration of antibody and length of incubation time may have an effect on the results.
Additionally, the protocol should be tested on another flow cytometer to ensure that the sensitivity
of the machine does not impact the accuracy of the results. The research presented here represents
the first steps to optimizing a platelet activation protocol that can be used for a variety of
applications. The process of developing the protocol also provides a model for the optimization of
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any protocol involving bloodwork by showing the importance of isolating and testing every
experimental factor individually to obtain the most reliable results.

4.2 Future Works
One of the applications of this platelet activation protocol is the immediate assessment of
blood damage during in vitro flow loop experiments. When developing a cardiac assist device,
research must be done on the effects of the device mechanisms on blood chemistry. Platelet
activation is one of many important indicators of blood damage, and the ability to track how
platelet activation changes as blood is exposed to a cardiac device is crucial for improving the
device geometry. Because this protocol allows immediate analysis, samples could be drawn from
the flow loop at various time points to give an instantaneous reading of the platelet activation at
that time.
Many patients at the Hershey Medical Center are already being treated with devices such
as LVADs. Because of the common complications that can occur with LVADs and thrombus
formation, it is vital that physicians are able to monitor the blood damage caused by the device.
By better understanding the behavior of platelets and their sensitivity to different geometries,
clinicians and researchers are able to better treat and care for these patients. This protocol allows
for more collaboration between the Artificial Heart Lab and the Hershey Medical Center, and
provides a useful tool for the assessment of blood damage in in vitro studies.
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Appendix A
Flow Cytometry Data
Samples 2-4 of whole blood drawn into ACD and EDTA tubes are shown in Figures 2328. This data corresponds to Table 4, which compares ADP-stimulated and unstimulated platelets
drawn into both types of tubes.
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Figure 23. Results from Sample 2 whole blood drawn into ACD tubes. A) Fluorescence
gating by CD41 FITC antibody and side scatter to identify platelet population. B) FITC IgG
isotype control for quadrant gating. C) ADP activated platelets. D) unstimulated platelets.
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Figure 24. Results from Sample 3 whole blood drawn into ACD tubes. A) Fluorescence
gating by CD41 FITC antibody and side scatter to identify platelet population. B) FITC IgG
isotype control for quadrant gating. C) ADP activated platelets. D) unstimulated platelets.
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Figure 25. Results from Sample 4 whole blood drawn into ACD tubes. A) Fluorescence
gating by CD41 FITC antibody and side scatter to identify platelet population. B) FITC IgG
isotype control for quadrant gating. C) ADP activated platelets. D) unstimulated platelets.
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Figure 26. Results from Sample 2 whole blood drawn into EDTA tubes. Unstimulated
platelets. The ADP-activated sample was unable to be analyzed.

Figure 27. Results from Sample 3 whole blood drawn into EDTA tubes. Unstimulated
platelets. The ADP-activated sample was unable to be analyzed.
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Figure 28. Results from Sample 4 whole blood drawn into EDTA tubes. A) Fluorescence
gating by CD41 FITC antibody and side scatter to identify platelet population. B) FITC IgG
isotype control for quadrant gating. C) ADP activated platelets. D) unstimulated platelets.
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The results seen in Figures 29-31 represent Samples 2-4 comparing unfixed cells with
fixed cells. The tabulated data from these figures is located in Table 5.

Figure 29. Sample 2 double stained cells A) FIXED, unstimulated whole blood, B)
FIXED, ADP-activated whole blood C) UNFIXED, unstimulated whole blood, D) UNFIXED,
ADP-activated whole blood
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Figure 30. Sample 3 double stained cells A) FIXED, unstimulated whole blood, B)
FIXED, ADP-activated whole blood C) UNFIXED, unstimulated whole blood, D) UNFIXED,
ADP-activated whole blood
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Figure 31. Sample 4 double stained cells A) FIXED, unstimulated whole blood, B)
FIXED, ADP-activated whole blood C) UNFIXED, unstimulated whole blood, D) UNFIXED,
ADP-activated whole blood
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