Quantitative Analysis of Platelet Aggregation Geometry under Different Shear Conditions
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Short Abstract: (50 words maximum)
A method to analyze the shear rate dependence of platelet aggregation and three-dimensional thrombus geometries is presented. Investigation of three‐dimensional geometry of platelet aggregations sheds a new light on the mechanisms of the cessation of platelet aggregation and provides a physiological platelet aggregation model for numerical studies.


Long Abstract: (150 words minimum, 400 words maximum)
The central function of platelets is to arrest bleeding at the site of vascular injury by adhering to the vessel wall and forming a platelet aggregation. However, platelet adhesion and excessive platelet aggregation also play a role in arterial diseases leading to heart attacks and stroke1-4. The biochemistry of platelet function has been extensively studied and myriad mechanisms have been shown to contribute to the adhesion and aggregation of platelets leading to thrombus formation2,5. Adhesion of platelets to the vessel wall is initiated when the endothelial cells are damaged or platelets are exposed to thrombogenic elements in the subendothelial matrix. It has been known for some time that hemodynamics also plays a critical role in platelet aggregation6,7. Hemodynamic forces in the vasculature are dominated by shearing stresses. These shearing stresses have previously been characterised by the upstream wall shear rate calculated by assuming a laminar Poiseuille flow.
However, the shear rate experienced by a platelet is not governed purely by the upstream wall shear rate but also by the local shear rate, found around a platelet aggregation. Recently it was found that changes in upstream shear rate lead to systematic changes in platelet aggregation geometries leading to significant variation in the shear experienced by individual platelets travelling over a thrombus8. Specifically, when the local shear rate on the surface of a platelet aggregation was simulated numerically it was found to vary between zero and up to eight times upstream wall shear rate8. It was also found that the platelet aggregation depends on the time history of the shear rate experienced by an individual platelet9. At high upstream shear rates, platelets preferentially adhere in low-shear zones found near the downstream surface of a platelet aggregation. Platelets adhering in these locations experience a peak shear rate, followed a short time later by low shear rate. The dependence on time varying local shear rate has important implications for understanding how a platelet aggregation grows and also under what conditions platelet aggregation ceases. 
In this paper we present a robust method for measurement of the shear rate dependence of platelet aggregations. This method is based on the preparation of platelet aggregations under various controlled conditions and fixing the aggregations for subsequent measurements and analysis. The method is easy to use, does not require the use of a confocal microscope for scanning the fixed platelet aggregations and provides for the statistical analysis of thrombus geometries.




Protocol Text: 
1) Micro-channel preparation 
1.1) Cleaned glass micro-channels with cross section 2 mm × 0.2 mm (width × height) and length 100 mm are treated with Sigmacote (Sigma-Aldrich, St. Louis, MO, USA) to create a hydrophobic surface for protein absorption.

1.2) The treatment includes: immersing the micro-channels in undiluted Sigmacoat, allowing the treated micro-channels to air dry in a hood (no heating is required), and rinsing the micro-channels with water to remove the Hydrocholoric acid (HCl) by-products before use.

1.3) Bovine type-I collagen is diluted to 700 g/ml in 50 mM Acetic acid.

1.4) Diluted collagen is drawn into the treated micro-channels and allow to incubate at room temperature for 150 min to form a fibrilised collagen matrix on the glass surface.

1.5) All patterned collagen micro-channels are used within 24 hours of draining the collagen solution.


2) Fixed thrombus preparation
2.1) Fixed thrombi are prepared inside the treated and coated micro-channels.
2.2) Whole blood, obtained from healthy human donors and anticoagulated with PPACK
(Phenylalanyl-Prolyl-Arginine Chloromethyl Ketone), 40 mM final concentration, is perfused through the coated micro-channel.

2.3) Blood is taken from healthy donor with pH 7.35-7.45 and maintained at 37C using a waterbath. During the experiments the blood is exposed to room temperature (approx. 20C) for less than 12 minutes. The short experimental time would cause only minor changes in blood temperature and pH. The experiments are completed within 2 hours of the blood donation.

2.4) A Harvard syringe pump is used to investigate the effect of steady upstream flow on platelet aggregation.  Blood was perfused at a controlled flow rate to enable interaction of platelets with the coated matrix.

2.5) The flow rate is defined by the theoretical upstream wall shear rate (Pw) which is the wall shear rate calculated assuming a laminar Poiseuille channel flow inside a rectangular micro-channel. The shear rate is the estimated shear rate at the channel wall without flow modification due to the presence of platelet aggregations. Upstream shear rates between 1200 s-1 and 1800 s-1 were used.

2.6) At a given upstream shear rate the collagen matrix is exposed to blood flow for 10 minutes to prepare mature thrombi. Mature thrombus is defined as a thrombus where platelet aggregation has ceased and the geometry of the thrombus is constant.

2.7) Once the specified run time for the pump is achieved, blood flow is stopped and the platelet aggregations are fixed using paraformaldehyde solution.



3) Steady flow loop
3.1) To achieve steady flow inside the micro-channel the fluid is pumped through the micro-channel using the PHD 22/2000 programmable syringe pump (Harvard Apparatus, MA, USA).

3.2) However, when a flow probe (TS410 transit-time tubing flow meter with a 1PXN flow probe, Transonic Systems Inc., NY, USA) was installed within the flow-loop, the nominally constant flow from the pump was found to be highly pulsatile. The flow pulsatility is a direct function of the rotational velocity of the pump screw mechanism and the frequency and amplitude is a function of both the flow rate and the syringe diameter.

3.3) To obtain repeatable steady flow in the micro channels a long inflow length (690 mm) of large-diameter tubing (tygon tube, ID 0.25”) followed by a shorter section (70 mm) of smaller diameter tubing (silicon tube, ID 0.063”) is placed between the pump and the micro channel to damp oscillations.



4) Platelet aggregation geometry measurement 
4.1) The geometry of the fixed thrombi is measured using an in-house high spatial resolution bright field scanning microscopy technique. The method uses a relatively cheap brightfield upright microscope (DM IL, Leica Microsystems) combined with image post processing. While the imaging system does not provide the highly defined z-stacks of confocal fluorescence microscopy it does affordably provide adequate resolution of the thrombus geometry.

4.2) The glass micro-channel with fixed platelet aggregations is placed horizontally on a microscope equipped with a 0.1 μm resolution vertical stage. The stage is pre-calibrated and certified to have a precision of 0.1 m. The stage accuracy was thoroughly tested utilising the method described in Fouras et. al.10. 

4.3) The focal plane is kept fixed and the sample traversed allowing scanning of the complete aggregation geometry through the measurement plane.

4.4) Images are recorded through a 2.5 adapter to allow full utilization of the camera sensor (MotionPro X3, Redlake Inc., USA). The whole micro-channel is mapped at low resolution (5 dry objective, NA 0.15) to estimate platelet aggregation location inside the micro-channel.

4.5) Selected platelet aggregations (not immediately adjacent to the micro-channel wall) are imaged at high resolution (40 dry objective, NA 0.5) with a vertical scanning step of 1 μm to produce a stack of images for three-dimensional reconstruction.

4.6) The images are analysed using an edge detection algorithm to identify the edge of the platelet aggregations in each z-plane allowing the combination to form complete platelet aggregation surface. 

4.7) A number of geometric parameters were developed to characterise the platelet aggregation geometries. 

4.7.1) The platelet aggregation centroid height, zc, is defined as the weighted-average location of all mass points within the platelet aggregation, allows us to investigate the effect of upstream shear rate on platelet aggregation height: 

4.7.2) The in-plane centroid (xc, yc) is the location of the centroid at a given z level and allows us to identify how the shape of the platelet aggregations varies with height:   and 

4.8) An average platelet aggregation geometry is developed, to study the evolution of platelet aggregation geometry. Each platelet aggregation is analysed at n = 100 equi-spaced z levels using a least squares method to fit an ellipse to the cross-sectional profile.

4.9) To compare the averaged profile of the platelet aggregations, the major and minor axes of the fitted ellipse at each z level are averaged across all z levels yielding aave and bave, respectively. In all cases the major and minor axes are found to be parallel and perpendicular to the upstream flow, respectively. Then, the major and minor axes are normalised with the maximum platelet aggregation height (hmax):  and 

4.10) To allow comparison between platelet aggregations a normalised in-plane centroid is developed which compares the location of the in-plane centroid at each z level with the position of the in-plane centroid at the platelet aggregation base (z = 0.0). The displacement is then normalized by the major or minor axes of an ellipse fitted to the base level of the platelet aggregations:  and 



Representative Results: 
The experiments were performed using a 50 ml glass syringe in the Harvard programmable syringe pump, an apparently well-established flow generation method. However, when a flow probe was installed 50 mm from the syringe pump, the nominally constant flow from the pump was found to be highly pulsatile, as shown in Figure 1. Whilst changing the syringe diameter and flow rate had an effect on the magnitude of the flow pulsatility, as did changing the flow direction from pushing to pulling, with only a short length of tubing (100 mm ID 0.063”) significant flow pulsatility was always present. To obtain repeatable steady flow in the micro channels a long inflow length (690 mm) of larger-diameter tubing (tygon tube, ID 0.25”) followed by a shorter section (70 mm) of smaller-diameter tubing (silicon tube, ID 0.063”) was placed between the pump and the micro channel to damp out oscillations. As shown in Figure 1 flow measurements both upstream and downstream of the micro channel demonstrate constant flow.

An example of a whole map of the micro-channel is shown in figure 2(a). The whole map is used to estimate thrombus locations inside the micro-channel. A sample high-resolution thrombus image slice is shown in figure 2(b) and selected three dimensional reconstructed thrombus geometries in figure 2(d & e). To develop an average thrombus geometry, each thrombus was analysed at 100 z levels using a least squares method to fit an ellipse to the cross-sectional profile. A typical fitted ellipse at one z plane is shown in figure 2(c) for the selected thrombus.

As an example of the thrombus geometry analysis and application of the edge-detecting method, thrombi were grown at three different upstream shear rates (1200 s-1, 1600 s-1 and 1800 s-1) using a long blood flow exposure times (10 min) allowing the effect of shear rate on the geometry of mature thrombi to be studied. The correlation between mature thrombus height, represented by the average centroid height, zc (section 4.7.1), and the upstream shear rate is shown in figure 3. As the upstream shear rate increases from 1200 s-1 to 1800 s-1, there is an approximately linear increase in mature thrombus height. If the linear trend is assumed to persist at lower shear rates, then the minimum required upstream shear rate for platelet aggregation can be inferred to be approximately 140 s-1 (137.1430.085 s-1). However, further investigations are required to determine precisely this threshold. 
To further investigate the effect of upstream shear rate on platelet aggregation shapes, averaged mature thrombus geometries at each shear rate were developed using an elliptical fitting method (section 4.8 and 4.9). While the average thrombus geometries do not physically model individual platelet aggregations, they show very clearly changes between data sets: in this case as upstream shear rate is varied. The three-dimensional profiles for the average thrombus geometry at each shear rate are illustrated in figure 4. At an upstream shear rate of 1200 s-1 the average  thrombus geometry is essentially symmetrical. However, as the upstream shear rate increases further the average thrombus geometry becomes increasingly nonsymmetrical in the stream-wise direction and the thrombus apex moves upstream.
At an upstream shear rate of 1200 s-1 the cross-sectional area is approximately constant and centred about the base centroid up to 40% of the maximum height. Above this height the average thrombus is pyramid like with a rapid decrease in cross-section and only a very slight upstream movement in the in-plane position of the centroid (section 4.7.2). The average geometries at 1600 s-1 and 1800 s-1 are quite different: moving up through the thrombi there is a clear movement of the in-plane centroid (section 4.7.2) upstream and the upstream bias is greater at the higher shear rate. This causes the front or upstream surface of the thrombi to be relatively steep while downstream of the thrombi apex the surface height decreases more gradually. At all shear rates the average thrombus geometry is approximately symmetrical with respect to its x-axis.


[bookmark: _GoBack]Tables and Figures:  
Figure 1: Flow rate profiles immediately downstream of the micro-channel. The dashed line shows an unacceptably pulsatile flow in the initial setup using only 100 mm of ID 0.063” inflow tubing. The solid grey line shows the flow profile for the final experimental setup using 690 mm of ID 0.25” tubing followed by 70 mm of ID 0.063” tubing to damping the pulses to an insignificant level.
Figure 2: Measurement of thrombus geometries using bright field scanning microscopy and image reconstruction. (a) The channel was first mapped at low resolution (5 dry objective) to determine the location of individual thrombi. (b) Individual thrombi were imaged at high resolution (40 dry objective) at vertical increments of 1 m (c & d). The image stacks were reconstructed into three-dimensional individual thrombi.
Figure 3: Average centroid height (zc) of mature thrombi (exposure time 10 min) as a function of upstream shear rate. Error bars represent student’s t test from 20, 31 and 34 independent thrombi (p=0.10) at Pw =1200, 1600, and 1800 s-1, respectively.
Figure 4: Average mature thrombus geometries at (a) Pw=1200 s-1, (b) Pw=1600 s-1 and (c) Pw=1800 s-1 calculated by least squares fitting of an ellipse at each z level, with z = 1 m.



Discussion: The bright field scanning method presented here is a unique method to investigate the effect of hemodynamic forces on platelet function and resulting thrombus geometries. Whilst upstream shear rate is clearly an important parameter in thrombus formation, it is a poor measure of the shear rate that a platelet experiences as it travels over, and adheres to, an existing platelet aggregation8. The method provides an opportunity to gain a comprehensive understanding of the effect of local shear rate on thrombus formation, not only on initiating of platelet aggregation but also cessation of the process8. The technique is easy and efficient. Preparation of the platelet aggregations inside the micro-channel takes less than half an hour; then the micro-channels can be stored for a long time, several months, to be analysed. 
An experimental limitation is that steady flow inside a glass rigid rectangular micro-channel is not able to exactly simulate blood flow inside vessels. To stimulate blood flow conditions more precisely, the thrombi can be prepared inside a circular micro-channel under pulsatile flow conditions. While a circular micro-channel is more similar to human blood vessel, there are some difficulties with imaging through a curved micro-channel. Vessel wall damage was modeled with collagen protein, which is the most relevant extracellular matrix protein for the shear range studies. Different collagens (Human and Bovine) with different preparations were examined to optimize thrombus growth inside the micro-channels. Thrombi were fixed prior to imaging, as this method is not able to scan the thrombus geometry in real time. However, this method is capable of identifying the thrombus geometry changes between the tested upstream shear conditions. In addition, the anti-coagulant used in the experiment provides fresh blood for approximately two hours. Two pumps/syringes were used simultaneously to increase experimental throughput. 
This method can be also applied to a wide range of applications including: study of the effect of a wider range of upstream shear rates, from low shear <1000 s-1 to high pathological shear >10000 s-1 on the platelet adhesion and aggregation process, examine the effect of using different coating proteins on platelet adhesion and aggregation, study of the effect of local shear rates on thrombi detachment, study of the effect of different platelet inhibitors on thrombus geometries, study of thrombus geometry at real time, provide experimentally derived geometries to numerically simulate the flow. 
An alternative method is to scan the fixed thrombi using confocal scanning microscopy. Although confocal microscopy provides high spatial resolution, it is very expensive relative to our bright field scanning method, which employs a common bright field microscope found in all biological labs. 
This is the first time that mapping of three-dimensional thrombus geometries has been described using readily-available and affordable technology. Development of geometrical parameters beyond thrombus volume6,11 to describe average thrombus geometry, allows us to gain better understanding where platelet adhesion around growing thrombus occurs. 
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Table of specific reagents and equipment:
	Name of the reagent
	Company
	Catalogue number
	Comments (optional)

	Sigmacote
	Sigma-Aldrich
	SL2
	

	Acetic acid
	Sigma-Aldrich
	695092
	50 mM

	Bovine type I collagen
	BD Biosciences
	354231
	700 g/ml in 50 mM Acetic acid

	PPACK
	Sapphire Bioscience
	BML-PI117-0005
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