
 
 

THESIS 

 

 

 

DESIGN AND FABRICATION OF A FLOW CHAMBER FOR THE STUDY OF 

CELL ADHESION AND HEMOCOMPATIBILTY IN DYNAMIC CONDITIONS 

 

 

 

 

Submitted by 

 

Kevin Migita 

 

The Graduate Degree Program in Bioengineering 
 

 

 

In partial fulfillment of the requirements 

 

For the Degree of Master of Science 

 

Colorado State University 

 

Fort Collins, Colorado 

 

Summer 2011 

 

 

Master’s Committee: 

 

 Advisor:  Ketul Popat 

 Co-Advisor:  Lakshmi Prasad Dasi 

 

 Ashok Prasad 

  



ii 
 

 

 

 

 

ABSTRACT 

 

 

 

DESIGN AND FABRICATION OF A FLOW CHAMBER FOR THE STUDY OF 

CELL ADHESION AND HEMOCOMPATIBILTY IN DYNAMIC CONDITIONS 

 

Cell adhesion is a well characterized condition of both biomaterial and tissue engineering 

research.  It plays a role in biocompatibility and the proliferation, differentiation and viability of 

seeded cells.  With respect to hemocompatibility, platelet adhesion and subsequent activation is a 

driving factor in the failure of blood contacting medical devices.  Platelets aggregates are vital 

components in the wound healing and foreign body responses and display various forms of 

adhesion based on blood flow.  However, the study of platelet adhesion on implantable tissue 

engineering scaffolds under dynamic conditions is very limited, particularly with directional flow.  

A flow chamber which incorporates a tissue engineering scaffold or functionalized 

biomaterial was designed and fabricated for investigation of flow patterns and cellular adhesion 

in response to dynamic conditions on these surfaces.  The device utilizes a combination of aspects 

from both tissue engineering bioreactors and microfluidics platforms to result in a flow chamber 

which provides the directional flow of a perfused flow bioreactor with the advantages of 

controlling chamber shape and real time monitoring presented by Polydimethylsiloxane 

microfluidics chambers. 

Results of fluid flow study in the chamber modeled for laminar and shear gradient 

simulated flow demonstrate the ability of the device to manipulate flow patterns.  Dynamic and 

static studies of platelet adhesion to poly-(ε-caprolactone) flat and electrospun nanofiber surfaces 
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utilizing the flow chamber provide insight into the hemocompatibility of tissue engineering 

scaffolds in a dynamic flow setting. 
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INTRODUCTION 

 

As the number of patients in need of tissue and organ repair continues to rise, a focus of the 

biomedical community has been the increasing development of porous, biodegradable, three 

dimensional scaffolds seeded with cells for the growth of new tissue.
1
    There is a growing need 

to understand and develop implantable medical devices and scaffolds that balance mechanical 

strength with biofactor delivery providing a sequential transition of cellular integration. 
2-4 

Threats 

of biomaterial rejection and foreign body reactions remain a problem eliciting the need for 

increased attention to material tissue interactions such as protein adsorption, cellular adhesion and 

inflammatory response. 

The biocompatibility of a number of biomaterials intended for tissue engineering scaffolds  have 

been studied with respect to their ability to promote cell adhesion and proliferation
5-7

, cell 

phenotypic behavior
8-9

, protein folding and interactions
11-12

 and the material biodegradability
12-14

 

and cytotoxic effects
15-16

.  In addition, modifying the surface of scaffold materials with bioactive 

surface coatings, facilitating the release of growth factors
17-18 

and micro- and nanoscale topologies 

has shown increases of cell adhesion, proliferation and phenotypic behavior.
19-21

 

Hemocompatibility is defined as the “ability of a material to perform with an appropriate host 

response in a specific application” and relates to the thrombotic response induced by an implanted 

material.  Implantable materials are non-toxic and often biocompatible, but occasionally stimulate 

foreign body responses. These reactions are directly correlated with cells in the blood presenting 

themselves in the form of inflammation, fibrosis capsule development and thrombosis following 

injury in vascular tissue.
22

 Thrombosis associated with implanted biomaterials is the result of 
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complex system of pathways and reactions.
23-25

 However, immediate responses to implanted 

materials include adsorption of plasma proteins to the material surface, coagulation reactions and 

platelet activation.  While tissue factor expression, complement activation and inflammatory cells 

such as leukocytes all play additional, important roles in thrombus formation
23

, preventing 

coagulation and the activation of platelets remain key focuses in testing the hemocompatibility of 

biomaterials.
26-30

 There are a very limited number of studies reporting the hemocompatibility of 

these scaffold materials particularly in dynamic settings comparable to conditions in the body. 

Microfluidic flow chambers are medical devices used to directly study the effects of fluid flow.  

They are based off capillaries often with lateral dimensions of 10-1000μm
31-32

 though the 

development of nanoscale channels have been described
33-34

 and are applied in medical analysis, 

microchemistry, environmental monitoring.  There is growing interest in the cultivation of cells, 

31,35-37
 and creation of tissue engineering scaffolds in micro fluid channels and formation of 

microfluidics networks in tissue engineering scaffolds
38-40

.   One of the most actively developed 

materials for the creation of microfluidic devices is polydimethylsiloxane (PDMS) this polymer is 

easily fabricated, has visual clarity and is nontoxic and biologically inert
41-43

.  Use of PDMS 

microfluidics for research of fluids and biological processes allow for the use of live imaging 

through a number of forms of microscopy and the advantage of smaller sample sizes.  A number 

of studies have documented the use of these microfluidics devices for the in vitro study of the 

properties of blood
44-45

.  However, due to the scale of these devices integration of biomaterials 

and scaffolds from sources external to the device are rarely documented. 

Bioreactors are generally defined as a device in which a biological or biochemical processes 

develop with reproducibility and control being the main advantages of such devices
46

.  

Application of bioreactors to tissue engineering commonly involves improving the in vitro culture 

of a three dimensional cell-scaffold.  Key processes in the ex vivo engineering of tissues which 

bioreactors assist include cell seeding of porous scaffolds, supply of nutrients and mechanical 
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stimulation of developing tissues
47-48

.  Testing biochemical processes related to tissue engineering 

such as cell adhesion, biodegradation and toxicity response in fluid flow qualify as valid 

bioreactor use.  However, typical tissue engineering approaches to bioreactors cater to extended 

studies of improving tissue culture methods
50-51

.   In addition bioreactors are often larger devices 

and lack the capacity to provide real time and detailed observation of flow and the samples 

without disrupting the experiment thus rely on kinetics and modeling to predict the patterns of 

flow and cell growth
46,52

. 

This work presents a detailed account of the design, fabrication and experimental validation of a 

device that incorporates a three dimensional tissue engineering scaffold or functionalized 

biomaterial for characterization and analysis of flow patterns and cell adhesion in response to 

dynamic conditions.  The device utilizes a combination of aspects from both tissue engineering 

bioreactors and microfluidics platforms to result in a flow chamber which provides the directional 

flow of a perfused flow bioreactor with the advantages of controlling chamber shape and real 

time monitoring presented by PDMS microfluidics chambers.   

 

The flow chamber validation is based on its ability to run flow patterns in accordance with 

chamber conformation and dynamic platelet adhesion studies.  Particle image velocimetry (PIV) 

is used to visualize the creation of homogeneous, laminar flow at a target area within the chamber 

and the creation of shear gradients and transitional flow.  The interior shape was modeled to 

achieve the desired flow pattern in each experiment.   Dynamic and static studies of platelet 

adhesion to poly-(ε-caprolactone) flat and electrospun nanofiber surfaces follow in detail and 

serve to expand on findings from the PIV, research hemocompatability of PCL nanoscale surfaces 

and as proof of concept for platelet adhesion and aggregation based on shear gradients.   

 

While validation of the chamber is based on the ability to create flow patterns and flow plasma 

across a surface modified biomaterial for tissue engineering application, the device is not limited 
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to the study of blood contacting materials.   The flexibility of this device is unique with adjustable 

operational and design variables which include: interior shape, total interior volume, cell type, 

fluid type, flow rate, immobilized scaffold or biomaterial and the mechanism of study (cell 

adhesion, cell proliferation, material degradation, etc).  The final goal is a flow device which is 

robust and flexible, applicable to the study of a biological process in any fluid dynamic 

environment within limitations of scale. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 
 

MATERIALS AND METHODS 

 

Flow Chamber Design and Fabrication 

Sheets of Cavex dental wax (Ted Pella 109) were cut by hand using an X-Acto
©
 knife into 

35mmx 95mm sections to make the body of the flow chamber. Two identical cut sections were 

bound together by clear silicone (G.E.) to promote a water tight seal between the two layers.  The 

height of these combined sections is 3.5mm.  Sandwiched between the two sections are 100mm 

long, 1/32 inch inner diameter Teflon tubing (McMaster-Carr ) for the inlet and outlet flows, 

fastened to the chamber by silicone.  Following fabrication the completed samples were left to 

cure for 24 hours before use. 

  The interior of each wax piece was cut by hand utilizing a template with the maximum diameter 

being 22.5mm at the inlet and outlet with the smallest interior diameter being 10mm. Length of 

all interior chambers was set to 55mm.  Interior shape was designed to promote laminar flow 

through the 10 mm diameter of the chamber.  The target area for laminar flow is 10mm wide and 

10mm in length positioned 35mm from the inlet of the flow chamber and is designed to 

immobilize a tissue engineering scaffold for exposure to a dynamic setting. (Figure 1a)  As an 

additional safeguard for promoting laminar flow wax sections 5mm in length are left intact at the 

5mm and 15mm points in the chamber.  To allow flow to pass through these walls the 1/32 inch 

inner diameter Teflon tubing is utilized to imprint 3 holes in each section. (Figure 1b)   

  Chambers designed to study the flow of a stent were cut with a 6mm maximum diameter and 

2mm interior diameter with a template. The patterning of the stent chamber was made by initially 

cutting a 2mm wide, 55 mm long channel.  Alternating 2mm by 2mm squares are cut for the
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entire length of the chamber on both sides of the channel resulting in a zipper-like conformation.  

After silicone sealing the chamber was trimmed of loose wax and uneven squares. (Figure 1c)    

(a) 
 

(b) 
 

(c) 

Figure 1– (a) Wax chamber with 10mm x 10mm target area. (b) Wax chamber demonstrating tube 

imprinting.  (c) Wax chamber with 2mm square indents. 

Operating the Flow Chamber and Visualization 

Characterization of the flow in both chambers is based on imaging and observation of fluid flow 

patterns.  To run the flow the chambers were sealed with a layer of 1/32 inch thick silicone 

membrane (McMaster-Carr) cut to 75mm x 30mm dimensions and a microscope slide on both 

open ends.  These were clamped by small binder clips (Acco) to create pressure for the seal.  The 

fluid utilized for the analysis is an emulsion consisting of 0.25 g of 20 µm diameter polyamide 

seeding particles (PSP) (Dantec) and 50 mL of distilled water, this solution is designed to be 

conditioned for particle image velocimetry (PIV) analysis.  The particle seeded water was pushed 

through the chamber by a syringe pump (Pump 11 Harvard Apparatus) at a flow rate of 

10mL/minute.  A 50mL syringe (BD) was fixed on the pump to which the PSP emulsion was 

inserted, a 17 gauge needle (BD) was set into the inlet tube of the clamped chamber and fastened 

to the syringe.  The chamber was placed into a compound microscope (Olympus) with a high 

speed camera (pco.) attached with the outlet flowing into a petri dish catch.  The syringe was 

refilled repeatedly with PSP solution and the chamber was opened and cleared after 3 runs to 

remove interference from settled particles.  Images of the flow in the chamber were taken and 

controlled using Camware software (pco) to adjust frame rate and contrast.  Imaging was 

optimized at 800 frames per second for the laminar flow chamber and 400 frames per second for 
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the stent flow chamber.  Videos were recorded at 10x, 16x and 32x magnification with focal point 

in the center of the implantable material target area for the laminar flow chamber and in the 

center of the protruding boxes for the stent chamber. For each recorded run 100 images were 

saved and later compiled into a video for analysis. 

To further characterize flow in the chamber with the use of bio fluids the fluid of interest was 

rotated to human plasma in excess of 60 days old.  The expired plasma was donated by the 

Poudre Valley Hospital in 200mL bags obtained every 2 weeks.  Changing to expired plasma 

reduced the size of the suspended particles being tracked to 3-4 µm in diameter and simulated an 

environment similar to that of blood contacting.  Additional preparation for the experiments 

involving expired plasma included adding plastic wrap to the microscope base and recording 

video in three planes for each set position due to the smaller particles.  Particle image velocimetry 

(PIV) and video editing were then conducted with DaVis 7.2 software (LAVision). (Figure 2)  

Qualitative analysis of both flow chambers were studied through imaging and observation of the 

resultant patterns and flow was characterized by calculation of Reynolds number and shear stress.  

 
Figure 2 – Flow set up with microscope and camera for recording PSP and plasma flow in the chambers.  
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PCL Nanofiber Scaffold Fabrication 

PCL nanofiber scaffolds were fabricated using an electrospinning technique. The electrospinning 

apparatus consisted of a syringe pump (Pump 11 Harvard Apparatus), a glass syringe (Hamilton, 

model 1010), Teflon fluidic tubing (Hamilton, model 86510), a 20-gauge blunt-tip catheter 

(Hamilton, model 7746-04), and a male luer lock adapter (Hamilton, model 86511). A high-

voltage power source (Gamma High Voltage Research, model ES30P-10W/DAM) was connected 

to the catheter tip with a standard binder clip. The collector consisted of an aluminum foil 

fastened onto a 0.5 in. thick copper plate (McMaster Carr) with electrical tape and positioned 

horizontally below the catheter.  Polymer solution was prepared by dissolving oleic acid sodium 

salt (OLA) (Sigma) in methanol. PCL pellets (Mw = 80,000, Sigma) were dissolved in 

chloroform and the polymer solution was mixed with OLA in methanol on a magnetic stir plate to 

produce a homogeneous mixture with a 4:1 chloroform:methanol volume ratio. The final solution 

was 12% solid w/w and the PCL:OLA ratio of the solid weight was 97:3. The volumetric flow 

rate was 2.8 ml/hr, applied voltage 21 kV and tip-to-collector distance 10 cm.  The PCL on the 

collector was cut into 1cm by 2cm rectangles for immobilization and in the flow chamber.  

Smooth PCL (control) samples were constructed by sintering PCL powder (Mw = 50,000, 

CAPA) sandwiched between two glass plates.  The resulting flat sheet was allowed to air cool 

before being removed from the glass surfaces and cropped into 1cm by 2cm rectangles. (Figure 3) 
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Figure 3 – (left) Polymer electrospinning set up diagram by Dreiner/Wendorf.  (right-top) Flat PCL with 

sample cut outs.  (right-bottom) Electrospun PCL nanofibers with sample cut outs. 

Platelet Adhesion and Activation Studies 

Whole blood from a sample size of three healthy individuals, acquired through venopuncture, was 

drawn into standard vacuum tubes coated with the anti-coagulant, ethylenediaminetetraaceticacid 

(EDTA) (Fisher Scientific). The EDTA tubes were centrifuged at 150g for 15 min to separate the 

plasma and buffy coat from the hematocrit.  The plasma and buffy coat layer from these tubes 

were pooled into a single centrifuge tube. (Figure 4)  To visualize possible platelet activation the 

stent flow chamber was run and visualized using the isolated plasma following the same 

procedure as the experiments in which expired plasma was used.  Video of the flow in the stent 

chamber was recorded at 500 frames per second at 16, 20, 25, 32 and 40 times magnification and 

the flow rate was set at 10 ml/min.   
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(a) 

 
(b) 

Figure 4 – (a) Blood samples after centrifugation in EDTA coated tubes. (b) Pooled Plasma from 60 mL of 

whole blood. 

PCL samples (control and nanofibers) were sterilized by washing three times for five minutes in 

70% ethanol, rinsing twice with sterile phosphate buffer saline (PBS) for 5 minutes and then 

exposed to ultraviolet light for 30 minutes.  The chamber was sterilized by wiping down the wax 

body, microscope slides and silicone membrane with 70% ethanol then assembling the full 

chamber with binder clips and washing the interior twice with sterile PBS injected through a 

10mL syringe (BD).  The chamber was then deconstructed, the individual components were dried 

and exposed to ultraviolet light for 30 minutes.   

Samples of flat PCL and nanofiber PCL scaffold were positioned at the 10mm diameter section of 

the chamber and compressed by the silicone membrane and microscope slides before being 

clamped by binder clips to form a seal. (Figure 5)  Two chambers were prepared with the 

samples, one as a control for static exposure to the extracted plasma the other for dynamic 

conditions.  The flow setup was repeated in a sterile hood without the use of the microscope or 

camera.  (Figure 6) The control chamber was manually injected with plasma with a 10mL syringe 

and left to incubate the samples for 30 minutes.  The other chamber was attached to the flow 

setup and extracted plasma was run through the chamber at 10ml/min.  When the syringe was 

near empty the pump was halted so that the chamber would not drain, and the syringe was refilled 

with plasma from the outlet catch and the syringe and pump were reset.  This process as repeated 
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until the chamber had experienced 30 minutes of continuous flow.  After rinsing with sterile PBS 

the PCL samples were fixed for field emission scanning electron microscopy (SEM, JOEL JSM-

6300) imaging to observe differences in platelet adhesion and activation according to material 

and flow conditions.  The fixative solution consists of 3% glutaraldehyde (Sigma), 0.1M sodium 

cacodylate (Polysciences), and 0.1M sucrose (Sigma) and the PCL samples were incubated for 45 

minutes.  The samples were then transferred to a buffer containing 0.1M sodium cacodylate and 

0.1M sucrose for 10 minutes. The platelets were dehydrated by soaking the substrates in 

increasing concentrations of ethanol (35%, 50%, 70%, and 100%) for 10 minutes each. Further 

dehydration was achieved by soaking the substrates in hexamethyldisilazane (HMDS, Sigma) for 

10 min.  Samples were dried for another 10 minutes in a fume hood.  Before imaging the samples 

were cut to 1cm diameter circles using a biopsy punch (Acuderm) and coated with a 10nm layer 

of gold. Imaging was performed at 15 kV.  The SEM images were used to determine the 

population density and activation characteristics of the platelets that had adhered on each type of 

surface with the consideration of flow. 

This process was repeated for the stent chambers with some modifications.  Due to the maximum 

width of the stent chambers being 6mm the PCL rectangles were placed vertically on the wax 

chamber before sealing and exposing to flow.  In addition samples were placed near the inlet and 

outlet of the flow adding another variable based on exposure to an increasing number of shear 

gradients and the flow travels through the chamber.  SEM images were used to analyze platelet 

activation and adhesion not only based on flow and surface characteristics but also on the basis of 

location in the chamber. 



12 
 

 
(a) 

 
(b) 

 
© 

 
(d) 

Figure 5 – Flow chambers with immobilized PCL samples.  (a) Flat PCL sample in laminar flow chamber.  

(b) PCL nanofiber sample in laminar flow chamber.  (c) Flat PCL samples in stent flow chamber.  (d) PCL 

nanofiber samples in stent flow chamber. 

 

Figure 6 – Platelet adhesion study set up in sterile hood. 

Live staining and fluorescence microscopy 

The procedures established for exposing PCL samples to flowing plasma for SEM fixing were 

repeated in a sterile hood.  Once both flat PCL and electrospun nanofiber samples had been 

exposed to plasma for 30 minutes and rinsed with sterile PBS they were placed in individual 6-
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well plates, face up.  The lights were turned off and to each well containing sample was added 

2mL of 2µM calcein-AM (invitrogen) suspended in sterile PBS.  The substrates were incubated 

for 30 minutes in the calcein stain followed by two rinses for 5 minutes in sterile PBS.  The 

samples were imaged with a fluorescence microscope (ziess) using  FITC MF101 Green filters. 
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RESULTS AND DISCUSSION 
 

Flow Chamber Design 

 

In this work we have designed and fabricated a perfused flow chamber that combines the benefits 

both microfluidics devices and bioreactors, notably the ease of fabrication, ability to immobilize 

samples such as tissue engineering scaffolds in fluid flow and use of microscopy for live imaging.  

Dental modeling wax used for the body of the chamber provides a bio inert and highly moldable 

substrate and is similar to PDMS in this respect.  Visual clarity is maintained the use of 

microscope slides while a silicone membrane bound to the chamber contacting surfaces of the 

slides upkeeps the bio inert internal environment.  The design allows for samples to be loaded and 

removed quickly, without damage to the flow chamber.  Chamber design has also proved 

resistance to leaking at pressures initiated by fluid flow rates in excess of 25 ml/min for a period 

of 30 minutes and 60 ml/min for a short exposure. 

 

Figure 7A displays the chamber designed to study the effect of laminar flow on a tissue 

engineered scaffold or medical device. The 10mm by 10mm area designated (A) represents the 

target area in which a sample would be immobilized. The inlet flow is modeled after a parallel 

plate flow chamber and separates the inlet stream making a uniform flow.  Blood flow in most 

areas of the body is laminar except in areas of the aorta or when stenosis occurs within blood 

vessels, thus most implanted materials or scaffolds would be subject to this type of flow.  

 

 Figure 7B displays the flow chamber designed to portrait the shear gradients and stagnation 

zones formed by stents in the plane parallel to flow.  The point marked (A) is where the chamber 

widens creating a 2mm x 2mm box in which we’d expect slower flow while point (B) is in the 

center of the stent chamber with a diameter of 2mm where’d we would expect the fastest flow. 
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The scale in comparison to an implantable stent is exaggerated due to limitations of the 

fabrication technique, accuracy was achieved with cuts of 2mm or larger.  The maximum length 

of both interior chamber designs is 55mm to accommodate the length of a microscope slide. 

 

 
A 

 
B 

Figure 7 – (A) Chamber set up designed for laminar flow.  (B) Chamber set up designed to model stent 

conformation and creation of shear gradients in the flow. 

Stents are wire tubes supported by struts used to add mechanical strength to arteries during 

angioplasty.  Experimental models have shown strut width to be on the order of 10
-1

mm and 

protrusion into the flow domain on the order of 10
-2

mm with spacing from 2-4 mm apart.
53-54

 The 

most common cause of long term stent failure is the reduction in lumen size or, restenosis initially 

caused by thombus formation following implantation.  Stent implantation alters the geometry of 

the flow and studies have found that strut protrusion into the flow stream and strut spacing are 

critical to stent design and the rate of restenosis.  A flow visualization study has observed vortices 

created in an implanted stent, the size of these flow disturbances were larger than the stent struts 

and were followed by zones of stagnation dependant on strut spacing
55

.  Changes in shear at flow 

disturbances such as these vortices are precursors to platelet activation and the formation of 

discoid platelet aggregates leading to thrombi
56-60

.  The stent flow chamber model seeks to 

replicate the results with the creation of flow patterns at a larger scale.   
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Fluid Flow and Particle Image Velocimetry  

 

Figures 10-18 depict processed videos from fluid flow in the designed chambers.  Each figure 

includes snapshots from (A) the compiled raw, (B) a layered image of all 100 frames which 

allows us to follow the path of tracking particles, (C) a color inverted video with background 

reduction and (D) a vector field created through PIV analysis of the video from (C).  In the vector 

field arrows represent the distance a particle at the vector’s starting point would move relative to 

the next frame, distance can be extrapolated using the legend in the upper left corner which 

consists of an arrow depicting a 5 pixel  shift.  All images are oriented so that the inlet of the 

chamber is on the left with outlet on the right. 

 

The laminar flow chamber provides flow which is largely homogenous across the focal plane of 

the target there is some directional flow that enters the first third of the target area (Figures 8, 11 

and 14).  The stent flow chamber creates two different flow patterns, a homogenous high velocity 

linear channel in the center of the chamber and cyclical areas with back flow.  These stagnation 

zones are ideal for the creation of shear gradients along the border where these flow patterns meet 

(Figures 9, 10, 12,13,15 and 16).  Magnification at 10x and 16x appear to be too weak to 

visualize platelets for PIV analysis (Figures 12, 14 and 15). 
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Figure 8 – Laminar flow chamber.  Polyamide seeding particles suspended in water, flow at 10ml/min with 

magnification at 10x.  Layered image (B) shows the path of the fluid while vector field (D) shows 

observable back flow near the inlet and homogenous flow through most of the chamber. 
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Figure 9 – Stent flow chamber.  Polyamide seeding particles suspended in water, flow at 10ml/min with 

magnification at 10x.  Layered image (B) follows the path of the fluid, there are observable stagnation 

vortices in each inlet while flow in the central channel appears to be homogenous.  Vector field (D) shows 

us the speed of the flow in the central channel. 
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Figure 10 – Stent flow chamber.  Polyamide seeding particles suspended in water, flow at 10ml/min with 

magnification at 32x.  Layered image (B) shows the path of the fluid highlighting the stagnation zone in the 

indent.  Vector field (D) highlights the velocity of back flow in the indent. 
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Figure 11 – Laminar flow chamber.  Fluid is expired plasma, flow at 10ml/min with magnification at 32x.  

Layered image (B) shows the path of the fluid coming from the inlet, the vector field (D) shows that flow 

becomes homogenous.  Higher magnification necessary to track platelets that have a diameter a fifth the 

size of a PSP. 
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Figure 12 – Stent flow chamber.  Fluid is expired plasma, flow at 10ml/min with magnification at 10x.  

Layered image (B) shows the path of fluid though there are only a couple of large particles to track, vector 

field (D) is sporadic, software may not be suited to tracking platelets at this magnification. 
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Figure 13 – Stent flow chamber. Fluid is expired plasma, flow at 10ml/min with magnification at 32x.  

Layered image (B) shows the path of fluid both back flow in the stagnation zone and central flow are 

observable.  Vector field (D) highlights the linear velocity of the fluid turbulence near the walls of the 

chamber. 
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Figure 14 – Laminar flow chamber.  Fluid is human plasma extracted from whole blood, magnification at 

10x.  Layered image (B) is unable to track more than a couple of large particles.  Vector field (D) is also 

very sporadic and unable to confirm uniform flow or platelet tracking at this magnification. 
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Figure 15 – Stent flow chamber. Fluid is human plasma extracted from whole blood, magnification at 16x.  

Layered image (B) is able to track some particles but there are not enough targets to show fluid path.  

Vector field (D) is able to track flow in the main flow channel and the entrance to a stagnation zone. 
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Figure 16 – Stent flow chamber. Fluid is human plasma extracted from whole blood, magnification at 32x.  

Layered image (B) is able to track particles and cyclical flow in the stagnation zone.  Vector field (D) is 

able to track flow in the main flow channel and the entrance to a stagnation zone while velocity doesn’t 

appear cyclical though there is observable turbulence. 

The velocity of extracted plasma traveling through both flow chambers were calculated through 

use of retention time and extrapolated with the PIV vector fields.  Focal point is centered over the 

section of the chamber with the smallest diameter thus vector analysis will be designated in the 

same space. Average experimental velocity from the laminar flow chamber was obtained by 

recording the vector length at 9 evenly distributed nodes(3x3) across the 10mm by 10mm target 

area for sample immobilization and computing the average of those vectors before extrapolating 

with the vector legend and the scale bar.  (Figure 17A)  Average experimental velocity for the 

stent chamber was calculated in a like manner with two distributions of nodes being issued both 

the center of the 2mm x 2mm stagnation zone and in the center of the flow. (Figure 17B)  For 

simplicity we assume the distribution of flow in the stagnation areas is uniform though cyclical, 
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in addition the combined area of the stagnation zones are equivalent to the area of central flow. 

The average velocity in the stent chamber was calculated by the mean of all the vector lengths 

recorded.  Maximum velocity of the fluid is calculated from the average of longest vectors 

measured in 5 different frames within the focal area. Average and maximum speed calculated in 

this manner are used to find the fluid dynamic parameters of Reynold’s Number and shear stress. 

(Table 1) 

 

  
Figure 17 – (A) Laminar flow chamber, extracted whole blood plasma, 10x zoom with nodes at which 

vectors were calculated from. (B) Stent flow chamber, extracted whole blood plasma, 10x zoom with nodes 

in the stagnation and flow zones at which vectors were calculated from. 

 

Table 1 – Calculated velocity of plasma extracted from whole blood based of retention time and PIV 

imaging.  Flow rate (Q) = 10mL/min. Volume and cross-sectional area of laminar flow chamber: 2275mm
3
 

and 35mm
2
 respectively.  Volume and cross-sectional area of stent flow chamber: 385mm

3
 and 7mm

2
 

respectively. 

 Hydraulic 

Diameter (dh) 

Retention 

Time  

Calculated 

fluid velocity 

(v) 

Experimental 

average 

velocity 

Experimental 

maximum 

velocity 

Laminar 

Flow 

Chamber 

5.185 mm 13.65 s 4.762 mm/s 3.15 mm/s 11.3 mm/s 

Stent Flow 

Chamber 

2.545 mm 2.31 s 23.81 mm/s 25.943 mm/s 44.27 mm/s 

 

Reynolds number is a dimensionless fluid parameter used to describe the nature of flow.  It is 

defined as the ratio of dynamic forces to viscous forces and is also an important application of 

dynamic symmetry in modeling.  The Reynolds number is defined as : 
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Where V= fluid velocity, d represents characteristic length (hydraulic diameter for rectangular 

ducts) and μ is the dynamic viscosity
61

.  The critical Reynolds number is 2300, below this number 

flow is laminar and occurs in layers with no mixing of adjacent fluid.  Flow is considered 

transitional if 4000 > Re > 2300 and turbulent when Re > 4000.  Reynolds number was calculated 

for both flow chambers using maximum experimental velocity and calculated velocity. (Table 2) 

All results return Reynolds numbers that are well below 2300 defining laminar flow. 

 
Table 2 – Calculated Reynolds numbers for both types of fluid chambers, ρ = 1.025 kg/m

3
 and dynamic 

viscosity μ = 1.6*10
-3

 N*s/m
2
. 

 Re (calculated fluid velocity) Re (experimental average fluid 

velocity) 

Laminar Flow Chamber 0.01582 0.01046 

Stent Flow Chamber 0.03883 0.04230 

 

Shear stress is a well defined factor in platelet aggregation and thrombi formation as well as a 

determining factor in the aspects which drive the formation of platelet aggregates.  Application of 

constant flow through the chambers allows us to assume parabolic plasma velocity profiles 

similar to steady Poiseuille flow
62

.  Use of the hydraulic diameter of each chamber reduces 

expression of shear stress to the Hagen-Poiseuille equation modified for rectangular ducts: 

    
  

   
 

Where A is the cross sectional area of the rectangular duct,    is the hydraulic radius, Q is 

volumetric flow rate and μ is dynamic viscosity.  Table 3 shows the shear stress in both the 

laminar and stent chambers calculated in this manner, both are well below the 1000s
-1

 shear mark 

required to change the characteristics of platelet adhesion.  Activation and the presence of platelet 

proteins such as fibrinogen drive aggregate formation in both flow chambers. (Table 3) 
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Table 3 – Average shear stress in flow chambers using assumption of constant parabolic velocity profiles. 

 Average Shear Stress 

Laminar Flow Chamber 5.877 s
-1

 

Stent Flow Chamber 48.648 s
-1

 

 

Platelet adhesion study on PCL scaffold material 

Poly(ε-caprolactone) (PCL) is a homo polymer with a semi-crystalline structure that has a slow 

biodegradation rate and low melting temperature
63

.  PCL is degraded by hydrolysis of ester 

linkages in physiological conditions and resulting degradation products are easily bioresorbed by 

the body
64

. Extensive research on PCL biocompatibility and efficacy have been performed in vivo 

and in vitro and it has garnered US Food and Drug Administration approval as an implantable 

biomaterial for medical devices
65-68

.  Historically PCL has had extensive clinical use in 

biomedical applications such as drug delivery and sutures.  Capitalizing on its slow degradation 

rate and low melting temperature, PCL structures such as nano particles and membranes can be 

fabricated and impregnated with bioactive molecules for extended delivery to the body
69-70

.  PCL 

is able to be processed and combined with a number of existing micro- and nanoscale fabrication 

technologies such as electrospinning and nanowire extrusion 
64,71,

. These qualities make it an ideal 

material for three dimensional scaffolds of both hard (bone) 
64, 72 

and soft (vascular) tissues
73

. 

Platelets are small cells (3-4 microns in diameter)  derived from megakaryocytes found in the 

blood that play a primary role in hemostasis through activation and the formation of a platelet 

plug and later a fibrin clot to support vascular wall integrity and assist in further platelet 

recruitment.  Platelet adhesion to biomaterial surfaces are often the result of platelet activation.  

Activating factors include plasma proteins such as thrombin and firbrinogen, vascular wall 

products such as collagen, activation of integrin αIIbβ3 by fibrinogen and soluble agonists 

secreted from activated platelets:  von Willebrand Factor(vWF), adenosine diphosphate(ADP) 

and thromboxane A2.
23,74

  Platelet activation is characterized by a drastic shape change from a 

discoid to amorphous form, exocytosis of granules containing ADP, thrombin and activating 
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factors and adhesion to bioactive surfaces like collagen and other platelets resulting in an 

aggregate.   

 

In contrast to scaffold biomaterials the hemocompatibility of common blood contacting medical 

devices such as heart valves, stents, vascular grafts, catheters and fluid pumps are well studied.
53-

54,
 
75-82

  An additional factor for analysis of hemocomapibility with these medical devices is the 

addition of flow.  Fluid dynamics control the growth of thrombi and deposition of fibrin based on 

shear gradients within the flow.  The delivery of cells and proteins to a wound site is an additional 

consideration.   Extra considerations are taken in the design criteria of blood contacting devices to 

assure that zones of stagnation and recirculation are avoided, these patterns in flow are 

susceptible to thrombus growth.  In addition platelet aggregation is controlled by differing 

mechanisms at varying shear rates.
56-60

   

 

Studies have shown that shear microgradients occurring in vivo as a result of thrombus formation 

or vessel stenosis can lead to the development of stable discoid platelet aggregates without 

functional agonist responses of cytosolic calcium increase, shape change or alpha granule 

secretion. 
59,48

 Shear accelerating zones in which platelets experience shear rates in excess of 

1000s
-1

 trigger the development of membrane tethers on the platelets and platelet recruitment.  

Exposure to a shear deceleration zone allows for the stabilization and reconfiguration of these 

membrane tethers resulting in a platelet aggregate forming in the downstream shear expansion 

zone.
56, 59, 60, 84

  The arrival of soluble agonists such as vWF and fibronectin coupled with 

activated integrin αIIbβ3 on platelet surfaces can then activate platelets and stabilize the 

aggregate promoting thrombus growth.
23,84

  These studies show that fluid forces can directly drive 

initial platelet aggregation independent of biochemical cues.  In contrast, observation of platelet 

aggregate formation in laminar flow (typically shear rates < 1000s
-1

) reveals similarities to static 

adhesion dependant on soluble agonists and activation of integrin αIIbβ3 to facilitate platelet 
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aggregation and stabilization.
 56, 59, 60, 84

   Figure 18
 [60] 

Contrasts the flow rates and illustrates the 

effect of increased shear on discoid platelet aggregation.  Figure 19
[58]

 highlights given 

characteristics of platelet adhesion for rising shear rates. 

 

Figure 18 – Illustation of a shear microgradient on cell aggregation. 
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Figure 19 – Characteristic features of platelet adhesion and activation with rising shear rate. 

 

Platelet adhesion and subsequent activation is a on the surface of a biomaterial is a strong 

indicator of hemocompatibility.  In this study, platelets isolated from human whole blood and 

their adhesion and activation was explored in both static and dynamic settings.  Dynamic studies 

included the use of both the laminar and stent flow chambers to test the affect of different flow 

patterns on platelet adhesion and activation. Platelet activation after 30 minutes of contact time to 

PCL nanofiber and flat surfaces under static and flow conditions were investigated by SEM 

imaging.   

 

Scanning electron microscopy 

 

Low magnification SEM images show significantly higher platelet adhesion on PCL nanofibers 

as compared to flat PCL surfaces.  Comparisons are made with similar studies that share all non 

test variables. (Figures 20 vs.23, 26 vs. 29, 32 vs. 35, 38 vs. 44 and 41 vs. 47) Comparison of 

higher magnification SEM images comparing flat PCL surfaces to nanofibers in similar studies 

we observe that while platelets on both substrates are able to show platelet activation in the form 

of dendritic fiber elongation and adhesion to the surfaces (Figures 22, 25, 28 and 37).   PCL 
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nanofiber surfaces however, show more evidence of clustering and platelet to platelet adhesion. 

(Figures 25 and 37).    

 

Comparison of platelet activation and adhesion comparing static to dynamic flow settings with 

low magnification shows that platelet adhesion and concentration is much higher on the PCL 

surfaces with exposure to static surfaces. ( Figures 20 vs. 26, 23 vs. 29, 32 vs. 38 and 41 and 35 

vs. 44 and 47.)  Comparison of static to dynamic flow at high magnification reveals that on flat 

surfaces observation of activated platelets with dendritic fibers is much more prevalent on 

surfaces exposed to flow. ( Figures 27, 28 and  34 vs. 40 and 43) However PCL nanofibers did 

not show this trend and we observe either equivalent activation from both static and dynamic tests 

(Figure 36 vs 45 and 48) or in some cases, more activation from platelets under static conditions 

(Figure 24 vs. 30).  This can be explained due to the dense platelet concentrations found on 

nanofibers in static settings, platelets secrete activating factors such as thrombin, vWF and ADP.  

While flow can serve to deliver these soluble agonists to platelets and activate them, platelet 

activation occurs within minutes during a wound healing response and high concentrations of 

these factors can be secreted by platelets and carried through the fluid by simple diffusion.   The 

lack of flow prevents activating factors from diffusing into the fluid initiating activation in a large 

percentage of observable platelets. 

 

Comparison of platelet activation and adhesion comparing the laminar flow chamber to the stent 

flow chamber with SEM at low magnification show very little to no difference in platelet density 

on flat PCL surfaces for both static and flow parameters.  Comparison of PCL nanofibers in 

dynamic flow yielded less platelets in the center flow of the stent chamber while all other 

nanofibers comparisons were similar. (Figure 29 vs. 44)  At higher magnification comparison of 

the two flow chambers show no major differenced either in increased adhesion or activation of 

platelets except in the case mentioned earlier. (Figures 21 vs. 31, 24 vs. 36, 27 vs. 39 and 42 and 

30 vs. 45 and 48.) 
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In the stent flow chamber two areas of focus were compared during the study of the dynamic 

fluid flow to study the effect of platelet adhesion and activation within the chamber. The area of 

high flow rate is designated where the chamber narrows and the stagnation zone where the 

chamber flares out.  Comparison of these areas in the stent chamber returns that while platelet 

deposition and density are higher in the zone of stagnation (Figures 38 vs. 41 and 44 vs. 47) there 

is no evidence of differences in platelet activation.  Platelets in both areas show considerable 

amounts of activation particularly on flat PCL. (Figures 39, 40, 42 and 

 

 
Figure 20 – Laminar flow chamber, static plasma exposure, flat PCL, 500x. 
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Figure 21 – Laminar flow chamber, static plasma exposure, flat PCL, 2500x. 

 
Figure 22 – Laminar flow chamber, static plasma exposure, flat PCL, 5000x. 
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Figure 23 – Laminar flow chamber, static plasma exposure, PCL fibers, 1000x. 

 
Figure 24 – Laminar flow chamber, static plasma exposure, PCL fibers, 5000x. 
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Figure 25 – Laminar flow chamber, static plasma exposure, PCL fibers, 10000x. 

 
Figure 26 - Laminar flow chamber, dynamic plasma exposure, flat PCL, 500x. 
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Figure 17 – Laminar flow chamber, dynamic plasma exposure, flat PCL, 2500x. 

 
Figure 28 – Laminar flow chamber, dynamic plasma exposure, flat PCL, 5000x. 
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Figure 39 – Laminar flow chamber, dynamic plasma exposure, PCL fibers, 500x. 

 
Figure 30 – Laminar flow chamber, dynamic plasma exposure, PCL fibers, 2500x. 
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Figure 31 – Laminar flow chamber, dynamic plasma exposure, PCL fibers, 5000x. 

 
Figure 32 – Stent flow chamber, static plasma exposure, flat PCL, 500x. 
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Figure 33 – Stent flow chamber, static plasma exposure, flat PCL, 2500x 

 
Figure 34 – Stent flow chamber, static plasma exposure, flat PCL, 5000x  
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Figure 35 – Stent flow chamber, static plasma exposure, PCL fibers, 500x. 

 
Figure 36 – Stent flow chamber, static plasma exposure, PCL fibers, 2500x. 
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Figure 37 – Stent flow chamber, static plasma exposure, PCL fibers, 5000x. 

 
Figure 38 – Stent flow chamber, dynamic plasma exposure, flat PCL, chamber center, 500x. 
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Figure 39 – Stent flow chamber, dynamic plasma exposure, flat PCL, chamber center, 2500x. 

 
Figure 40 – Stent flow chamber, dynamic plasma exposure, flat PCL, chamber center, 5000x. 
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Figure 41 – Stent flow chamber, dynamic plasma exposure, flat PCL, stagnation zone, 500x. 

 
Figure 42 – Stent flow chamber, dynamic plasma exposure, flat PCL, stagnation zone, 2500x. 
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Figure 43 – Stent flow chamber, dynamic plasma exposure, flat PCL, stagnation zone, 5000x. 

 
Figure 44 – Stent flow chamber, dynamic plasma exposure, PCL fibers, chamber center, 500x. 
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Figure 45 – Stent flow chamber, dynamic plasma exposure, PCL fibers, chamber center, 2500x. 

 
Figure 46 – Stent flow chamber, dynamic plasma exposure, PCL fibers, chamber center, 5000x. 
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Figure 47 – Stent flow chamber, dynamic plasma exposure, PCL fibers, stagnation zone, 500x. 

 
Figure 48 – Stent flow chamber, dynamic plasma exposure, PCL fibers, stagnation zone, 2500x. 
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Figure 49 – Stent flow chamber, dynamic plasma exposure, PCL fibers, stagnation zone, 5000x. 

Live Cell Flouresence Microscopy 

 

Adhesion of platelets to PCL flat surfaces and electrospun nanofibers was evaluated after 30 

minutes of exposure to the PCL samples under static and dynamic flow in both the laminar and 

stent flow chambers followed by staining adhered platelets with calcein-AM stain. Results from 

comparison of PCL flat surfaces to electrosupun nanofibers at low magnification reveal 

significantly higher platelet adhesion to the nanofiber surfaces (Figures 50 vs. 53, 56 vs. 59, 62 

vs. 65 and 68 vs. 71). Comparisons are made with similar studies that share all non test variables. 

Analysis at higher magnifications reveal possible platelet activation and adhesion along the fiber 

axis in electrospun PCL samples (Figures 55, 61 and 70) while platelets adhered to flat surfaces 

retain a discoid shape  

 

Results from the analysis of dynamic and static plasma flow reveal reduced platelet adhesion on 

surfaces tested under dynamic conditions when compared to static studies, at lower 
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magnification, larger platelet clusters and aggregates, with the exception of figure 68, appear to 

be more prevalent on the samples exposed to flow (Figures 50 vs. 56, 53 vs. 59, 62 vs. 68 and 65 

vs. 71).  The same studies observed at higher magnification only supply evidence to support the 

claim that there are fewer adhered platelets on samples subjected to flow (Figures 51 vs. 57, 54 

vs. 60, 63 vs. 69 and 66 vs. 72). 

 

The laminar flow and stent chambers only produce variance in adhesion when the samples were 

subjected to flow so analysis of the flow chambers were limited to dynamic studies.  In addition 

separation of high velocity flow and stagnation zones were not performed in this test.  

Comparison of flow in the chambers over flat PCL showed no difference in platelet density or 

adhesion platelets exposed to flow on this surface remain discoid (Figures 56-58 vs 68-70).  In 

comparison of flow in the chambers over PCL electrospun nanofibers we observed slightly more 

platelet adhesion on the samples run through the stent chambers while larger activation of 

platelets appeared present in the laminar flow chamber (Figures 59-61 vs. 71-73).  
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Figure 50 – Laminar flow chamber, static plasma exposure, flat PCL, 10x. 

 
Figure 51 – Laminar flow chamber, static plasma exposure, flat PCL, 20x. 
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Figure 52 – Laminar flow chamber, static plasma exposure, flat PCL, 50x. 

 
Figure 53 – Laminar flow chamber, static plasma exposure, PCL fibers, 10x. 
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Figure 54 – Laminar flow chamber, static plasma exposure, PCL fibers, 20x. 

 
Figure 55 – Laminar flow chamber, static plasma exposure, PCL fibers, 50x. 
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Figure 56 – Laminar flow chamber, dynamic plasma exposure, flat PCL, 10x. 

 
Figure 57 – Laminar flow chamber, dynamic plasma exposure, flat PCL, 20x. 
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Figure 58 – Laminar flow chamber, dynamic plasma exposure, flat PCL, 50x. 

 
Figure 59 – Laminar flow chamber, dynamic plasma exposure, PCL fibers, 10x. 
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Figure 60 – Laminar flow chamber, dynamic plasma exposure, PCL fibers, 20x. 

 
Figure 61 – Laminar flow chamber, dynamic plasma exposure, PCL fibers, 50x. 
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Figure 62– Stent flow chamber, static plasma exposure, flat PCl, 10x. 

 
Figure 63– Stent flow chamber, static plasma exposure, flat PCl, 20x. 
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Figure 64– Stent flow chamber, static plasma exposure, flat PCl, 50x. 

 
Figure 65 – Stent flow chamber, static plasma exposure, PCL fibers, 10x.  
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Figure 66 – Stent flow chamber, static plasma exposure, PCL fibers, 20x.  

 
Figure 67 – Stent flow chamber, static plasma exposure, PCL fibers, 50x.  
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Figure 68 – Stent flow chamber, dynamic plasma exposure, flat PCL, 10x.  

 
Figure 69 – Stent flow chamber, dynamic plasma exposure, flat PCL, 20x.  
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Figure 70 – Stent flow chamber, dynamic plasma exposure, flat PCL, 50x.  

 
Figure 71 – Stent flow chamber, dynamic plasma exposure, PCL fibers, 10x.  
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Figure 72 – Stent flow chamber, dynamic plasma exposure, PCL fibers, 20x.  

 
Figure 73 – Stent flow chamber, dynamic plasma exposure, PCL fibers, 50x.  
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CONCLUSION 

 

The development of porous, biodegradable, three dimensional scaffolds seeded with cells for the 

development of new tissue has become a trend in the biomedical field.  Biomaterial rejection 

remains a serious issue within the field eliciting the need of increased understanding the material 

cell interaction to reduce the problem in upcoming technologies.  The study of 

hemocompatiability of tissue engineering scaffolds remains viable as contact with blood and 

related cells during implantation and foreign body responses is inevitable.  Though blood flow 

and mechanisms of platelet adhesion and thrombis formation under flow conditions in vivo are 

well researched, very few studies of hemocompatibility on biomaterials in general include 

discussion of the dynamic aspect.   

The perfused flow chamber was designed with the objectives of immobilizing a tissue engineered 

scaffold or biomaterial with application of laminar, homogenous flow across the fixed sample 

area with the added advantage of changing chamber profile, altering fluid path and live imaging 

of the flow. The chamber durability was proved with consistent runs at a constant flow of 

10ml/min for a study period of 30 minutes and with a single chamber enduring multiple terms of 

operation.   PIV of the fluid within the laminar flow and stent flow chambers provided visual 

evidence in the creation of homogenous flow in the laminar flow chamber and the formation of 

co-exisiting linear and cyclical flow within the stent chamber.  Calculation of flow velocity from 

retention time and extrapolation from vector field analysis determined flow in both designs to be 

laminar at the flow rate described in all conducted studies.   

Application of extracted human plasma from whole blood across PCL flat and nanofiber surfaces 

in both static and dynamic states yielded insight of the importance of surface topology and flow
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 to cellular adhesion and hemocompatibility.  It was observed through SEM and fluorescence 

imaging that platelets adhered on PCL electrospun surfaces at a much greater density than on flat 

PCL in both static and dynamic studies.  Dynamic studies showed a decrease in the adhesion of 

platelets to the PCL surfaces with increased activation, application of flow to electrospun 

nanofibers showed comparable platelet adhesion to flat PCL samples in the absence of flow.  

Flow velocity as described in the stent flow chamber also impacts the adhesion of platelets to 

both flat and nanofiber PCL surfaces.  High velocity of flow yielded fewer adhered platelets 

though activation appears to be similar.   

In conclusion the flow chamber displayed all physical attributes outlined in the objectives and 

performance was robust and yielded consistent results with minimal leakage under operating 

conditions.   With validation of the perfused flow chamber as a viable device for the study of 

platelet adhesion and activation on a biomaterial surface attention can be drawn to further refining 

the chamber construction methods and operation.   While the experimental focus of the chamber 

was limited to hemocompatibility and platelet adhesion, the chamber dimensions are very flexible 

and can be adapted for the study of a number of mechanisms utilizing different biomaterial, cell 

and fluid types in a dynamic setting.   
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