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ABSTRACT
The development of fully hemocompatible cardiovascular biomaterials will have a major
impact on the practice of modern medicine. Current artificial surfaces, unlike native vascular
surfaces, are not able to control clot and thrombus formation. Protein interactions are an
important component in hemocompatibility and can result in decreased patency due to thrombus
formation or surface passivation which can improve endothelization. It is believed that
controlling these properties, specifically the nanometer sizes of the fibers on the material's
surface, will allow for better control of biological responses. The biocompatibility of Teflon, a
widely used polymer for vascular grafts, would be improved with nanostructured control of
surface features.
Due to the difficultly in processing polytetrafluoroethylene (PTFE), it has not been
possible to create nanofibrous PTFE surfaces. The novel technique of Jet Blowing allows for the
formation of nanostructured PTFE (nPTFE). A systematic investigation into controlling polymer
properties by varying the processing conditions of temperature, pressure, and gas used in the Jet
Blowing allows for an increased understanding of the effects of plasticization on the material’s
properties. This fundamental understanding of the material science behind the Jet Blowing
process has enabled control of the micro and nanoscale structure of nPTFE.
While protein adsorption, a key component of biocompatibility, has been widely studied,
it is not fully understood. Major problems in the field of biomaterials include a lack of standard
protocols to measure biocompatibility, and inconstant literature on protein adsorption. A
reproducible protocol for measuring protein adsorption onto superhydrophobic surfaces (ePTFE
and nPTFE) has been developed. Both degassing of PBS buffer solutions and evacuation of the
air around the expanded PTFE (ePTFE) prior to contact with protein solutions are essential.
Protein adsorption experiments show a four-fold difference in the measure of proteins adsorbed
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using radiometry (I-125 labeled human serum albumin (HSA)) and electrophoresis (unlabeled
HSA). This provides evidence that the standard method of radiolabeled protein for measuring
adsorption does not fully account for changes to the HSA molecules due to labeling. The
differences between measured protein values can be attributed to the radiolabel affecting the HSA
hydrophobicity resulting in a change in the protein’s interactions with the hydrophobic surface.
Additionally, our work has provided repeatable results showing that the amount of protein
adsorbed onto the polymer surface, after washing, accounted for only 65% of the amount of
protein that was removed from solution based on depletion analysis. This implies that
measurement of the amount of strongly bound protein on the material significantly
underestimates the actual amount of protein adsorbing into the surface region of the material
interface. HSA adsorption isotherms demonstrate an increase in protein adsorption capacity on
the nPTFE surface compared to adsorption on the same surface area of ePTFE.
Preliminary cell work shows that the nPTFE surfaces had a larger number of cells
growing on the surface of the material when compared to ePTFE surfaces. The research also
shows that while most endothelial cells were not viable on the ePTFE surface after 96 hours, they
remained alive on the nPTFE surface during that same time period. Surface functionalization
using ammonia plasma has been performed. X-ray photoelectron spectroscopy (XPS) analysis
revealed the presence of amine groups on the nPTFE surface. The amine groups can be used to
couple polypeptides onto the PTFE surface in the future. The selection of different peptides will
allow for selective control of cell adhesion. This research shows that nPTFE has potential for
improved biocompatibility over standard ePTFE, based on increased protein adsorption capacity,
increased viability of endothelial cells, and the ability to plasma modify the PTFE surface.
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Chapter 1
Introduction

1.1 Motivation
A fundamental problem in the field of biomedical materials is the interaction of the
material surface with blood. This interaction involves a large number of different components
and is presently poorly understood. The outcome can range from protein adsorption to an attack
in which the body attempts to break down the material. Protein interactions are an important
component in biocompatibility and can result in decreased patency from thrombus formation or
improved endothelization due to surface passivation. It is known that surface properties including
surface structure and surface energy strongly influence biocompatibility.1-19 It’s believed that
controlling these properties, specifically the nanometer sizes of the fibers on the materials
surface, will allow for better control of biological responses.19, 20 The ideal surface needs to be
strong enough to last the life-time of the patient without failure while being nontoxic,
hemocompatible, and encourage endothialization.21, 22
Cardiovascular biomaterials represent a large segment of the medical device industry and
accounted for six billion dollars in sales in the United States in 2002.23 Vascular grafts represent
a market of approximately 300,000 devices annually.23 These devices are typically made from
polyethylene terephthalate (Dacron), expanded Polytetrafluoroethylene (ePTFE), and
polyurethanes. Current processing techniques produce materials that have problems with
hemocompatibility. Figure 1-1 exemplifies the typical patency of PTFE femorotibial bypass
grafts showing that after 8 years is below 10% compared to natural vein grafts results with
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patency around 40% for the same time period. This clearly demonstrates the need for improved
materials surfaces for vascular grafts.24

Figure 1-1: Long-term patency of femorotibial bypass comparing natural veins (solid line) and
PTFE (dashed line). Patency for PTFE grafts at 1 year was approximately 50% and dropped to
30% at 2 years and below 10% at 8 years. Figure from Sayers et al. reproduced with permission
from Elsevier.24
Platelet activation is the first natural process employed by the body to prevent
exsanguinations by allowing the body to form thrombi in the event of trauma to vascular
structures. Platelets adhere to damaged blood vessels and form the base for the platelet plug as
well as catalyzing the coagulation cascade (Figure 1-2). The process of coagulation is complex
and can be activated by two main pathways, first, a damaged surface activates the conversion of
factor XII into XIIa in the intrinsic pathway, and second, in the extrinsic pathway when trauma
exposes the collagen of the vascular structure and allows for the conversion of factor VII to VIIa.
Both activation pathways lead to the conversion of prothrombin to thrombin which converts
fibrinogen into fibrin which stabilizes and cross links the platelets in the plug.
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Natural vascular structure has mechanisms for regulation of thrombus formation. The
first major control is that several major clotting factors need to be catalyzed by a surface which is
limited as the thrombus plug forms. Second, naturally occurring inhibitors of the coagulation
enzymes such as tissue factor pathway inhibitor and antithrombin III serve to regulate the
reaction. Lastly, enzymes and proteins are present that can degrade different cofactors. An
example of which is the membrane protein thrombomodulin which is on the surface of
endothelial cells and binds thrombin, this complex serves to both remove thrombin from the
cascade as well as to activate Protein C which is an anticoagulant.23, 25
The problem with a biomaterial surface stems from the unintentional activation of the
coagulation cascade which results in the formation of thrombi on the material’s surface.18, 26, 27
The artificial surface can serve to activate platelet adhesion likely by interaction with adsorbed
glycoproteins, such as fibrinogen, Von Willebrand factor, and fibronectin. These artificial
surfaces also lack the mechanisms that blood vessels have to inhibit the cascade. With the
constant flow of blood pumped through the vascular structure, clots can break off resulting in the
formation of thrombi. These thrombi can lodge in small blood vessels and stop the flow of blood
resulting in necrosis of all tissue ahead of the blockage. This is a main reason why understanding
the interaction of proteins with the surface is so important and why the project focuses on protein
adsorption studies.
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Figure 1-2: A diagram of the plasma coagulation cascade showing both the intrinsic pathway and
extrinsic pathway for clot formation. Both pathways result in the formation of cross linked fibrin
that form a plug in the break in the vascular structure and allow for wound repair. Figure from
Vogler et al. reproduced with permission from Elsevier.25
The goal of this project is to control the nanostructure of nPTFE by studying the
relationship between nanostructure and processing conditions. It will be possible to control the
nanostructures of the Jet Blown PTFE by varying the plasticization of the PTFE polymer during
processing. Control over the amount of plasticization and resulting structure can be achieved
using standard plasticization techniques of varying, heat, pressure, and gases (Section 1.3.6).28-35
The Jet Blown nPTFE is inherently superhydrophobic due to the air that is trapped within the
nanostructured surface that prevents water from wetting, resulting in water contact angles (148°
nPTFE) larger than the inherent contact angle of the non-structured material (112° PTFE).
Jet Blowing will allow the formation of novel nanostructured surfaces which will provide
the opportunity to study the fundamental effects of nanoscale fibers on protein adsorption and cell
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adhesion. A fundamental understanding of these relationships will allow for designing surfaces
will increased hemocompatibility. The nanostructured surface which has fibers that have radii
approaching the size of the proteins is proposed to result in novel protein adsorption properties.
It is expected that the amount of adsorption and the denaturing of the protein onto the surface will
be strongly influenced by fiber size.36, 37 Nanosized features have been shown to affect both
protein adsorption (Section 1.5) as well as cell adhesion (Section 1.6). In previous work on
nPTFE, Ainslie et al. showed decreased macrophage growth on the nPTFE. Limited macrophage
growth is important to limit inflammation response by the body to the artificial materials
surface.38
The nPTFE biomaterial properties can be further controlled using surface modification
techniques. Many different types of surface modification have been tested in order to control
protein adsorption and cell adhesion.39-63 Currently, ePTFE Gore-Tex® vascular grafts are
available from W.L. Gore, which are modified with heparin to reduce thrombus formation.
Begovac et al. shows that ePTFE, implanted in a canine carotid artery (Figure 1-3 top), formed a
large thrombus on the surface after two hours while the heparin modified graft (Figure 1-3
bottom) developed a surface largely without thrombi. Other strategies for surface modification
include different types of plasma modification,43, 44, 53, 56, 64, 65 as well as immobilizing different
proteins or polypeptides onto the materials surface.40, 50-52, 57, 60, 66-71 Ammonia plasma
functionalizes the surface with amine groups that are able to be coupled to different polypeptides.
Future work will include the use of specifically chosen peptides to promote selective
endothelialization on the PTFE surface.
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Figure 1-3: Two 3 mm diameter ePTFE vascular grafts shown after 2 hours implanted in in the
carotid artery of canines. Top graft is unmodified ePTFE with a large area of thrombus
accumulation; bottom graft is heparin modified ePTFE with little thrombus accumulation. Figure
from Begovac et al. reproduced with permission from Elsevier.72
Achieving a hemocompatible surface is dependent on the following hypotheses: (1) Jet
Blowing will allow for control of the nanostructure of nPTFE surfaces including fiber diameter
and surface area; (2) a polymer surface with nanofibers on the size scale of proteins will have
novel adsorption characteristics not possible with the bulk surface; (3) the nanosized fibers and
three dimensional structure of the nPTFE surface will encourage increased endothelial cell
growth compared to planar ePTFE; (4) surface modification and functionalization of the PTFE
will enable further control of the protein adsorption and cell adhesion.
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1.2 PTFE
PTFE, a widely used polymer for a range of different products, is composed of carbon
and fluorine (Figure 1-4).

Figure 1-4: Molecular structure of Polytetrafluoroethylene (PTFE)
PTFE was accidentally invented in 1938 by Roy Plunkett while trying to create a CFC refrigerant.
It is now produced by the DuPont Company and sold around the world in many different types of
resins. The carbon-fluorine bond is highly electronegative resulting in an extremely stable and
hydrophobic molecule. These properties make PTFE suitable for non-stick cooking surfaces, rain
gear, and biomaterials. PTFE is especially useful for biomaterials due to the stability of the
carbon-fluorine bond, which allows for little Van der Waal interactions. The lack of molecular
interactions between PTFE and other molecules results in low surface energy (18 dyne/cm) and a
low coefficient of friction (0.04). These properties make PTFE chemically resistant, thermally
stable, and relatively biologically inert. These same properties make PTFE difficult to process
using normal melt processing conditions.73
The selection of PTFE 601A was made based on its material properties and its
composition as a fine powder with a high molecular weight that can be stretched and extruded.
This is the type of starting material used to produce ePTFE.73 It’s average particle diameter is
570 µm, and it has a first melt temperature of 342 °C and a second melt of 327 °C.74 It is
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resistant to chemicals and has no known solvents. Its’ mechanical properties including a tensile
strength of 20-35 MPa, a tensile modulus of 550 MPa, and a compressive strength of 34.5 MPa.73
PTFE 601A is a white fine powder resin made from tetrafluoroethylene monomer in a dispersion
polymerization.74 The polymerization is carried out in an aqueous media and forms a colloidal
emulsion using free radicals for the propagation, forming long straight chains. To produce the
fine powder from the emulsion takes a few additional steps: first the polymer is coagulated using
a coagulation agent, such as methanol, forming agglomerates and then the agglomerates are
separated from the solution and carefully dried to protect the PTFE from fibrillation.73
Once the polymer resin is created it can then be processed into the useful morphologies,
structures, and devices. There are three major forms of PTFE used in this project, DuPont 601 A
resin; ePTFE (see Section 1.3.1.3) from Atrium Medical vascular grafts, and nPTFE (see Section
1.3.3) which is Jet Blown using DuPont 601A material in the Badding Laboratory (Figure 1-5).

9

Figure 1-5: Field Emission Scanning Electron Microscopy (FESEM) images (2,000X scale bar
10 µm and 20,000X scale bar 1 µm) and BET (Brunauer, Emmett, and Teller theory of adsorption
of gas molecules on a solid surface) surface area measurements for the three types of PTFE used
here within. The BET surface area is increased between the currently used ePTFE and the Jet
Blown nPTFE. The size of the fibers in the nPTFE is decreased in width and increased in length
for macro and microfibers when compared to ePTFE.

1.3 Polymer Processing
PTFE is extremely difficult to process due to the inherent stability of the C-F bond and
the lack of a suitable solvent and makes it impossible to use normal processes to create
nanofibers. There are many reasons why the PTFE chain is stable; first the bond energy of the CF bond is 513.8 ± 10.0 kJ/mol75 compared to the C-H bond which is only 338.4 ± 1.2 kJ/mol
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making the C-F bond75 more stable and requires more energy to break; second the arrangement of
fluorine atoms on the carbon back bone make it impossible for solvents to attack.73 Normal PTFE
processing consists of molding and extrusion. After extrusion, the PTFE sheets can then be
stretched uniaxially or biaxially to create expanded PTFE. ePTFE has many advantages over
planar PTFE including increased porosity resulting in increased hydrophobicity, crystallinity, and
tensile strength. Nanofibers can be formed with other polymers using an electrospinning process
which can coat most materials.76-82

1.3.1 Standard PTFE processing techniques

1.3.1.1 Compression Molding
Compression Molding is used to create really large billets or sheets of PTFE or other
polymers up to 700 kg in mass. The process is relatively simple and needs only a hydraulic press
and an oven, but the pressure and temperature need to be carefully controlled. The process
creates shapes that are limited to the shape of the mold.
The polymer is compressed in the mold with the hydraulic press and then sintered in the
oven to make the particles join together into a strong polymer structure. The temperature is
brought above the melting temperature of the PTFE. This technique is useful for making large
amounts of stock shapes but most need to be machined to make finished products. The technique
also lacks any control over the microscopic structure of the polymer.73, 83
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1.3.1.2 Extrusion
Ram extrusion is a common method for making polymer rods and blocks. The basic
process involves compaction of polymer powder which is then sintered above the melt
temperature of the polymer. This involves feeding polymer into a die, which for PTFE needs to
be cold to allow for easy flow of the powder. Once fed into the chamber the ram compresses the
powder into the die. This area of the extrusion device is heated above the melt temperature. The
ram continuously compresses the polymer down the heated chamber. The PTFE is sintered
together into a large block the shape of the die. The polymer flows through the end of the die and
cools.
This method is used to produce polymer products of all standard shapes and sizes, mostly
for difficult-to-process polymers such as PTFE. This process is useful for creating large amounts
of regularly shaped materials. The material shape is limited by the shape of the die. Ram
Extrusion is useful for processing PTFE in standard shapes on the macroscopic scale but has no
control of the microscopic features. 11, 13-15

1.3.1.3 Expanded
In order to create ePTFE, the PTFE resin first needs to be paste extruded. In this process,
a lubricant is added to the PTFE resin to enable easy extrusion. Common PTFE lubricants are
isoparaffinic hydrocarbons, after extrusion the hydrocarbons need to be removed by heating the
PTFE stock at elevated temperatures. The PTFE and lubricant are mixed at a temperature below
the PTFE transition temperature and then the paste is pressed into a pre-form which is then
extruded through a die. Figure 1-6 is a schematic diagram of the press and die used for the paste
extrusion. 14-16
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Figure 1-6: Paste Extrusion processing for PTFE, the paste can be further processed to form
ePTFE. Figure from Alfonsius et al. reproduced with permission from Wiley InterScience.84
The polymer is then heated in an oven to drive off all lubricant from the PTFE before
further processing. The shape of the extruded paste can be controlled by changing the shape of
the die. The unsintered polymer is then heated to between 35-320 °C and quickly stretched in
either one or two directions. Figure 1-7 shows how the PTFE structure is stretched into fibrils
connecting the large nodes. The stretched PTFE is then heat treated above 330 °C to lock the
structure, then cooled so that it will retain its current microscopic structure. The expansion
process can allow for control of the fibrils and nodes which allow for control of the microscopic
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structure of the PTFE. However, it does not allow for a material that is composed mostly of long,
narrow diameter fibers.73

Figure 1-7: Diagram of the expansion process for the formation of ePTFE. The sheet of PTFE
that was paste extruded is pulled in the x direction. As the sheet is pulled the fibrils are pulled
apart leaving fibers connecting the nodes. The final product microporous ePTFE can then be heat
locked. Figured has been adapted from Ebnesajjad et al. 73

1.3.2 Electrospinning
Electrospinning is a process for creating polymer nanofibers and can be used to coat most
surfaces. The basic setup consists of a syringe with a metal needle and a grounded collection
plate which is connected to a high voltage power supply (Figure 1-8). The polymer is charged by
the current and is repulsed between all the charged polymer droplets and attracted to the grounded
plate. Together, these forces form a mat of nanofibers with size and properties that can be
controlled. This technique has great control of the microscopic properties of the polymer mat.
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However, it is not possible to electrospin a solid, so the polymer that is being spun needs to be
soluble in some solvent, thus it is not possible with PTFE.15-19

Figure 1-8: Diagram of a polymer electrospinning setup a technique that is use for processing of
polymers into nanofibers. The technique is limited to polymers that can be dissolved in solvents
so they can be sprayed. Figure from Greiner et al. reproduced with permission from Wiley
InterScience.77

1.3.3 Jet Blowing
Jet Blowing is a process by which polymeric starting material is blown through a small
nozzle at temperatures below the melting point of the polymer. The softening, which results from
the temperature and pressure, causes elongation of the nodules and the formation of small fibers.
It is performed by spraying a two-phase mixture of gas and solid polymer at elevated temperature
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and pressure through a single-capillary orifice. Jet Blowing nozzles have a 180 µm wide and 1
mm long capillary EDM machined into the face. The chamber above the capillary is where the
high pressure gas and polymer are mixed. The size difference results in a nearly 10:1
axisymmetric contraction (Figure 1-9), which at the entrance of the capillary has strong
extensional and shear components. Fiber formation is believed to occur at the orifice near the
entrance to the capillary and is due to the increased speed of the gas traveling approximately 77
times faster in capillary then in the main chamber. The stretching results from part of the starting
material being in the lower speed region of the nozzle while the other part of the starting material
is in the high speed region. This difference in speed of the two regions of the same PTFE starting
material results in stretching of the PTFE nodules and reorientation of the polymer with fibers
that have oriented chains smaller then the starting nodules. Due to its extremely high melt
viscosity, it is not possible to form fibers of PTFE by conventional techniques such as melt
blowing or by electro-spinning. Jet Blowing is the only process available to make controllable
nanoarchitecture with polymers such as PTFE.
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Figure 1-9: Polymer Flow in High Pressure Nozzle showing the nodules of PTFE starting
material DuPont 601A being elongated due to flow through the 1 mm long capillary. Resulting in
the forming of nanofibers which are smaller in diameter then the capillary.
Jet Blowing has been shown to be a promising method for creating a wide range of
nanofibrillous polymer materials that exhibit a range of different nanoarchitectures.38, 85 The
process is applicable to a broad range of polymers, including those that are not melt-or-solution
processable such as PTFE. The resulting nanostructured PTFE (nPTFE) has a unique three
dimensional structure that is not possible to produce with other techniques. Both the nano and
micro structure of the Jet Blown nPTFE materials are very different from existing PTFE
materials, such as expanded PTFE (ePTFE) and the PTFE 601A (DuPont Fluoroproducts,
Wilmington, DE)74 starting material (Figure 1-5). In order to control the biological response to a
material’s surface, a fundamental understanding of the surface and how to control its properties is
important.
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1.3.4 PTFE Safety
PTFE is widely used because of its stability and chemical inertness. However, at
elevated temperatures and with repeated wear it can break down. At elevated temperatures, from
materials processing or from natural use such as in cooking on nonstick pans, the PTFE can break
down into many chemicals that can be hazardous to one’s health. Also, nanoparticles once
airborne can wind up trapped in the lungs and the exact health effects that these small particles
can cause are not fully known.

1.3.4.1 PTFE Decomposition
PTFE is stable at temperatures around the melt temperature, but has been shown to break
up or decompose at elevated temperatures over extended periods. There is some controversy over
the health risks and stability of the PTFE at elevated temperatures. It is used to coat cooking pans
and other everyday products that reach these temperatures. One study showed that PTFE at
temperatures between 600-700°C resulted in pyrolysis of the PTFE with low molecular weight
molecules from C2F4 to C4F8.86
Studies have shown that that at temperatures above 420 °C PTFE releases fumes of
ultrafine particles which at low concentrations have been shown to cause inflammation in the
lungs of rats.87 The study notes that human exposure to polymer fumes causes “polymer fume
fever” which can occur several hours after exposure.88, 89 The symptoms can include tightness of
the chest, shortness of breath, coughing, headache, sore throat and a fever. One study found that
only the smaller sized particles (<100 nm) caused the inflammation, and that after the fumes were
allowed to sit for several minutes they aggregate to sizes larger than 100 nm.90 Thus, special
precautions were taken in the design of the Jet Blowing setup including building an enclosure
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around the Jet Blowing setup with a HEPA filter which is exhausted into the building hood
system. Since the PTFE is heated to elevated temperatures for extended periods of time and then
forcefully blown out of a nozzle at high pressure, there was the possibility that different products
could be blown into the air.

1.3.4.2 Airborne Nanoparticles
A current trend in science is nanotechnology, exploring how small objects on the
nanometer scale can be made, how they act, and how to exploit the nanosized features. Products
including quantum dots and carbon nanotubes show great promise, but there has been a lack of
research on the health effects of these small particles. It is important to understand the possible
health risks of Jet Blowing in order to minimize the potential dangers. It has been shown that
ultrafine particles (~20 nm) of PTFE have caused inflammation in the lungs and other breathing
problems.87-90 Studies have shown that as these particles get smaller it takes longer to clear them
out of the lungs resulting in more inflammation.89, 91-93 High doses of ultrafine particles have also
been shown to result in lung tumors in rats.94
Health risks from nanoparticles are not limited to the lungs, it was shown that ultrafine
13

C particles concentrate in organs other than the lungs, including the brain, and are still present

seven days after exposure.95 Currently work is being done to understand the ways that these
nanosized particles (NSPs) get into the body and how they move around within the body to reach
different organs. However, there needs to be more work done, as well as clear standards and
procedures created to ensure that with this new technology public health is not at any unnecessary
risk.96, 97
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1.3.5 Joule-Thomson Effect
The Joule-Thomson effect is the thermodynamic process which describes what happens
to the temperature of a gas when it expands or is compressed. The change in temperature is
dependent on the gas as well as the temperature and pressure at which the expansion occurs. The
Joule-Thomson curve is specific to each gas and is plotted with reduced pressures and
temperatures (actual temperature or pressure divided by critical temperature or pressure of the
gas); Table 1-1 displays the critical temperature and pressure for the conversions. Heating will
occur if the gas is at a pressure and temperature that is above the curve. Cooling will occur if the
gas is at a pressure and temperature below the curve.
Table 1-1: Critical Temperature and Pressure for Argon, Nitrogen, and Carbon Dioxide
Critical Temp (K)

Critical Pressure (MPa)

Argon

150.8

4.87

Nitrogen

126.2

3.39

Carbon Dioxide

304.1

7.377

Based on the plotted Joule-Thomson curves in Figure 1-10, nitrogen gas will heat when
expanded in these conditions, while carbon dioxide will cool. The amount of heating and
cooling will be based on the pressure and temperature at which the expansion occurs.
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Figure 1-10: Joule-Thomson Curves for Nitrogen and Carbon Dioxide with Jet Blowing
conditions imposed on the graph. All conditions that fall within the curve result in cooling of the
gas when expanded, and all conditions outside the curve result in heating when the gas is
expanded temperatures and pressures that Jet Blowing occurred at are represented with “•”.98
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1.3.6 Polymer Plasticization
The Jet Blowing process relies on plasticization of the PTFE polymer in order to stretch
the PTFE through a 180 µm hole. The polymer is elongated as it flows through the small nozzle
which is aided by the softening of the polymer. The plasticization techniques employed involves
varying temperature, pressure, and gas selection. Controlling each variable of the Jet Blowing
process allows for control the structure of the nPTFE.
Temperature variation is a well known method for softening polymers. It is used in most
polymer processing techniques and results in softer polymers that are pliable and easier to
process.73, 83, 99-101 The increase in temperature decreases the friction between PTFE chains at
temperatures above 400 K102-104 (Figure 1-11) during Jet Blowing. This, was found to result in
different polymer structures when gas and pressure were held constant (Section 3.2.4). Jet
Blowing occurs below the melt temperature of the PTFE, but is able to soften the polymer to
allow for Jet Blowing.

Figure 1-11: Graph showing the changes in internal friction of PTFE as a function of
temperature. Figure from Rae et al. reproduced with permission from Elsevier.105
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Increasing pressure has been shown to increase plasticization of polymers by increasing
the amount of gas molecules dissolved into the polymer. The gas molecules can act as a
molecular lubricant which decreases the friction between the polymer chains.73, 83, 99, 100 This
allows the chains to move with less friction and results in increased fiber formation.29, 35, 102, 104-108
The pressure also increases the speed at which the polymer is forced through the nozzle, resulting
in greater elongation of the fibers. However, over-pressure can result in the compression of the
softened polymer forming a sintered product (see Section 3.2.4).
Carbon dioxide is well known for its plasticization effect on many polymers. It is
believed that the carbon dioxide absorbs into the polymer matrix causing it to swell. The swollen
polymer has increased free space which allows for polymer chains to move more freely. The CO2
can also act as a lubricant for the polymer chains, causing a decrease in viscosity of the polymer
and resulting in easier processing.

28, 30, 34, 109-115

Jet Blowing with carbon dioxide resulted in

increased softening at lower temperatures and the formation of sintered materials at higher
pressures. Nitrogen and argon gas were responsible for increased heating due to Joule-Thomson
expansion which caused additional plasticization (see Section 3.2.4).

1.4 PTFE Biocompatibility
Hemocompatibility is dependent on the interaction of the material surface with blood and
the resulting response. Polymeric materials currently being used have problems with patency due
to thrombosis formation. It is believed that having surface features such as high aspect ratio
fibers on the scale of nanometers will allow for better control of both protein-adsorption
characteristics (Section 1.5) and cell adhesion (Section 1.6).19, 20, 116-131
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PTFE has been used for years for many applications, specifically biomaterial devices, and
has remained popular for devices today due to many factors including: being already FDA
approved, low surface energy, small coefficient of frication (0.04) and being relatively
biologically inert.73 There are currently many blood contacting PTFE devices available to
surgeons for implantation in various procedures. Guidoin et al. has shown that ePTFE vascular
devices did not chemically degrade for at least 6.5 years but did exhibit protein adsorption.132
Studies have shown that, compared to grafted veins, PTFE devices have lower survival rates.24 In
2008 Roll et al. showed that both PTFE and Dacron© have the same problems with patency.133
Studies have also shown that surface modification can increase patency of these grafts. The most
common method used today is heparin, a common medication widely used as an anticoagulant,
can be coated onto the polymer surfaces of Dacron and PTFE to minimize thromboses
formation.10, 11 Clearly, the currently available devices have need for improvement in patency and
long term survival.

1.5 Protein Adsorption
A fundamental aspect of biocompatibility is protein adsorption, it occurs immediately
after contact between blood and a materials surface, and can result in inducing thrombus
formation or potentially passivation of the surface for improved cell adhesion.134-139 Surface
engineering has been an important part of the development of biomaterials for a wide variety of
medical devices to improve compatibility with blood and tissue.15, 20, 21, 140-150 A recent trend in
surface engineering has been texturing surfaces at the micro-to-nanoscale to influence important
interfacial events such as protein adsorption119, 151 and cell adhesion.152, 153 This research will
focus on two common plasma proteins present in high concentrations in blood. The proteins were
selected for both physiological importance and their difference in size, Human Serum Albumin
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(HSA, 66.3 kDa, 3.54 nm radius,40-55 mg/mL) and Human Immunoglobulin G (IgG, 160 kDa,
4.73 nm radius,6.5-16.5 mg/mL).154 Changes in adsorption to the nanosized fibers should vary
based on both size of the adsorbent as well as the absorbate.
This work focuses on a group of textured materials exhibiting superhydrophobicity.12, 13,
37, 155-162

The superhydrophobic effect is a result of air trapped within the textured surface that

water fails to wet, resulting in the water partially resting on air, yielding water contact angles
much greater than the contact angle of the smooth material; sometimes in excess of 150°.10, 16, 37,
155, 163

Certain materials in widespread biomedical application, such as expanded

polytetrafluoroethylene (ePTFE), are superhydrophobic (measured contact angle of 138°) as
commercially prepared because of the inherent hydrophobicity of PTFE49 and a fibrillated texture
induced by biaxial stretching (see Figure 1-3).73, 164 The advances in blood compatibility of
ePTFE vascular grafts165, 166 has created interest in superhydrophobic materials for improved
biocompatibility.
Protein adsorption onto superhydrophobic materials is important to fully characterize
due to the importance of protein adsorption in hemocompatibility and the nature of the nPTFE
surface. The literature on protein adsorption is controversial and inconsistent.8, 167 There has
been considerable diversity of opinion regarding protein-adsorption properties of
superhydrophobic materials. Some investigators have reported protein-adsorbent properties151, 165
while others non-adsorbent properties.10, 159, 168 Some publications have shown a direct
relationship between protein adsorption and nano-feature size while others have not.117, 119, 169-171
It has been shown that size control of features on the nanoscale affect protein adsorption.
The decrease in fiber diameter results in increased radii of curvature that the protein interacts
with. It is believed that the increased curvature allows the protein to retain their native
conformation without denaturing on the surface.172 Comparing ePTFE to nPTFE will allow for a
better understanding of the effects that fiber size has on protein adsorption.
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1.6 Cell Adhesion
The first step to improving the biological response to the material is to understand and
control the material’s surface properties. Previous works have shown that nanoscale features
have the potential to increase the control of cell growth on materials surfaces. Many studies on
the effects of nanoscale features on cell adhesion to surfaces have been performed, but many of
the results have been contradictory. Contradictory reports have been made for cell adhesion and
the relationship to the size of nano-features.125, 126, 128, 153 The goal is to create a vascular
biomaterial that has the inside surface coated with endothelial cells resistant to platelets and
macrophages adhesion. The realization of this type of surface will represent a tremendous
advancement in biomaterials.
Much work has been done comparing the effect of different nanosurfaces with many
different cell types. The cell types include fibroblasts, osteoblasts, macrophages, endothelial
cells, and neural cells, among others. There have also been many different types of surfaces
studied, ranging from particles to fibers and tubes.116, 123, 124, 126-129, 131, 153, 173-176 A large amount of
work has focused on carbon nanotubes (CNTs) which have been used as scaffold materials for
osteoblast growth leading to bone formation. Studies growing osteoblasts on CNTs for bone
growth have shown improvements for the CNTs over templates.130, 131, 175 Multiwall carbon
nanotubes (MWCNT) have also shown potential in bone formation as well as other forms of
tissue engineering.123 Specifically comparing the same type of material, carbon, studies have
focused on the difference between graphite, single wall CNTs, and double wall CNTs. Carbon
nanotubes exhibit higher cell growth, proliferation and other markers.124 This improvement in
cell growth is also seen in fibroblast cells129, 176 when grown on CNTs. What makes the
improvement even more important is that there is evidence that macrophage growth is decreased
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which is important in reducing immune response and inflammation.174 Previous work with Jet
Blown nPTFE in the Pishko lab has shown a similar decrease in macrophage growth.38
Other studies focused on different polymer materials and control of feature size of
topography and nanopits. Lim et al. found that it was possible to control cell functions based on
surface properties of nanoscale features.128, 153, 177 Carpenter et al. found that both protein
adsorption and endothelial cell adhesion correspond to changing nanosized feature dimensions. It
was shown on poly(lactic-co-glycolic acid) that it is possible to control endothelial cells
proliferation by changing the size of the polymer features.125

1.7 Surface Modification
The goal of achieving a surface that is the same as a blood vessel can only be achieved by
lining the internal blood contacting surface with the body’s own vascular cells. One common
method for surface modification of PTFE is plasma modification. With PTFE being stable and
inert there are not a lot of different methods available.
There are different types of plasmas that can place varying types of surface groups on the
PTFE. The basics types are either vacuum plasma or atmospheric plasma. Also the gas that the
plasma is made of can be changed. The plasma will directly functionalize the PTFE fibers with
different surface groups. One method that has been used for PTFE surfaces is ammonia gas
plasma modification which results in the incorporation of primary amines on the PTFE surface.53,
56, 59, 61, 65, 178-182

The second technique is atmospheric plasma, by varying the plasma gas can

modify a polymer surface with many different functional groups. Mostly oxygen, argon,
nitrogen, hydrogen, helium, and combinations of the gases are used. The power and time of the
treatment can be varied as well as the distance the polymer is from the plasma head.183-187
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Previous work on polyphosphazene nanofibers showed potential in this treatment method without
melting the nanofibers.188
The plasma treated surface will allow the attachment of YIGSR (Figure 1-12) using
standard carbodiimide coupling chemistry (Figure 1-13).55, 189, 190 YIGSR is a peptide from the
integrin binding domain of laminin-1 which has been shown to be bound by β1 integrins of
endothelial cells. Since the β1 integrin is not present on platelets it will limit possible
thrombosis.50-52, 191-196 The modified surface would serve to limit platelet adhesion and promote
endothelization.

Figure 1-12: YIGSR is a polypeptide which has been shown to bind the β1 integrin on endothelial
cells. YIGSR was selected for its selective ability to bind only endothelial cells.50-52, 193, 195
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Figure 1-13: Carbodiimide coupling chemistry used for the coupling of the YIGSR polypeptide
to the amine groups on the surface of the PTFE nanofibers.197
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1.8 Goals
1)

Develop control of the nPTFE surface properties through Jet Blowing:
A comprehensive study of the relationship between processing conditions and materials

surface will be completed. Enabling a better understanding of the Jet Blowing process as well as
allowing for the selection of a material surface on which to conduct biocompatibility studies on.
2)

Study the fundamental relationship between fiber size of the nPTFE surface and

protein adsorption:
Protein adsorption on a surface is one of the most important factors that affect
hemocompatibility. A study of the effects of nanostructure on protein adsorption will be carry
out comparing adsorption of common blood proteins (HSA and IgG) on both ePTFE and nPTFE
surfaces.
3)

Study the fundamental relationship between fiber size of the nPTFE surface and cell

adhesion:
An idea hemocompatible material would support growth of the native endothelial cells on
the surface of the material. A study of the effects of nanostructure on cell adhesion will be carry
out comparing adhesion of endothelial cells on both ePTFE and nPTFE surfaces.
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Chapter 2
Experimental Techniques and Jet Blowing Apparatus

2.1 PTFE Materials Characterization
The biocompatibility of a material is significantly determined by the surface properties of
the material. Towards that end, a tremendous amount of time has been spent in trying to fully
understand and characterize the material’s surface. In order to accomplish this, a large number of
material characterization techniques were applied to the PTFE surfaces.

2.1.1 FESEM
Field emission scanning electron microscopy (FESEM) images were obtained on a JEOL
6700F FESEM. PTFE samples were mounted on SEM stubs with small amounts of silver paste
and sputter coated with iridium. Ten small samples were mounted on each stub. Samples were
imaged using the SEI detector using 1 KeV accelerating voltage and 3 mm working distance, and
the LEI detector using 5 KeV accelerating voltage and 15 mm working distance. Each sample
was imaged at 5 different locations at 5,000X, 10,000X, and 20,000X with the SEI detector and at
1,000X and 2,000X with the LEI detector.

2.1.2 ESEM
ESEM images were obtained on a FEI Quanta 200 ESEM in low vacuum mode. Small
amounts of samples were mounted using conductive tape. The samples were imaged at 0.68 torr
with 10 mm working distances and 10 KeV accelerating voltage.
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2.1.3 Raman
Raman Spectroscopy involves the adsorption of energy usually in the form of a
monochromatic laser. The molecule, once in the virtual state, releases a photon as it relaxes back
into the ground state. Figure 2-1 is a schematic energy diagram of the transitions.

Figure 2-1: Diagram of Raman Spectroscopy transitions, illustrating the transitions between the
ground state and virtual state that releases a photon.
Raman scattering is when the energy of the photon is different than the incoming light
and competes with Rayleigh scattering which is a much more probable transition. When that
energy level drops back down to a ground state it releases energy as a photon. Stokes scattering
is when the photon is at a lower energy and generates a red shift of the photons. Anti-Stokes
scattering occurs when the molecule loses energy and results in a blue shift of the photons.
Raman is a nondestructive technique that gives information about specific microenvironments of
the polymer.198 Figure 2-2 is a normal PTFE Raman spectra for both nPTFE and 601A starting
material on the Renishaw inVia micro-Raman.
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Figure 2-2: Raman Spectra of 601a Starting material and nPTFE showing the corresponding
vibration modes.199

2.1.3.1 Polarized micro-Raman
Polarized micro-Raman were collected using a 100X objective with a 1 µm spot size
(Dilor XY, 514 nm excitation, 2.3 mW at the sample) to measure fiber alignment.85 By
comparing the intensity of the peaks in different regions of the PTFE spectrum when the
polarization of the laser is changed by 90° the degree of fiber alignment in the nPTFE samples
can be qualified (Figure 2-3).
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Figure 2-3: Raman Spectra of nPTFE Showing Fiber Alignment85 changes in peak intensity are
due to the alignment of the PTFE fibers and result in rotation of the polarization of the laser.
Figure from Borkar et al. reproduced with permission from Elsevier.

2.1.3.2 Micro-Raman
Raman analysis for melting was performed using an inVia micro-Raman from Renishaw
with a 514 nm laser at approximately 4 mW. The spectral region of the 1381 cm-1 corresponds to
the CF2 stretch mode of PTFE, which has been reported to be sensitive to the crystallinity of

34
PTFE. 85 A low frequency tailing of 1381 cm-1 mode is present only after the PTFE has been
melted and can be monitored accordingly (Figure 2-4).

Figure 2-4: Micro Raman from the 1381cm-1 region which is sensitive to melting of the PTFE,
top graph is of nPTFE at 340 °C exhibits low frequency tailing which is associated with reduced
crystallinity. The middle graph of 601A starting material and bottom graph of nPTFE at 290 °C
does not exhibit the same low frequency tailing.

2.1.4 Surface Area using BET
Surface area of the ePTFE was measured using the BET method (developed in 1938 by
Stephen Brunauer, Paul Hugh Emmett, and Edward Teller) on the Micromeritics ASAP 2010
using nitrogen as the probe gas. Samples were degassed for 24 hours at 160 °C. A standard
sample of silica alumina from Micromeritics was used for instrument calibration.
Surface area measurements are based on the BET theory to calculate total surface area
based on the physical adsorption of gas molecules onto solid surfaces. The theory is based on the
Langmuir adsorption theory expanded from a monolayer adsorption to multilayer adsorption.
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The theory is based on the assumptions that gas physically adsorbs on solids as layers, there are
no interactions between layers, and Langmuir isotherms can be applied to each layer.200

2.1.5 X-Ray Photoelectron Spectroscopy (XPS)
XPS was performed on a Kratos Ultra X-ray photoelectron spectrometer; data analysis
was done using CASA XPS. XPS is a surface science technique for elemental analysis of the
surface region of a material. XPS is based on photoelectric effect, where incident X-rays are
focused on the materials surface causing emission of a core level electron. Using the equation
binding energy (BE) = hυ – kinetic energy (KE) the KE is the energy of the emitted electron
measured by the spectrometer, hυ is the energy of the electron.23
Survey scans were taken over the whole energy range, with high resolution scans taken
for fluorine at 685 eV, nitrogen at 398 eV, and carbon at 285 eV. The bonding of the different
environments of the atoms can be determined by comparing the locations of the 1s peaks. The
Carbon 1s peak should be at approximately 292 eV when bonded to fluorine. The fluorine 1s
peak should be at approximately 689 eV when bonded to carbon. The nitrogen 1s should be at
approximately 399eV to 401 eV when bonded to carbon. These energies are based on data from
the Handbook of x-ray photoelectron spectroscopy (figure 2-6).201

2.1.6 Contact Angle
Static contact angles were measured using a video camera and back light setup.
Deionized water was dropped using a small gauge syringe. The image was measured using
Image J (Figure 2-5). Contact angle measurements measure the difference between the forces of
attraction between liquid molecules (cohesive force) and the forces between the liquid molecules
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and the surface (adhesive force). The angle is depenadant on equilibrium between the two forces
and can be represented with:
cos
Where ɣsv is the energy of the surface, ɣsl is the interfacial tension between the solid and liquid,
ɣlv is the liquid-vapor surface tension, and θ is the contact angle.23
The difference between advancing and receding contact angle measurements (contact
angle hysteresis) can give additional information about surface heterogeneity and roughness.202-204

Figure 2-5: Contact angle of nPTFE 148° where PTFE film is 112° showing that the nanofibers of
the nPTFE increase the hydrophobicity of the PTFE.
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2.2 Fluorescence Microscopy

2.2.1 Microscopy
Cell images were taken by fluorescence and confocal microscopy. Fluorescence
microscopy was performed using both an Olympus BX61 materials fluorescent microscope as
well as a Carl Zeiss Axiovert 200M inverted microscope. Confocal microscopy utilized an
Olympus Fluoview FV1000 IX81 confocal system. Images were taken at 4x, 10x, and 40x
magnification. Images were taken in 3 channels FITC green color with excitation of 494nm and
emissions of 517nm, TRITC red color with excitation of 528 nm and emission of 617nm, and
differential interference contrast microscopy (DIC) for imaging the material surface. Samples of
ePTFE were mounted in a specially designed holder to keep the surface stretched out. Samples of
nPTFE were mounted using specially designed holders that had a hole to place the nPTFE surface
in with a bar that was locked in place to hold the sample under the cell containing media. The
holders were fabricated from stainless steel for autoclaving and made with a radius that would fit
into a 6-well plate for cell culturing.
Fluorescence Microscopy was used to count live dead cells using an assays kit. Dead
cells are red and live cells green on the material’s surface. A 3 channel image was taken with
FITC for live cells, TRITC for dead cells, and DIC the 3 channels were combined (Figure 2-6).
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Figure 2-6: 10X cells with live/dead stains for ePTFE: top left is FITC, for live cells, top right is
TRITC for dead cells, bottom left is DIC, and bottom right is a combination of all 3 channels.

2.2.2 Live Dead Assay
The assay for determining live and dead cells was bought from Invitrogen and was the
LIVE/DEAD Viability Kit for mammalian cells. Live cells were selectively stained with Calcein
AM, which fluoresced green when using FITC filters (494 nm excitation and 517 nm emission).
Dead cells were selectively stained using EthD-1 nucleic acid dye that fluoresced red when using
TRITC filters (528 nm excitation and 617 nm emission) (Figure 2-7).
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Figure 2-7: 10X cells with live/dead stains on glass cover slips, the cells are very easy to see and
have the normal shape of health endothelial cells.

2.3 Cell Culture Protocol
Bovine vascular endothelial cells were cultured from stock from ATCC CPA 47, CRL1733. Cells were cultured using 500 mL of Kaighn’s Modification of Ham’s F-12 Medium
(ATCC), 50 mL fetal bovine serum (HyClone), and 5 mL antibiotic antimycotic solution (Sigma).
The media solution was vacuum filtered through a 0.90 mm pore filter (Nalgene) to remove any
solid impurities. Frozen stocks were defrosted in a warm water bath and pipette into a sterile tube
that was spun down at 120 G for ten minutes to remove the preservation medium. The cells
cultured in T-75 culture flasks and were then suspended in 10 ml of medium and plated into a
culture flask. The media was changed approximately every two days, and the cells were
incubated at 37 °C in a 5% carbon dioxide atmosphere. Aseptic techniques were maintained at all
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times with all surfaces being sprayed with 70% ethanol before being placed into the cell culture
hood or incubator. The hood was opened and turned on one hour before cell work commenced in
order to make sure all air in the hood was sterile. Cultures were split with a ratio of 1:2 every 7
to 10 days when the culture was confluent. Cells were scraped off the flask using a cell scraper in
fresh medium and distributed using a sterile 10 ml pipette.
The first stock of cells were grown to 16 confluent plates and then frozen down to
maintain a stock of froze cells. The first step in the freeze down protocol was a normal medium
exchange. The cells were then scraped and pipette into a tube and centrifuged at 100G for 5
minutes. The cells were again redistributed in 1 ml of preservation solution (95% medium, 5%
DMSO) per cryogenic tube. The cells from ½ to 1 plate were place into each cryogenic tube.
The tubes were cooled at a controlled rate of -1 to -3 °C per minute using a Mr. Frosty (Nalg
Nunc International). The Mr. Frosty was placed in a styrofoam box filled with dry ice and
allowed to cool over night. The vials were then placed in the liquid nitrogen storage dewar, and
kept in the vapor phase of the liquid nitrogen.

2.4 Plasma Modification
A Harrick model PDC-32G (Figure 2-8) plasma unit was used for modification. The
chamber was evacuated with a Welch duo seal 1402 vacuum pump with a ½ hp motor, for five
minutes before turning on the plasma. Anhydrous ammonia was then slowly bled into the
chamber while the vacuum pump continued running with a pressure of approximately 10-3 Torr.
Flow was controlled using an in line flow meter as well as a stainless steel needle valve at the
opening of the chamber. All parts of the setup were inside a fume hood for safety precautions.
The ammonia gas was allowed to enter the chamber and the plasma unit was set to high power
using a 13.56 MHZ radio frequency. The length of the treatment (5 minutes to 1 hour), power
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(10 to 100W), and flow rate (1-2 SCFH) of gas were varied to maximize the number of amine
groups on the surface of the PTFE. Standard sheets of PTFE film were used to optimize the
experimental conditions and samples of ePTFE and nPTFE thereafter. After plasma treatment,
samples were placed into plastic holders and XPS analysis was carried out immediately after to
minimize interactions with the atmosphere.

Figure 2-8: Harrick model PDC-32G plasma unit
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2.5 Jet Blowing
Jet Blowing is the solvent free non-melt processing developed to make nanofibrous PTFE
samples. Much of this work was geared towards obtaining a greater understanding of the process
and to determine methods which would optimize the product. The Jet Blown material is a mat of
fibers made up of much smaller nanofibers (Figure 2-9). By changing the processing conditions
control over the structure of the PTFE nanofibers can be achieved.

Figure 2-9: ESEM Image of nPTFE Fiber Mat 100X showing the large macrofibers that are
composed of nano sized PTFE fibers.
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2.5.1 Jet Blowing Apparatus
The Jet Blowing setup was built out of 316 stainless steel tubing from High Pressure
Equipment Company in Erie, Pennsylvania. The nozzles (Figure 2-10) were made using a CNC
lathe. The program can be found in Appendix A. The 1mm long, 180 µm diameter hole was
made using an EDM (Hylozoic Products, Seattle, Wa) all holes were within 30% in diameter.

Figure 2-10: Nozzle design for Jet Blowing, due to the high pressures being used the nozzle is
machined from 316 stainless steel. The connection is made to couple to the female opening of ¼
inch HIP parts. Figured has been adapted from Borkar et al.85

All tubing was either 1/4” or 9/16” OD tubing. All valves and tubing were rated for at
least 30,000 PSI. Great care was taken to minimize the amount of volume after the last valve to
decrease the pressure drop before Jet Blowing. Several different setup designs were evaluated to
increase material output (Figure 2-11). Work was done to build a feed screw into the setup to
create a constant stream of Jet Blown material. However, it was abandoned due to the tendency
of the PTFE material to adhere to itself in the screw and not feed.
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Figure 2-11: Jet Blowing Setup showing the high pressure gas tanks and pumps that are used to
create the pressure for Jet Blowing on the left. The modular Jet Blowing unit and how it fits into
the heating units and is captured in a 500 mL flask which is inside a sealed box which is filtered
with a HEPA filter for safety.
A second attempt was implemented using a modular design (Figure 2-12A). The head
unit was designed as a removable section and 15 were built (Figure 2-12B). Each unit has a
nozzle with a 180 µm hole surrounded by aluminum heat sinks that fit tightly to the stainless steel
parts and are slightly smaller than the ceramic tube heater. The units are preheated then
connected to a cross with a thermocouple in the middle of the head unit. The unit is then placed
into the heater and attached to the high pressure gas line. The sample is collected into a 500 mL
volumetric flask filled with 100 mL of deionized water (Figure 2-12).
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Figure 2-14: Jet Blowing Setup and filter box (A), Jet Blowing nozzle units (B), and Heater
controls and computer (C)
The heaters are made of Nickel Chrome resistance wire with total resistance of 12 Ω per
zone. Each pre-heater is its own zone with the resistance wire wrapped around the glass tube and
covered in heater cement. Each has its own thermocouple probe that is placed half way to the
bottom of the heater. The main heater is composed of the inner ceramics tube wrapped with the
resistance wire covered in heater cement. The heater is made of two zones each with its own
thermocouple. The heaters are placed inside outer glass tubes and then are packed with
insulation.
The temperatures of the heaters are controlled by a computer. The heater controls are run
by Lab View 8 and controlled by National Instruments cards (NI 4351 and PCI-6601) (Figure 212C). The temperature is regulated using a PID controller code based off the internal
thermocouple and as a safety set to not exceed 30 °C above the set temperature on the external
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thermocouple. The Jet Blowing was carried out in a closed box fitted with a vacuum system
using a HEPA filter. The vacuum is exhausted into the hood system, and the box has a one-way
value that allows air into the box but not out into the room.

2.5.2 Jet Blowing Procedure
Four hundred mg of PTFE are loaded into each sample chamber and preheated to
approximately 80% of the final temperature in three stages over a one hour period. The chamber
is then placed into the two zone heater and raised to the final temperature in 20 to 40 minutes,
depending on temperature (it is monitored internally by the thermocouple directly above the
polymer). The gas is then pumped to pressure behind the last valve before the sample chamber.
When the pressure at the pump and the internal temperature on the upswing reach the desired Jet
Blowing conditions this last valve is opened and the Jet Blowing process begins. The blown fiber
material is captured in DI water in the flask placed one inch below the bottom of the nozzle. The
pump is allowed to keep pumping until either the maximum pressure on the pump (30,000 PSI) is
reached or until gas flows freely through the nozzle. The box that the nPTFE is blown into is
sealed and fitted with a vacuum pump fitted with a HEPA filter and is exhausted to the hood
system. Samples were collected from the water using a stainless steel mesh filter over a vacuum
flask and stored in Petri dishes.

Chapter 3
nPTFE Material Optimization
Jet Blowing has been refined from a novel PTFE processing technique,85 to a controllable
and reproducible process for the formation of PTFE nanofibers. Both the reproducibility and
resulting characteristics of the optimized material are not possible utilizing other PTFE
processing techniques. To this end, the relationships between processing conditions and material
properties has allowed for a critical understanding of Jet Blowing. Selective tuning of specific
properties of the PTFE fibers (surface area, fiber length, and ratio of fiber to starting material) is
now possible and will result in maximizing biological compatibility of the surface. Exploitation
of these properties will lead to the formation of a more hemocompatible surface. This chapter is
based on a manuscript that will be submitted to Applied Materials and Interfaces. The data in this
chapter was collected mainly by the author but, counting and statics were done by the co-author
of the article Mike Proia.205

3.1 nPTFE Analysis
An extensive and comprehensive study of the relationship between processing conditions
and material surface has been completed. An effort to expand previous knowledge of Jet
Blowing in a systematic and deliberate study of processing conditions has been performed. Three
aspects of the Jet Blowing procedure were varied; temperature (200 °C – 350 °C), pressure (35
MPa, 70 MPa, and 140 MPa), and gas (argon, nitrogen, and carbon dioxide). The unique
plasticization effects of carbon dioxide for polymer processing have been studied in-depth.2-5
Temperature and pressure35 have also been shown to affect the plasticization of polymers which

48
enables the polymers to be more easily stretched and blown out of the Jet Blowing setup. JouleThomson heating and cooling are also factors that affect the Jet Blowing process. Nitrogen and
argon both exhibit increases in temperature upon expansion, while carbon dioxide cools as it
expands within the Jet Blowing temperature and pressure range.98 The goal of this work is to
establish processing conditions that allow control of the surface area, fiber diameter, fiber length,
and starting material nodules remaining per unit surface area. Controlling these properties during
fabrication will provide a huge advantage in designing materials for a wide range of applications
including biomaterials.

3.1.1 Image Analysis
Image analysis was performed by counting the number of nodules per unit surface area as
well as the lengths and widths of fibers in that area (Figure 3-1). Five different locations on a
sample were analyzed for each temperature. Each location was imaged at 5,000X, 20,000X, and
30,000X magnification and image analysis was performed on images at 20,000X magnification.
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Figure 3-1: Showing the different properties of the nPTFE that were measured for each sample,
A) area of the sample to be analyzed, B) Fiber length, C) Fiber width, and D) number of starting
nodules.

3.1.2 Data Analysis
Data analysis was applied to the counting and measurements from all five images for
each temperature pressure condition. Each image was assumed to be representative of the entire
sample. Extreme outliers were removed from the data using a boxplot method if the values
exceeded 3fs. Analysis was done using SigmaPlot for Windows version 11.0 by Systat Software
Inc. with a consistent 95% confidence criterion. The variance was measured using an KruskalWallis ANOVA test applied to each plot and comparison. Normality was tested using the
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Shapiro-Wilk test. SigmaPlot was used to produce pairwise comparisons of each set that had
differences. The Turkey and Holm-Sidak tests were used for the pairwise comparisons with
similar sample sizes. Dunn’s test was used when groups had highly varied sample sizes.206

3.1.3 Joule-Thomson Effect
The unexpected change in fiber property of the Jet Blown PTFE at temperatures well
below the melt temperature of PTFE was observed. This was expected for carbon dioxide but
was surprising for argon. Quantification of the Joule-Thomson effect was performed by a control
experiment where the temperature change due to the release of the compressed gas into the sealed
sample chamber was measured. The Jet Blowing apparatus was setup but was not loaded with
PTFE and the nozzle was replaced with a plug. The unit was heated to the set temperature and
the high-pressure line was charged with gas to the set pressure. The pump was turned off and the
valve was opened. The pressure drop was recorded (Figure 3-2) as well as the lowest or highest
temperature the internal thermocouple read after the gas expansion (Figure 3-3).
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Figure 3-2: Graph showing the pressure drop resulting from the opening of the Jet Blowing
value. The drop was measured for each gas at the five temperatures and 3 pressures that were
used for BET analysis.

Figure 3-3: Graph showing the temperature change resulting from the Joule-Thomson expansion
of the compressed gas. The change was measured for each gas at the five temperatures and 3
pressures that were used for BET analysis.
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The results established that as temperature and pressure increase, the change in
temperature due to the gas expansion increased. It was noted that the Joule-Thomson effect was
more pronounced for argon than nitrogen, which agrees with the FESEM images showing the
formation of matted material in argon at lower temperatures and pressures compared to nitrogen.
When expanded carbon dioxide cools, lowering the temperature of the PTFE in the Jet Blowing
chamber.
It is believed that the Joule-Thomson expansion of the Jet Blowing gas is responsible for
increasing the temperature of the PTFE starting material as Jet Blowing begins. This increase in
temperature happens as the pressure is released in the Jet Blowing chamber and increases the
softening of the PTFE. The increased plasticization of the PTFE is the cause of sintered products
occurring at lower temperatures for argon compared with nitrogen. The increase in temperature
from the gas expansions is directly related to the decrease in the Jet Blowing Set temperature that
results in sintered materials.

3.2 Processing Effects on PTFE Structure
The Jet Blowing process is dependent on the interactions between the PTFE polymer and
the Jet Blowing gas. The fiber formation is believed to occur at the entrance to the orifice (Figure
1-9) and is due to the increased speed of the gas traveling approximately 77 times faster in the
orifice then in the main chamber. The stretching results from part of the starting material being in
the lower speed region of the nozzle while the other part of the starting material is in the high
speed region. This difference in speed of the two regions of the same PTFE starting material
results in stretching of the PTFE nodules and reorientation of the polymer with fibers that have
oriented chains smaller then the starting nodules. The Jet Blowing conditions of temperature,
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pressure, and gas all cause plasticization or softening of the polymer, which results in the gas
being able to more easily stretch the PTFE forming nanofibers.
There appear to be three distinct regions of Jet Blown material, each with different fiber
morphologies and properties. The exact temperature delineations are dependent on gas and
pressure. The first region for Jet Blown materials occurs at or below 260°C and is represented by
mostly starting material nodules and little fiber. The second region occurs between 260°C and
290°C where the most fiber is formed and the highest surface area is achieved. Lastly, at
temperatures above 300°C the material is too soft resulting in a matted material with little fiber
and lower surface area than the starting material. FESEM images at 20,000X for all temperature
and pressure conditions for each gas can be found in appendixes C-K.

3.2.1 Qualitative Observations
Deeper understanding of the Jet Blowing process will allow for better control of the
nPTFE properties. It is expected that higher temperatures and pressures as well as the presence of
carbon dioxide will cause plasticization, which results in reduced viscosity of the PTFE. If little
plasticization occurs, little fiber will be formed and the material will mostly be the starting
nodules. Over plasticization of the material, results in a material that is too soft and compressed,
and void of fibrillous features. The goal is a compromise in the level of plasticization, where the
nodules are softened enough to form fibers with increased surface area but not result in
compressed materials. The nPTFE has both microscopic (Figure 3-5) and macroscopic fiber
features (Figure 3-4).
The melting temperature of the starting material PTFE 601A is 340 ˚C at 0.1 MPa. Jet
Blowing occurs at temperatures ranging from 200°C to 310°C. Being below the melt temperature
of the material indicates that the nPTFE would not have started to decompose. In combination
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with the elevated pressure, the increased temperature results in fiber elongation from the starting
nodules (Figure 3-5).

Figure 3-4: FESEM images at 20,000X magnification, scale bar is 1 µm, comparing different
gases at 3 different pressures all at 270 °C. Measured values of surface area (SA), nodules per
unit surface area (N/A), and length to width ratios (L/W) are included. The higher pressures at
the same temperature for both argon and carbon dioxide can be seemed forming the sintered
PTFE surfaces.
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Figure 3-5:
FESEM images at 2,000X magnification, comparing the effect of different
temperatures on Jet Blown nPTFE for nitrogen, carbon dioxide, and argon blown at 70 MPa.
Scale bars are 10 µm and compressed macro structure can be seen at the higher temperatures and
for the argon gas.
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3.2.2 Molecular Alignment
In order to be considered a fiber, a polymer needs to have alignment. Polarized Raman
spectroscopy is a useful technique for measuring the degree of alignment. Different peaks in the
PTFE Raman spectra change intensities based on orientation with respect to the laser polarization.
By rotating the polarization of the laser light by 90°, spectra exhibit substantial differences in
peak counts. The peak at 732 cm-1 changes intensity with fiber alignment as exhibited in Figures
3-6A and 3-6C. The peak at 732 cm-1 was chosen since it was the most intense. Additionally, all
other peaks followed the trends previously reported.85 The starting material is shown in Figure 36A exhibits no alignment of the nodules and no difference between the peaks. High strength
PTFE fiber from W.L. Gore & Associates shown in Figure 3-6C exhibits a large difference
between the two polarizations which shows the fiber has a large degree of alignment. In Figure
3-6B nPTFE exhibits a change in intensity due to fiber alignment which is not present in the
starting material. The differences in peak intensity demonstrate that the nPTFE is made up of
molecular-aligned fibers.
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Figure 3-6: Raman Spectra for the 732 cm-1 peak for A) PTFE 601A, B) nPTFE, and C) W.L.
Gore & Associates PTFE high strength fiber (solid line is perpendicular dotted line is parallel) the
dotted line is offset 15 cm-1 to make the peak differences more noticeable.

3.2.3 Pressure, Gas, and Temperature affects
The stretching of the nanonodules of the PTFE 601A starting material allows for fiber
formation during the Jet Blowing process.85 By controlling the specific processing conditions we
can control the amount of plasticization of the PTFE which is responsible for creating the
nanomorphology of the nPTFE. By stretching the nano-spheres into nanofibers the aspect ratio is
increased resulting in an increased surface area.
The degree of plasticization that takes place is related to the Jet Blowing gas, the
temperature, and the pressure used in the production. The small size nodules have porosity based
on how they stack which allows for the Jet Blowing gas (N2, CO2, and Ar) to dissolve into the
PTFE. The dissolved gas acts as a lubricant for the PTFE chains by reducing its viscosity which
assists in the formation of the fibers.73 Temperature helps to soften the PTFE starting material,
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which reduces the PTFE viscosity allowing for fiber formation. With the softened or plasticized
PTFE polymer in the nozzle, the high pressure gas now can push the nodules through the small
orifice which results in the fiber formation.
The goal is to produce a material that is largely made of nanofibers having a higher
surface area then ePTFE. Low temperature and pressure settings produce materials that are only
composed of starting nodules. High temperature and pressure produce a matted surface believed
to be resulted from the increased softening due to the higher temperature and gas plasticization,
which causes sintering of the nodules. This sintered material is formed below the melt
temperature of PTFE (340 ˚C), and the Raman spectra shows no evidence of melting. The
temperature at which sintered material occurs varies with the gas used in the Jet Blowing; it is
lowest for carbon dioxide and highest for nitrogen. Increasing pressure provides for more
compression force and less softening, thus lower temperatures are needed for the sintered material
to form. The last parameter, the choice of the gas used, also had an effect on the degree of
plasticization. Both argon and carbon dioxide created a sintered material at lower temperatures
than nitrogen (Figure 3-7). This was expected for carbon dioxide due to its natural plasticizing
effects.30, 31, 33, 34, 101, 109, 111, 112, 114, 207-216 Increased plasticization was also seen with argon which
was not expected, but can be explained by Joule-Thomson heating. The sintering can be
explained by the temperature increases due to gas expansion which results in the Jet Blowing
occurring at a higher temperature than the set temperature.
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Figure 3-7:
20,000X FESEM images and BET, N/A, and L/W data; comparing different
temperatures for all three gases at 70 MPa. Scale bars are 1 µm and compressed macro structure
can be seen at the higher temperatures and for the argon and carbon dioxide gases. Also the 3
types of Jet Blown material can be seen, for nitrogen the 210 °C is the starting material nodules,
the 270 °C is the fibrous nPTFE, and the 310 °C for argon is the sintered PTFE material.

3.2.4 Surface Area and Remaining Starting Nodules
Fiber formation is directly related to the degree of plasticization that occurs within the
material. Increased plasticization should result in greater production of fibers during the Jet
Blowing process. Increased fibers provide an increase in surface area and a reduction in the
amount of starting nodules. Surface area of the nPTFE samples was measured for 5 different
temperatures, 3 different pressures, and 3 different gases using BET and the corresponding
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FESEM images were analyzed for starting material nodules per unit surface area. An inverse
correlation between the numbers of starting material nodules per unit surface area (present in
FESEM images) and the complimentary surface area measurements suggests that the starting
material is converted into fibers of increased surface area as plasticization is increased.
For temperatures above the low temperature region, where no fibers were formed there is
an inverse relationship between surface area from BET and the number of nodules per unit
surface area from FESEM images. This trend is consistent for most other BET surface area and
nodules per unit surface area. One specific set of conditions, nitrogen at 70 MPa, was selected as
an example to demonstrate the inverse relationship in Figure 3-8.

Figure 3-8: Graphs for BET data (error bars based on reported instrumental error) and Nodules
per unit surface (error bars based on standard deviation for N/A values for 5 different surface
locations) area for nPTFE (Nitrogen, 70 MPa, 270 °C). The BET surface areas for the 601A
starting materials and the ePTFE standard are included
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Any BET surface area measurements of less than 1 m2g-1 is considered sintered material.
For all surfaces that are not sintered, the BET surface area measurements follow a predictable
trend of decreasing in the range of 270°C to 290 ˚C as less fiber is formed. In the first zone of
temperatures below 250°C, there is little fiber formation with minimal changes in surface area.
The Joule-Thomson effect can be seen when looking at the sintering temperature for argon at
different pressures. The sintering temperature decreases with increasing temperature, which
corresponds to the addition heating due to the argon gas expansion. The highest surface area
measurements were found in nPTFE Jet Blown at 270 ˚C and 70 MPa. Data for all the samples
can be found in the Appendix, BET data is in Appendix L and the corresponding data for starting
material nodules per unit surface area is in Appendix M.
It is expected that an increase in surface area would exhibit the formation of a greater
number of smaller nanofibers. To correlate the formation of fibers with a change in surface area,
the number of nodules from which the fibers were formed was counted. As the nodules were
stretched and fibers formed, an increase in the surface area should occur. Nodules per unit
surface area generally decreased, as temperature increased to the point where all nodules sintered
and the surface area was very low. The trend was best illustrated at high pressures for nitrogen
and argon, likely because of Joule-Thomson expansion. For carbon dioxide, the number of
nodules per unit surface area was highest at low pressure and lowest at medium pressure. This is
most likely due to increased fiber formation at the higher pressures and lower temperatures up to
the point of sintering.
Temperature had the greatest affect on nodules per unit surface area and on fiber
formation. This is likely due to temperature having the greatest effect on the amount of
plasticization of the PTFE out of the three process variables. Pressure had an effect on fiber
formation but not to the same degree as temperature. Of the three gases, only carbon dioxide, due
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to its plasticization effects and Joule-Thomson cooling, had a significant effect on fiber
formation.
The increase in surface area is much smaller than it should be if all the starting material
had been stretched into higher surface area nanoscale fibers. This suggests that the measured
reduction in starting material and creation of nanofibers with higher surface area is only part of
the story. While only fibers that were totally in the field of view for the SEM at 20,000X were
measured, there were other fibers that were larger and not possible to count. In addition, the
starting nodules were not fully stretched leaving spherical starting material at each end of the
fiber, which gave it a dumbbell shape. This leads to the conclusion that the surface area,
measured by BET is a combination of the nanofibers, macro-fibers, starting material nodules, and
globular bodies that likely formed by the joining of several nodules.
Based on the FESEM images it was noted that nanoscale fibers are stretched from the
starting material, but are not totally converted leaving parts of the nodule at each end in a
dumbbell shape. The measurements of the dumbbells were based on average measurements from
the FESEM analysis. Based on the average fiber dimensions from nPTFE (N2, 70 MPa, 270 ˚C)
the theoretical surface area per gram for nPTFE fibers should have been around 32.9 m2 ⋅ g-1.
This is much less than the BET value of 8.874 m2 ⋅ g-1. This means that the effect of the surface
area of the larger fibers, which were only a small percentage by counting, was not negligible to
the total surface area. When looking at weight percentage of these features compared to the
nanofibers a large percent of the BET surface is due to the smaller surface area’s larger features.
This is not altogether unexpected, due to the large mass difference in the nanofibers compared to
the larger fibers. Also, there is a large deviation in the values for the average fiber, ±31.5 nm for
radius and ±460.8 nm for length. Some of the larger fibers, were not counted since they were
either started and terminated outside the field of view of the SEM image, but still have a
significant effect on calculated surface area. The total surface area is a measure of the increasing

63
surface area due to the nanofibers and decreasing surface area do to other large features. The
measured increase in of 1.116 m2 ⋅ g-1 for the nPTFE compared to its starting material might not
seem like a significant amount, but it is a 14% increase in surface area compared to the starting
material and a 58% increase compared to ePTFE.

3.2.5 Fiber Length to Width
Based on the BET and nodules per unit surface area, it was shown that as temperature
increases the surface area increases to a point of sintering while the amount of starting material
nodules decreases. As the surface area increases the nodules are being pulled into nanofibers.
Lengths (Appendix N) and widths (Appendix O) of all nanofibers that start and end in the SEM
frame were measured. The three zones of materials type were again seen. Fiber lengths
increased significantly in the middle zone, the corresponding temperature for this zone was again
dependant on gas and pressure. The starting temperature of the middle zone for nitrogen and
carbon dioxide was between 260-270 ˚C, while argon started at a lower temperature likely due to
the Joule-Thomson expansion. Overall there was a direct trend between fiber length and
temperature. Statistically there are almost no differences in fiber length with respect to the gas
used or pressure. With respect to pressure the longest fibers where blown at 70 MPa and with
nitrogen gas.
Fiber width turns out to be the directly related to surface area. As shown in Figure 3-9, as
fiber radii decreases, the surface area increases. In order to maximize surface area as well as to
achieve fibers the size of the proteins the radii of the fiber was minimized. The width
measurements showed a general trend of increasing width after Jet Blowing. This may seem
counter intuitive as it is expected that as the fibers get longer the width should decrease. It is
hypothesized that at the higher temperatures plasticization increases, resulting in the nodules
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being forced together creating large nodules and fibers. In general fiber width increased with
pressure, the width remains approximately 40 nm at both 35 and 70 MPa, but increase at 140
MPa to 50nm for nitrogen and 70 nm for argon. Temperature generally does not affect fiber
width at temperatures over 250°C. Fiber with showed no significant difference between
temperatures. Gas had a small effect on width; with carbon dioxide having the smallest width
fibers while argon had the largest at low pressure.
Since an increase in fiber length was not observed, further analysis was done by
comparing the ratio of length to width for each fiber (Appendix P). In general, the ratio of length
to width is directly related to increases in temperature. Pressure was shown to have a greater
effect on the increase in the ratio of length-to-width for argon and nitrogen but had little effect on
carbon dioxide. The highest length-to-width ratios were seen at lower pressures, 35MPa or 70
MPa. Choice of gas had no significant trends at low pressures, but at high pressure nitrogen had
the lowest length-to-width ratio and carbon dioxide exhibited the highest. This seems to indicate
that Joule-Thomson heating is a significant factor affecting the length-to-width ratio.

3.3 Conclusions
The Jet Blowing technique has shown great potential in being able to control the
nanostructure of difficult to process polymers. The Jet Blowing of PTFE provides the
opportunity of working with a material which has proven difficult to process into nanofibers and
resulted in control over the nanostructure containing mainly nanofibers with new and interesting
properties. Much work has been done on optimizing the Jet Blowing setup and procedure. The
design of the apparatus was improved to maximize yields of material, while minimizing both
residence time and void volume, and has produced the most material of uniform properties in the
shortest amount of time. Thus the volume of tubing after the last pressure value was decreased,
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the heaters were optimized, pre-heaters were added, and the modular head unit was redesigned to
allow the running of fifteen experiments a day in place of one.
In order to optimize the material properties of the output of the Jet Blowing experiment
many analytical tools were used to study the PTFE fibers. At first ESEM was used to examine
fiber dimensions as well as starting material conversion, but later FESEM was utilized for better
resolution. Next, polarized Raman was used to study the degree of alignment and micro-Raman
was used to check for signs of melting. Surface area measurements were made using BET. The
chemical composition of the materials surface was probed with XPS and surface energy was
probed with contact angle measurements. The combination of techniques used to study the PTFE
nanofibers enabled the improvement of the Jet Blowing process.
Control over PTFE nanofiber structural properties was achieved by modifying processing
parameters of the Jet Blowing technique (temperature, pressure, and gas) which result in changes
in the level of plasticization. This allows for greatly increased reproducibility and fiber
characteristic control, which is not possible with other PTFE processing techniques. However,
there were different morphologies observed in each sample and the competition between
increasing and decreasing surface area of the morphologies control the total surface area of the
material. Control of the surface area, fiber widths and lengths, and amount of starting material of
the nPTFE material produced by Jet Blowing was achieved.
There appear to be three distinct regions of Jet Blown material, each with different fiber
morphologies and properties. The exact temperature delineations are dependent on gas and
pressure. The first region for Jet Blown materials occurs at or below 260 °C and is represented by
mostly starting material nodules and little fiber. The second region occurs between 260 °C and
290 °C where the most fiber is formed and the highest surface area is achieved. Lastly, at
temperatures above 300 °C, the material is too soft resulting in a matted material with little fiber
and lower surface area than the starting material. The information can be used to determine
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processing conditions in order to develop a material surface to fit a specific application. Three
dimensional graphs showing the relationship between processing conditions and BET surface
area can be found in figures 3-9 (Nitrogen) and 3-10 (Argon).
The specific relationships between processing conditions and materials properties are
complex and interdependent with all processing variables. The nPTFE produced with nitrogen at
270 °C and 70 MPa had the highest surface area with the most uniform and reproducible results.
These conditions were also ideal in terms of Jet Blowing processing stability. The resulting
material holds great promise in the development of a better blood contacting surfaces.

Figure 3-9: Contour plot used to determine processing conditions for a specific surface
application. Regions in blue have low surface area and little fiber formation, while regions in
orange have high surface area and fiber formation. The three regions of the Jet Blown material
types can be seen the low temperature and pressure regions with low surface area in the bottom
left, the fiber region with high surface area in the middle, and the sintered zone with little surface
are in the top right.
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Figure 3-10:
Contour plot used to determine processing conditions for a specific surface
application. Regions in blue have low surface area and little fiber formation, while regions in
orange have high surface area and fiber formation. The three regions of the Jet Blown material
types can be seen the low temperature and pressure regions with low surface area in the bottom
left, the fiber region with high surface area in the middle, and the sintered zone with little surface
are in the top right.

Chapter 4
Protein Adsorption to PTFE Surfaces
The biological response to an artificial material’s surface is a complex set of many
different interactions. One of the most important, and first to occur, is the adsorption of protein
from the blood. Protein interactions are an important component in biocompatibility and can
result in decreased patency from thrombus formation or improved endothelization due to surface
passivation. Surface properties including surface structure and surface energy are known to
strongly influence hemocompatibility. Early experiments showed that attempts to measure
protein adsorption on superhydrophobic surfaces using normal techniques had serious shortcomings. Analytical protocols strongly affected measurement of human serum albumin (HSA) to
ePTFE and that different methods of calculating amount adsorbed (bound vs. solution depletion)
give rise to significantly different measures of adsorption capacity. It is believed that nanometer
sized fibers on the materials surface, will have unique and potentially improved protein
adsorption characteristics.
This work attempts to develop both a protocol for the measurement of protein adsorption
onto superhydrophobic surfaces, as well as investigate the fundamental effects that
nanostructured superhydrophobic surfaces have on protein adsorption. Studying the fundamental
effects that fiber size has on protein adsorption can lead to better control over the formation of
blood clots and encourage endothelization. This chapter is based on the work published in
Leibner et al.217 and with the data in section 4.3 done in collaboration with Naris Barnthip and
published in Barnthip et al.218.
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4.1 Protein Adsorption
Protein adsorption has been known to be a signification component of the biological
response to a surface and is important to fully understand. Early work by Langmuir219, 220, which
lead to the standard Random Sequential Adsorption (RSA)221-224 model, treats protein adsorption
as a monolayer at the interface between the solution and the surface. The RSA model assumes
that the proteins bind irreversibly to the surface without binding to each other. Based on this
model proteins can only form a single layer on the surface and reach a limit of approximately
about 56% coverage dependant on protein size and interactions with the surface.221
This model for protein adsorption is based on the assumption that protein adsorption is
driven by the surface interactions between the protein and the surface as well as the concentration
of proteins in the bulk solution. The driving force for the adsorption is the increase in entropy
due to the unfolding of the protein on the surface and desorption of water, as well as the decrease
in enthalpy from Van der Waals interactions and interactions between the ions in solution. These
are balanced by the decrease in entropy from the adsorption of the protein onto the surface,
exposure of the hydrophobic sections of the protein, and compression of the protein chain, as well
as the increase in enthalpy from dehydrating the interface region of water, unfolding of the
protein, and compression of the protein chain.23 The thermodynamics of the RSA model is
dominated by the surface activity between the protein and the surface and the concentration of
protein in the bulk phase with differences in adsorption based on the selectivity of the surface and
the activity of the protein on the surface.
A more recent theory explains protein adsorption with respect to partitioning proteins into
a three-dimensional (3D) interphase region that is between the surface and the bulk solution. The
3D volume becomes increasingly important for larger proteins that adsorbs in multi-layers. The
interphase theory assumes that adsorption is reversible and results from the partitioning of

70
proteins between the bulk-solution and interphase. This theory assumes the thermodynamic
driving force for adsorption of protein is the energy needed to remove water from the interphase
by the protein as it adsorbs. Due to the protein being in a PBS solution, the strength of ion-ion
forces are severely weakened. Also, dispersion forces, which are the interactions between the
material surface and the protein, are an order of magnitude weaker than the hydrogen bonds225
that are holding the water molecules together and to the surface. This explains why protein
absorbs to hydrophobic surfaces to a much greater extent than hydrophilic surfaces, the
hydrophilic surface have stronger interactions with the water that require increased energy to
remove then that of a hydrophobic surface.
Protein adsorption isotherms, for this work, were fit using a Chapman regression to
max
determine the D
which is maximum amount of protein that is adsorbed to the surface when

the surface reaches saturation. All values two σ (standard deviations) down the surface saturation
were fit using a linear fit to calculate the slope of the linear region corresponding to a Henry
isotherm where the amount of protein adsorbed increases in direct proportion to bulk
concentration till surface saturation is reached. The bulk concentrations where surface saturation

(W )
is achieved occurs at

o max
B

max
which is the intersection between the slope and the D .

4.2 Experimental Setup
There are two main methods used to study protein absorption in this work, radiolabeling
and spectroscopy. Radiolabeling involved labeling proteins using I-125 for quantification, while
spectroscopy utilized unlabeled protein and was quantified using either gel electrophoresis or a
adsorption spectroscopy using a nanodrop spectrophotometer. Figure 4-1 outlines general aspects
of the protocol used to construct HSA adsorption isotherms. In Figure 4-1 a comparison of
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experimental protocols is depicted with general aspects of the experimental protocol applied in
this work to measure HSA adsorption to ePTFE. PBS solutions containing initial HSA
concentrations 0 ≤ WBo ≤ 50 mg/mL ( WBo is the initial concentration of protein in solution)
brought into contact with 20 mg of ePTFE, either under ambient conditions or under vacuum (see
4.1.1) to remove air (left-hand side of Figure 4-1). After a one hour equilibration, the protein
solution was separated from the ePTFE by aspiration (right-hand side of Figure 4-1). Adsorbed
protein was measured one of two ways: (1) radiometry for I-125 labeled HSA (upper quadrant,
right-hand side of Figure 4-1)14, 226-232 or (2) solution depletion implemented using electrophoresis
for unlabeled HSA (lower quadrant, right-hand side of Figure 4-3).154, 233-235 Radiometry was
itself implemented two ways: (1a) radiometric measurement of solution depletion (counts
remaining in solution after contact with ePTFE) for direct comparison with method (2) and (1b)
measurement of “bound” HSA (counts remaining after 3X serial wash of ePTFE) for comparison
of bound HSA to solution depletion.
Measurements at each HSA concentration were made in triplicate using three separate
samples of ePTFE and carrying three empty vials as blanks. Labeled HSA solutions were
equilibrated with ePTFE for one hour during which time total radioactivity was integrated using a
gamma counter. 200 µL of HSA solution was aspirated from the test vial using a pipette and
transferred into a (VWR, 12 X 75mm) test tube. The pipette transfer tip (VWR 1-200 µL Barrier
Tips) was placed into the test tube along with solution to eliminate possibility of protein loss.
ePTFE remaining in the original vial was serially rinsed 3X with 200 µL of degassed PBS,
collecting wash and tip into separate test tubes (with the tip) for each wash (see Figure 4-1).
Mass balance was found to be with ± 5 % of the radioactivity in the starting solution, verifying no
significant protein loss through the protocol. Depletion was corrected for background by
subtraction of the average background determined from the triplicate blank vials. Triplicates were
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averaged and standard deviation of the mean accepted as an adequate measure of experimental
error. Appendix R details of the calculations used in radiometry.

Figure 4-1: Experimental flow chart outlining the procedures used to measure HSA adsorption to
superhydrophobic ePTFE using either radiometry or electrophoresis as methods of protein
quantification. Protein molecules represented with “*”. Figure from Leibner et al. reproduced
with permission from Elsevier.217

4.2.1 Air Evacuation and Surface Wetting
Expanded ePTFE was a gift from Atrium Medical Corp (Hudson, NH). As illustrated in
the left-hand side of Figure 4-1, 20 mg portions were weighed into glass screw-top glass vials
VWR (West Chester, PA) using a precision microbalance XS 105 (Mettler, Toledo). Each vial
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was fitted with a rubber septum lined with PTFE. Air was continuously evacuated from the vial
through a syringe needle connected to a rotary vacuum pump (Precision, 1/8 HP) during
subsequent wetting steps in which ePTFE was first pre-wet with 1 mL of 100% ethanol (EtOH,
Pharmco) followed by 3X serial rinsing with 1 mL of degassed PBS. The vacuum pump was
double trapped to assure no backflow into the vial. Just before the vacuum line was removed,
200 µl of HSA solution was injected through the septum to completely cover ePTFE adsorbent
using a precision volumetric syringe (700 Series Hamilton, 250 µl) fitted with a Chaney adapter
that assured reproducible volumetrics.

4.2.2 Protein Solution
Fraction V HSA (MW = 66.3 kDa, 96-99%, lyophilized powder) was used as received
from Sigma Aldrich (St. Louis, MO) with no further purification. Solutions were prepared in
phosphate buffer saline PBS (0.01 M PBS, prepared in 18 mΩ water) degassed under reduced
pressure obtained by evacuating the headspace with a rotary vacuum pump (approximately 500
torr) for 5 minutes. Test protein solutions were prepared by mixing 3 μL of stock labeled protein
solution with 1.5 mL unlabelled protein solution at the desired concentration to yield
approximately 0.09 µCi in each 200 µL sample.

4.2.3 Protein Radio labeling
HSA was labeled using the Chloramine T method (Appendix B)236-238 for 30 seconds to
yield specific activity of 36.4 µCi/µg. An average of ~3 iodine molecules was incorporated into
each molecule of HSA (see Appendix Q). HSA radioactivity (counts-per-minute, CPM) was
measured by gamma counting in a Wallac 1470 Wizard Automatic Gamma Counter
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(PerkinElmer). Free Iodine was separated from the labeled protein using a G 50 sephadex
column (Sigma Aldrich, St. Louis, MO). Labeled protein was stored at 2°C and used within two
weeks, over which time protein degradation was regularly assessed by chromatography on a G
100 sephadex column (Sigma Aldrich St. Louis, MO) to detect protein fragments or aggregation.
Analysis of chromatographic peak area revealed that less than 10% of labeled protein was
affected by radiolysis over the two week storage period.
Covalent attachment of 3-4 iodine atoms per HSA molecule (see Appendix Q) certainly
affects protein structure and hydrophilicity to some extent.230, 239-244 For examples, Desbuquois
and Aurbach 240 showed that incorporation of more than one iodine atom per insulin molecule
caused a significant change in protein solubility and Hunter et al 244 suggested that lysozyme
hydrophilicity was affected by radiolabeling. However, in spite of persistent reports of
radiolabeling artifacts, such effects are typically construed to be negligible for large proteins or
simply ignored altogether, and radiometry has hence enjoyed widespread application in the
measurement of protein adsorption.

4.2.4 Gel Electrophoresis
The lower-right-hand panel of Figure 4-1 outlines basic steps used in the electrophoretic
implementation of the standard solution-depletion measurement of unlabeled HSA adsorption.154,
233-235

HSA adsorption isotherms measured by depletion using bulk-solution concentrations

0 ≤ WBo ≤ 50 mg/mL prepared in 2.5 mg/mL increments in degassed PBS. Sample preparation
was as described in Section 4.1.1. Electrophoresis was performed using 26 lane NuPAGE®
Novex Tris-Acetate precast gels (Invitrogen; 500 kDa capacity) carried out for 1 hour at 150 V
using an XCell SureLock™ Cell (Invitrogen). Gels were stained with SimplyBlue™ SafeStain
(Invitrogen) for one hour and destained with de-ionized (18 MΩ) water for several hours while

75
mixing on a standard hematology rocker. Band intensity was quantified using the Gel-doc system
(Bio-Rad Laboratories) that employed a highly sensitive CCD camera to read optical density
(OD). A standard curve was prepared for each gel using the first 6-7 lanes by applying solutions
2
of known HSA concentrations. Linear calibration curves were obtained ( R > 98% ) within the

concentration range 1 to 50 mg/mL for all gels used in this work. Previous work has “certified”
this method of measuring protein adsorption by first studying adsorption of a broad range of
single proteins to hydrophobic154 surfaces (octyl sepharose and silanized glass) from aqueousbuffer solution, showing that results comported with thermochemically-measured free energies of
adsorption and interfacial energetics measured by tensiometry (contact angle and wettability
methods). Subsequently, HSA adsorption to silanized-glass adsorbent particles with
incrementally-increasing hydrophilicity was measured,233 showing that mass and energy balances
for HSA adsorption were in full agreement. Consistent mass-and-energy balance was reached
using both gel-electrophoresis as well as radiolabeling provided a control that was internallyconsistent. It is important to emphasize that previous work has shown that periodic or continuous
mixing (by agitating tube contents or using a hematology rocker, respectively) does not influence
results.154 Furthermore, time-and-concentration interfacial energetics of a wide variety of blood
proteins and mixtures show that adsorption to stagnant buffer/air or buffer/solid surfaces comes to
steady state within the one hour equilibration time utilized in depletion experiments.3-5, 7, 139, 245-248

4.2.5 Adsorption Spectroscopy using a Nano Drop Spectrometer
The same protocol was followed for the nanodrop as was for the gel electrophoresis. The
Nanodrop 1000 was used for all experiments. Protein adsorption isotherms measured by
depletion using bulk-solution concentrations 0 ≤ WBo ≤ 50 mg/mL prepared in 2.5 mg/mL
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increments in degassed PBS. Sample preparation was as described in Section 4.1.1. Calibration
curves were made using 15-20 concentrations from the serial dilution of the protein. Each sample
was allowed to sit for one hour and then 2 µl were measured using the protein measurement
feature on the nanodrop. Adsorption measurements were taken at 280 nm and the calibration
curve was used to calculate protein concentrations.

4.3 Effects of Time on Protein Adsorption
Adsorption kinetics were measured in collaboration with Naris Barnthip and published in
Biomaterials.218 It showed that one hour equilibration time was sufficient to reach adsorption
steady state based on kinetics measurements using interfacial energetics.3-5, 7, 139, 245, 247, 248 Protein
adsorption kinetics reveal that mass adsorption rates exceed the rate-of-change in interfacial
energetics due to adsorption249, showing that one hour adsorption time was at least 10 times more
than needed. In Figure 4-2 there is a comparison of three methods of measuring adsorption of
HSA to ODS from a 2.4 mg/mL solution table 4-1.
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Table 4-1: Time-average protein adsorption to octyl sepharose particles by solution depletion.
Table from Barnthip et al. reproduced with permission from Elsevier.218

Figure 4-2: Comparison of results using different methods of quantifying adsorption of HSA to
octyl sepharose from buffer solution. The top panel depletion is quantified using electrophoresis,
while the bottom panel is quantified using radiometry. The radiometery yields lower estimates by
about 15% but the same kinetic trend. Figure from Barnthip et al. reproduced with permission
from Elsevier.218
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Panel A shows electrophoresis adsorption results from stagnant solution; Panel B shows
electrophoresis results obtained under continuous mixing using an inverting hematology rocker;
and Panel C shows radiometric assessment of adsorption from stagnant solution. Mixing did not
significantly influence adsorption outcomes and all three methods confirmed constant adsorbed
protein mass with time over the range 5 to 90 min, but the total amount of radio-labeled HSA was
about 15–20% lower than that obtained with unlabeled protein This difference can be attributed to
the influence of the radiolabel on protein amphilicity250-254.

4.4 Effects of Experimental Protocols

4.4.1 Adsorption Isotherms of I-125 Labeled HSA
Data of Figure 4-3A constitute adsorption isotherms comparing “total” radiolabeled HSA
adsorbed (by solution depletion) and “bound” HSA (remaining on ePTFE after 3X rinsing). Both
radiometric methods revealed that the amount of HSA adsorbed increased in proportion to
solution concentration, up to an apparent surface saturation that occurred at a statistically

( )

identical solution concentration WBo

max

(mg/mL; see Table 4-2 and Figure 4-3A annotations).

Lines drawn through the data of Figure 4-3A (best fit lines through the linear regions) nominally
suggest that the total amount of HSA adsorbed was greater than bound HSA at any WBo > 10

mg/mL.
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Figure 4-3: Radiometric adsorption isotherms measured with (Panel A) and without (Panel B)
solution degassing and removal of air from ePTFE adsorbent (see Figure 5), comparing amounts
of HSA bound to the surface (open circles) to the amount depleted from solution (diamonds).
Nearly no adsorbed HSA was measured without removal of air and results were erratic at higher
solution concentrations. Error bars represent mean and standard deviation of triplicate trials at
each solution concentration. Lines through the data of Panel A represent statistical treatment of
isotherm data , the maximal amount of protein adsorbed Γ max (bound HSA) and D max (depletion)
that occurs at the solution concentration

(W )

o max
B

indicated by horizontal line annotations.

Figure from Leibner et al. reproduced with permission from Elsevier.217
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Table 4-2 compares quantitative parameters derived from statistical treatment of data of Figure 4max
max
3A under the heading “Radiometry”, where Γ measured maximum bound HSA and D

maximum total adsorbed (see Figure 3A annotations).
Table 4-2: Characteristic HSA Adsorption Parameters by Radiometry and Depletion. Table from
Leibner et al. reproduced with permission from Elsevier.217

max
Note that D
in Table 1 is expressed both in terms of surface concentration mg/m2 and mg/mL

bulk solution (maximal solution depletion). Slopes S of total and bound adsorption isotherms
were statistically different at the 1σ (65%) confidence interval (Table 1) but not at 2σ (95%)
confidence.
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Figure 4-4: Distribution of radiolabeled HSA in a single adsorption trial at three different solution
concentrations. The total amount of HSA adsorbed measured by depletion was greater than the
amount remaining (bound fraction) after 3X serial PBS rinses of the ePTFE adsorbent. Third
rinse contained negligible quantities of HSA. Figure from Leibner et al. reproduced with
permission from Elsevier.217
Figure 4-4 shows the distribution of radioactivity among total (depletion), bound, and 3X
serial rinses for one of triplicate radiometric adsorption experiments performed at 0 ≤ WBo ≤ 30
mg/mL solution concentrations. Inspection reveals that third-rinse solutions contained little
radioactivity. Additional PBS rinsing would have little impact on the measured bound fraction
and, further, that the bound fraction was between 38.5% to 50.8 % (corresponding to 10 and 30
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mg/mL solution concentration, respectively) of the total for these particular experiments.
However, experimental error represented by 1σ error bars of Figure 4-3A (standard deviation of
triplicates) clearly showed considerable variation among triplicates, even though > 95% mass
balance was obtained for each experiment involved in the triplicate trial (no loss of radioactivity).

4.4.2 Adsorption Isotherms of Unlabelled HSA
The HSA adsorption isotherm for unlabelled HSA adsorption to ePTFE measured by the
electrophoresis method can be found in Figure 4-5 , where the amount adsorbed was measured by
the decrease in (depletion of) solution concentration ( D , mg/mL) caused by contact with
adsorbent, consistent with previous reports by this group.154, 233-235 This isotherm followed the
same general trends obtained by radiometry (Figure 4-3A), except that the curve slope S was
approximately 5X greater than obtained by radiometry on a consistent mg/m2 basis. Moreover,
max
the estimated solution depletion at surface saturation D
obtained by electrophoresis was

about 4X greater than that obtained by radiometry on a consistent mg/m2 basis. Interestingly, the

( )

solution concentrations corresponding to surface saturation WBo

max

obtained by electrophoresis

and radiometry were not statistically different on a consistent mg/mL basis.
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Figure 4-5: HSA adsorption to ePTFE measured by solution depletion quantified by
electrophoresis. Lines through the data represent statistical treatment of isotherm data that
identifies the maximal amount of protein adsorbed

(W )
concentration

o max
B

D max that occurs at the solution

indicated by the horizontal line annotation.
reproduced with permission from Elsevier.217

Figure from Leibner et al.

4.4.3 Radiometric Assessment of Solution Depletion and Bound Protein
Solution depletion is a widely used method of measuring the total amount of protein
adsorbed to a material immersed in a protein solution. This mass-balance method is, for the most
part, unambiguous because no surface-rinsing steps are involved that might perturb the
“interphase” region separating the physical surface from the bulk solution or lead to artifacts
related to drying between rinses.154, 233-235 However, solution depletion does not resolve adsorbed
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protein into strongly-and-loosely adsorbed fractions, reporting only the total amount removed
from the solution phase by contact with adsorbent. Rinsing is frequently applied to eliminate
contribution from the bulk solution, assuming that only the bound fraction that resists rinsing
from the surface is important and that the loosely adsorbed fraction is either irrelevant or
negligible. Figures 4-3 A and 4-4 together show that rinsing does remove a significant portion of
adsorbed protein and that the bound fraction is, in fact, only between 30 and 50% of the total
ascertained by radiometric depletion, depending on solution concentrations employed. This work
does not attempt to measure the activity or biological importance of bound HSA in comparison to
that fraction that can be rinsed from the surface, but it is clear that this loosely-adsorbed fraction
is certainly not negligible in quantitative terms. Thus, although rinsing is commonly applied in
measurement of protein adsorption, especially in radiometric assays, accurate assessment and
interpretation of adsorption must take into account both adsorbed fractions. Caution is especially
warranted when two or more proteins are involved in adsorption competition studies on the same
surface because it is not known how rinsing might affect the relative amounts of bound protein.
The failure to account for total and bound fractions is likely a significant contributor to the
controversy that surrounds mechanistic studies of protein adsorption, and certainly a factor that
complicates inter-comparison of results from different measures of protein adsorption167.
Furthermore, the fact that the substantial portion of HSA adsorbed to ePTFE can be rinsed from
the adsorbent shows that protein adsorption is not inherently irreversible as proposed by different
theories, such as the Random Sequential Adsorption (RSA) model (see refs. 233, 248 and citations
therein). Future work may well prove that the bound fraction is practically irreversible, but the
majority of adsorbed HSA is easily displaced from ePTFE.

85
4.4.4 Comparison of results obtained by radiometric and electrophoretic depletion methods
I-125 radiolabeling of HSA reduces adsorption by nearly four-fold (Figure 4-3A and 4-5,
respectively; see also Table 4-2). Labeled and un-labeled HSA adsorption isotherms were
qualitatively similar in that each were adequately described by a simple Henry isotherm
(adsorbed amount increases in direct proportion to bulk-solution concentration), corroborating
previously published work from this group measuring adsorption of diverse proteins to surfaces
spanning the full range of observable water wettability.154, 233-235 However, lower adsorption of
radiolabeled HSA to the same ePTFE adsorbent under identical conditions strongly suggest
significantly altered adsorption characteristics. Given that isotherm slopes S that measure
protein-adsorption affinity were also five-fold higher for unlabelled HSA (Table 4-2, leading to
nearly four-fold difference in absolute amounts adsorbed), it is evident that the difference
between radiometric (labeled) and electrophoretic (unlabeled) depletion assays increases linearly
with solution concentration up to surface saturation. The discrepancy between adsorption
measurements of labeled and unlabelled protein increases with solution concentration.

( )

Interestingly, however, the solution concentration corresponding to surface saturation WBo

max

was not statistically different for the different analytical protocols employed herein (Figure 4-3A
and Table 4-2). The presence of a few tracer molecules among an overwhelming number of
unlabelled proteins did not measurably affect protein packing at the ePTFE surface that leads to
surface saturation (more specifically stated, protein packing within the interphase region
separating the physical ePTFE surface from bulk solution was not affected by the presence of a
minority of tracer molecules). A fixed proportion of the protein adsorbed within this interphase
actually contacts the physical surface and engages in protein-surface interactions with sufficient
strength to resist 3X PBS rinses. Based on data of Fig 4-4, between 38.5% to 50.8% of adsorbed
molecules actually contact the surface and become bound.
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Thus, although radiometry has been widely applied in measurement of protein
adsorption, the effect of the radiolabel on quantitation has apparently been underestimated, at
least as measured here for HSA adsorption to ePTFE. The systematic effect of solution
concentration on the measured difference between labeled and unlabelled results is of particular
concern since this introduces yet another factor that complicates comparison of experiment from
different laboratories. The failure to account for labeling artifacts is yet another significant
contributor to the notorious controversy that surrounds protein adsorption.

4.4.5 Effects of Degassing
It was found that without the proper surface preparation it was not possible to measure
protein adsorption reliably. Figure 4-3 compares radiometric measurement of surface-bound
HSA (open circles) to the amount depleted from solution depletion (open diamonds) obtained by
either bringing protein solutions into contact with ePTFE under vacuum (Panel A) or under
ambient conditions (Panel B). Comparison of Panel A with Panel B clearly reveals that removal
of air from the surface was essential to measuring HSA adsorption to ePTFE at any solution
concentration. Comparison of different experimental strategies optionally combining solution
degassing with evacuation revealed that reliable results could be obtained only when HSA
solutions prepared in degassed PBS were brought into contact with ePTFE under vacuum. If
either of these two steps were not applied, results were erratic; sometimes leading to measurable
adsorption and sometimes not (not shown). If neither PBS degassing nor evacuation were used,
typically no adsorption was measurable, except for an occasional spurious adsorption event at
higher-solution concentrations (Figure 4-3 B).
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4.5 Protein Adsorption to Superhydrophobic Surfaces
BET surface area measurements and electron microscopy show that ePTFE used in this
work had a large surface area (5.57 ± 0.09 m2/gram) due to the fibular structure that is a product
of biaxial stretching. After close examination of these fibers (Figure 4-6) numerous cracks,
fissures, and spaces that confer a high degree of porosity were observed. No attempt was made to
further analyze surface area in terms of porosity or measure the size distribution of pores relative
to molecular dimensions of HSA (3.6 nm hydrodynamic radius 245, 255). However, it is visually
evident that the spaces are much larger than HSA itself, possibly resulting in the high absorbency
reported, exceeding the 2-3 mg/m2 typically anticipated for protein adsorption to smooth surfaces
by 10 times or more.
Comparison of results obtained by experimental protocols outlined in Figure 4-1 show
that elimination of air from ePTFE adsorbent and degassing of solutions are essential to obtaining
reliable measures of HSA adsorption. Significant HSA adsorption was measured when
evacuation and degassing steps were included in the protocol (Figure 4-3A) whereas no
adsorption was measured under ambient conditions (Figure 4-3B). Erratic results were obtained
when either step was not used (not shown). This outcome is likely due to the variable presence of
air trapped within the interstices of the fibular ePTFE structure that prevented intimate contact
with HSA solutions with the solid phase. Given that trapped air gives rise to superhydrophobic
wetting properties, the evacuation/degassing protocol is a necessary step for reliable measurement
of protein adsorption to any superhydrophobic material. The erratic results obtained, when
evacuation/degassing is not rigorously followed, accounts for conflicting literature reports of
protein adsorption to materials exhibiting superhydrophobic wetting properties.
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Figure 4-6: Field Emission Scanning Electron Microscopy (FESEM) images of ePTFE at 5,000X
(Panel A) and 20,000X (Panel B) showing fibular structure of the expanded PTFE matrix. ePTFE
exhibits superhydrophobic wetting properties with water contact angles in excess of 150°. Figure
from Leibner et al. reproduced with permission from Elsevier.217
The same trends that were present in HSA on ePTFE were present in IgG adsorption
isotherms. Comparing gel electrophoresis isotherm (Figure 4-7) to the I-125 isotherm (Figure 48) shows the same four-fold difference in DMAX. The IgG solution concentration necessary for
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surface saturation using the depletion measurements was the same for both methods, which is in
agreement with the trends from the HSA isotherms.

Figure 4-7: IgG adsorption to ePTFE measured by solution depletion quantified by
electrophoresis. Lines through the data represent statistical treatment of isotherm data that
identifies the maximal amount of protein adsorbed

(W )
concentration

o max
B

D max that occurs at the solution

indicated by the horizontal line annotation.

The trend showing differences between strongly and loosely bound proteins continues
from HSA. There is again a large difference between the measured amounts of protein on the
surface at saturation between the two radiolabeled methods. This shows that washing results in a
loss of a significant amount of protein from the interface: approximately four-fold the amount left
after the wash. The difference between the bound and depleted measurements is larger for IgG.
This is likely due to the size difference between the proteins and stacking at the surface. The
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large protein IgG can have less protein molecules directly on the surface, resulting in protein
stacking. The resulting protein that is washed away is likely the less strongly bound protein that
is not in direct contact with the surface.

Figure 4-8: Radiometric adsorption isotherms for IgG on ePTFE comparing amounts of IgG
bound to the surface (open circles) to the amount depleted from solution (diamonds). Error bars
represent mean and standard deviation of triplicate trials at each solution concentration. Lines
through the data represent statistical treatment of isotherm data, the maximal amount of protein
adsorbed Γmax (bound IgG), and D max (depletion) that occurs at the solution concentration

(W )

o max
B

indicated by horizontal line annotations.

4.6 Effect of Nanofibers on Protein Adsorption
When comparing the level of protein adsorption between ePTFE and nPTFE surfaces it is
important to understand the differences between the two surfaces. Both are PTFE processed from
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PTFE 601A or a similar analog. Both surfaces were wetted with ethanol and washed using the
same protocol. The difference between the two surfaces is the nanosized features of the PTFE
surface. A Dixon Q test was used on linear saturation region of the adsorption data to test for
outliers, data outside of the 95% confidence were removed (this represented only 1 data point).
The ePTFE surface is composed of regions of fibers that are pulled between large masses of
PTFE, while the nPTFE surface is mainly fibers connected between starting nodules (Figure 1-5).
The nanofeatures increase the BET surface area of the nPTFE (8.82 ± 0.025 m2/g) by 58% as
compared with the surface area of ePTFE (5.57 ± 0.09 m2/g). There is also a decrease in the
diameter of the fibers between ePTFE (700 ± 200 nm) and nPTFE (60 ± 20 nm). The smaller
nPTFE fibers are much closer to the dimensions of the HSA protein, 3.6 nm hydrodynamic
radius, 245, 255 than the 700 nm ePTFE fibers and are likely the cause of the increased amount of
protein adsorption.
The adsorption data for HSA using the nanodrop method resulted in the same WB0 (the
concentration of protein in solution where the surface is fully saturated with protein) between 35
mg/mL and 45 mg/mL. The three methods all returned different Dmax (the amount of protein
needed to full saturate the PTFE surface normalized to surface area) with gel electrophoresis
being the highest at 28.46 ± 3.08 mg/m2, the nanodrop method in the middle with 8.9 ± 2.1
mg/m2, and the radiometry being the lowest with 6.54 ± 2.60 mg/m2.
Based on the nanodrop method shown in Figure 4-9, there is an increase of
approximately 47% (10.1 mg/m2) of the maximum adsorbed protein to the PTFE surfaces
normalized by surface area. The WB0 again is at approximately the same concentration, between
35 mg/mL and 45 mg/mL. Both surfaces have approximately the same slope, which implies that
the protein is absorbing to the surface at the same rate with respect to the solution concentration.
Based on the HSA it appears that the increase in protein absorption is due to the differences in
morphologies between the PTFE surfaces. With protein adsorption normalized to surface area by
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weight the added capacity of the same surface area of PTFE to absorb 46% more HSA is due to
the proteins interacting with fibers on the same size scale as the proteins.
Previous studies have shown that nanofibers increase the stability of the protein and
allow it to stay in the native conformation without denaturing on the surface.172, 256 However it
has been shown that denaturing of the protein on a materials surface increases protein adsorption
capacity.257 It is likely that a combination of the increased stability of the protein and the surface
properties of the nanostructured nPTFE surface increase the volume of the interphase region
allowing for increased capacity for protein adsorption.

Figure 4-9: HSA adsorption isotherms comparing adsorption on ePTFE and nPTFE, measured by
solution depletion quantified by the nanodrop. Lines through the data represent statistical
max
treatment of isotherm data that identifies the maximal amount of protein adsorbed D
that

(W )
occurs at the solution concentration

o max
B

indicated by the horizontal line annotation
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4.7 Conclusions
Analytical protocol greatly affects measurement of human-serum albumin (HSA)
adsorption to commercial expanded polytetrafluororethylene (ePTFE). Specifically, it was found
that consistent adsorption results could be obtained only when ePTFE adsorbent was brought into
contact with degassed protein solutions under vacuum (reduced air pressure). These observations
strongly suggest that air trapped within the interstices of the fibular ePTFE structure that gives
rise to superhydrophobic wetting properties prevents intimate contact with HSA solutions which,
in turn, strongly influences protein-adsorption outcomes. Given that trapped air is the underlying
cause of the superhydrophobic effect, results obtained with ePTFE imply that the trapped-air
effect on protein adsorption is general and that removal of trapped air is essential to measuring
protein adsorption to any material exhibiting super hydrophobicity.
A comparison of two methods for measuring adsorption, standard radiometry and
solution depletion of unlabelled protein, I-125 radiolabeling showed nearly a four-fold reduction
in the amount of HSA adsorbed to ePTFE. Furthermore, the amount of bound HSA (that portion
remaining on the adsorbent after 3X buffer rinsing) was found to be systematically lower than the
total adsorbed from solution (quantified by solution depletion) and varied as a function of initial
HSA solution concentration, up-to-and-including surface saturation. Thus, I-125 radiolabeling of
HSA appears to significantly alter protein adsorption properties and measurement of bound
protein underestimates considerably the total protein actually adsorbed from solution.
Based on the nanodrop method, there is an increase of approximately 46% (10.1 mg/m2)
of the maximum adsorbed protein to the nPTFE surface. It appears that the increase in protein
absorption is due to the differences in morphologies between the PTFE surfaces and is likely due
to the nanofibers increasing the stability of the protein and the nanostructure of the nPTFE film
increasing the volume of the interphase region increasing capacity for adsorbed proteins.
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Chapter 5
Future Work and Conclusions

5.1 Preliminary Results and Future Work
This project has many points of foci, this has resulted in a wide array of different
experiments being started to demonstrate feasibility. However, finalizing the work will be left for
future research. Preliminary data is included within this section to show the potential for
improving hemocompatibility of the nPTFE based on the ability of endothelial cells to grow on
the surface in hopes of full endothelization of the surface. In addition preliminary data shows the
ability to modify the nPTFE surface using ammonia plasma with the end goal of functionalizing
the surface with polypeptides, which would allow for selective control of endothelial cell
adhesion without encouraging platelet adhesion.
Several parts of this project warrant continued research. This work demonstrates the
potential for Jet Blown nPTFE to have unique protein adsorption and cell adhesion properties
compared to the bulk PTFE surface. Future work is needed to fully understand these potential
advances as well as further improve the surface using plasma modification. The next step is the
modification of the material’s surface by polypeptide coupling to the plasma treated surface.
Future experiments on modified and functionalized nPTFE surfaces have the potential for even
greater hemocompatibility. By combining the unique protein adsorption and increased cell
adhesion observed on the nPTFE surface with the increased surface control of plasma
modification, improvements in hemocompatibility, over current devices, is likely.
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5.1.1 Surface Modification for Improved Cell Adhesion

5.1.1.1 Preliminary Results
Ammonia plasma was used to modify the PTFE by introducing amine groups onto the
surface. The amine group provides an ideal site for grafting polypeptides onto the PTFE surface.
XPS was used to confirm the presence of amine groups and quantify relative atomic
concentrations on the surface of PTFE. When studying the XPS spectra, a survey scan (Figure 51) was used to locate all atoms that were present in the sample and to determine in which regions
high resolutions scans should be taken.
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Figure 5-1: XPS of ammonia plasma modified nPTFE with labeled peaks for C 1s, F1s, O 1s, and
a small amount of N 1s
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High resolution scans were taken in order to better characterize the peak area and location
to determine atomic percentages (Figure 5-2). The nitrogen peak is centered at 401.86 eV, and
has an atomic mass percentage, less than 1%. The relatively low percentage measured by XPS
does not necessarily mean a low concentration of nitrogen on the surface. Due to the
approximately 10 nm depth penetration of the XPS x-rays, the atomic percentage is based on a
thick region of PTFE. Since the plasma treatment can only interact with the surface layer of
PTFE, the nitrogen will only be present in a small layer at the surface of the region of PTFE that
is being measured. Even with a large amount of nitrogen on the surface when the surface layer of
nitrogen is compared with the much larger region of PTFE, the atomic percentage of the nitrogen
will appear relatively low in comparison.

Figure 5-2: High resolution XPS of carbon top left, oxygen top right, fluorine bottom left, and
nitrogen bottom right on ammonia plasma modified nPTFE. The highlighted area is the region
used for atomic percentage calculations.
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5.1.1.2 Future Works
Preliminary data shows the ability to functionalize the nPTFE surface using ammonia
plasma modification. Additional studies varying the power of the plasma, flow rate of the
ammonia gas, and treatment times are needed to fully optimize the concentration of amine groups
on the surface. Modeling of the PTFE surface layer and penetration depth, should be employed to
calculate a maximum surface coverage of amine groups to have a better idea of the concentration
we are aiming for. Concentrations of amine groups can be measured using the same XPS
analysis technique and both ePTFE and flat PTFE surfaces can be used as controls to maximize
surface concentration. FESEM microscopy can be utilized to make sure that the plasma
modification does not unintentionally melt or change the nanosized surface structure of the
nPTFE films.
Once the plasma modification is optimized, functionalization of the PTFE surfaces using
polypeptides can be utilized. Using a carbodiimide coupling reaction with selected peptides will
enable increased control over the surface properties of the PTFE. Peptides will be specifically
selected, such as YIGSR, based on their ability to selectively bind to endothelial cells. YIGSR is
a peptide from the integrin binding domain of laminin-1 which has been shown to be bound by β1
integrins of endothelial cells. Since the β1 integrin is not present on platelets it will limit possible
thrombosis.50-52, 191-196 The modified surface would serve to limit platelet adhesion and promote
endothelization.
The last major hurdle is working on a protocol for thermally locking the nPTFE
nanofibers in the same way ePTFE is thermally fixed. Standard fixing or amorphous locking
conditions range from 350 °C to 370 °C for periods of time from seconds to one hour.73 As well
as developing a method for bonding the nPTFE fibers onto a polymer surface to be able to better
control the nPTFE surface for cell experiments and future applications. Commercially available
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solutions such as Tetra-Etch from W.L. Gore are able to etch the PTFE surface creating a reactive
film allowing it to be easily bonded onto most other surfaces using a standard epoxy.

5.1.2 Cell Experiments

5.1.2.1 Preliminary Results
Preliminary cellular studies have shown great promise for utilizing the nanofibers of the
nPTFE surface to encourage endothelia cell growth. The live/dead comparisons of cells for the
ePTFE and nPTFE surfaces show much higher levels of live cells on the nPTFE. The nPTFE
surface also exhibited live cells at the end of the 96 hours study suggesting potential for continued
growth and therefore, improved biocompatibility. The inherent difficulties of imaging the 3D
structure of the nPTFE (Figure5-3, nPTFE) make using microscopy for counting large number of
cells required for statistical studies, both impractical and unreliable. The small depth of field
proved to be a large problem and several solutions were tried. First, deconvolution of the image
files was tried, which produced no improvement in image quality to enable cell counting. Then
an extended focus algorithm was employed within the Zeiss software. This took a z-stack of
image planes that covered from the top focus plane to the bottom plane. The stack was then
compressed into a 2D image using the highest pixel value for each pixel in the entire stack.

99

Figure 5-3: 10X images of cells with live/dead stains for ePTFE and nPTFE, the three
dimensional nature of the nPTFE makes imaging of the cells difficult and makes counting the
number of cells that are alive and dead nearly impossible.
Confocal microscopy was attempted due to the better depth of field capabilities of the
technique. Channel images were taken and the same problems with 3D structure of the nPTFE
occurred. Figure 5-4 is a confocal image of cell growth on ePTFE after 72 hours using a 10X
objective.
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Figure 5-4: Live Dead assay for cell growth on ePTFE using confocal microscopy, Top right is
EthD-1 showing dead cells, bottom left is TOPO showing live cells, and bottom right is DIC,
Top left channel is blank.
The cells were seeded onto the same weight of nPTFE or the ePTFE material surfaces
with the same concentration of cells on each surface. They were then allowed to adhere for 24,
48, 72, or 96 hours in the incubator. After each time period one of each sample was removed and
an assay was performed by removing the media and washing each surface with 1 mL of PBS.
The samples were then stained with a solution of 100 μL, of 1 μM calcein AM/4 μM ethidium
homodimer-1 solution suspended in PBS. The solution was allowed 30-45 minutes to stain the
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cells at room temperature and then the sample was placed between two glass covers slips and
sealed with a CoverWell imaging chamber. The samples were then imaged using the materials
florescence microscope (Figure 5-5).

Figure 5-5: Live/Dead assay for cell growth on nPTFE and ePTFE for 24 hrs time intervals. The
large amount of green dots on the nPTFE sample at 96 hours shows that cells are still alive on the
nPTFE where the large amount of red on the ePTFE shows that most of the cells are dead after 96
hours on ePTFE.
Visual inspection of Figure 5-5 shows evidence of large number of live cells on the
nPTFE surface after 96 hours, which are not present on ePTFE. It appears that the nPTFE surface
had increased cell viability when compared to ePTFE over 96 hours indicating that the surface
has the potential to allow for continued growth of healthy cells. Confirmation of the above
described visual inspections by future experiments would allow for the hypothesis that the
smaller fibers and increased surface area of the nPTFE provides a better environment for cellular
growth. However, based on the 3D structure of the nPTFE, visual microscopy of the cells on the
material surface does not appears to be reliable method for counting.
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5.1.2.2 Future work
The ideal surface for a vascular biomaterial should be the body’s own endothelial cells.
The endothelial cells have a natural ability to control thrombus and clot formation. Preliminary
results on the nanostructured nPTFE surface from the live/dead cell florescence assay show
improved viability of endothelial cells on nPTFE when compared to ePTFE. The nPTFE surface
had mostly live cells after 96 hours compared to the ePTFE with mostly dead cells. Studies to
determine the longer term viability of the endothelial cells also need to be performed. Using both
the nPTFE and ePTFE surfaces and the techniques outlined in this dissertation longer time scale
studies are required. These studies should last until the cells on the PTFE surface becomes
confluent or all cells on the surface are dead. It is expected that the amount of live cells on the
nPTFE will continue to grow until the surface is confluent with cells. The cell growth can be
monitored using the fluorescence microscopy methods outlined in Chapter 2.2 as well as with the
development of a new protocol to wash off dead cells followed by lysising the remaining live
cells on the surface. This new protocol would have the advantage of enabling more accurate
counting of cell nuclei compared to the imaging difficulties due to the three dimensional opaque
structure of the nPTFE. The counting will result in larger sample sizes for counting which will
increase reproducibility and allow for more accurate statistical analysis of the data.
The next step is carrying out the experimental protocols talked about in Chapter 2.2 as
well as the lysising protocol on the functionalized PTFE surfaces. It is expected that the trend in
increased cell growth on the nPTFE surface will continue on the functionalized surface. It is
likely that the YIGSR peptide will allow for selective focal adhesion of the endothelial cells to the
peptides on the PTFE surface. This added attachment should allow for increased cell
proliferation as well as increased viability of the attached cells. Experiments to confirm the
effects of the YIGSR peptide should include using similar peptides that don’t correspond to β1
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integrins of endothelial cells such as YIGRR, as well as using anti-integrin antibodies to block the
peptide from the endothelial cells.
Additionally, platelet adhesion studies need to be carried out using a parallel plate flow
chamber to study the effects on both the nanostructured PTFE as well as the YIGSR polypeptides
on the platelet adhesion. Activated bovine platelets under flow conditions in a flow chamber can
be measured using florescence microscopy. It is expected that the superhydrophobic nature
combined with the three dimensional nature of the nPTFE surface will minimize platelet
activation. It is also expected that the same experiment will remain unchanged when run on the
YIGSR functionalized surface do to the lack of the since β1 integrin on the surface of the
platelets. Finally the endothelialized surface due to the natural ability of the endothelial cells to
reduce thrombi formation will have the least amount of platelet activation and adhesion.

5.1.3 Protein Adsorption

5.1.3.1 Future work
Protein adsorption is a major component effecting biocompatibility of a material and
needs to be fully understood. Protein has been shown to adsorb to artificial surfaces quickly after
implantation. Adsorbed proteins can influence clot formation, thrombus formation, and cell
adhesion on the material’s surface. Protein adsorption protocols on superhydrophobic surfaces
have been implemented and have shown increased adsorption capacity on nPTFE surfaces.
Adsorption isotherms using Human Serum Albumin have been measured on both ePTFE
and nPTFE surfaces. The resulting decrease in the fiber diameter of the nPTFE surface has lead
to an increase in protein adsorption compared to ePTFE. Additional work using different sized
blood proteins onto the PTFE surfaces will enable a better understanding of the mechanism that is
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allowing the additional protein adsorption that with the same amount of surface area. Measuring
isotherms on both surfaces using IgG (150 kDa), Fibrinogen (340 kDa), and IgM (950 kDa) will
provide increased information about the interface region which contributes to the protein
adsorption. This is important in understanding how the nanoscale fibers changes the interface
region and how this results in the increased protein adsorption capacity of the nPTFE surface.
Additional this work is needs to be reproduced on the plasma modification and peptide
functionalized surfaces. It is know that hydrophobic surfaces adsorb protein more protein then
hydrophilic surfaces. It is likely that as the surface undergoes plasma modification and the
surface becomes more hydrophilic the protein adsorption characteristics will change. It can be
expected that both plasma modified and surface functionalized PTFE surfaces will have much
less protein adsorption then the unmodified surfaces.
While significant progress has been made in the fundamental understanding of nPTFE,
many areas remain to be investigated. While these in-vivo experiments allow for increased
understanding of how individual biological processes are affected by the nanostructure of PTFE
they cannot fully predicted what will occur in-vitro. Once implanted the surface will have a large
number of different blood proteins competing to be adsorbed onto the surface. Additionally the
endothelial cells and platelets will be under constant flow conditions that will affect their
adhesion onto the surface. All of these processes that have been studied separately in-vivo will
occur at the same time making it extremely difficult to predict exactly how any surface will
interact once implanted.
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5.2 Conclusions
A major problem with currently available biomaterials is a lack of hemocompatibility. It
is the result of the interactions between the material surface and blood and involves a large
number of different components which are not fully understood. It is known that surface
properties including surface structure and surface energy strongly influence biocompatibility.
This work focuses on controlling the nanometer size of the fibers on the materials surface, to
determine what effect nanometer sized fibers has on protein adsorption and cell adhesion.
The research in this thesis has shown that Jet Blowing is able to be used to control the
surface nanostructure of PTFE fibers. Protocols were developed to reliably and reproducibly
measure protein adsorption to superhydrophobic surfaces. The new protocols were used to
compare protein adsorption onto two PTFE surfaces with different sized surface features.
Additionally, cell adhesion was compared onto the two different PTFE surfaces. Finally,
preliminary work showed the feasibility of plasmas surface modification on the nPTFE
nanofibers to allow for greater control of the materials surface. This work shows the potential for
Jet Blown nPTFE to make significant contributions to a more hemocompatible vascular surface.
Jet Blowing was used to control the nanostructure of nPTFE, by studying the relationship
between nanostructure and processing conditions. The processing conditions resulted in changes
in the level of plasticization by varying, heat, pressure, and gases utilized in the Jet Blowing
process. This allows for greatly increased reproducibility and fiber characteristic control, which
is not possible with other PTFE processing techniques. Control over the surface area, fiber
widths and lengths, and amount of remaining starting nodules of the Jet Blown nPTFE was
achieved.
The Jet Blown materials had three distinct regions, each with different fiber
morphologies and properties. The first region for Jet Blown materials occurs at or below 260 °C
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and is represented by mostly starting material nodules and little fiber. The second region occurs
between 260 °C and 290 °C where the most fiber is formed and the highest surface area is
achieved. Lastly, at temperatures above 300 °C the material is too soft resulting in a matted
material with little fiber and lower surface area than the starting material. The information can be
used to determine processing conditions to develop a material surface to fit a specific application.
Protein adsorption on a surface is one of the most important factors that affect
hemocompatibility. A study of the effects of nanostructure on protein adsorption was carried out,
and resulted in the development of a new protocol for measuring protein adsorption to
superhydrophobic surfaces. Initial experiments showed that analytical protocol greatly affects
measurement of human-serum albumin (HSA) adsorption to commercial expanded
polytetrafluororethylene (ePTFE). It was determined necessary to degas both the protein solution
and the materials surface in order to measure protein adsorption to a material exhibiting super
hydrophobicity. Additionally, it was determined that radiolabeled HSA showed nearly a fourfold reduction in protein adsorption onto the materials surface compared to unlabeled protein. As
well as the need to account for both bound and adsorbed HSA, that just measuring the bound
protein substantially underestimates the total protein adsorbed from solution. Finally, the nPTFE
surface showed an increase of approximately 46% (10.1 mg/m2) of the maximum adsorbed
protein when compared to the same amount of surface area of ePTFE. It appears that the increase
in protein absorption is due to the differences in morphologies between the PTFE surfaces and is
likely due to the nanofibers increasing the volume of the interface region allowing for increased
protein adsorption to the nanostructured surface.
An idea hemocompatible material would support growth of the native endothelial cells on
the surface of the material. A study of the effects of nanostructure on cell adhesion has be carry
out comparing adhesion of endothelial cells on both ePTFE and nPTFE surfaces. Preliminary
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results indicate an increase in the amount of live cells present on the nPTFE after a period of 96
hours when compared to an ePTFE surface.
Surface functionalization has been shown to allow for improved hemocompatility.
Ammonia plasma modification has been shown to allow for the incorporation of amine groups on
the surface of the of both the ePTFE and nPTFE. These amine groups will in the future allow for
coupling peptides such as YIGSR to specifically target endothelial cells.
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Appendix B
Radiolabel Protocol

Iodination of Proteins
Prepared columns
Survey meter
Kimwipes
Masking tape
Paper towels
Protective Bench Paper for lining

Liquid radioactive waste bottle
Gloves
Stopwatch/ Timer
12X75 glass test tubes
Test tube rack
Vial with rubber spectrum

Parafilm squares
2 Solidification kit
Steel wool
Plastic Tubing
Tubing clamp
Metal box containing I125 in lead

10 mL disposable pipette
Glass beads
Lead pig with I 125
1 ml of 2.5 mg/ml protein solution
.5M PBS pH 7.4
.01M PBS

hood

pig
.05M PBS pH 7.4
10 % TCA
Chloramine T, 2mg/mL in .05 M PBS made fresh
Sodium Metabisulfite, 1mg/ml in .01 M PBS made fresh
10-15 mL of G50 swollen for 24 hours in NH4HCO3 solution
0.1 M NH4HCO3 buffer pH 7.8 with 0.02% sodium azide
100 mL of .25 mg/mL protein solution in .05M PBS for column
10 uL Hamilton Syringe for 5 uL of I 125
25 uL Hamilton Syringe for 25 uL of Chloramine T
1 mL plastic syringe with needle for 500 uL of Sodium Metabisulfite
1 mL plastic syringe with .2 mL of .25 mg/mL protein buffer
10 mL plastic syringe with needle for column buffer
Preparation of column:
1. Cut off the top of a 10ml disposable pipette at the 1.5 ml mark. Place a large
glass bead in the pipette, and glass wool above it, then attach tubing equipped with a
clamp to the tip to control column flow and mount column on a stand.
2. With a Pasteur pipette, slowly fill pipette with Sephadex G-50 that has been
swelled overnight in 0.1 M NH4HCO3 buffer. Allow gel to pack to the 1.5 ml from the
top mark and do not allow to run dry while packing. Block the gel by running approx.
10ml of .25 mg/ml protein buffer over the column. Prior to iodination, establish drop
count to volume (typically, 10 drops = 0.5 ml).
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ITEMS NEEDED IN HOOD
Note: Before using the iodination facility, the hood and surrounding areas should
be surveyed using a meter equipped with an 1-125 probe and smears counted in a gamma
counter. It is prudent to assume that any equipment stored or used in the hood maybe
contaminated and to employ appropriate precautions. To the greatest extent possible,
equipment placed in the hood should be disposable and should be discarded to
radioactive waste following iodination. Any equipment used in and subsequently
removed from the hood must be thoroughly checked for contamination.
Always withdraw any needle from the stock vial or reaction vial septum
stopper through a kimwipe.
1. Put on double set of gloves and survey. After surveying, place the Geiger
counter on the counter next to the hood for monitoring your gloved hands and leave it
turned on.
Cover work area in hood with bench paper. Cover hand holds on hood door with
taped on paper towels
2. Attach prepared column to ring stand (kept in hood) and remove any buffer
leaving around 1mm above gel surface. Place collection vials in a rack and align with
column for collection of fractions. There should be 25 tubes numbered 1 to 25 and the
second row should be reversed in order.
3. Place 10 ml syringe with 5mL column buffer and 10uL Hamilton syringes for
I125, 25 uL syringe for Chloramine T and 1 mL plastic syringe for Sodium Metabisulfite
in hood. Check operation of all Hamilton syringes.
4. Waste solidification kit. These kits are provided by the Health Physics Office.
The kit should not have been prepared more than 6 months prior to the iodination. The
preparation date is marked on the can label. In addition to liquid waste, the solidification
kit is used for disposal of the reaction vials, stock I 125 vials, pipette tips, columns, etc.
This reduces the amount of volatile I 125 in the solid waste container.
5. A plastic bag for collection of miscellaneous contaminated solid waste such as
gloves, tissues, wipes, and smears. After collection of solid waste from the experiment,
the bag is sealed and placed in the solid radioactive waste container.
6. There should be 6 tubes filled with 1 mL of DI should be labeled I 1 to 3 and C
1 to 3.
7. Reaction vial containing protein to be iodinated and 50 uL of .5M PBS and the
I 125 in the pig in the hood.
IODINATION PROCEDURE (IN HOOD)
1. Check lot number and delivery info and establish volume to achieve 1 mCi of
125
I.
2. Put on 2 pairs of gloves. Remove Na I 125 from can.
2. Put 10uL of 2.5 mg/mL protein solution in .05 M PBS and 50 uL of .5M PBS
into the vial
3. With Hamilton syringe, with draw 1 mCi around 5-10 uL of I 125 from stock
vial.
4. Inject the 1 mCi I 125 into the reaction vial (5uL).
5. Rinse syringe X3 with DDW. Keep rinse #3 in screw cap vial for calculation of
specific activity. Discard other rinses in waste solidification kit.
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6. Survey hands with meter. Remove outer pair of gloves and discard to plastic
solid 1 waste bag. Put on new outer gloves.
7. Add 25uL of Chloramine T to reaction vial and gently agitate, and react for
30seconds
8. Add 500uL of Metabisulfite to reaction vial to stop reaction. Discard
meabisulfite syringe into solidification kit.
9. Add 200ul of column buffer to reaction vial. Swirl gently and aspirate reaction
mixture into the syringe. Place reaction mixture on top of gel in column. Discard vial in
solidification kit. Rinse syringe X3 with DDW. Keep rinse #3 in screw cap vial for
calculation of specific activity.
10. Allow all of reaction mixture to enter gel, then add column buffer to fill to the
top of the column.
11 Survey hands with meter. Remove outer pair of gloves and discard to plastic
solid waste bag.
12. Open the bottom clamp and collect 1 ml fractions in test tubes (10 drops). Add
buffer as required to column.
13. Collect 25 12x75 tubes never letting the column run dry till the end (last tube)
and place the dry column in the solidification kit.
14. Transfer 10 uL from each vial and the 2, third washes into a new labeled tube
and bring that to the gamma counter. Keep the 2 or 3 tubes that have the protein and all
other tubes go into the kit.
15. Add tap water to kit to bring total liquid volume to -1800 ml (including
buffers, etc.), add Na-silicate, attach lid securely, and shake can vigorously until set.
Place in solid radioactive waste container, and record amount of waste, date and initials
on can label and lid and on waste container. If liquid does not solidify after 2 minutes of
shaking, notify the Health Physics Office (5-3459).
16. Survey the hood and work area using the survey meter and paper smears
counted in a gamma counter. Check skin, clothing, shoes, and any equipment removed
from hood 1 for contamination. Immediately clean any contaminated equipment or work
areas. If unusually high contamination levels are found or there is any suspicion that there
I might have been some release of radioiodine during the iodination or purification, it l
should be reported immediately to the Health Physics Office. This is extremely important
in the event that administration of KI as a thyroid blocker is needed to reduce the uptake
of radioiodine. This must be taken within 4 hours of the exposure to be effective. KI
capsules are available for emergency use in the radioiodination labs, the Health Physics
Office, and the Ritenour Health Center.
17. Schedule a thyroid bioassay to be performed at the Health Physics Office (53459). Within 7 days of iodination. When scheduling thyroid bioassay, please request I
additional solidification kits if needed and arrange for any full waste containers to be
picked up and replaced.
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Appendix C
Nitrogen 5,000 PSI
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Appendix D
Nitrogen 10,000 PSI
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Appendix E
Nitrogen 20,000 PSI
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Appendix F
Argon 5,000 PSI
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Appendix G
Argon 10,000 PSI
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Appendix H
Argon 20,000 PSI
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Appendix I
Carbon Dioxide 5,000 PSI
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Appendix J
Carbon Dioxide 10,000 PSI
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Appendix K
Carbon Dioxide 20,000 PSI
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Appendix L
BET Surface Area
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Appendix M
Material Nodules per unit Surface Area
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Appendix N
Length of Measured Fibers
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Appendix O
Width of Measured Fibers
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Appendix P
Length to Width ratio of Measured Fibers
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Appendix Q
Estimate of Iodine Incorporation

Artifacts associated with radiolabeling presumable increase with the number of Iodine
atoms incorporated per protein molecule, (see section 4.3). We estimate incorporation of 3 atoms
of Iodine 125 per HSA molecule used in this work in the following way. 25 µg of HSA (

2.26 ×1020 molecules at MW= 66.5KDa) was iodinated with 1mCi of Iodine 125 (
6.53 ×1020 atoms , MW =53 g/mol) at a specific activity of 17.4 Ci/mg resulting in a solution of
HSA with a specific activity of 36.4 µCi/µg. Trichloroacetic acid precipitation showed that that
125
6.07 × 1020 atoms I125
I
= 2.7
20
HSA or
93% of the 125I was attached to HSA, implying 2.26 × 10 molecules of HSA

about 3 iodine atoms per HSA. This suggests that of the 19 tyrosine residues on each HSA
molecule 258, of which 12 are on the solvent-exposed surface of the molecule and easily attacked
241

, there is an average of 0.2 iodine atoms per surface tyrosine.
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Appendix R
Radiometry
The basic idea behind the depletion method is to measure the amount of protein in
solution before and after contact with adsorbent. If CT is the counts/min (CPM) of the
originating solution and CL is CPM of the solution separated from adsorbent (see Figure 5), then
depletion is ΔC = ( CT − CR ) CPM and the total mass of protein remaining in solution is

⎛ C × mT ⎞
mR = ⎜ R
⎟ (mg); where mT is the total mass (mg) of protein in solution. Mass depletion
⎝ CT ⎠
is then Δm = mT − mR . Background is assumed to be the radioactivity depleted out of solution on
to an empty glass vial controls (no ePTFE) m Db (mg). Thus the background corrected depletion

D = Δm − mDb (mg), normalized to surface area of the ePTFE S a (m2) or volume of the protein
solution V (mL) is given by:

⎛ C ∗ mT ⎞
b
mT − ⎜ L
⎟ − mD
⎝ CT ⎠
D=
Sa

(mg/m 2 )

or
⎛ C ∗ mT
mT − ⎜ L
⎝ CT
D=
V

⎞
b
⎟ − mD
⎠

(1)

(mg/mL)

Bound protein is the amount of protein that is remaining on the ePTFE surface after
coming in contact with the protein solution and 3X PBS rinses (see Figure 5). If CT is the
counts/min (CPM) of the originating solution and C A is CPM of the ePTFE surface after being
separated from adsorbent, then the total mass of protein remaining on the surface is
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⎛ C × mT ⎞
mA = ⎜ A
⎟ (mg), where mT is the total mass (mg) of protein in solution. Background is
⎝ CT ⎠
assumed to be the radioactivity remaining on an empty glass vial controls (no ePTFE) mbA (mg).

(

)

Thus the background corrected adsorption mA − mA (mg), normalized to surface area of the
b

ePTFE S a (m2) or volume of the protein solution V (mL) is then:

⎛ Cs × PT
⎜
CT
Γ=⎝
Sa

⎞
b
⎟ − PT
⎠

( mg/m )
2

or
⎛ Cs × PT ⎞
b
⎟ − PT
⎜
CT ⎠
Γ=⎝
V

(2)

( mg/mL )
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