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Abstract:
The composition of a surface is known to affect the adhesion of bacteria. The goal of this experiment
was to determine how a defined chemistry change would affect the adhesion of Pseudomonas
aeruginosa to polystyrene and surface modified polystyrene with and without a conditioning layer.

A polystyrene coupon was surface modified via a molecular beam apparatus. This added oxygen in the
form of such functional groups as carboxylic acids, epoxides, carbonyls, and hydroxyls into the surface
of the polystyrene. Analysis of the surfaces was done through XPS to determine if the surface
chemistry alteration had gone as planned. The coupon was then placed into a parallel-plate flowcell,
and P. aeruginosa diluted to 3xl07 cell/ml from a chemostat were flowed across the surface of the
coupon for six hours. Images of the adhering cells were taken with a digital camera and computer,
which were attached to the microscope. Images were taken every 5 minutes for the first two hours, then
every 10 minutes for the next two hours, and finally every 20 minutes for the last two hours. The
images were then counted to obtain the number of cells adhered as well as their x-y positions. This data
was analyzed to determine if the four treatments affected adhesion to the surface.

Surface modification through the addition of oxygen to polystyrene increases the adhesion of P.
aeruginosa to polystyrene by 55% at six hours. The addition of a conditioning layer increased adhesion
on both the control and the modified polystyrene, resulting in increases of 25% and 95% respectively
from the control polystyrene at 6 hours. P. aeruginosa attached to polystyrene and surface modified
polystyrene in a random fashion. 
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ABSTRACT

The composition of a surface is known to affect the adhesion of bacteria. The goal of 
this experiment was to determine how a defined chemistry change would affect the 
adhesion of Pseudomonas aeruginosa to polystyrene and surface modified polystyrene 
with and without a conditioning layer.

A polystyrene coupon was surface modified via a molecular beam apparatus. This 
added oxygen in the form of such functional groups as carboxylic acids, epoxides, 
carbonyls, and hydroxyls into the suiface of the polystyrene. Analysis of the surfaces was 
done through XPS to determine if the surface chemistry alteration had gone as planned. 
The coupon was then placed into a parallel-plate flowcell, and P. aeruginosa diluted to 
3x l07 cellVmi from a chemostat were flowed across the surface of the coupon for six hours. 
Images of the adhering cells were taken with a digital camera and computer, which were 
attached to the microscope. Images were taken every 5 minutes for the first two hours, 
then every 10 minutes for the next two hours, and finally every 20 minutes for the last 
two hours. The images were then counted to obtain the number of cells adhered as well as 
their x-y positions. This data was analyzed to determine if the four treatments affected 
adhesion to the surface.

Surface modification through the addition of oxygen to polystyrene increases the 
adhesion of P. aeruginosa to polystyrene by 55% at six hours. The addition of a 
conditioning layer increased adhesion on both the control and the modified polystyrene, 
resulting in increases of 25% and 95% respectively from the control polystyrene at 
6 hours. P. aeruginosa attached to polystyrene and surface modified polystyrene in a 
random fashion.
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CHAPTER I 

INTRODUCTION

Biofilms

The adhesion of bacteria to a surface is the starting point of all biofilms. Adhesion 

begins once a cell has come into close contact with the surface, usually through diffusion, 

settling, or active locomotion. This process is known as transport. Once a microorganism 

has reached the Substratum, it either simply transports away, or becomes loosely 

associated with the surface. However, this initial association is by no means permanent. 

Once on the surface, a cell often remains for only a short period before spontaneously 

detaching back into the flow. If the cell stays, sometimes it moves around on the surface 

before reaching the final stage of attachment, permanent adhesion. Once a microorganism 

has reached this stage, it rarely detaches again unless subjected to some form of stress. 

These permanently attached bacteria begin to grow and subsequently form a biofilm.1,2,3

A biofilm consists of a layer of bacteria contained within an exopolysaccharide 

matrix (EPS), colloquially known as slime. Biofilms do not consist of a homogenous 

layer of uniform thickness. Instead, they contain layers of different bacteria, channels 

through the biofilm, “mushrooms,” “streamers,” and an assortment of other odd 

formations.4 These formations affect the availability of nutrients available to the
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microorganisms. Whereas in a true slab the bacteria at the base of a biofilm can be 

nutrient limited, if there are channels through the structure of the biofilm, then cells at the 

base may have plenty of nutrients available.

Bacteria within a biofilm are also proving to be different from the same species of 

bacteria existing planktonically. Phenotypic changes have been observed, and attached 

cells express different genes than free-swimming cells.1,4 One important ramification of 

this difference is that they are often far more difficult to kill, whether through reactions 

within the cells or diffusion limitations.4,5 This has serious implications for industries that 

need to kill biofilms that exist in their systems. Heat exchangers, which often have 

chemicals within their fluids designed to kill microorganisms, still become fouled, 

necessitating tubing replacement. In medicine, biofilms that form on catheters, shunts, or 

implants can lead to large systemic infections, which can be lethal.6 In addition, water 

distribution systems have many problems with microbially induced corrosion, where 

microbes within the biofilm actually, cause disintegration of the pipes.5 Biofilms within 

water distribution systems can also lead to blooms of coliforms, as these indicator 

organisms occasionally detach from the walls of the pipes.

Observation of Biofilms

In recent years, many methods of studying biofilms have been devised. Coupons have 

been inserted into pipes, which can later be removed for analysis. Annular reactors, drip 

plates, and a variety of other configurations have been designed in an! attempt to mimic 

the variety of systems that exist in both nature and the man-made world. This is in order 

to understand how to use and control biofilms to our benefit.
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The parallel-plate flowcell has recently been used extensively.7,8' 9' I0, “ •12,13 It allows 

for real-time observation of the bacteria in situ as an experiment proceeds. This system 

utilizes a small sample of the substratum of interest, known as a coupon. When a coupon 

is removed from other types of systems, an air-liquid interface is introduced that can 

affect a force of around IO"2 dynes (which is far greater than the forces introduced by 

shear in most flowcell systems) .14These forces can induce detachment of cells, as well as 

rearrangement of adhesion patterns.8 In a flowcell, if  stains or other fixatives are needed, 

they can be introduced into the flow without ever exposing the coupon to these forces. In 

some cases, the need for stains can even be eliminated, since direct observation of the 

microorganisms is possible.8

Attachment Studies

Although it is unknown if initial events have an effect on the final shape of a biofilm, 

knowledge of how a biofilm begins may be used to retard biofilm formation. Interactions 

between the attached bacteria and the surface to which it is bound may become important 

in attempts to induce spontaneous detachment. Although it is extremely unlikely that a 

surface will ever be found that is totally resistant to bacterial adhesion, hopefully an 

understanding of how a biofilm forms can help find ways to make biofilms controllable.

It is known that different surfaces affect how bacteria adhere. What is not known is 

why. There are contradictory studies where certain characteristics of a surface, such as 

hydrophobicity, have been correlated to rates of adhesion. In some cases, there was little 

or no correlation.15,16 However, other studies found that there was a strong connection
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between hydrophobicity and adhesion.9,17,18 Other studies have looked at the presence of 

variables such as electrolyte concentration, detergents, fluid velocity, and the pH of the 

media.1,19,20 Although some of these variables were correlatable within a species, these 

could not be extrapolated to the general bacterial population.21

Adhesion studies in the past have found that bacteria (as well as other adhering 

organisms) adhere in greater numbers to rougher surfaces. Studies that looked at the 

roughness of a surface and how it affects adhesion almost always found a relation 

between increasing roughness and an increase in the number of attached 

microorganisms.5,9

Most studies on stainless steel (as well as other surfaces) did not analyze actual 

bacterial patterns of adhesion. More recent studies found that bacteria adhered along the 

grain boundaries of the stainless steel, and even concentrated the effects of corrosion 

along those boundaries.1 0 , 12 However, grain boundaries not only have a change in 

topography, but also a change in the actual chemistry of the substratum.^2,23,24 Although it 

was believed that the topography was the main influence affecting where the bacteria 

were adhering, no studies had been done which tried to separate the two variables of 

chemistry and topography in relation to adhesion patterns.

Topography Study

A study done by T. Rush Scheuerman used three organisms in order to determine 

how a defined change in topography with known effects on the flowstreams would affect . 

the adhesion of the bacteria to the surface. Pseudomonas aeruginosa, P.fluorescens mot •



(+), and P.fluorescem  mot (-) were used. Rush Scheuerman looked at attachment with a 

confocal scanning laser microscope, which enabled her to observe bacteria both along the 

surface of the coupon and in the bottom of the grooves. She found that the cells adhered 

to the downstream edge of the groove, and that there was not a significant increase in 

adhesion in the bottom of the grooves. This was not the expected result—the hypothesis 

was that the cells would adhere in the bottom of the grooves.19

Conditioning Layers

Another variable in the realm of bacterial adhesion is the presence of a conditioning 

layer, or film. Any surface that is exposed to a natural environment, and especially the 

environment of the human body, develops a conditioning layer almost instantaneously. 

The conditioning layer consists of a variety of organic molecules, and alters the surface 

properties of the substratum.

Composition The true composition of a conditioning layer still remains largely 

unknown, as Stephen Klotz pointed out when he wrote that . .it seems to this author that 

the compositions of the coating substances on plastics when exposed in vivo are poorly 

characterized or unknown in most circumstances.” He further states that until reliable 

models that consistently predict bacterial interactions with plastics in vivo are made, 

“ ...no firm conclusions about the role of hydrophobicity or any other virulence factor can 

be made; only correlations will be possible.” 21

A conditioning layer on a surface will affect its surface properties, since the surface is 

no longer the same. Although actual alteration of the physical surface is unlikely to occur

5
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except in unusual circumstances, what an organism ‘sees’ is filtered by the conditioning ■ 

layer.25 The characteristics of the original surface affect the original composition of the 

conditioning layer21.

The extent to which the conditioning film affects what the microbe senses of the 

underlying surface chemistry is unknown.1 Different surfaces affect how proteins in the 

conditioning layer adhere to their surface.26,27,28129 One study found that different surfaces 

even affected the structure of the film: Rudee and Price found that in some 

circumstances, a uniform conditioning film was not even formed, instead forming a 

“networked structure” on the surface.30 Whether this incomplete coverage of the surface 

affects adhesion is unknown.

Adhesion Studies It has generally been found that a conditioning layer interferes with 

adhesion, reducing the total number of cells that initially adhere to the surface.1,25,31,32,33 

However, this was not universally true.13,34 One study even found both results, depending
• 1.

on the surface underneath the albumin conditioning film. Taylor et al. found that at low 

levels of albumin concentrations, the presence of a conditioning layer significantly 

reduced bacterial adhesion to hydrogel contact lenses. As the concentration of the 

albumin increased, however, adhesion levels increased on one type of lens but dropped 

on the other. These effects were most noticeable with P. aeruginosa.

Adhesion to Chemically Modified Surfaces

No studies were found that addressed the issue of bacterial adhesion to a chemically 

altered surface with actual changes in the chemical structure of the surface. However, a



study has been done with batch yeast cells that compares rate of adhesion to control 

polystyrene, plasma-modified polystyrene, and oxygen molecular beam modified 

polystyrene.8

Previous work has been done on surface modification in order to determine the 

changes made in the surface chemistry by two methods—oxygen plasma modification 

and oxygen molecular beam modification.35 This study characterized these surfaces 

through XPS and derivatization in order to determine the functional group changes that 

were made to the surfaces by both procedures. It was found that both the plasma modified 

surface and the 100-pulse oxygen molecular beam modified surface significantly reduced 

the adhesion of the yeast cells, and that they did so to a similar extent.8

Suzuki and Sakai have proposed that the “surface charge polarity rather than surface 

hydrophobicity (including the adsorbed proteins) could be a dominant factor in

determining the initial attachment rates.”33 Others have also posed this opinion.318,21,36,37
1

. It should be noted that with the incorporation of oxygen into the polystyrene surface, the 

polarity of the surfaces would be radically changed.

7
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Current Work

The goal of this work is to determine the effect of a defined surface chemistry change 

on bacterial adhesion. Polystyrene surfaces were chosen because of their significance in 

tissue culture research, medical research, and widespread use in general 

research.1,8' 18,20,25,26130,36,37,38,39, ̂ 0,41 ■42,43 Previous studies of adhesion to polystyrene and 

tissue culture polystyrene did not show the specific chemical changes that were made to 

the polystyrene, and the modifications were simply chosen for their ability to affect the 

hydrophobicity of the polystyrene.

This study will look at how a defined chemical change affects adhesion. New studies 

by Suzuki and Sakai as well as others have suggested that it is not the hydrophobicity of 

the surface that is the strongest influence on adhesion, but surface charge and polar 

groups.3,18,21133,36,37 If this theory is correct, then the addition of oxygen into the 

polystyrene backbone would be the major factor influencing any observed adhesion 

changes for this study.
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CHAPTER 2

MATERIALS AND METHODS

Designing the System

The design of this experiment was based on the system used by T. Rush Scheuerman

in her work44. Modifications to the system were based on the need for rigorous cleaning

that comes with doing surface chemistry experiments. Figure I shows the overall layout

of the experiment.

To
Waste

Media
Solution Air In

Chemostat

Vessel \ <
To

Waste

FlowcellcS3 0.2pm filter 

Clamp

Dilution
Water

( x )  Flowbreak

Figure I. General Experimental Layout
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The basic change in design was to use Teflon® tubing where possible, and Viton® 

rubber tubing otherwise in order to withstand the corrosive cleaning environment. Any 

fittings used were of Teflon®, polypropylene, glass, or stainless steel.

Chemostat

A new chemostat was designed that could withstand the pressure build-up that 

occurred with this experimental design. The old design, with a rubber stopper on the top 

of a beaker, was ineffective: A 1000-ml Pyrex® bottle with a screw-on cap was used 

instead.

The working volume of the chemostat was determined by filling the chemostat 

(Figure 2) to overflowing, turning on the stir bar and air pump, letting the reactor 

stabilize for 5 minutes, and then measuring the remaining volume of water. The working 

volume of the chemostat was 480 ml. To attain the desired 5-hour residence time to 

match conditions used by Rush Scheuerman, a flow rate of 1.6 mVmin was used.

Rowcell

The design of the flowcell is based on previous designs used throughout the Center 

for Biofilm Engineering, with modifications to withstand the cleaning needed to 

investigate the influence of surface chemistry attachment. This flowcell was successfully 

used in yeast adhesion studies'8 The base and fittings of the flow cell were constructed 

from Teflon®, and the gasket was Viton® rubber. An exploded view of the flow cell is " 

shown in Figure 3.
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- 9 0 0
IOOOmL _  qqq 

- 7 0 0  

- 6 0 0  

-  500 rC
- 4 0 0

- 3 0 0

- 2 0 0
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= O = =  Tubing Adaptor

Figure 2. Adapted Chemostat Design

A A

Aluminum Top Cover 

Glass Coverslip 

Viton Gasket 

Teflon Bottom 

Coupon Well 

Flow Inlet 

InletTubing 

Nut 

Ferrule

Tubing Adaptor 

Flow Outlet

Figure 3. Exploded View of Flowcell Design
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The desired Reynolds number in the flowcell was 5.5, in order to match the 

conditions used in the previous study44. Since the width of the channel in the flowcell 

used was determined by the size of the polystyrene coupon, the flow rate was the variable 

parameter. Through the equation45:

Defr'V 'PWt
water

(I)

where A^e is the Reynolds number, Deff is the effective diameter of the flowcell 

channel, pwater is the density of water at 70° F, and (Xwatee is the viscosity of water at 70° F. 

The effective diameter is 4 times the hydraulic radius, which is found by the equation45:

RB — ± Z —
H 2-1 + 2-w

where I is the width of the channel and w is the height of the channel. Inserting the 

dimensions of the flow cell channel, it was determined that a flow rate of 3 mVmin would 

generate a Reynolds number of 5.5.

(2)

Cleaning Procedures

I

Since this was a surface chemistry experiment, all components were cleaned in either 

base bath or acid bath for a period of at least an hbur.

Base Bath

Base bath was made in a chemical hood as follows: Nanopure® water was first 

saturated with NaOH over the course of at least three days. Once the solution was
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saturated with the NaOH, ethanol was added until the color of the solution became dark 

brown to black. This step is very exothermic, and done over at least three days.

Acid Bath

Acid bath was prepared in a chemical hood by adding one packet NoChromix® to 

O neliterofH 2SO4.

Cleaning

Glassware, except for the media carboys, was soaked in a container of the acid 

cleaning solution. The carboys used for media and dilution water were initially cleaned 

with acid by placing approximately one liter of solution into the carboy, and letting it sit 

for thirty minutes. Then it was turned onto the side, and left for 30 minutes, then rotating 

so that another side was soaking for another 30 minutes, and so on until completely 

cleaned. After this initial cleaning, the carboys were merely rinsed after each run unless 

contamination occurred, whereupon they were again cleaned with acid.

In order to clean the tubing, the cleaning solution was pumped through the tubing. 

Acid was pumped through the chemostat and dilution vessel tubing, in order to clean 

them. It was necessary to use the base bath in the flowcell tubing if the stainless steel 

fittings were present.

While cleaning, as much of the tubing as possible was placed into a glass Anchor 

Hocking® casserole dish, as was the vessel containing the cleaning solution. This would 

contain any leaks that might occur. Since the pumps could not be placed into this dish,
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paper towels were laid under the pumpheads, and the pumpheads were continuously 

monitored for leaking.

All components were then rinsed in Nanopure® water. Glassware was rinsed under 

running Nanopure® at least five times, and tubing was rinsed with at least ten times the 

inner tubing volume. The system was then assembled and autoclaved for 20 minutes 

under slow exhaust, to prevent the fittings from coming apart.

Polystyrene Coupon Preparation

A sample of commercially available polystyrene was obtained in 6x9 in sheets from 

Plaskolyte (Columbus, OH). These sheets had a thickness of 0.93 mm and an average 

molecular weight of 100,000 5Zmoi.

For this experiment, the sheets were cut into '/2-inch diameter circles with a punch 

and die set. After punching, the protective plastic film was removed from each side of the 

discs, and using tweezers the discs were swirled in hexane (HPLC Grade) for 10 seconds 

to remove any oxidative layer which may have formed. They were then sonicated in 

methanol (HPLC Grade) for at least five minutes, which was both a final cleaning and 

sterilization step. For the control polystyrene, this cleaning and sterilization was done 

within two hours of insertion into the flowcell. For the beam-modified samples, this was 

done immediately before placement into the molecular beam apparatus, and was not 

repeated before the experiment.
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Surface Modification

A neutral molecular beam apparatus was used to create the surfaces used in this

study. A diagram of the apparatus is shown in Figure 4.35

Source Cham ber
Scattering Cham ber

Quadrupole 
Mass FilterPulsed

Valve
Skimmer

V r r C f e 1 r - j
Laser

Mirror

Quadrupole M ass 
Spectrom eter

To Ion

Figure 4. Neutral Molecular Beam Source

A CO2 laser coupled with a pulsed valve is fired at a shot of gas, in this case oxygen, 

in the conical nozzle. This pulse of gas is ionized into a high-temperature plasma by the 

laser. This shot of plasma rapidly expands, and due to “efficient electron-ion 

recombination” becomes an essentially neutral beam of O atoms and molecules.35

The molecular beam, characterized by the mass spectrometer, consisted of 59 % 0 

atoms and 41 % 0 2 molecules. The O atoms had an average kinetic energy of 4.6 eV, and 

the O2 molecules had an average kinetic energy of 9.8 eV. The samples were exposed to 

100 pulses at 1.8 Hz, which resulted in an oxygen flux of approximately IO15 alom3Acm2 s).

Conditioning Layer

Experiments with the controlled and modified surfaces were repeated after adding a 

conditioning layer to the polystyrene coupons. These experiments were done with both 

the control polystyrene and the 100-pulse modified polystyrene.
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The conditioning layer was 7.5% Fraction V albumin prepared by cold alcohol 

precipitation from citrated bovine plasma, obtained as a sterile solution from Aldrich 

Chemical Company. The polystyrene was exposed to the serum by running a 

recirculating loop for 30 minutes immediately before running the experiment.

Analytical Techniques

AFM

Atomic Force Microscopy was done on a Digital Ideas AFM found at the Image and 

Chemical Analysis Laboratory (ICAL) at Montana State University — Bozeman. This 

technique was used to determine the details of the surface topography. AFM works by 

“tapping” a very small electronically controlled tip across the surface of the material.

How far the tip descends on each tap is measured optically through optical interferometry 

or beam deflection, and the distance is recorded electronically.46 The tip is moved slightly 

between each tap, and as it moves across the surface, small topographical features can be 

seen. Resolutions of less than one nm can be obtained through this technique.

Figure 5. AFM Tip and Cantilever
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XPS

X-ray Photon Spectroscopy was used to acquire the overall surface chemistry of the 

polystyrene samples. This method is surface sensitive, analyzing only the top 1-10 nm of 

the sample. It is used to determine the elemental composition of a surface, as well as 

providing some chemical bonding information Calculating the percentage of an element 

in a sample can be done by measuring the energy and amount of ejected electrons. XPS 

works by utilizing the photoelectric effect. The surface is bombarded by x-rays, which 

can be absorbed by an electron orbiting an atom. If the amount of energy absorbed is 

greater than the energy binding the electron to the atom, then the electron will be ejected 

from the atom. The number of electrons ejected from an atom is proportional to the 

concentration of that atom in the sample.

XPS can also provide some information about the chemical bonding environment of 

an atom. The kinetic energy of the ejected electron can be measured, and if the energy of 

the original photon is known, the binding energy can then be calculated. Since the 

binding energy of an electron is very specific to the atom it came from and that atom’s ' 

bonding environment, information about the atom’s place, in a structure can be gathered.

For this research, XPS spectra were collected on a Physical Electronics (PHI) model 

5600CI spectrometer, found at ICAL at Montana State University-Bozeman.
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Biological Procedures

Stock Culture Preparation

Pseudomonas aeruginosa ERC was initially obtained from CBE stocks. This stock 

culture was streaked for isolation on three R2A agar (DIFCO Laboratories) plates. These 

were then incubated for 48 hours at 35° C. From isolated colonies on these plates, 

confluent lawn plates were streaked. These were then incubated for 24 hours at 35° C. 

Individual colonies on these plates were then suspended in 5 ml of a 20% glycerol/2% 

peptone solution prepared as in Table I. The suspended bacteria were placed into 

cryovials in 1.5-ml aliquots, which were sealed and frozen at -70° C.

Table I. Stock Culture Suspension

Component Product Information Amount
H2O 40 ml

Glycerol 10 ml

Peptone LO g

Autoclave in 10 ml portions for 20 min

Media and dilution water solutions were prepared by placing the first three 

compounds listed in Table 2 into 4-liter carboys and then autoclaving at 121° C and 

20 psi for 2 hours to sterilize. After autoclaving, 5 ml of filter-sterilized glucose solution 

was added to the media carboy, and 5 ml of the filter-sterilized magnesium solution was 

added to the dilution water carboy (see Table 2) to give the final carboy concentrations 

given in Table 2.
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Table 2. Carboy Compositions.

Chemostat Media Dilution Water

Component
Product
Information

Amoun
t Concentration Amount Concentration

K2HPO4 FisherChemica
Is
Certified
A.C.S.
99.4%

2.45g 0.7 mg/ml 2.45g 0.7 mg/ml

KH2PO4 FisherChemica
Is
Certified
A.C.S.
98.5%

1.05 g 0.3 mg/ml 1.05 g 0.3 mg/ml

(NH4)2SO4 FisherChemica
Is
Laboratory
Grade

0 3 5  g 0.1 mg/ml 0.35g 0.1 mg/ml

MgS04»7H2
O

Aldrich
A.C.S. Reagent 
98.5%

0.035 g 0.01 mg/ml 0.035 g 0.01 mg/ml

D-(+)-
Glucose

FisherChemica
Is
Certified
A.C.S.

1.4 g 0.4 mg/ml

H2O 3.5 L -— 3.5 L —

Table 3. Concentrated Solution Compositions

Compound
Product
Information

Magnesium
Solution Glucose Solution

M gSO /7 H2O

Aldrich
A.C.S. Reagent 
98.5% 0.7 g 0.7 g

D-(+)-Glucose
FisherChemicals 
Certified A.C.S. 28.0g

H2O to make 100 ml to make 100 ml
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Experimental Procedure

Thirteen experiments were run. These were clean control, clean 100-pulse modified, 

control with bovine serum albumin conditioning layer, and 100-pulse modified with 

bovine serum albumin conditioning layer. Table 4  shows the experiments, dates, and 

validity.

Table 4. Experimental Nomenclature
# Date Treatment Flowrate Validity
I 7/1/97 Clean Control 1 . 6  mVmin OK
2 7/9/97 Clean Control 1 . 7  mVmin OK
3 7/21/97 Clean Control 1.7 mVrnin Marginal
4 10/31/97 Clean Control 1 . 7  mVrnin OK
5 12/23/97 Clean 100-pulse Modified 1 . 8  mVmin OK
6 5/26/98 Clean 100-pulse Modified 1 . 6  mVrnin OK
7 8/8/98 Control with Conditioning Layer 1 . 6  mVrnin OK
8 8/26/98 Control with Conditioning Layer 1 . 7  mVrnin OK
9 7/28/98 100-pulse Modified with Conditioning 

Layer
1 . 7  mVrnin OK

10 11/23/98 100-pulse Modified with Conditioning 
Layer

1 . 5  mVrnin OK

11 6/24/97 Clean Control N O r No

12 7/30/97 Clean Control 1.9 mVrnin No
1 3 2/7/98 Clean 100-pulse Modified Unknown No
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Assembly and Operation of 
Clean Polystyrene Experiments

Approximately sixty hours before beginning the experiment, the system was

assembled as shown in Figure 6.

Clamps (D & CD were closed, and the chemostat reactor was filled with the media

solution. An initial inoculation of 0 .1 ml of Pseudomonas aeruginosa ERC was placed 

into the solution. Air was continuously pumped into the reactor by means of a small 

aquarium pump. This air was filter sterilized through a 0.2-pm filter before entering the
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chempstat. The reactor contained a stir bar, and was placed on a stir plate for continuous 

mixing.

Once the reactor was filled, the media solution was turned off and the bacteria were 

allowed to grow for approximately 36 hours, until the reactor appeared cloudy. Then 

clamp ® was opened, clamp © was closed, and the media solution was turned on to 

1.6 mVmin. However, due to back pressure and other unknown reasons, this flow rate was 

difficult to keep constant, and could vary as much as ±0.3 mVmin over the course of a few 

minutes. Unknown affects within the experimental system caused the flow rate to 

fluctuate, resulting in residence times between 414 and 5.3 hours. This was finally 

overcome in the last few experiments by measuring the output from the chemostat for an 

extremely long period of time (~5 hours). First, the RPM of the pump was measured. From 

this value the i11Vrpm was determined, and finally the desired RPM was calculated to get the 

required flow rate. Flow rates were obtained for almost all experiments, which were used 

to determine the growth rate in the chemostat.

The system was allowed to run in CSTR mode for at least 15 hours, and usually 

24 hours. The day of the experiment, the cart upon which the reactor was running was 

moved into the microscope room. After being moved, the system was left to settle for at 

least an hour. During this time, the flowcell was assembled as quickly as possible, in 

order to minimize contamination. Clamp ® was closed and ® opened, initiating flow to 

the dilution vessel. In order to obtain the flow rate required through the flowcell, the flow 

out of the dilution vessel had to be greater than 3 mVmin to accommodate the fluctuations 

in output from the chemostat. Through experience and trial and error, it Was determined
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that the minimum acceptable output from the dilution vessel was 3.2 mVmin. The dilution 

water flow was adjusted to obtain this number.

When the correct dilution vessel effluent volumetric flow rate was obtained, the 

system was again allowed to equilibrate for 30 minutes. The residence time in the 

dilution vessel with this flow rate was approximately 4 minutes, and this length of time 

allowed the dilution vessel to reach steady state. A t this point, flow was started through 

the flowcell tubing, but before the flowcell was put inline. This allowed most of the air to 

be eliminated from the tubing. The flow through this tubing was adjusted to 3 mVmin, the 

pump stopped, the flow cell placed inline, and the pump restarted. To eliminate the air 

from the flowcell, the flowcell was turned in various directions while tapping it on the 

table. This procedure worked well because of a difference in, the hydrophobicity between 

the polystyrene and the Teflon®. Since Teflon® is more hydrophobic than the 

polystyrene, the air bubbles stayed over the Teflon®, rather than going over the 

polystyrene. The timer for the experiment was started once all of the air was eliminated 

from the flowcell.

Assembly and Operation for Polystyrene 
Experiments with Protein Conditioning Laver

Approximately 60 hours before the experiment was to begin, the system was 

assembled as shown in Figure 7. Assembly and operation then continued as for the clean 

experiments until it became time to start flow from the dilution vessel into the flowcell 

tubing. A t this point clamps © and © were closed, and clamps © and © were opened. 

Flow was only run from the dilution vessel until the front of the fluid hit clamp © (see



Figure 7). Then the flowcell pump was turned off, clamps © and © were closed, © and 

© were opened, and the flowcell put inline. At that point, the 7.5% bovine serum 

albumin was pumped through the flowcell. This loop was run for 30 minutes.
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CD

To
Waste

Media
Solution

- 1 .6  ml/min

Air In -
Chemostat

Vessel"Contaminant"
Bovine Albumin Serum, 7.5%

3 ml/min

Flowcell
cO3 0.2pim filter 

Clamp

- 1 .6  ml/minDilution
Water

( x )  Flowbreak

Figure 7. Experimental Design -  Conditioning Layer

When it was time to start the flow from the dilution vessel into the flowcell, the 

contamination pump was turned off, clamps © and © closed, and clamps © and © 

opened. The flowcell pump was restarted, and as the inevitable bubbles moved through 

the flowcell, they were directed around the coupon by tipping the flowcell in various 

directions while tapping it on the table. This procedure worked well because of a
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difference in the hydrophobicity between the polystyrene and the Teflon®. Since 

Teflon® is more hydrophobic than the polystyrene, the air bubbles stayed over the 

Teflon®, rather than going over the polystyrene. The timer was started after all the air 

bubbles were eliminated from the flowcell.

' Data Collection

Images were collected from an Olympus BH-2 Light Microscope using a Nikon 40x 

water-immersion lens. A computer with a digital camera was used to collect these 

images, using the software program Image Pro 3.2. Images were taken from ‘random’ 

locations on the polystyrene coupon. Between each shot, the microscope stage was 

moved in an arbitrary manner to a new location. The only restrictions were that it not be 

too close to an edge; a distance of approximately 2-3 mm from all edges of the coupon 

,was maintained.

Data Analysis

Analysis of Experimental Data

Analysis of the cell density data was done with the statistical analysis program 

SAS© v6.12. SAS© is an extremely large and complicated program, with many abilities. 

In this case, it was used for its statistical and mathematical analysis abilities47.

Due to problems with error analysis, a Iog10-Iog10 scale needed to be used. This 

controlled the increases in error that were observed with increasing time.
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The specific proposed mixed model for the biofilm data was:

y ijk = +  Y j  +  A • hjk + C iJk + (3)

where Table 5 defines the variables.

Table 5. Model Variables
Variable Definition
i treatment

j day of the experiment
k time position

Y ijk log count value for the ith treatment on Ihejth day at time k

T i effect of the ith treatment

Y j
effect of the j rh day (should be random)

Pîijk function that allows fitting of separate slopes for each treatment

t Uk Time k on the Jth day of the ilh treatment

Eijk random error term

6 k autoregressive error structure

The model was fit to Equation 3 based on Akaike’s Information Criterion (AIC). 

While a model can be perfectly fit by using a high number of parameters, it will have no 

discernible meaning—there are simply too many variables to explain. However, if not 

enough parameters are used the model will not adequately explain the situation. AIC is a 

method of balancing the number of parameters to the fit obtained: the higher the value for 

the AIC, the better the balance between parameters and fit, and the better the model.
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CHAPTER 3 

RESULTS

After the creation of the 100-pulse oxygen modified surfaces, surface analysis was 

conducted on both the control and the modified polystyrene to ensure that the 

modification went as expected. The topography of the coupons was examined as well, in 

order to ensure that it was minimal.

After the bacterial attachment experiments were run, it was determined that visual, 

examination of the data alone would not be sufficient to prove that the treatments had 

caused a change in adhesion patterns. Consequently, statistical analysis via a model was 

needed to show that differences existed between the four treatments. Concurrent with the 

statistical model, analysis of the spatial arrangement of the bacteria on the surface was 

performed. A lack of surface attachment patterns would indicate that there was no 

arrangement due to minute topographical features, as well as minimal surface growth.

Surface Modification

Oxygen was incorporated into the surface of the polystyrene through the neutral 

molecular beam apparatus. This addition of oxygen into the surface created different 

functional groups. These functional groups are epoxides, carbonyls, carbonates, acid 

groups, and may possibly include other species as well.35
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Surface Analysis

XPS

XPS results were the same as previously obtained by Thompson and Frandsen.8,35 An 

XPS spectrum for the control polystyrene is shown in Figure 8. Exposure to the oxygen 

molecular beam increased the Oxygen/Carbon ratio on the surface concentration of the 

polystyrene from 0.04% to 17%. Figure 9 is a comparison of the XPS spectra of the 

control polystyrene to that of the 100-pulse modified polystyrene.

As can be seen in Figure 9, addition of the oxygen shifts the spectra of the surface, 

widening the peak. Aromatic character of the surface is maintained by this treatment, as 

can be seen by the retention of the Jt to Jt* shift. This widening of the peak is indicative 

of the incorporation of oxygen into various functional groups.

Contact Angle

Since the surface chemistry was the same as in previous work, the contact angle 

measurement was not redone. The results previously obtained by Frandsen et al. were 

used.8 They found that the contact angle of the surface was reduced from 97° ±2 to 

53° ±2°, indicating a decrease in the hydrophobicity.
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Figure 8. XPS Spectra for Polystyrene
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Figure 9. XPS Spectra for 100-pulse Modified Polystyrene
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AFM '

Control Polystyrene AFM results were similar to those found previously by 

Thompson.35 The surface of the control polystyrene was essentially smooth, with 

striations on the order of 10 nm (see Figure 10). Although there are obviously higher 

areas in the scan, those were due to the problems inherent in using AFM on a soft surface 

such as polystyrene.

Analysis across one of the striations, seen in Figure 11, shows that these features are 

rounded and actually vary only by about 5 nm in elevation. Roughness analysis of both 

surfaces was done to see the effect of the striations (Figure 12 and Figure 13), the results 

of which are tabulated in Table 6.

Noise from sticking problems (showing up as bright spots on the image, seen 

prominently in Figure 12) would affect these calculations. Accordingly, analysis was also 

done on a smaller area in order to determine if these sticking problems had an effect (box 

in Figure 13). Some problems with bowing of the image occurred (see cross section in 

Figure 10), resulting in areas that appeared to be lower overall. These variations were 

general in nature, and would not affect the roughness calculations.
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Section Analysis

L 4 2 9 .69  nx
RMS 2 .2 2 9  nx
Ic DC
R a tio ) 0 .8 6 0  ntt
Rwax 3 ,9 9 3  nx
Rz 2 .5 4 9  ntt
Rz Cnt 6
Radius 5 .0 1 7  UM
Sigtta 0 .9 7 7  nx

S u rfa ce  d is ta n c e 371 .56  nw
H oriz  d i s t a n c e d . ) 371 .09  nM
U ert d is ta n c e 12.580 nx
Angle 1 .942  deg
S u rfa ce  d is ta n c e 195.52 mi
H oriz  d is ta n c e 195.31 nw
U ert d is ta n c e 6 .6 4 3  nw
Angle 1 .948  deg
Surface d is ta n c e 430 .14  nx
Horiz d is ta n ce 4 2 9 .69  nx
Uert d is ta n ce 7 .3 9 0  nx
Angle 0 .9 8 5  deg
S p e c tra l  p e r io d
S p e c tra l  f r e q
S p e c tra l  RMS amp

Figure 10. Section Analysis of Control Polystyrene, 100 (im2

Section Analysis

L 130.86 nx
RMS I .769 mi
Io 249 .62  nx
R a ( Ic ) 0 .0 9 6  nw
Rwax 1.487  nx
Rz 0 .3 3 5  rtM
Rz Cnt v a l id
R adius 573 .25  nw
Sigxa 1 .114  rm

S u rfa ce  d is ta n c e 98 .590  nx
H oriz  d i s t a n c e d . ) 97 .656  nw
U ert d is ta n c e 4 .1 5 9  nw
Angle 2 .4 3 9  deg
S u rfa ce  d is ta n c e 132.45 nx
H oriz d is ta n c e 130.86 nw
U ert d is ta n c e 5 .8 8 6  nx
Angle 2 .5 7 5  deg
Surface d is ta n c e
Horiz d is ta n ce
Uert d is ta n ce
Angle
S p e c tra l  p e r io d 249 ,62  nw
S p e c tra l  f re q 0 .0 3 6  Hz
S p e c tra l  RMS axp 0 .0006  nx

Figure 11. Section Analysis of Control Polystyrene, I |im2
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Table 6. Roughness Analysis Comparison

Roughness Values
Control Polystyrene 100-pulse Modified Polystyrene
I micron 10 micron I micron 5 micron

RMS (Rq) 1.174 nm 3.947 nm 1.286 nm 3.216 nm
Ra 0.901 nm 2.975 nm 0.926 nm 4.008 nm

Rmax 11.961 nm 27.742 nm 18.502 nm 54.736 nm

The calculations used to find the roughness were: RMS, which was calculated by 

finding the standard deviation of all the z-values within the area of analysis; Ra is the 

arithmatic mean of all the z-values in this area; and Rmax is the total difference between 

the highest and lowest z-values. In instances such as this where there was noise in the 

images, Rmax can have little inherent value, as it will be significantly exaggerated.

100-Pulse Modified Polystyrene Viewing the 100-pulse modified surface by AFM 

showed that the surface has begun to acquire the bumps typical to the treatment (Figure 

14). The striations in the control polystyrene are only slightly evident (Figure 15). The 

larger bumps are from outside contamination of the surface, source unknown. 

Contamination was visible only on the 100 pm2 100-pulse modified sample.

Section analysis of the 100-pulse modified surface shows the normal features to be on 

the order of 2-3 nm (Figure 15 and Figure 16). Analysis of the roughness of the surfaces 

gave the results previously seen in Table 6. As these numbers show, there is very little 

difference in the overall roughness between the control and modified surfaces, which was 

the goal in selecting a low number of pulses for the modification. However, the images 

show that the type of roughness is different—bumps vs. striations.
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Roughness Analysis

I NS. 2 ra n g e 2 5 .7 6 9  CM
I MS. Mean -0.0001 OM
I Mg. Raw Mean - 0 .0 2 8  nn
I Mg. Rm s  CRqJ 3 .9 4 7  nM
!Mg. Ra 2 .9 7 5  HM
I Mg. Rwax 2 7 .7 4 2  nM

Box S t a t i s t i c s
2 range 2 5 .6 5 5  nx
Mean -2 .2 4 4  nx
R m s  CRqJ 3 .0 5 5  nx
Max heigh t CRxaxJ 2 5 .8 0 5  nM
Box K d iMension 3 .0 9 2  MM
Box u d iMension 4 .9 3 2  m m

Figure 12. Roughness Analysis of Control Polystyrene, 100 nm2

R oughness Analysis

Ixage S t a t i s t i c s

I Mg. Z range 18.502  nx
I Mg. Mean 0 .000000  nx
I Mg. Rax Mean 4 .5 9 2  nM
I Mg. Rm s CRqJ 1 .2 8 6  nx
Ixg. Ra 0 .9 2 6  nx
I Mg. RMax 18.502  nx

Box S t a t i s t i c s

Z range 7 .1 8 2  nx
Mean 0 .0 1 6  nx
Rxs CRqJ 0 .8 7 5  nx
Max h e ig h t CRxaxJ 7 .3 9 4  nM
Box x d ixension 4 8 5 .3 2  nx
Box y dim ension 4 24 .66  nx

Figure 13. Roughness Analysis of 100-pulse Modified Polystyrene, I pm2
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Data s c a le

D ig ita l  Instrum ents ManoScope 
Scan s i z e  1 .000  uh
Scan r a te  1 ,246  Hz
Mimber o f  s a N p l e s  512
!wage Data Height

15 .00  HN

[O  view  an g le  
•f j-  l ig h t  angle

M  /

* /

0 .2 0 0  vw/div 
15.000 nw/div

0 deg

Figure 14. Surface Projection of 100-pulse Modified Polystyrene, I pm2

Section Analysis

Speotruw

DC Min

L 97.656 nw
RMS 1.816  nn
Ic DC
R a (Ic ) 1.022 nn
Rnax 4.333  o h

Rz 3.553  rm
Rz Cnt 4
Radtius 62.322  n«
Sigwa 8.171 HM

S u rface  d is ta n c e 414,10 nn
H oriz d i s t a n c e d . ) 410.16 cm
U ert d is ta n c e 21 .81?  nw
Angle 3 .045  deg
S u rface  d is ta n c e 38,487 nw
H oriz d is ta n c e 37,656 nn
U ert d is ta n c e 5 ,1 3 2  nw
Angle 3 .008  deg
Surface d ista n ce
Horlz d ista n ce
Uert d ista n ce
Angle
S p e c tra l p e rio d DC
S p e c tra l f re q 0 Hz
S p e c tra l RMS awp 0.002  nw

Figure 15. Section Analysis of 100-pulse Modified Polystyrene, 100 pm2
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Section Analysis

L 3.766 nn
RHS 0.529 nn
Ic DC
RaU cJ 0.057 nw
Rnax 0.431 nn
Rz 0 .2 5 8 nw
Rz Cnt 4
Radius 14.048 nx
Sigxa 0 .3 5 5 HM

S u rfa c e  d is ta n c e 42 .860  nx
H oriz  d i s t a n c e d . ) 41 .016  nx
U ert d is ta n c e 10.446 nx
Angle 14.289 deg
S u rfa c e  d is ta n c e 21.771 nx
H oriz  d is ta n c e 21,484  n«
U ert d is ta n c e 2 .824  nx
Angle 7 .4 8 9  deg
Surface d is ta n ce 9.921 nx
Horiz d is ta n c e 9 .7 6 6  nx
Uert d is ta n ce 1 .366  nx
Angle 7 .9 6 2  deg
S p e o tra l  p e r io d DC
S p e c tra l  f re q 0 Hz
S p e c tra l  RMS axp 0 .0006  nw

Figure 16. Section Analysis of 100-pulse Modified Polystyrene, I pm2

Summary of Experimental Results

Adhesion to the polystyrene surfaces was observed for a total of 360 minutes. Images 

of the cells on the surface were taken over this period at different time intervals. Initial 

measurements were 5 minutes apart. This time interval was increased to 10 minutes at 

120 minutes. After 240 minutes, the time interval was 20 minutes.

A comparison of the initial experimental results of the clean control polystyrene to 

the clean 100-pulse modified polystyrene showed a distinct visual difference, with the 

modified surface showing a definite increase in adhesion levels after 150 minutes (Figure 

17). Although some of the data overlap, especially at times less than 240 minutes, the 

data appears to clearly separate after this time.
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Bacterial Attachment for Clean Experiments
»  l-JuI-97 A 9-JU1-97 0  21-Jul-97 O 31-O ct-97

-------Control A verage 0  23-D ec-97 A 26-M ay-98 .........100 Shot A verage

2.0E+07

1.8E+07

1.4E+07

1.2E+07

4.0E+06
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Time (min)

Figure 17. Clean Polystyrene Experiments

Comparison of Average Values
C ontro l A verage — -  " ■ 100 Shot A verage

C onditioned Control A verage 100 Shot Conditioned A verage
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Figure 18. Average Adhesion Values for All Experiments at All Times
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Overall, there are distinct visual differences between the averages of each treatment 

group (Figure 18), It can be seen that before 100 min, the difference between any two 

treatments is indistinguishable. By the end of the experiment, differences can be seen 

between treatments. The highest levels of adhesion were seen in the 100-pulse modified 

polystyrene with a conditioning layer, followed closely by the 100-pulse modified 

polystyrene. The polystyrene with a conditioning layer was lower than the 100-pulse 

modified polystyrene, and the control polystyrene had the lowest adhesion levels. 

Therefore, each treatment caused an increase in the adhesion of Pseudomonas aeruginosa 

to the polystyrene surfaces. However, because of the noise in the data, trying to detect 

differences between the treatments at these early times through linear regression was not 

possible, and a strict method of analysis to determine if there were valid, distinguishable 

differences between the treatments at all times was necessary. It was determined that a 

statistical model would be the best method to accomplish this goal.

Statistical Analysis

The ten valid experiments were analyzed statistically by means of the model proposed 

in Equation 3 to determine if the differences seen between the runs were valid. There 

were several problems inherent in the analysis of this data. Because the analysis of 

attachment was a time series, independence between the measurements could not be 

assumed. This was because attaching bacteria were added at each subsequent step to the 

previously attached bacteria from the step before. Fluctuations in the actual data were 

from taking images in various spots, which would have different numbers of attached
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bacteria simply from random variations in attachment. However, this does not change the 

fact that unless previously attached bacteria detach, there can only be an increase in the 

numbers. Assuming a constant rate of attachment, this increase is strongly dependent 

upon the previous attachment density.

Model Analysis

For convenience in referencing. Equation 3 and Table 5 are repeated here.

Vijk = T, + Yj + A ' ‘ijk + eijk + Am (3)

Table 5. Model Variables
Variable Definition

i treatment

j day of the experiment
k time position

y . *
log count value for the Vh treatment on the Jlh day at time k

T effect of the i"1 treatment

Y effect of the j rh day.
function that allows fitting of separate slopes for each treatment

8 ijk random error term

dk autoregressive error structure

The term eijk in the model equation was the random error term, and in most situations 

is random, with a null hypothesis value of zero, N(O1O2e). In order to account for the time 

spacing, an additional error term needed to be added into the model. This was because the 

images were taken at closer time intervals in the beginning of the experiment and farther 

apart at the end. While this is common in biological systems48, it needs to be accounted 

for in the analysis of the error. This was done with an autoregressive error structure 6k
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that took into account the error in the previous measurement. A spatial power law 

structure, which allows for the fitting of a model where correlation between observations 

decays depending on the distance between the two observations in time, was used.

Analysis of Experimental Data

Of the thirteen experiments run, ten were analyzed by the SAS© software through the 

statistical model. The analysis returned a Null Model LRT P-value of 0.0001, showing 

that the proposed model fit the data and predicted the results accurately. This was also 

confirmed with an AIC value of 412. The SAS© input program file and the output of the 

model results are both in Appendix A.

The Pvalue significance level was found by taking the confidence level (0.05) and 

dividing it by the number of tests, in this case 30, to arrive at a value of 0.0017. The Pvalue 

results found in Table 7 show that by the end of the experiment, most treatments vary 

significantly from each other. This confirms the earlier visual observations. Note that 

Pvalue for the comparison of the conditioned control to the clean 100-pulse modified 

surface does not show a significant difference. This is because the increase in adhesion 

caused by the bovine albumin serum is similar in magnitude to the increase in adhesion 

caused by the surface chemistry changes of the 100-pulse oxygen beam treatment. 

Addition of a conditioning layer to polystyrene creates a significant difference in 

adhesion levels by 240 minutes. However, addition of a conditioning layer to the 

100 pulse modified polystyrene did not create a significant difference at 240 minutes.
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In order to stabilize the error in the data, analysis was done on a Iog10-Iog10 scale on 

count-time. Analysis considered four groups, and compared them in six ways at five 

different times: 60, 90, 120, 180, and 240 minutes. This resulted in a family of 30 

individual tests for differences. This examination was run at a 95% confidence level. The 

model returned a Pvalue, which is a measure of the strength of the model against a null 

hypothesis, and the fixed (non-random) variable solutions. For this examination, a Pvaluc 

of less than 0.0017 was considered significant. These values are shown in Table 7.

Table 7. Statistical Analysis Results — Pviuilt (Red Italic shows Significant Difference)
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Table 8 shows the returned values for the fixed, non-random terms. The different 

values of Ti represent an average of all the log10(count) values for a specific treatment.

The |3; values represent the different effective slopes for the treatments, depicting a net 

attachment rate on the surface. The t values show a difference between treatments that 

correspond well to the visual analysis that each treatment increased adhesion. The slopes 

represented by Pi show this as well. Note that P1Oo-Pulsemodified is higher than P100-Pulsemodified with 

conditioning layer As can be seen in Figure 18, the 100-pulse modified adhesion levels start to 

approach that of the 100-pulse modified with a conditioning layer. This can also be seen 

in the Pvalue results, where there is no significant difference between these two treatments 

by 240 minutes.

Graphs of the residuals of the error are shown in Figure 19 and Figure 20. For this 

type of plot, the Tines’ formed by the residuals should ideally be all of the same length. 

Problems only arise if they are significantly different in length. In this case, the lines 

were all similar in magnitude, indicating that the model resulted in similar magnitudes of 

residuals for each data set. This demonstrated a similar model fit for all data sets within a 

treatment group.

Graphs of the model against the data give a visual conformation that the model fits 

the data well. Figure 21 shows the predicted values vs. the data for an experiment on the 

clean control polystyrene, and Figure 22 shows the predicted values vs. the experimental 

data for the 100-pulse modified polystyrene. Figure 22 also shows how the adhesion on 

the 100-pulse modified polystyrene begins to verge upon parallel with the adhesion 

levels for the 100-pulse modified polystyrene with a conditioning layer.

41
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Table 8. Solution for Fixed Effects
T reatment T, A

Control Polystyrene 4.335 0.4270
Polystyrene with Conditioning Layer 4.405 0.4550

100-Pulse Modified Polystyrene 4.434 0.5173
100-Pulse Modified Polystyrene with Conditioning Layer 4.534 0.4978

Residual Plot Across Treatments

I  -0.1at

c
Treatment

Figure 19. Residuals from Treatment Groups

Residual Plot Across Days

Figure 20. Residuals from Individual Experiments
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Predicted Control Experimental Values
•  Ju ly  9, 1997 ----------Ju ly  9, 1997 predicted ♦  A u g u s ts , 1998 -------- A ugust 8, 1998 Predicted

1.4E+07

1.2E+07

1.0E+07

8.0E +06

6.0E +06

.  • •4.0E +06

2.0E +06

O.OE+OO

Time (min)

Figure 21. Predicted Control Values vs. Real Data

Predicted 100-pulse Modified Experimental
Values

* 28-Jul-98 .........  July 28, 1998 Predicted ♦  2 3 -D e c -9 7 —— D ecem ber 23, 1997 Predicted

2.0E +07

1.8E+07 •

1.6E+07

1.4E+07 -
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8 .0E + 06  -

6 .0E + 06  -

4 .0E + 06  -

2.0E +06 -

0.0E +00

Time (min)

Figure 22. Predicted 100-pulse Modified Values vs. Real Data
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Differences between the runs varied over time, as can be seen previously in Figure 

18. Raw data could not be used to determine differences in adhesion levels between 

treatments because of the noise in the measurements. In order to quantify differences in 

levels of attachment, results from the model were used.

As time increased, the difference between the clean control and the clean 100-pulse 

modified treatments did as well. Note that initially, the difference between the treatments 

actually indicates inhibition of adhesion (Figure 23). This switches to an increase in 

adhesion at approximately 50 minutes. The percent difference between the clean control 

and the clean 100-pulse modified surface fits to a logarithmic model with an R2 of 0.94, 

and was 55% at 6 hours.

Comparison of the clean control adhesion with the adhesion to the control polystyrene 

with a conditioning layer reveals a similar pattern in the difference between the 

treatments (Figure 24). The difference between the control polystyrene and the 

polystyrene with a conditioning layer increases in a logarithmic fashion, with an R2 value 

of 0.84. This value is lower than the R2 value for Figure 23 because there is more scatter 

in the data. The final difference in adhesion at 6 hours was 25%.

Distinguishing between the clean 100-pulse modified polystyrene and the 100-pulse 

modified polystyrene with a conditioning layer produced a different type of increase in 

adhesion. Instead of increasing with time, the percent increase in adhesion decreased with 

time. Initially, there was a greater difference between adhesion levels from the clean 

100-pulse modified polystyrene to the 100-pulse modified polystyrene with a 

conditioning level than there was between any other treatments. This is shown in Figure
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27 and Figure 28. This difference follows a negative logarithmic trend, with an R2 of 

0.66. The difference in adhesion at 6 hours was 15%.

Finally, the comparison between the control polystyrene and the 100-pulse modified 

polystyrene with a conditioning layer once again shows a logarithmic trend. The 

difference between the control polystyrene and the 100-pulse modified with a 

conditioning layer was nearly 100% at 6 hours. This followed a logarithmic trend with an 

R2 of 0.96.

In one of the experiments, three images at each data point (Figure 29) were collected 

to determine the variability within a single experiment. This was visually similar to the 

variability between runs.

Comparison of Clean Control to 
Clean 100-Pulse Modified

y = 23.811Ln(x)-83.516 
R2 = 0.9392

♦ Difference, Clean Control to 
100-Pulse Modified Control 

—  Logarithmic Trendline

Figure 23. Percent Difference: Clean Experiments
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Comparison of Control Polystyrene to 
PoIystrene with a Conditioning Layer

♦  ♦  ♦

e  20

Time (min)

y = 7.2389Ln(x) - 16.992 
R2 = 0.8399

♦ Difference, Clean Control to 
Conditioned Control

—  Logarithmic Trendline.

Figure 24. Percent Difference: Control to Polystyrene with Conditioning Layer

Comparison of Clean 100-Pulse Modified to 
100-Pulse Modified with Conditioning Layer

e  20

Time (min)

y = -8.9607Ln(x) + 66.31 
R2 = 0.6557

♦  %Difference, C lean 100-Pulse 
M odified to  Conditioned 
100-Pulse M odified 

—  Logaritm ic T  rendli ne

Figure 25. Percent Difference: Modified to Modified with Conditioning Layer
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Polystyrene to 100-Pulse Modified Polystyrene 
with Conditioning Layer

Time (min)

y = 26.555Ln(x)-61.543 
R1 = 0.9605

♦ Average Difference 
—  Logarithmic Trendline

Adhesion to Control Polystyrene 
First 100 Minutes
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Figure 27. First 100 Minutes: Control With and Without a Conditioning Layer
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Adhesion: First 100 Minutes
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M ay 26, 1998—Three Point Data
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I » Image I a Image 2 o Image 3 ---- Average No. of Cells per square mn]

Figure 29. Comparison of Three Images at a Single Data Point
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SPA4 Results

Spatial analysis was done to verify that the small topographical features found 

through the AFM had no effect on adhesion patterns. As can be seen in Figure 12, the 

stiiations tended to run along one direction, were raised, and were most likely due to the 

manufacturing process and not scratches, which would have been indented. If these 

stiiations were found to have a significant affect on the adhesion pattern, then an even 

smoother surface would need to be found, since this study was attempting to separate 

surface chemistry effects from topographical effects.

Results from the SPA4 software consist of confidence level plots. So long as the data 

remains between the upper and lower confidence level bounds, it is considered random. 

Data that moves above the upper confidence levels is considered aggregated, or clumped 

together in some fashion. This would be typical of growth patterns, where adhered cells 

grew and formed clusters of daughter cells. If the data moves below the lower confidence 

level bounds, then it is considered regularly spaced. A grid would be an example of a 

regularly spaced arrangement. In the case of this data, some of the graphs show regular 

spacing below 2-3 microns. This is because, like subatomic particles, cells cannot exist 

where other cells exist. This non-random pattern simply arises from the fact that the cells 

are around I micron in length and 0.5 micron in diameter.

Spatial analysis found that almost all samples tested showed random adhesion 

patterns. Analysis of initial adhesion (< 40 min) was always random. An example of this 

is shown in Figure 30, which is an image from a polystyrene with conditioning layer 

experiment at 15 minutes. Figure 3 1 is the image that was analyzed by the software.
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Figure 32 shows the results of the analysis done on clean control polystyrene at 

120 minutes, with Figure 33 as the analyzed image. Some later times showed adhesion 

patterns that would indicate slight growth of the bacteria on the surface. This was 

especially true of images analyzed around 240 minutes. This can be seen in Figure 34 and 

Figure 35. Figure 36 and Figure 37 show 100-pulse modified polystyrene at 360 minutes, 

and no longer shows evidence of growth. Evidence of growth on the surface remains until 

the end for the experiments with conditioning layers, however, shown in and. Further 

SPA4 output can be found in Appendix B.
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SPA4 Output for August 26, 1998 at 15 minutes

90 % Confidence Level
-  -  95 % Confidence Level 

99 % Confidence Level

Radius (microns)

Figure 30. SPA4 Output: Control with Conditioning Layer at 15 minutes

Figure 31. Image of Control Polystyrene with Conditioning Layer at 15 minutes
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SPA4 Output for July 9, 1997 at 120 minutes

.......  90 % Confidence Level
----- 95 % Confidence Level

99 % Confidence Level 
------ Data

Radius (microns)

Figure 32. SPA4 Output: Control Polystyrene at 120 minutes

Figure 33. Image of Control Polystyrene Surface at 120 minutes
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May 26,1998 (100-Pulse Modified) at 240 
Minutes

r°  S - Q Q g g J  °  rs o- g o- rrrrrrrrs-

Radius (microns)
o sm oo thed  lo w e r 9 9 %  - sm o o th ed  lo w e r 9 5 % ------ sm o o th ed  lo w e r 9 0 % ------ L h a t(h )-L (h )
o sm oo thed  u p p e r 99%  - sm oo thed  u p p e r 9 5 % — sm o o th ed  up p e r 90%

Figure 34. SPA4 Output: 100-Pulse Modified at 240 Minutes
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SPA4 Output for May 26,1998 at 360 min

90 % Confidence Level
-  -  95 % Confidence Level 

99 % Confidence Level

Radius (microns)

Figure 36. SPA4 Output: IOO-PuIse Modified at 360 minutes

Figure 37. Image of 100-pulse Modified Clean Polystyrene at 360 minutes
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August 26 , 1998
(Polystyrene with Conditioining Layer) at 340 Minutes

O O O

G O O o o O O

"  - 0.6

- 0.8

O 5 10 15 20 25 30 35 40 45
Radius (microns)

o sm o o th ed  lo w e r 99%  • sm o o th ed  lo w e r 9 5 % ------sm o o th ed  lo w e r 9 0 % — U ia t(h )-L (h )
o sm o o th ed  u p p e r 99%  -  sm oo thed  upper 9 5 % ------sm o o th ed  u p p e r 90%

Figure 38. SPA4 Output: Polystyrene with Conditioning Layer at 340 Minutes
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CHAPTER 4 

DISCUSSION

The forces affecting the surface interactions of bacteria are still largely unknown. 

Variable internal factors, such as the cell’s own cell wall structure and whether it has had 

enough nutrients or has entered starvation mode, can affect an individual cell’s 

adhesion.4,18,21 Transport determines whether a cell even gets next to a surface to adhere 

— the velocity of the fluid is a transport mechanism that strongly affects rates of 

adhesion by controlling the number of cells that ‘see’ the substratum.9,19 However, it also 

increases the shear stress felt by an attaching/attached organism, which decreases 

adhesion.19

Different surface chemistries also cause a wide variety of adhesion levels. Simply 

looking through current literature shows the complexity of trying to explain how and why 

a microorganism interacts with a surface. A number of studies have attempted to correlate 

different aspects of surface chemistry as well as surface topography in an effort to explain 

these differing levels of adhesion. One statement that can be made with confidence is that 

a surface with large (in relation to the bacterial size) surface features will have higher 

levels of adhesion than one without.

Discovering how a conditioning layer affects the adhesion patterns of organisms is a 

logical step in determining cell-surface interactions. Surfaces exposed to a natural
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environment, and especially a medical environment, will be coated with a conditioning 

layer. The clean environment of the surface chemistry experiment, while useful in 

determining the effects of a surface, does not carry over well into the real world. 

However, trying to sort out exactly what is happening in the rich mixture of chemicals 

that form most real world environments can be quite difficult. Many continue to try to 

discover not only what a conditioning layer is, but also how it affects adhesion.

Surface Modification

. The analysis of the surface chemistry produced no unexpected results, as previous 

quantification had been done. It was merely redone to confirm that the oxygen-beam 

modification had been done properly.

Changing the surface chemistry by the addition of oxygen affects the hydrophobicity 

of the surface, as reported by Frandsen et al8. This change in chemistry resulted in a 

lowering of the contact angle of the polystyrene, from 97° ±2° to 52° +2°, indicating a 

decrease in the hydrophobicity of the surface. It is known that this affects the adhesion of 

bacteria to the surface, although this influence differs from species to 

species.1,8' 14,15,17,18 20,21 ■33 This variability has led to disparate explanations for the 

differences seen in adhesion levels.

McEldowney and Retcher1 found that more hydrophilic surfaces produced firmer 

bacterial adhesion than hydrophobic surfaces. This was done by inducing detachment, 

and examining which surface retained more adhered cells after treatment. They 

discovered that the more hydrophilic tissue culture dish retained higher numbers of
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bacteria. Their explanation was that the high-energy, polar hydrophilic surfaces “would 

absorb macromolecules more strongly than low energy hydrophobic surfaces.” Therefore 

the macromolecules of the cell wall and the EPS would be bound more firmly to the 

surface.

Other studies have suggested that it is not the hydrophobicity of the surface that is the 

strongest influence on adhesion, but.rather surface charge.3,18,33,36,37 In this examination, 

it was found that the more hydrophilic 100-pulse modified surface did have higher 

adhesion rates. However, independently varying hydrophobicity and polar groups would 

most likely prove to be an impossible task, as these two variables are certainly very 

strongly linked.

This study looked at how a known, change in surface chemistry affected adhesion, but 

this change encompassed the addition of several polar functional groups. Further research 

looking into how specific functional groups affect adhesion might be done through the 

alteration of the ratios of the various functional groups. The molecular beam apparatus 

can vary the concentrations of the functional groups by varying the OZO2 ratio in the 

beam35. Perhaps by attaining similarly hydrophobic surfaces with different ratios of polar 

functional groups, the question of hydrophobicity vs. polar groups could be answered.

Surface Features

Atomic Force Microscopy (AFM) was done on the surfaces to quantify their 

‘smoothness.’ It was necessary to show that the surfaces of both the control polystyrene 

and the modified polystyrene were truly smooth. AFM showed that both the control and
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the 100-pulse modified surfaces were smooth. The variations in topography seen were all 

far less than 20 nm. The previously mentioned topography study looked at how the 

different sized grooves affected the local hydrodynamics around the grooves. It was 

found that while the 40 micron wide by 10 micron deep groove caused strong deviations 

in the flowstreams, including eddies in the bottom of the groove, the 10 micron by 

10 micron groove barely deviated the paths of the flowstreams.44 Hence the surface 

features on the polystyrene were three orders of magnitude in size below the previously 

studied topographical surface features that caused no deviations in the flowstreams.

Statistical Model

Because of the overlap of the data in the runs, it was necessary to find some way to 

determine if the observable differences in the data would be eaten up in the noise of the 

data. A statistical model was used to define the differences between the four treatments.

Spatial analysis of the x-y positions of the bacteria in an image was also done in order 

to determine if there were any patterns in adhesion. This could give information about 

whether features seen in AFM had an effect on adhesion^ as well as information on 

growth on the surface after adhesion.

SAS© Analysis

There were a number of problems that needed to be overcome in the choice of the 

statistical model. One problem was with the data itself. As the time and counts increased, 

the error in the data also increased. Choosing to do the analysis on a
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log10(count)-log10(time) scale, which linearized the error, solved part of this problem. 

However, the error was strongly dependent on time, which prohibited the use of most 

linear analysis programs, since one of the basic assumptions of those models was that the 

error was independently random.

It was necessary to determine how repeatable the experiments were from run to run, 

regardless of the surface treatment. This was found through the solution of the model.

The effect of the day was included in the model through the y term. Determination of the 

randomness of this term and its importance to the final model would show how important 

the date the experiment was run was to the final model. Since the day the experiment was 

run should be unimportant if its effect is random, the insignificance of this term would 

show that repeatability was good. This was found to be true within a 95% confidence 

level.

All systems can be modeled exactly if enough parameters are used. Because of this, a 

system of penalizing the model for each additional parameter added was devised47. This 

system is called Akaike’s Information Criterion, which is a method of balancing the 

number of parameters used against the fit of the model based on log-likelihood functions 

and penalization. Log-likelihood is a method of determining how well a model fits data. 

Since this value improves with each parameter added, with AIC it is penalized for each 

predictor variable included in the model. A balance is achieved when the AIC is high, as 

it was in this analysis. - -
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SPA4 is used to find patterns in x-y data. By looking for patterns in bacterial 

arrangement and then combining the results of this analysis with AFM and topographical 

analysis, it was shown that that adhesion on electropolished stainless steel occurred along 

the grain boundaries. 12

In this work, the SPA4 data showed that there were some patterns in the adhesion, but 

these were explainable through growth patterns due to the daughter cells growing next to 

initially attached cells. This suggests that the striations seen in the AFM images of the 

control polystyrene did not affect the overall pattern of adhesion. The evidence of growth 

fits well with the slight upward curve in all of the adhesion graphs.

Analysis through SPA4 shows that the surface features likely had no effect on the 

adhesion patterns. It is probable that these sub-micron surface features were too small to 

affect the local hydrodynamics in any significant fashion.

Conditioning Lavers

The chemistry of a surface is immediately masked by proteins, contaminants, and 

other chemicals the instant it is exposed to a new environment. In water environments, it 

is also possible that water itself is a component in the conditioning layer.25 This seriously 

complicates attempts to quantify and understand the nature of conditioning layers.

SPA4 Analysis
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Composition

Research into the composition of conditioning layers is further complicated by the 

fact that different surfaces can alter the composition of the conditioning layer that is 

deposited.26,30,36 Research has shown that differing polymer surfaces attract different 

proteins and molecules from fluids. Uniyal and Brash have done work that supports this 

supposition26. They looked at the adsorption of several components from human plasma 

onto several surfaces, including polystyrene. Their research showed that levels of 

adsorption were relatively steady for albumin on polystyrene after 30 minutes. This 

research dictated the decision for an exposure time of polystyrene to the bovine serum 

albumin of 30 minutes.

Santin et al.41 looked at a specific component from urine. They found that different 

polymers attracted a-l-m icroglobulin  from solution to the conditioning layer in different 

quantities, van Oss et al.49 found that the same polymer surface bound different proteins 

to different extents. Additional research has also found that the surface of a polymer 

affects the composition of the conditioning layer.30,27129,50,51

Conversely, others have found that on metallic surfaces, the composition of the 

conditioning layer on several different surfaces was the same2,52. Since most of the 

studies on polymers found differences in the proteins adhered, however, it can be 

conjectured that for these surfaces, differing substrata will have conditioning layers with 

different compositions.

The likelihood that the composition of the conditioning layer on the control 

polystyrene is different from that on the 100-pulse modified polystyrene is high. The
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alteration of the surface chemistry fundamentally creates a different surface. The 

characteristics of this surface are quite different from the characteristics of the 

polystyrene. It is more hydrophilic, and has a predominance of polar groups on the 

surface. The components that it attracts out of the bovine serum albumin could easily be 

quite different than the components attracted to the polystyrene surface. This presumably 

explains why the difference in adhesion level from modified polystyrene to the modified 

polystyrene with a conditioning layer is qualitatively different from the difference in 

adhesion levels seen from the control to the polystyrene with a conditioning layer.

Structure ,

Research by Rudee and Price showed how macromolecules adhere to various 

surfaces, including polystyrene, in a flowing environment30. They found that fibrinogen 

adheres to polystyrene in a networked form. It initially deposits as globules of individual 

proteins (0.21 sec); At 1.3 sec, additional deposition started to form networked structures, 

and by 2.5 sec, a network of ‘bridges’ had formed. By 10.2 sec, there was almost 

complete coverage of the surface. This was distinctly different from the other two 

surfaces studied, carbon and polycarbonate. Deposition onto these surfaces consisted of 

globules spread evenly across the surface, increasing in concentration until they formed a 

continuous layer.

Human serum albumin formed a similar pattern of adhesion, although the formation 

of the networks occurred by 0.64 sec. As opposed to the fibrinogen, this networked
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structure of protein adherence remained, and a subsequent even film was never formed in 

the times observed during their experiments.

Their research suggests that the nature and form of the conditioning layer can be
/

strongly influenced by the substratum composition. It also suggests that the bovine serum 

albumin used in this author’s research most likely laid down in a networked fashion. This 

is stressed for its potential topographical effects, since these networks do add slight 

topographical changes on the order of 50 nm to the surface. The presence of networks 

and their effects was not specifically addressed in  this research; if the networks were 

present, they did not affect adhesion patterns, as these results should be obvious in the 

analysis done by SPA4.

Effects on Adhesion -

Several studies show how the presence of a conditioning layer affects 

adhesion.13,25,31,32,33,34,38,52 Most found that the addition of a conditioning layer reduced 

adhesion levels. Pringle and Fletcher25 looked at the attachment of P.fluorescens to 

polystyrene petri dishes and tissue culture polystyrene petii dishes with various types of 

conditioning layers. They found that most of the conditioning layers that they added 

significantly reduced levels of attachment. The only conditioning layer that caused an 

increase in adhesion was bovine glycoprotein on polystyrene. They further state that 

.the extent to which adsorbed macromolecules can obscure the surface chemistry of

the substratum is still not clear.”
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The current work shows that for this system the surface chemistry continues to affect 

adhesion through a conditioning layer. However, the changes in adhesion were 

qualitatively different. Whether this difference is due to a difference in the conditioning 

layer or from some other surface interaction is unknown.

Taylor et al.34 found that at low albumin concentrations, adhesion was significantly 

reduced. However, as the concentration of albumin was raised, adhesion levels on one of 

the hydrogel contact lenses increased, until the final adhesion level was actually slightly 

higher than the control adhesion level. The only other study that suggested conditioning 

layers might increase adhesion was done by Habash et al.13 They found that the initial 

deposition rates of P. ,aeruginosa increased in the presence of a nutrient broth.

Habash et al.13 were also the only other researchers that did not have a leveling of the 

adhesion levels for one of their experiments. In all concentrations, the presence of 

nutrient broth caused the adhesion rates for P. aeruginosa to never plateau. They believe 

that this was due to surface growth, and were able to show that 2% nutrient broth could 

support significant growth. In contrast, the minimal glucose solution in this experiment 

should not support significant growth. Regardless, growth appears to be the only 

reasonable explanation for both the patterns seen in SPA4 and the curves seen in the 

adhesion graphs.
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CHAPTERS

CONCLUSIONS

From the research done in this thesis, the following conclusions can be made:

!.Alteration of the chemistry of the surface through the addition of oxygen 

functional groups increased adhesion levels. By the end of the experiment at 

6 hours, this increase was 55% from the control polystyrene

2. Addition of a conditioning layer to both the control and the 100-pulse modified 

surface had an additional positive impact on adhesion of 25% and 95% from the 

control at 6 hours, respectively.

3. The increase in adhesion due to addition of a conditioning layer was similar in 

magnitude to the increase caused by the addition of the oxygen functional groups.

4. The surface modification plus a conditioning layer had an additive effect on the 

increase in adhesion. This increase followed a negative logarithmic trend.

5. Pseudomonas aeruginQsa attached to polystyrene and surface modified 

polystyrene, both with and without a conditioning layer, in a random fashion.

6.Surface modification through the addition of polar groups is not possible without 

concurrent alteration of the hydrophobicity.

V.Research into altering the ratios of the polar groups while holding hydrophobicity 

constant might be able to determine the effects of individual polar groups:
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Appendix A

Report from Matt Austin
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Analysis Summary
The following is a brief description of the analysis on your data. Please notice that I 

used both a log(count) scale on the response variable and a centered log(time) scale on 
the explanatory variable. This was both to help stabilize the variance across time and help 
pull the data into a more linear relationship to the model.

The Model in this analysis was fit using Statistical Analysis Software. SAS© is the 
most widely accepted software for statistical analysis in the United States by both 
government and industry. The MIXED procedure in SAS was used extensively. MIXED 
allows the researcher to fit both fixed, random, and mixed models with various error 
structures.47,48153 The graphics procedure GPLOT was also used for model diagnostics and 
general plotting of the data.

Model
The Specific Mixed Model for the Attachment Data:

where

1. i = treatment level

2. j  = day which experiment was run

3. k -  minutes elapsed during the experiment

4. yi]k is the log count value at the ith treatment on the j ih day taken at time k

5. t, is the effect of the ith treatment

6. Pjtijk is the fixed interaction effect of centered Idg(time) and the treatment which 
was run. This allows for different slopes for different levels of the treatment

7. tiJk is the time k on the /*" day of the ith treatment

8. is the effect of the j th day within the ith treatment, considered random because this 
specific day was not of interest. Consider the day randomly selected from all 
possible days on which the process could have been run. y «N (0,aY2)

9. Eljk is the random error term for the model, which is assumed to be N(0, Ge2); 
however, in this model a serial dependence of the error at time t on the error at 
time t-1 was found. Therefore, the model was fit with a specialized error 
structure.

10. 6l(k) is the model term that accounts for special error structure which is discussed 
in detail in the following section.
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Error Structure
Because of the time series structure of the bacteria counts, independence between 

observations could not be assumed. Also, the unequally spaced time intervals posed a 
problem for modeling the error structure. Also, the error structure had to account for the 
fact that there were multiple measurements on the same treatment. This type of structure 
is called a repeated measures design.48

When examining biological growth models, it is common to collect more data at the 
beginning time periods when the growth is more variable and less data in the latter time 
periods when the growth is expected to have less noise.48 A special error structure was 
built into the model to take into account the dependence of one observation on the 
previous observations and the unequal spacing. The error structure is called a spatial 
power law structure. The spatial power structure allows the researcher to fit a model 
where the correlation between observation decays depending on the distance between two 
observations in time. By using this structure, the correlation between observations could 
be estimated. The structure was fit specifically to match the repeated properties of the 
data.

This structure was selected over other structures using Akaike’s Information Criterion 
(AIC) and the Bayes Information Criterion (BIC), which are common and widely 
accepted model building tools. Both the AIC and the BIC are based on the log-likelihood 
function. The log-likelihood function is a measure of goodness-of-fit of the model.54 
However, the log-likelihood will improve with each predictor variable added to the 
model. The AIC and the BIC add penalization factors to the log-likelihood based on the 
number of predictors in the model which helps the researcher choose a more . 
parsimonious model.47 The AIC is a recognized model building tool in many fields, but it 
will tend to overestimate the size of the model, so the BIC was used in conjunction to try 
to overcome this flaw. Note that in some parameterizations of the AIC and BIC that the 
minimal value is optimal, but the algorithm which SAS uses is consistent with the 
previous discussion.

Model Selection and Diagnostics
The model fitting was also based on maximizing the AIC and the BIC. The models 

with the highest AIC and BIC values were then analyzed by checking the residual 
diagnostics to assure the underlying distributional assumptions had been met (residual 
versus predicted values and spread location plots). The largest model was fit with linear, 
quadratic, and cubic centered log-time terms, treatment effects, and interaction effects of 
the treatments with the different time terms. Other models were fit by taking out one term 
at a time until all time terms were removed. The models with the best AICs and BICs 
were then checked for residual diagnostics. The model with the highest AIC and BIC, 
412.6 and 388.2 respectively, and best residual diagnostics was selected and explained in 
the previous section.
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Tests of Significance
The primary goal of the study was to determine if the treatments had a  significant 

effect on bacterial growth.

Fot the primary goal, hypothesis tests were constructed to test for both a significant 
effect due to the treatments and to find specific differences between bacteria growth due 
to the different treatments. These tests for differences were conducted at 60, 90,120,180, 
and 240 minutes. The test which tests the overall significance of the treatment effects 
indicates that treatment effects do exists. The hypothesis tests was also conducted to 
verify that the treatments had different interactions with time which indicates that the 
attachment rate differs for the different treatments (Reject H0IpiIijk = 0, P-value<0.0001).

A family of thirty individual tests for treatment differences were run at the 
5% level-0.17% level for individual tests using the Bonferroni Inequality. These tests 
indicated that the clean-control runs differed significantly from the 
conditioned-100-shot runs at all levels of time and this was the only significant 
difference at the 60 minute level. Also, the conditioned control runs differed from the 
conditioned 100-shot runs at all times except 60 minutes. These and other differences are 
listed on the attached table highlighted in red. A point of interest is that the clean 
100-shot runs were never detected to be significantly different from the conditioned 
control runs. Notice where differences were not detected does not mean that differences • 
do not exist. This could be due to an insufficient amount of data or to extreme noise in 
the data.
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Appendix B

Additional Data
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SA S© Output

The MIXED Procedure

Class Level Information

Class Levels Values

TRT 4 1 2 4 5
DAY 10 1 2 3 4 5 6 7 8 9  10

REML Estimation I te ra tio n  History 

I te ra tio n  Evaluations Objective C riterion  

0 I  -1456.172655
2 -1499.288092 0.00023399
I -1499.495375 0.00001062
I -1499.504939 0.00000058
I -1499.505373 0.00000000

Scoring stopped a f te r  i te ra tio n  2. 

Convergence c r i t e r i a  met.

Covariance Parameter Estimates (REML) 

Cov Parm Subject Estimate

SP(POW) DAY(TRT) 0.85819694 
Residual 0.00575925

Model F ittin g  Information fo r LDATA

Description Value

Observations 364.0000
Res Log Likelihood 422.6106
Akaike' s Information C riterion 420.6106
Schwarz's Bayesian C riterion 416.7356
-2 Res Log Likelihood -845.221
Null Model LRT Chi-Square 43.3327
Null Model LRT DF 1.0000
Null Model LRT P-Value 0.0000
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Information C rite r ia

B etter Farms q P AIC HQIC BIC CAIC
Larger 2 2 0 420.6 419.1 416.7 415.7
Larger 10 2 8 412.6 404.9 393.2 388.2
Smaller 2 2 0 -841.2 -838.1 -833.5 -831.5
Smaller 10 2 8 -825.2 -809.8 -786.5 -776.5

Solution fo r Fixed E ffects

E ffect TRT Estimate Std Error DF t Pr > Itl
TRT I 4.33476170 0.00935178 6 463.52 0.0001
TRT 2 4.43350413 0.01239928 6 357.56 0.0001
TRT 4 4.40479767 0.01180969 6 372.98 0.0001
TRT 5 4.53417153 0.01244525 6 364.33 0.0001
LTIME*TRT I 0.42702054 0.01046389 350 40.81 0.0001
LTIME*TRT 4 0.45504665 0.01130576 350 40.25 0.0001
LTIME*TRT 5 0.49776247 0.01320408 350 37.70 0.0001

Tests of Fixed E ffects

Source NDF DDF Type I I I  F Pr > F
TRT 4 6 153638.63 0.0001
LTIME*TRT 4 350 1560.58 0.0001

Effect TRT LTIME

Least Squares Means 

LSMEAN Std Error DF t Pr > Itl

TRT I -0.50 4.12184926 0.01214591 6 339.36 0.0001
TRT 2 -0.50 4.17556027 0.01602635 6 260.54 0.0001
TRT 4 -0.50 4.17791141 0.01416872 6 294.87 0.0001
TRT 5 -0.50 4.28598717 0.01594535 6 268.79 0.0001
TRT I -0.07 4.30538268 0.00961804 6 447.64 0.0001
TRT 2 -0.07 4.39791139 0.01275993 6 344.67 0.0001
TRT 4 -0.07 4.37349046 0.01200606 6 364.27 0.0001
TRT 5 -0.07 4.49992548 0.01278438 6 351.99 0.0001
TRT I 0.24 4.43560687 0.00883202 6 502.22 0.0001
TRT 2 0.24 4.55567826 0.01162524 6 391.88 0.0001
TRT 4 0.24 4.51226149 0.01151614 6 391.82 0.0001
TRT 5 0.24 4.65172312 0.01175036 6 395.88 0.0001
TRT I 0.67 4.61914029 0.00959915 6 481.20 0.0001
TRT 2 0.67 4.77802938 0.01229559 6 388.60 0.0001
TRT 4 0.67 4.70784054 0.01251980 6 376.03 0.0001
TRT 5 0.67 4.86566143 0.01254493 6 387.86 0.0001
TRT I 0.97 4.74936021 0.01125650 6 421.92 0.0001
TRT 2 0.97 4.93579107 0.01419873 6 347.62 0.0001
TRT 4 0.97 4.84660701 0.01423030 6 340.58 0.0001
TRT 5 0.97 5.01745409 0.01449609 6 346.12 0.0001
TRT I 4.36732453 0.00911422 6 479.18 0.0001
TRT 2 4.47295407 0.01206701 6 370.68 0.0001
TRT 4 4.43949766 0.01164900 6 381.11 0.0001
TRT 5 4.57212886 0.01213793 6 376.68 0.0001
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Differences of Least Squares Means

Effect TRT _TRT LTIME Difference

TRT I 2 -0.50 -0.05371101
TRT I 4 -0.50 -0.05606215
TRT I 5 -0.50 -0.16413791
TRT 2 4 -0.50 -0.00235114
TRT 2 5 -0.50 -0.11042690
TRT 4 5 -0.50 -0.10807576
TRT I 2 -0.07 -0.09252871
TRT I 4 -0.07 -0.06810778
TRT I 5 -0.07 -0.19454279
TRT 2 4 -0.07 0.02442094
TRT 2 5 -0.07 -0.10201408
TRT 4 5 -0.07 -0.12643502
TRT I 2 0.24 -0.12007139
TRT I 4 0.24 -0.07665462
TRT I 5 0.24 -0.21611625
TRT 2 4 0.24 0.04341677
TRT 2 5 0.24 -0.09604486
TRT 4 5 0.24 -0.13946163
TRT I 2 0.67 -0.15888909
TRT I 4 0.67 -0.08870025
TRT I 5 0.67 -0.24652113
TRT 2 4 0.67 0.07018884
TRT 2 5 0.67 -0.08763204
TRT 4 5 0.67 -0.15782089
TRT I 2 0.97 -0.18643087
TRT I 4 0.97 -0.09724681
TRT I 5 0.97 -0.26809388
TRT 2 4 0.97 0.08918406
TRT 2 5 0.97 -0.08166302
TRT 4 5 0.97 -0.17084708

Std Error DF t Pr > Itl

0.02010888 6 -2.67 0.0370
0.01866215 6 -3.00 0.0239
0.02004439 6 -8.19 0.0002
0.02139150 6 -0.11 0.9161
0.02260748 6 -4.88 0.0028
0.02133089 6 -5.07 0.0023
0.01597881 6 -5.79 0.0012
0.01538350 6 -4.43 0.0044
0.01599835 6 -12.16 0.0001
0.01752031 6 1.39 0.2128
0.01806256 6 -5.65 0.0013
0.01753813 6 -7.21 0.0004
0.01459969 6 -8.22 0.0002
0.01451296 6 -5.28 0.0019
0.01469951 6 -14.70 0.0001
0.01636361 6 2.65 0.0379
0.01652929 6 -5.81 0.0011
0.01645273 6 -8.48 0.0001
0.01559888 6 -10.19 0.0001
0.01577622 6 -5.62 0.0014
0.01579617 6 -15.61 0.0001
0.01754784 6 4.00 0.0071
0.01756578 6 -4.99 0.0025
0.01772345 6 -8.90 0.0001
0.01811940 6 -10.29 0.0001
0.01814415 6 -5.36 0.0017
0.01835335 6 -14.61 0.0001
0.02010237 6 4.44 0.0044
0.02029139 6 -4.02 0.0069
0.02031349 6 -8.41 0.0002

LDATA Predicted

2.9974
3.3114
3.4957
3.6274
3.7316
3.8211
3.9058
3.9984
4.1206

4.3163 4.0393
4.3541 4.0825

4.2672
4.2662 4.1581
4.2662 4.1916
4.3084 4.2229
4.2835 4.2521

Predicted Values

SE Pred L95

0.0844 2.8313
0.0814 3.1513
0.0800 3.3384
0.0791 3.4719
0.0784 3.5774
0.0778 3.6680
0.0771 3.7543
0.0752 3.8505
0.0677 3.9875
0.0136 4.0125
0.0128 4.0572
0.0610 4.1473
0.0116 4.1354
0.0110 4.1699
0.0106 4.2020
0.0102 4.2320

U95 Residual

3.1634
3.4716
3.6530
3.7829
3.8859
3.9742
4.0574
4.1462
4.2537
4.0661 0.2770
4.1077 0.2717
4.3870
4.1808 0.1081
4.2133 0.0746
4.2437 0.0855
4.2722 0.0315
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Predicted Values

LDATA Predicted SE Pred L95 U95 Residual

4.3087 0.0660 4.1789 4.4386
. 4.3503 0.0660 4.2205 4.4801

4.4180 4.3299 0.0094 4.3114 4.3483 0.0881
. 4.4245 0.0609 4.3046 4.5443

4.4736 4.3752 0.0091 4.3573 4.3930 0.0984
4.4148 4.3962 0.0090 4.3786 4.4138 0.0186
4.5054 4.4163 0.0089 4.3989 4.4338 0.0891
4.5254 4.4356 0.0088 4.4182 4.4530 0.0898
4.5080 4.4541 0.0088 4.4368 4.4714 0.0539
4.5130 4.4718 0.0088 4.4545 4.4892 0.0412
4.4736 4.4889 0.0088 4.4716 4.5063 -0.0153
4.4764 4.5054 0.0089 4.4879 4.5228 -0.0290
4.4845 4.5213 0.0089 4.5037 4.5388 -0.0368
4.5130 4.5366 0.0090 4.5189 4.5543 -0.0236
4.5468 4.5515 0.0091 4.5336 4.5693 -0.0047
4.5716 4.5658 0.0092 4.5478 4.5838 0.0058
4.5951 4.5933 0.0094 4.5749 4.6117 0.0018
4.5605 4.6191 0.0096 4.6003 4.6380 -0.0586

. 4.6136 0.0726 4.4707 4.7564
4.5803 4.6668 0.0101 4.6469 4.6867 -0.0865

4.6608 0.0727 4.5179 4.8037
4.6606 4.7100 0.0107 4.6890 4.7310 -0.0494

4.7110 0.0727 4.5680 4.8539
4.7063 4.7494 0.0113 4.7272 4.7715 -0.0430
4.7691 4.7856 0.0118 4.7623 4.8089 -0.0165
4.8052 4.8191 0.0124 4.7948 4.8435 -0.0140
4.8582 4.8504 0.0129 4.8249 4.8758 0.0078
4.9044 4.8796 0.0135 4.8531 4.9061 0.0248
4.8920 4.9070 0.0140 4.8795 4.9345 -0.0151

4.9322 0.0771 4.7806 5.0837
✓ x /x /v x /s / 'v v y 'v r\zX/\/X ZV X /X /S/v

. 3.0162 0.0831 2.8527 3.1796

. 3.3519 0.0781 3.1982 3.5055
3.5825 0.0688 3.4472 3.7178

3.8139 3.6246 0.0224 3.5806 3.6685 0.1893
3.8086 3.7256 0.0201 3.6860 3.7651 0.0830
3.9402 3.8081 0.0183 3.7721 3.8441 0.1321
3.8633 3.8779 0.0168 3.8448 3.9110 -0.0146

3.9070 0.0610 3.7870 4.0269
3.9242 3.9916 0.0145 3.9631 4.0202 -0.0674
4.0121 4.0393 0.0136 4.0125 4.0661 -0.0272
4.0471 4.0825 0.0128 4.0572 4.1077 -0.0354
4.0767 4.1219 0.0121 4.0980 4.1457 -0.0452
4.1525 4.1581 0.0116 4.1354 4.1808 -0.0056
4.0795 4.1916 0.0110 4.1699 4.2133 -0.1121
4.1620 4.2229 0.0106 4.2020 4.2437 -0.0609
4.2840 4.2521 0.0102 4.2320 4.2722 0.0319
4.3014 4.2795 0.0099 4.2601 4.2990 0.0219
4.1804 4.3054 0.0096 4.2865 4.3243 -0.1250
4.2087 4.3299 0.0094 4.3114 4.3483 -0.1212
4.3081 4.3531 0.0092 4.3350 4.3712 -0.0449
4.2372 4.3752 0.0091 4.3573 4.3930 -0.1379
4.3148 4.3962 0.0090 4.3786 4.4138 -0.0814
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Predicted Values

LDATA Predicted SE Pred L95 1)95 Residual

4.2714 4.4163
4.2945 4.4356

4.3878
4.4397
4.4712
4.4912
4.5019
4.5002
4.4756

4.4040 4.5658
4.6033 4.5933
4.5669 4.6191
4.5806 4.6436
4.5393 4.6668
4.6158 4.6889
4.6360 4.7100
4.6530 4.7301
4.6461 4.7494
4.7522 4.7856
4.8081 4.8191
4.8944 4.8504
4.8748 4.8796
4.9197 4.9070
4.9685 4.9329

2.9585
3.2280

3.3164 3.4944
3.4510 3.6246
3.7520 3.7256
3.7374 3.8081
3.9084 3.8779
3.9992 3.9383
3.8982 3.9916
4.0231 4.0393
4.1383 4.0825
4.1940 4.1219
4.3124 4.1581
4.1940 4.1916
4.1834 4.2229
4.2878 4.2521
4.1726 4.2795
4.3043 4.3054
4.3788 4.3299
4.3242 4.3531
4.3855 4.3752
4.4180 4.3962
4.5155 4.4163
4.4818 4.4356

4.4865
4.5105 4.4718

4.5169
4.5398 4.5054

0.0089 4.3989
0.0088 4.4182
0.0673 4.2554
0.0744 4.2934
0.0759 4.3220
0.0761 4.3414
0.0759 4.3527
0.0744 4.3539
0.0673 4.3432
0.0092 4.5478
0.0094 4.5749
0.0096 4.6003
0.0099 4.6242
0.0101 4.6469
0.0104 4.6685
0.0107 4.6890
0.0110 4.7085
0.0113 4.7272
0.0118 4.7623
0.0124 4.7948
0.0129 4.8249
0.0135 4.8531
0.0140 4.8795
0.0145 4.9044
0.0805 2.8001
0.0695 3.0913
0.0253 3.4446
0.0224 3.5806
0.0201 3.6860
0.0183 3.7721
0.0168 3.8448
0.0156 3.9077
0.0145 3.9631
0.0136 4.0125
0.0128 4.0572
0.0121 4.0980
0.0116 4.1354
0.0110 4.1699
0.0106 4.2020
0.0102 4.2320
0.0099 4.2601
0.0096 4.2865
0.0094 4.3114
0.0092 4.3350
0.0091 4.3573
0.0090 4.3786
0.0089 4.3989
0.0088 4.4182
0.0609 4.3667
0.0088 4.4545
0.0609 4.3970

0.0089 4.4879

4.4338 -0.1449
4.4530 -0.1411
4.5202
4.5860
4.6204
4.6409
4.6511
4.6465
4.6080
4.5838 -0.1618
4.6117 0.0100
4.6380 -0.0522
4.6630 -0.0630
4.6867 -0.1276
4.7094 -0.0731
4.7310 -0.0740
4.7517 -0.0771
4.7715 -0.1032
4.8089 -0.0334
4.8435 -0.0110
4.8758 0.0440
4.9061 -0.0047
4.9345 0.0127
4.9614 0.0357
3.1169
3.3646
3.5442 -0.1780
3.6685 -0.1736
3.7651 0.0265
3.8441 -0.0708
3.9110 0.0305
3.9690 0.0609
4.0202 -0.0935
4.0661 -0.0162
4.1077 0.0558
4.1457 0.0722
4.1808 0.1543
4.2133 0.0024
4.2437 -0.0394
4.2722 0.0357
4.2990 -0.1069
4.3243 -0.0011
4.3483 0.0489
4.3712 -0.0289
4.3930 0.0104
4.4138 0.0217
4.4338 0.0992
4.4530 0.0462
4.6064
4.4892 0.0386
4.6367

4.5228 0.0344
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LDATA Predicted

Predicted Values 

SE Pred L95 U95 Residual

. 4.5495 0.0609 4.4297 4.6693
4.5760 4.5366 0.0090 4.5189 4.5543 0.0394

4.6061 0.0609 4.4863 4.7260
4.6694 4.5658 0.0092 4.5478 4.5838 0.1036
4.5254 4.5933 0.0094 4.5749 4.6117 -0.0679
4.6213 4.6191 0.0096 4.6003 4.6380 0.0022
4.5398 4.6436 0.0099 4.6242 4.6630 -0.1038
4.7448 4.6668 0.0101 4.6469 4.6867 0.0779
4.8026 4.6889 0.0104 4.6685 4.7094 0.1137
4.7063 4.7100 0.0107 4.6890 4.7310 -0.0037

4.7293 0.0746 4.5826 4.8760
4.7492 0.0766 4.5986 4.8998
4.7856 0.0768 4.6345 4.9366
4.8191 0.0769 4.6679 4.9704
4.8504 0.0770 4.6990 5.0018
4.8796 0.0771 4.7280 5.0312
4.9070 0.0772 4.7553 5.0588
4.9329 0.0773 4.7809 5.0848
3.0567 0.0711 2.9169 3.1965

3.4389 3.3108 0.0296 3.2527 3.3690 0.1280
3.5383 3.4944 0.0253 3.4446 3.5442 0.0440
3.5383 3.6246 0.0224 3.5806 3.6685 -0.0863
3.7144 3.7256 0.0201 3.6860 3.7651 -0.0112
3.8948 3.8081 0.0183 3.7721 3.8441 0.0867
3.8393 3.8779 0.0168 3.8448 3.9110 -0.0386
3.8442 3.9383 0.0156 3.9077 3.9690 -0.0941
3.9593 3.9916 0.0145 3.9631 4.0202 -0.0324
3.9630 4.0393 0.0136 4.0125 4.0661 -0.0763
4.0154 4.0825 0.0128 4.0572 4.1077 -0.0671
4.0020 4.1219 0.0121 4.0980 4.1457 -0.1198
4.1597 4.1581 0.0116 4.1354 4.1808 0.0016
4.1937 4.1916 0.0110 4.1699 4.2133 0.0020
4.1759 4.2229 0.0106 4.2020 4.2437 -0.0470
4.1644 4.2521 0.0102 4.2320 4.2722 -0.0877
4.2732 4.2795 0.0099 4.2601 4.2990 -0.0063
4.2980 4.3054 0.0096 4.2865 4.3243 -0.0074
4.2677 4.3299 0.0094 4.3114 4.3483 -0.0621
4.2696 4.3531 0.0092 4.3350 4.3712 -0.0835
4.3213 4.3752 0.0091 4.3573 4.3930 -0.0538
4.3791 4.3962 0.0090 4.3786 4.4138 -0.0171
4.3342 4.4163 0.0089 4.3989 4.4338 -0.0822
4.3213 4.4356 0.0088 4.4182 4.4530 -0.1143

4.3191 0.0609 4.1993 4.4389
4.2333 4.4718 0.0088 4.4545 4.4892 -0.2386

4.3536 0.0609 4.2338 4.4735
4.3904 4.5054 0.0089 4.4879 4.5228 -0.1150

4.4749 0.0609 4.3550 4.5947
4.5303 4.5366 0.0090 4.5189 4.5543 -0.0063

4.5477 0.0609 4.4279 4.6675
4.5623 4.5658 0.0092 4.5478 4.5838 -0.0035
4.5921 4.5933 0.0094 4.5749 4.6117 -0.0012
4.6499 4.6191 0.0096 4.6003 4.6380 0.0308
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Predicted Values

LDATA Predicted SE Pred L95 U95 Residual

4.6715 4.6436 0.0099 4.6242 4.6630 0.0279
4.6816 4.6668 0.0101 4.6469 4.6867 0.0148
4.7190 4.6889 0.0104 4.6685 4.7094 0.0300
4.7516 4.7100 0.0107 4.6890 4.7310 0.0416
4.7864 4.7301 0.0110 4.7085 4.7517 0.0563
4.7891 4.7494 0.0113 4.7272 4.7715 0.0398
4.7558 4.7856 0.0118 4.7623 4.8089 -0.0298
4.9758 4.8191 0.0124 4.7948 4.8435 0.1567
4.9544 4.8504 0.0129 4.8249 4.8758 0.1040
4.9819 4.8796 0.0135 4.8531 4.9061 0.1023
5.0255 4.9070 0.0140 4.8795 4.9345 0.1185
5.0932 4.9329 0.0145 4.9044 4.9614 0.1603

. 2.7970 0.0843 2.6311 2.9629
, 3.1589 0.0709 3.0194 3.2984

3.3420 3.4154 0.0326 3.3512 3.4795 -0.0733
3.5076 3.5731 0.0289 3.5163 3.6299 -0.0655
3.5850 3.6955 0.0261 3.6442 3.7467 -0.1105
3.6873 3.7955 0.0238 3.7486 3.8423 -0.1082
3.9593 3.8800 0.0219 3.8368 3.9231 0.0793
3.8771 3.9532 0.0204 3.9131 3.9933 -0.0761
4.0410 4.0178 0.0190 3.9804 4.0553 0.0231
3.9440 4.0756 0.0179 4.0404 4.1108 -0.1316
4.0880 4.1279 0.0169 4.0946 4.1611 -0.0399
4.1016 4.1756 0.0160 4.1441 4.2071 -0.0739
4.2045 4.2195 0.0153 4.1894 4.2495 -0.0150

4.2341 0.0610 4.1142 4.3541
4.2451 4.2979 0.0140 4.2703 4.3256 -0.0529

4.2920 0.0610 4.1721 4.4119
4.3115 4.3666 0.0131 4.3408 4.3924 -0.0551

4.3934 0.0610 4.2735 4.5133
4.4709 4.4276 0.0125 4.4031 4.4521 0.0433
4.5514 4.4557 0.0122 4.4317 4.4797 0.0957
4.5803 4.4825 0.0120 4.4589 4.5060 0.0979
4.4764 4.5080 0.0118 4.4847 4.5312 -0.0316
4.5514 4.5323 0.0117 4.5093 4.5554 0.0191
4.6348 4.5557 0.0116 4.5328 4.5785 0.0791

4.6390 0.0610 4.5192 4.7589
4.6798 4.5996 0.0115 4.5769 4.6223 0.0802

4.6817 0.0610 4.5618 4.8016
4.7206 4.6402 0.0116 4.6175 4.6629 0.0803

4.6647 0.0610 4.5448 4.7846
4.6114 4.6780 0.0117 4.6551 4.7010 -0.0666

4.6426 0.0610 4.5227 4.7625
4.6404 4.7134 0.0118 4.6902 4.7367 -0.0730
4.7462 4.7467 0.0120 4.7230 4.7704 -0.0004
4.8052 4.7780 0.0123 4.7538 4.8022 0.0271
4.7635 4.8077 0.0126 4.7829 4.8324 -0.0442
4.8845 4.8358 0.0129 4.8105 4.8611 0.0487
4.7774 4.8626 0.0132 4.8366 4.8885 -0.0852
4.9074 4.8881 0.0135 4.8615 4.9147 0.0193
4.9368 4.9124 0.0139 4.8852 4.9397 0.0243
4.9084 4.9358 0.0142 4.9079 4.9637 -0.0274
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Predicted Values

LDATA Predicted SE Pred

5.0487 4.9797 0.0149
4.9544 5.0203 0.0156
5.0845 5.0582 0.0162
5.1956 5.0935 0.0169
5.2155 5.1268 0.0175
5.2818 5.1581 0.0181

. 2.8646 0.0843

. 3.3040 0.0709
3.6538 3.4154 0.0326

3.6926 0.0612
3.7692 3.6955 0.0261
3.8738 3.7955 0.0238
3.9763 3.8800 0.0219
4.0338 3.9532 0.0204
3.9910 4.0178 0.0190
4.1767 4.0756 0.0179
4.1710 4.1279 0.0169
4.1943 4.1756 0.0160
4.1925 4.2195 0.0153
4.2349 4.2601 0.0146
4.2431 4.2979 0.0140
4.3056 4.3333 0.0135
4.3126 4.3666 0.0131

4.3405 0.0610
4.3315 4.4276 0.0125
4.4449 4.4557 0.0122
4.4479 4.4825 0.0120
4.4691 4.5080 0.0118
4.1514 4.5323 0.0117
4.4599 4.5557 0.0116

4.5377 0.0610
4.5898 4.5996 0.0115

4.6136 0.0610
4.6325 4.6402 0.0116

4.6334 0.0610
4.6177 4.6780 0.0117

4.6776 0.0610
4.7256 4.7134 0.0118
4.7522 4.7467 0.0120
4.7277 4.7780 0.0123
4.8102 4.8077 0.0126
4.7629 4.8358 0.0129
4.8585 4.8626 0.0132
4.8859 4.8881 0.0135
4.8874 4.9124 0.0139
4.8650 4.9358 0.0142
4.9676 4.9797 0.0149
5.0096 5.0203 0.0156
5.0683 5.0582 0.0162
5.0869 5.0935 0.0169
5.1698 5.1268 0.0175
5.1742 5.1581 0.0181

L95 U95 Residual

4.9504 5.0089 0.0691
4.9897 5.0509 -0.0659
5.0263 5.0901 0.0264
5.0604 5.1267 0.1020
5.0924 5.1612 0.0887
5.1225 5.1937 0.1237
2.6987 3.0304
3.1645 3.4435
3.3512 3.4795 0.2384
3.5721 3.8130

3.6442 3.7467 0.0737
3.7486 3.8423 0.0783
3.8368 3.9231 0.0964
3.9131 3.9933 0.0806
3.9804 4.0553 -0.0268
4.0404 4.1108 0.1011
4.0946 4.1611 0.0431
4.1441 4.2071 0.0187
4.1894 4.2495 -0.0270
4.2314 4.2888 -0.0252
4.2703 4.3256 -0.0548
4.3067 4.3600 -0.0277
4.3408 4.3924 -0.0540
4.2206 4.4604
4.4031 4.4521 -0.0961
4.4317 4.4797 -0.0108
4.4589 4.5060 -0.0345
4.4847 4.5312 -0.0388
4.5093 4.5554 -0.3809
4.5328 4.5785 -0.0958
4.4178 4.6576
4.5769 4.6223 -0.0097
4.4937 4.7335
4.6175 4.6629 -0.0077
4.5136 4.7533
4.6551 4.7010 -0.0603
4.5577 4.7975
4.6902 4.7367 0.0122
4.7230 4.7704 0.0055
4.7538 4.8022 -0.0503
4.7829 4.8324 0.0025
4.8105 4.8611 -0.0729
4.8366 4.8885 -0.0040
4.8615 4.9147 -0.0021
4.8852 4.9397 -0.0250
4.9079 4.9637 -0.0708
4.9504 5.0089 -0.0121
4.9897 5.0509 -0.0107
5.0263 5.0901 0.0101
5.0604 5.1267 -0.0066
5.0924 5.1612 0.0431
5.1225 5.1937 0.0161
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Predicted Values

LDATA Predicted SE Pred

3.0223 0.0717
3.4060 3.3137 0.0319
3.4682 3.5092 0.0274
3.6442 3.6480 0.0243
3.6538 3.7556 0.0220
3.7835 3.8436 0.0202
3.8941 3.9179 0.0187
4.0738 3.9823 0.0175
3.9688 4.0392 0.0164
4.1116 4.0900 0.0155
4.0983 4.1360 0.0148
4.1786 4.1779 0.0142
4.2366 4.2165 0.0136
4.1729 4.2523 0.0132
4.1554 4.2856 0.0128

4.2193 0.0610
4.2215 4.3459 0.0122
4.3215 4.3735 0.0120
4.3007 4.3996 0.0118
4.4382 4.4243 0.0117

4.4524 0.0610
4.4682 4.4703 0.0116
4.4351 4.4917 0.0115
4.4667 4.5123 0.0115

4.4899 0.0610
4.4866 4.5509 0.0116

4.5590 0.0610
4.6245 4.5866 0.0117

4.5935 0.0610
4.5557 4.6199 0.0118

4.5911 0.0610
4.5985 4.6510 0.0120
4.6345 4.6803 0.0123
4.6519 4.7078 0.0125
4.7037 4.7339 0.0128
4.7446 4.7587 0.0131
4.7408 4.7822 0.0134
4.7567 4.8046 0.0136
4.8217 4.8261 0.0139
4.8423 4.8466 0.0142
4.8859 4.8852 0.0148
4.9530 4.9210 0.0154
4.9760 4.9542 0.0159
5.0098 4.9854 0.0165
5.0869 5.0146 0.0170
5.1057 5.0422 0.0175
3.1370 2.9793 0.0397
3.4060 3.3137 0.0319
3.5709 3.5092 0.0274
3.6442 3.6480 0.0243
3.8106 3.7556 0.0220

L95 U95 Residual

2.8814 3.1632
3.2510 3.3764 0.0924
3.4553 3.5631 -0.0410
3.6002 3.6958 -0.0038
3.7124 3.7989 -0.1018
3.8039 3.8832 -0.0601
3.8812 3.9547 -0.0238
3.9480 4.0167 0.0915
4.0069 4.0714 -0.0704
4.0594 4.1205 0.0217
4.1068 4.1651 -0.0377
4.1501 4.2058 0.0007
4.1897 4.2433 0.0200
4.2264 4.2782 -0.0794
4.2604 4.3107 -0.1301
4.0994 4.3392
4.3219 4.3700 -0.1244
4.3499 4.3971 -0.0520
4.3763 4.4229 -0.0989
4.4013 4.4474 0.0139
4.3325 4.5722
4.4476 4.4930 -0.0021
4.4691 4.5144 -0.0566
4.4896 4.5349 -0.0455
4.3701 4.6098
4.5281 4.5736 -0.0643
4.4391 4.6789
4.5637 4.6096 0.0379
4.4736 4.7134
4.5966 4.6432 -0.0642
4.4712 4.7109
4.6274 4.6747 -0.0525
4.6561 4.7044 -0.0458
4.6832 4.7325 -0.0559
4.7088 4.7591 -0.0302
4.7330 4.7844 -0.0140
4.7559 4.8085 -0.0414
4.7778 4.8315 -0.0479
4.7987 4.8535 -0.0044
4.8186 4.8746 -0.0043
4.8561 4.9143 0.0007
4.8907 4.9512 0.0320
4.9229 4.9856 0.0218
4.9529 5.0178 0.0244
4.9811 5.0481 0.0723
5.0077 5.0767 0.0635
2.9012 3.0575 0.1577
3.2510 3.3764 0.0924
3.4553 3.5631 0.0617
3.6002 3.6958 -0.0038
3.7124 3.7989 0.0550
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Predicted Values

LDATA Predicted SE Pred L95 U95 Residual

3.7393 3.8436 0.0202 3.8039 3.8832 -0.1043
3.7973 3.9179 0.0187 3.8812 3.9547 -0.1207
3.9733 3.9823 0.0175 3.9480 4.0167 -0.0090
4.0441 4.0392 0.0164 4.0069 4.0714 0.0050
4.0245 4.0900 0.0155 4.0594 4.1205 -0.0655
4.1341 4.1360 0.0148 4.1068 4.1651 -0.0019
4.2164 4.1779 0.0142 4.1501 4.2058 0.0385
4.2190 4.2165 0.0136 4.1897 4.2433 0.0024
4.2535 4.2523 0.0132 4.2264 4.2782 0.0012
4.2085 4.2856 0.0128 4.2604 4.3107 -0.0770
4.3028 4.3167 0.0125 4.2921 4.3412 -0.0139

4.3370 0.0661 4.2071 4.4669
4.3640 0.0661 4.2341 4.4940

4.3838 4.3996 0.0118 4.3763 4.4229 -0.0158
4.4304 4.4243 0.0117 4.4013 4.4474 0.0061
4.4304 4.4479 0.0116 4.4250 4.4707 -0.0175
4.4564 4.4703 0.0116 4.4476 4.4930 -0.0139
4.4504 4.4917 0.0115 4.4691 4.5144 -0.0413
4.4624 4.5123 0.0115 4.4896 4.5349 -0.0499

4.4986 0.0610 4.3787 4.6184
4.5135 4.5509 0.0116 4.5281 4.5736 -0.0374

4.5443 0.0610 4.4244 4.6642
4.5593 4.5866 0.0117 4.5637 4.6096 -0.0274

4.6046 0.0610 4.4847 4.7245
4.6500 4.6199 0.0118 4.5966 4.6432 0.0301

4.6476 0.0610 4.5277 4.7675
4.6519 4.6510 0.0120 4.6274 4.6747 0.0009
4.6723 4.6803 0.0123 4.6561 4.7044 -0.0080
4.6830 4.7078 0.0125 4.6832 4.7325 -0.0248
4.7714 4.7339 0.0128 4.7088 4.7591 0.0375
4.7194 4.7587 0.0131 4.7330 4.7844 -0.0392
4.8585 4.7822 0.0134 4.7559 4.8085 0.0763
4.8423 4.8046 0.0136 4.7778 4.8315 0.0377
4.8362 4.8261 0.0139 4.7987 4.8535 0.0101
4.8914 4.8466 0.0142 4.8186 4.8746 0.0448
4.8865 4.8852 0.0148 4.8561 4.9143 0.0013
5.0261 4.9210 0.0154 4.8907 4.9512 0.1051
5.0407 4.9542 0.0159 4.9229 4.9856 0.0864
5.0081 4.9854 0.0165 4.9529 5.0178 0.0227
5.0684 5.0146 0.0170 4.9811 5.0481 0.0538

5.0447 0.0776 4.8920 5.1974 «

2.9497 0.0843 2.7840 3.1154
3.2865 0.0709 3.1470 3.4259

3.4382 3.5545 0.0324 3.4908 3.6183 -0.1163
3.6631 3.7063 0.0287 3.6499 3.7628 -0.0432
3.9997 3.8241 0.0259 3.7732 3.8750 0.1756
3.8361 3.9203 0.0236 3.8738 3.9668 -0.0841
4.1372 4.0016 0.0218 3.9588 4.0445 0.1356
4.0630 4.0721 0.0202 4.0323 4.1119 -0.0091
4.1925 4.1342 0.0189 4.0970 4.1714 0.0582
4.1700 4.1898 0.0178 4.1548 4.2248 -0.0198
4.1757 4.2401 0.0168 4.2071 4.2731 -0.0643
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Predicted Values

LDATA Predicted SE Pred L95 U95 Residual

4.3028 4.2860 0.0159 4.2546 4.3174 0.0168
4.1814 4.3282 0.0152 4.2983 4.3581 -0.1468
4.3640 4.3673 0.0146 4.3387 4.3960 -0.0034
4.3976 4.4037 0.0140 4.3762 4.4313 -0.0061
4.4060 4.4378 0.0135 4.4112 4.4644 -0.0318
4.3621 4.4698 0.0131 4.4440 4.4956 -0.1077
4.4489 4.4999 0.0128 4.4748 4.5251 -0.0510

4.5152 0.0610 4.3954 4.6351
4.5720 4.5555 0.0123 4.5314 4.5796 0.0165
4.4594 4.5813 0.0121 4.5575 4.6050 -0.1219
4.6245 4.6058 0.0119 4.5824 4.6293 0.0187
4.7112 4.6293 0.0118 4.6060 4.6525 0.0819
4.4976 4.6517 0.0118 4.6286 4.6748 -0.1542

4.5826 0.0610 4.4627 4.7025
4.6112 4.6940 0.0117 4.6710 4.7170 -0.0828

4.6562 0.0610 4.5363 4.7760
4.6650 4.7331 0.0117 4.7100 4.7561 -0.0681

4.7372 0.0610 4.6173 4.8571
4.7999 4.7695 0.0119 4.7461 4.7928 0.0305

4.7999 0.0610 4.6800 4.9198
4.8073 4.8035 0.0120 4.7798 4.8272 0.0038
4.8093 4.8355 0.0123 4.8114 4.8596 -0.0262
4.8770 4.8657 0.0125 4.8410 4.8903 0.0113

4.9004 0.0728 4.7572 5.0436
4.9400 4.9213 0.0132 4.8954 4.9471 0.0187
4.9720 4.9470 0.0135 4.9205 4.9735 0.0250

4.9790 0.0747 4.8321 5.1259
5.0060 0.0747 4.8590 5.1530

5.0633 5.0175 0.0145 4.9889 5.0460 0.0459
5.1204 5.0597 0.0152 5.0298 5.0895 0.0607
5.1703 5.0988 0.0159 5.0676 5.1300 0.0715
5.1341 5.1352 0.0165 5.1027 5.1677 -0.0011
5.2171 5.1692 0.0172 5.1354 5.2030 0.0479
5.2311 5.2012 0.0178 5.1662 5.2363 0.0299
5.2775 5.2314 0.0184 5.1951 5.2676 0.0461

2.9984 0.0843 2.8327 3.1641
3.3912 0.0709 3.2517 3.5306

3.6631 3.5545 0.0324 3.4908 3.6183 0.1086
3.8040 3.7063 0.0287 3.6499 3.7628 0.0977
3.8941 3.8241 0.0259 3.7732 3.8750 0.0701
3.9954 3.9203 0.0236 3.8738 3.9668 0.0751
4.0164 4.0016 0.0218 3.9588 4.0445 0.0148
4.1729 4.0721 0.0202 4.0323 4.1119 0.1008
4.2033 4.1342 0.0189 4.0970 4.1714 0.0690
4.0983 4.1898 0.0178 4.1548 4.2248 -0.0915
4.2366 4.2401 0.0168 4.2071 4.2731 -0.0035
4.3295 4.2860 0.0159 4.2546 4.3174 0.0435
4.3413 4.3282 0.0152 4.2983 4.3581 0.0131
4.2766 4.3673 0.0146 4.3387 4.3960 -0.0907

4.3490 0.0610 4.2291 4.4690
4.3855 4.4378 0.0135 4.4112 4.4644 -0.0523
4.4320 4.4698 0.0131 4.4440 4.4956 -0.0378
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Predicted Values

LDATA Predicted SE Pred L95 1195 Residual

4.5533 4.4999 0.0128 4.4748 4.5251 0.0534
4.5854 4.5285 0.0125 4.5039 4.5530 0.0570
4.5461 4.5555 0.0123 4.5314 4.5796 -0.0094
4.5498 4.5813 0.0121 4.5575 4.6050 -0.0315
4.6028 4.6058 0.0119 4.5824 4.6293 -0.0030

4.5900 0.0610 4.4701 4.7099
4.5522 4.6517 0.0118 4.6286 4.6748 -0.0996

4.6244 0.0610 4.5046 4.7443
4.6659 4.6940 0.0117 4.6710 4.7170 -0.0280

4.7052 0.0610 4.5853 4.8251
4.7385 4.7331 0.0117 4.7100 4.7561 0.0054

4.7743 0.0610 4.6545 4.8942
4.8236 4.7695 0.0119 4.7461 4.7928 0.0541

4.8097 0.0610 4.6898 4.9295
4.8093 4.8035 0.0120 4.7798 4.8272 0.0058
4.8870 4.8355 0.0123 4.8114 4.8596 0.0515
4.8217 4.8657 0.0125 4.8410 4.8903 -0.0440
4.9006 4.8942 0.0128 4.8689 4.9194 0.0064
4.9301 4.9213 0.0132 4.8954 4.9471 0.0088
4.9738 4.9470 0.0135 4.9205 4.9735 0.0268
4.9520 4.9715 0.0138 4.9444 4.9987 -0.0195
4.9911 4.9950 0.0142 4.9672 5.0228 -0.0039
4.9642 5.0175 0.0145 4.9889 5.0460 -0.0533
5.0106 5.0597 0.0152 5.0298 5.0895 -0.0491
5.0771 5.0988 0.0159 5.0676 5.1300 -0.0217
5.0866 5.1352 0.0165 5.1027 5.1677 -0.0486
5.1738 5.1692 0.0172 5.1354 5.2030 0.0045
5.2070 5.2012 0.0178 5.1662 5.2363 0.0057
5.2425 5.2314 0.0184 5.1951 5.2676 0.0111
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SPA4 Output
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SPA4 Output for July 9,1997 (Control) 
20 minutes

o o O o OO O O O O O O O O O O O00Ooo O O O O o O O

° ° ° O o o o o c cooooooo 0 Ooooo o o o °oo OOo

Radius (microns)
o sm o o th ed  lo w e r 9 9 %  - sm oo thed  lo w e r 9 5 % ------ sm o o th ed  lo w e r 9 0 % ------ L iia t(h )-U h )
o sm oo thed  u p p e r 9 9 %  • sm o o th ed  u p p e r 9 5 % ------ sm o o th ed  up p e r 90%

Figure 40. Control Polystyrene, 20 Minutes

May 26,1998
(100-Pulse Modified) at 15 minutes

o o o o o u
o o o o o o o o 0 °O O O 0 0 0 0 0O O O O °

o O O O o o O

0Oo

Radius (microns)
o sm o o th ed  lo w e r 99% - sm o o th ed  lo w e r 95%-—-s m o o th e d  lo w e r 90%— L h a t(h )-L (h ) 
°  sm o o th ed  u p p e r 99% - sm o o th ed  upper 95%------ sm o o th ed  u p p e r 90%

Figure 41. 100-Pulse Modified, 15 Minutes
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8 

6 

4  

2 

O 

-2 

-4  

-6 

-8
O 5  10 15 2 0  2 5  3 0  3 5  4 0  4 5  50

Radius (microns)
o smoothed lower 99% - smoothed lower 9 5 % ------smoothed lower 90% —— Lhat(h)-L(h)
o smoothed upper 99% - smoothed upper 9 5 % ------smoothed upper 90%

SPA4 Output for August 26, 1998
(Polystyrene with Conditioning Layer) at 15

minutes

o  o  o O o Oo o o o o o o o
O O O O O O O O O O O O O O O O O O O O

O O O O O O O O O O O O O O O

o o o o o o o o o o o o o o o o o o o o o o 0 0 0 O00 O OOo

Figure 42. Polystyrene with Conditioning Layer, 15 Minutes

November 23, 1998
(100-Pulse Modified with Conditioning Layer) at 15 minutes

O O O ° °o O ° ° °o o O o °c  O o O o o0 0 OQ

00OOOOOO0

Radius (microns)
o sm o o th ed  lo w e r 9 9 %  - sm o o th ed  lo w e r 9 5 % ------sm o o th ed  lo w e r 9 0 % ------- L h a t(h )-L (h )
o sm o o th ed  u p p e r 99%  - sm oo thed  u p p e r 9 5 % ------sm o o th ed  u p p e r 90%

Figure 4 3 .100-Pulse Modified with Conditioning Layer, 15 Minutes
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SPA4 Graph for February 07 
(100-Pulse Modified) at 50 minutes

o' o' O- o-

Radius (microns)
o sm o o th ed  lo w e r 9 9 %  -  sm o o th ed  lo w e r 9 5 % ------sm o o th ed  lo w e r 9 0 % — L hat(h )-L (h )
o sm o o th ed  u p p e r 9 9 %  - sm oo thed  u p p e r 9 5 % ------sm o o th ed  u p p e r 90%

Figure 44. 100-Pulse Modified, 50 Minutes

May 26, 1998 (100-Pulse Modified) at 75 minutes

o o o o o o o o

t?  -0.5

Radius (microns)

o  smoothed lower 99% -  smoothed lower 95% -------smoothed lower 90% ■ ■ —Lhat(K)-L(H)
o smoothed upper 99% -  smoothed upper 95% ------ smoothed upper 90%

Figure 45. 100-Pulse Modified, 75 Minutes
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November 23, 1998
(100-Pulse Modified with Conditioning Layer) at 85 minutes

O O O
O O O

00OO

Radius (Microns)
o sm o o th ed  u p p e r 9 9 %  - sm oo thed  u p p e r 9 5 % ------ sm o o th ed  up p e r 9 0 % — L h a t(h )-L (h )
o sm o o th ed  lo w e r 9 9 %  - sm o o th ed  lo w e r 9 5 % ------ sm o o th ed  lo w er 90%

Figure 4 6 .100-Pulse Modified with Conditioning Layer, 85 Minutes

July 21,1997 (Control) at HO minutes

O O O O O O O O O O O O O O O O O

Radius (Pixels)
o sm o o th ed  lo w e r 99%  - sm o o th ed  lo w e r 9 5 % ----- sm o o th ed  lo w e r 9 0 % — L h a t(h )-L (h )
o sm o o th ed  u p p e r 9 9 %  - sm oo thed  u p p e r 9 5 % ----- sm o o th ed  u p p e r 90%

Figure 47. Control Polystyrene, 110 Minutes
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July 9, 1997
(Control Polystyrene) at 120 minutes

O lO  O O  O O O O O O O O ooOooo 0OOO 0Qqo0

Radius (microns)

o smoothed lower 99% - smoothed lower 9 5 % ------ smoothed lower 90% — — Lhat(h)-L(h)
o  smoothed upper 99% - smoothed upper 9 5 % ------smoothed upper 90%

Figure 48. Control Polystyrene, 120 Minutes

May 26, 1998 (100-Pulse Modified) at 120 
minutes

o o ° °

»  »  O O »  » ^

Radius (microns)
o  smoothed lower 99% - smoothed lower 9 5 % -------smoothed lower 90% ——-Lhat(h)-L(h)
o smoothed upper 99% - smoothed upper 9 5 % -------smoothed upper 90%

Figure 4 9 .100-Pulse Modified, 120 Minutes
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May 26,1998
(100-Pulse Modified) at 130 minutes

P O  O O P O  O P O  g o  PO O

'o  J o  d o  <T5 <3 j ,J .-T-T

Radius (microns)
o sm o o th ed  lo w e r 99%  - sm oo thed  lo w e r 9 5 % ------sm oo thed  lo w er 90% ------- L h a t(h )-L (h )
o sm oo thed  u p p e r 9 9 %  - sm oo thed  u p p e r 9 5 % ------sm oo thed  up p e r 90%

Figure 5 0 .100-Pulse M odified, 130 M inutes

August 26, 1998
(Polystyrene with Conditioning Layer) a t 120 

Minutes

0000000°°°°°°0 0 0 0 0 0 0 0 ° ° ° ° ° °

-0.5 -
O O O O O O O O O O O O O

Radius (microns)

0  sm oo thed  lo w e r 99%  -  sm o o th ed  lo w er 9 5 % ------ sm o o th ed  lo w e r 9 0 % ------ L h a t(h ) -U h )
0  sm o o th ed  u p p e r 99 %  - sm oo thed  u p p e r 9 5 % ------ sm o o th ed  up p e r 90%

Figure 51. Polystyrene with Conditioning Layer, 120 Minutes
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November 23, 1998
(100-Pulse Modified with Conditioning Layer) at 150 minutes

O O O O O O O

O O o O
q O q

°Oo 0Oq

Radius (microns)
o sm o o th ed  lo w e r 99%  -  sm oo thed  lo w e r 9 5 % ------ sm o o th ed  lo w e r 9 0 % — Lhat(h)-LXh)
o sm o o th ed  up p e r 9 9 %  - sm o o th ed  u p p e r 9 5 % ------ sm o o th ed  u p p e r 90%

Figure 5 2 .100-Pulse Modified with Conditioning Layer, 150 Minutes

July 9,1997 (Control) at 240 Minutes

O O O O O 0O o  O  O

Radius (microns)

o sm o o th ed  lo w e r 9 9 %  -  sm o o th ed  lo w e r 9 5 % ------ sm o o th ed  lo w e r 9 0 % — L h a t(h )-L (h )
o sm o o th ed  u p p e r 99%  - sm oo thed  u p p e r 9 5 % ------sm o o th ed  u p p e r 90%

Figure 53. Control Polystyrene, 240 Minutes
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May 26,1998 (100-Pulse Modified) at 240 
Minutes

-2-0-0-

Radius (microns)
o sm o o th ed  lo w e r 99%  -  sm o o th ed  lo w e r 9 5 % ------sm o o th ed  lo w e r 9 0 % ------- I.h a t(h )-L (h )
o sm o o th ed  u p p e r 99 %  - sm o o th ed  u p p e r 9 5 % ------sm o o th ed  u p p e r 90%

Figure 54. 100-Pulse Modified at 240 Minutes

August 26, 1998
(Polystyrene with Conditioning Layer) at 240 Minutes

S  0.5

0 10 20 30 40 50 60
Radius (microns)

I— Lhat(h>-L(h)
I------ smoothed upper 90%

o smoothed lower 99% -  smoothed lower 95% — -smoothed lower 90%I 
-  smoothed upper 95% O smoothed upper 99%

Figure 55. Polystyrene with Conditioning Layer, 240 Minutes
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July 1 ,1997 (Polystyrene Control) at 320 Minutes

Q O O. °.

Radius (microns)
o sm o o th ed  lo w e r 99%  -  sm o o th ed  lo w e r 9 5 % ------ sm o o th ed  lo w er 9 0 % — —L h a t(h )-L (h )
o sm oo thed  up p e r 9 9 %  -  sm o o th ed  u p p e r 9 5 % ------ sm o o th ed  u p p e r 90%

Figure 56. Control Polystyrene, 320 Minutes

December 23,1997 
(100-Pulse Modified) at 340 minutes

Q O S o ° ° °

Radius (microns)
o sm o o th ed  lo w e r 99%  - sm o o th ed  lo w e r 9 5 % ------ sm o o th ed  lo w e r 9 0 % — L h a t(h )-L (h )
o sm o o th ed  u p p e r 99%  -  sm o o th ed  u p p e r 9 5 % ------ sm o o th ed  u p p e r 90%

Figure 57. 100-Pulse Modified, 340 Minutes
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August 26, 1998
(Polystyrene with Conditioining Layer) at 340 Minutes

O O O o'

Radius (microns)
o sm o o th ed  lo w e r 99%  • sm o o th ed  lo w e r 9 5 % ------ sm o o th ed  lo w e r 9 0 % ------ L h a t(h )-L (h )
o sm o o th ed  u p p e r 99%  -  sm o o th ed  up p e r 9 5 % ------ sm o o th ed  u p p e r 90%

Figure 58. Polystyrene with Conditioning Layer, 340 Minutes

May 26, 1998 (100-Pulse Modified) at 340 min

O O Oo o o oO O O O ° °0 o 0
O o o

o o o o o o o o o o o o o o o

o0OOoo o O O o O O

Radius (microns)

o smoothed lower 99% - smoothed lower 9 5 % ------ smoothed lower 9 0 % - — Lhat(h>L(h)
o smoothed upper 99% - smoothed upper 95% ——  smoothed upper 90%

Figure 59. 100-Pulse Modified, 340 Minutes



96

Appendix C

SAS© Program Input File
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DM ' L O G ; C L E A R ; O U T ; C L E A R ; ' ;
options ls=200 ps=56 pageno=! nodate;
goptions reset = a ll device = win;

libname a 'a : '; 
data new;

set a.bacteria; 
run;

data working; 
set new; 
time=newtime; 
ldata=logl0(data); 
ltim e=logl0(tim e); 
drop newtime data; 

run;

proc standard data=working mean=0 std=l out=stand; 
var !time;

data working; 
set stand; 
sltime=ltime*ltime; 

run;

title'M odel I ';
proc mixed data=working method=reml scoring=2 ic; 

class tr t  day;
model !data = tr t  trt*ltim e /  noint p; 
repeated /  type=sp(pow)(time) subject=day(trt) 
lsmeans tr t  /  adjust=bon at (!tim e) = (-.4986);
lsmeans tr t  /  adjust=bon at (!tim e) = (-.0688);
lsmeans tr t  /  adjust=bon at (!tim e) = (.23616);
lsmeans tr t  /  adjust=bon at (!tim e) = (.66596);
lsmeans tr t  /  adjust=bon at (!tim e) = (.97091);

R RCORR ;
* 60 minutes;
* 90 minutes;
* 120 minutes;
* 180 minutes;
* 240 minutes;

lsmeans trt;
make 'predicted' out=predl; 

run;

data diag;
merge predl working; 
resid=_resid_; 
pred= _pred_; 
sares=sqrt(abs(resid));
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run;

t i t l e  h=1.75 'Residual P lo t’ ; 
proc gplot data=diag; 
plot resid*pred=trt 
/  frame vaxis=axisl haxis=axis2; 
a x isl label=(a=90 r=0 h= l.5 f=duplex); 
axis2 Iabel=Ch=I.5 f=duplex); 

symbolI h=1.6 color=black; 
symbol2 h=1.6 color=red; 
symbols h=1.6 color=blue; 
symbol4 h=1.6 color=green;

proc gplot data=diag; 
plot resid*trt
/  frame vaxis=axisl haxis=axis2; 
ax isl label=(a=90 r=0 h=1.5 f=duplex); 
axis2 Iabel=Ch=I.5 f=duplex); 

symbolI h=1.6 color=black; 
symbol2 h=1.6 color=red; 
symbols h=1.6 color=blue; 
symbol4 h=1.6 color=green; 
run;

proc gplot data=diag; 
plot resid*day
/  frame vaxis=axisl haxis=axis2; 
ax isl label=Ca=90 r=0 h= l.5 f=duplex); 
axis2 Iabel=Ch=I.5 f=duplex); 

symbolI h=1.6 color=black; 
symbol2 h=1.6 color=red; 
symbols h=1.6 color=blue; 
symbo!4 h=1.6 color=green; 
run;

t i t le ;
run;
quit;
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