
Bacterial specific adhesion of Staphylococcus epidermidis onto human fibronectin under uniform flow
by Grace Tein-ya Wang

A thesis submitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy in
Civil Engineering
Montana State University
© Copyright by Grace Tein-ya Wang (1999)

Abstract:
Bacterial infection has drawn serious attention in modern medicine, either in respect to biomaterial
infection or invasion of tissue surfaces in human bodies. Bacterial adhesion is an essential step in
biofilm formation and subsequent infection. Among those factors involved in the complex adhesion
process, specific adhesion is a major determinant of cell-cell and cell-substratum adhesions. Currently,
the receptor:ligand theory is widely adopted as the governing mechanism of specific cell adhesion.

Staphylococcus epidermidis, a prevailing nosocomial pathogen of biomedical implants and devices,
uses the specific adhesion binding with human fibronectin (FN), a glycoprotein found in extracellular
matrix and plasma. A FN specific receptor on S. epidermidis and the protein FN pair as the
receptor:ligand in specific adhesion. This dissertation reports an experimental study of the specific
adhesion of S. epidermidis cells to fibronectin-coated substrata under uniform shear flow. The effects
of ligand density on specific adhesion as well as the binding affinities between bacterial cells and
different portions of the ligands were studied. The amount of FN molecule bound on the substratum
was verified by radiolabeling. Results revealed that exposed NH2 functional groups of FN exhibited
better binding affinity with S. epidermidis cells than to the FN molecule with -COOH functional
groups free. Increases in FN density on the substratum with the NH2 groups exposed to bacterial cells
led to increased rates and extent of bacterial adhesion.

A dynamic model, proposed in a previous work, was used to describe bacterial cell adhesion that is
mediated by specific receptordigand binding. Computer simulations of specific adhesion were carried
out by introducing the actual laboratory conditions and experimental parameters into the model to
interpret the results. The computer simulations agreed well with the experiments with lower inlet cell
concentration, while larger deviations existed in the range of higher inlet cell concentration. 
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ABSTRACT

Bacterial infection has drawn serious attention in modern medicine, 
either in respect to biomaterial infection or invasion of tissue surfaces in 
human bodies. Bacterial adhesion is an essential step in biofilm formation 
and subsequent infection. Among those factors involved in the complex 
adhesion process, specific adhesion is a major determinant of cell-cell and 
cell-substratum adhesions. Currently, the receptordigand theory is widely 
adopted as the governing mechanism of specific cell adhesion.

Staphylococcus epidermidis, a prevailing nosocomial pathogen of 
biomedical implants and devices, uses the specific adhesion binding with 
human fibronectin (PN), a glycoprotein found in extracellular matrix and 
plasma. A FN specific receptor on S. epidermidis and the protein FN pair as 
the receptordigand in specific adhesion. This dissertation reports an 
experimental study of the specific adhesion of S. epidermidis cells to 
fibronectin-coated substrata under uniform shear flow. The effects of ligand 
density on specific adhesion as well as the binding affinities between 
bacterial cells and different portions of the ligands were studied. The 
amount of FN molecule bound on the substratum was verified by 
radiolabeling. Results revealed that exposed NHz functional groups of FN 
exhibited better binding affinity with S. epidermidis cells than to the FN 
molecule with -COOH functional groups free. Increases in FN density on 
the substratum with the NHz groups exposed to bacterial cells led to 
increased rates and extent of bacterial adhesion.

A dynamic model, proposed in a previous work, was used to describe 
bacterial cell adhesion that is mediated by specific receptordigand binding. 
Computer simulations of specific adhesion were carried out by introducing 
the actual laboratory conditions and experimental parameters into the 
model to interpret the results. The computer simulations agreed well with 
the experiments with lower inlet cell concentration, while larger deviations 
existed in the range of higher inlet cell concentration.
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CHAPTER!

INTRODUCTION

1.1 Background

Bacterial infection has drawn serious attention in modern 
medicine, either in respect to biomaterial infection or invasion of tissue 
surfaces in human bodies. All these biomaterial/tissue surfaces are 
susceptible to bacterial colonization which oftentimes results in invasive 
bacterial infections. Bacterial adhesion is an essential step in biofilm 
formation and subsequent infection. Once a biofilm infection has 
established, it can be extremely difficult to eliminate.

Cells, bacterial and mammalian, adhere with high specificity in 
many situations. Sufficient evidence suggests that cells possess specific 
molecules on their surfaces which are able to bind with complementary 
molecules on a target surface, other cells or tissue surfaces, in a highly 
selective manner (Jones, 1977; Ofek et al., 1978). Presence of specific 
molecules on the bacterial cells, called receptors, such as cell adhesion 
molecules (CAMs), lectins, antibodies, and fimbriae are required for this 
specific cell-cell or cell-surface adhesion (Frazier et al., 1982; Edelman, 
1983; Springer and Barondes, 1982; Jann and Jann, 1990). 
Complementary molecules on the tissue surface are called ligands. 
Specificity of the interaction is a result of specific receptoriligand binding.

Specific adhesion of bacteria has been observed in the intestine of 
a pig and the human tooth or lung (Costerton et ah, 1978). First 
demonstrated in Escherichia coli strains which caused infections of the 
intestine of newborn pigs, specific adhesion was characterized by the 
production of an antigen designated K88 (Jones and Rutter, 1972).
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Gibbons and van Houte (Gibbons and van Route, 1971, 1975a, 1975b) 
observed the selective nature of bacterial adhesion of various oral 
bacterial species to human and animal epithelial cells in vitro and in 
vivo. They concluded Streptococcus sanguis and S. mutans mostly 
adhered to the teeth and induced dental caries, while S. salivarius 
colonized the dorsal surface of the tongue. Pseudomonas aeruginosa 
causes lung infection in the disease cystic fibrosis (Lam et ah, 1980), and 
in the bacterial-derived keratitis associated with extended-wear contact 
lenses (Slusher et ah, 1987). Selectivity was also observed in the case of 
Staphylococci-associated infection. Both being the major elements of the 
normal skin micro flora (Kloos and Musselwhite, 1975), Staphylococcus 
aureus is the most common pathogen in osteomyelitis, whereas 
Staphylococcus epidermidis infects vascular prostheses, total artificial 
heart, total joints, and orthopedic implants (Masur and Johnson, 1980; 
Sugarman and Young, 1984; Cristina et ah, 1987).

In particular, staphylococcal adhesion to implanted biomaterials 
represents a major cause of implant failure. Numerous studies have 
provided much knowledge and understanding of specific adhesion of S. 
aureus (Kuusela, 1978; Doran and Raynor, 1981; Proctor et ah, 1982; 
Ryden et ah, 1983; Vann et ah, 1984; Proctor 1987; Raja et ah, 1990), a 
coagulase-positive species. Various studies have documented the 
capacity of coagulase-negative staphylococci (CN-Staph) to adhere to 
either uncoated or protein-coated biomaterials (Fleer et ah, 1990). CN- 
Staph, especially S. epidermidis, is associated with human disease. In 
many cases, serum protein fibronectin significantly enhances the CN- 
Staph adhesion which is mediated by specific receptorMgand binding. 
Compared to the intense research of coagulase-positive S. aureus, 
however, less is known about the specific adhesion mechanism used by 
S. epidermidis.
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1.2 Scope and Objectives

This research focused on the specific adhesion of S. epidermidis 
cells onto human fibronectin as a result of specific binding under 
uniform shear flow. The flow was controlled to study bacterial adhesion 
as mediated by specific receptordigand binding under conditions 
simulating those in the human vessel. The temperature of experiment 
was kept at normal human body temperature (37°C). The goal of this 
study is to understand the mechanism of bacterial specific adhesion by 
investigating the effects of various ligand densities on specific adhesion 
as well as the affinities of the binding between bacterial cells and 
different portions of the ligands. A model developed earlier (Wang, 1993; 
Wang and Bryers, 1997) to simulate the adhesion experiment was used to 
interpret results from the experimental work.

The objectives of this work were as follows:

Objective I:
To establish engineered substratum surfaces with uniform ligand 

coating in specific ligand orientations.

Objective 2:
To study the effects of various ligand densities on specific 

adhesion.

Objective 3:
To ascertain the effects of receptorligand binding affinities on 

specific adhesion.

Objective 4:
To compare the experimental results with the predictions 

achieved from a previous dynamic model.
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The following tasks were required to achieve the objectives:

Task I:
Construct substratum surfaces with various ligand densities as 

well as different molecular orientations of ligand by manipulating 
binding of the molecule to the surface.

Task 2:
Carry out bacterial specific adhesion experiments to determine the 

effects of specific binding with various ligand densities.

Task 3:
Carry out bacterial specific adhesion experiments to certify the 

effects of different binding affinities.
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CHAPTER 2 

LITERATURE REVIEW

2.1 Bacterial Specific Adhesion

The ability to attach to surfaces is a property common to almost all 
bacteria. Pathogenic bacteria may also adhere to and colonize normally 
sterile surfaces such as the mucosa of the genito-urinary tract and the 
lower respiratory tract, and endothelial surfaces of the cardiovascular 
system (Beachey, 1980). Adhesion processes involve complex 
interactions between bacteria, properties of substratum surface to be 
colonized, adsorbed substances on the substratum, and the ambient fluid 
environment (Cristina, 1987). In addition to those factors, receptordigand 
binding, which leads to specific adhesion, is a major determinant of cell
cell and cell-substratum adhesions. Bacteria adhesion to host tissues and 
biomedical implants is the first step in the process of many bacterial 
infections and inflammations. In most cases, receptors, i.e., proteins 
present at the cell surface of bacteria recognize and bind to specific 
ligands in the host tissue. Currently, the receptordigand theory is widely 
adapted by many researchers as the governing mechanism of specific cell 
adhesion.

Specific adhesion depends primarily upon the union of the 
receptors with the complementary surface ligands (Christensen et ah, 
1985). Subsequent to or concomitant with initial attachment, cell 
receptors and surface ligands may interact if they are present within a 
specific proximity. This idea represents an extension of the "schloss and 
schlussel" (lock-and-key) hypothesis, which was formulated by Emil 
Fischer (1894). He used the concept to explain the specificity of 
interactions between enzymes and their substrates. Paul Ehrlich (1900)
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extended this concept to explain the highly specific reactions of the 
immune system. Figure 2.1 presents a schematic picture for the 
receptordigand mechanism of bacteria.

The interaction between receptors and ligands must be specific and 
result in selective adhesion of the bacteria to a surface or to other cells. 
The first evidence of specific adhesion was from a series of studies by 
Duguid in the 1950s. He demonstrated that many strains of Escherichia 
coli and related bacteria attached to cells from the epithelial lining of 
tissues and to erythrocytes, or red blood cells (Duguid et ah, 1955; Duguid 
and Gillies, 1957; Duguid, 1959). Direct evidence for the existence of 
specific receptors was derived from studies on the pathogenesis of K88- 
positive ETEC (Enterotoxigenic E. coli). ETEC is a major cause of diarrhea 
in humans and neonatal animals. These strains of E. coli extensively 
colonize the small intestines of neonatal pigs by adhesion and also adhere 
in vitro to purified brush borders prepared from porcine enterocytes. K88- 
positive ETEC do not colonize the small intestines or adhere to brush 
borders from resistant pigs (Jones and Rutter, 1972; Sellwood, 1980). The 
results were explained by the presence of K88 antigens which are the 
specific ligands.

Today, it is clear that the specificity of bacterial adhesion is a 
common phenomenon. For instance, group A Streptococci adhere only to 
the upper respiratory tract and skin, and seldom cause urinary tract 
infections. In contrast, E. coli is the most common agent of urinary tract 
infections, but is rarely found in the upper respiratory tract (Sharon and 
Lis, 1993).
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Figure 2.1 A scheme representing the receptorligand interaction
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In order to cause disease, bacteria must be capable of sticking to the 
tissue surface in a susceptible host. Those infectious strains lacking the 
ability to adhere will be swept away from tissues by the host's normal 
cleansing mechanisms. For example, bacteria in the urinary tract may be 
flushed out in the urine, and those in the upper respiratory tract might be 
swallowed and destroyed by stomach acid (Sharon and Lis, 1993). Thus, 
for bacteria, specific adhesion provides the advantage of firm attachment 
to tissue surfaces allowing the bacteria to withstand the cleansing action of 
the host, e.g., mucous flow, ciliary movement, sneezing, cough, urination, 
peristalsis, swallowing, etc (Christensen et ah, 1985).

Receptors may interact with a broad variety of ligands or may only 
bind to very specific ligands (Christensen et ah, 1985). Therefore, the "fit" 
of the receptor: ligand interaction directly determines the range of suitable 
substrata for bacteria to attach. In some systems, bacteria employ more 
than one type of receptor to bind with tissues. Multiple adhesive systems 
require the targeted surfaces to display more than one kind of ligand 
before optimal adhesion takes place. This rigid criterion restricts the 
chances of coincidental adhesion to non-targeted tissues and enable 
bacteria to adhere to a range of host species and tissues (Isaacson, 1985).

2.2 Fibronectin

Fibronectin (FN), a prototype cell adhesion protein, is a 
multifunctional extracellular matrix and plasma protein that plays a 
central role in both mammalian and bacterial cell adhesion. Fibronectin 
is a glycoprotein with a molecular weight of about 440 kilodaltons (kD) 
that supports cell migration during a variety of biologically important 
processes, such as hemostasis, wound healing, embryonic development, 
and tumor cell invasion (Humphries et ah, 1991). The plasma fibronectin 
molecule is a dimer which consists of two similar polypeptides bridged 
together through two disulfide bonds near the COOH-terminal ends. The 
dimer structure of fibronectin is shown schematically in Figure 2.2 
(Alberts et ah, 1989). Various domains of FN play different roles in
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binding with various molecules, e.g., collagen (Furie and Rifkin, 1980), 
heparin (Yamada et ah, 1980), and eukaryotic cells (Ruoslahti and 
Hayman, 1979), as shown in Figure 2.2.

FN from different sources exhibits slight differences in the 
molecular weights of the polypeptides. FN isolated from plasma consists 
of polypeptides that differ from one another in molecular weight and 
that are distinctly smaller than those produced by most types of cultured 
cells, i.e., "cellular" FN (Yamada and Kennedy, 1979). Unlike other types 
of culture cells, early cultures of hepatocytes synthesize FN that has the 
same polypeptide composition as plasma FN. This indicates that the 
liver is the source of plasma FN (Tamkun et ah, 1984).

The amount of carbohydrate of FN also differs, depending on the 
source of the protein. In general, FN contains 4-10 % carbohydrate 
(Ruoslahti, 1988). FN from embryonal sources and tumor cells contain 
more sugar, while FN from adult plasma and from cultured normal 
adult skin fibroblasts has a relatively low carbohydrate content (Fukuda 
and Hakomori, 1979).

Early studies identified a large protease fragment from the center 
of the FN molecule that retained eukaryotic cell binding activity. The 
eukaryotic cell binding domain primarily involves a specific tetrapeptide 
sequence, Argenine-Glycine-Aspartic-Serine (Arg-Gly-Asp-Ser: RGDS), 
which subsequently was found in cell binding sites of several other 
adhesive matrix glycoproteins (Pierschbacher and Ruoslahti, 1984; 
Ruoslahti and Pierschbacher, 1986). Peptides containing this sequence 
promote cell adhesion directly and inhibit cell adhesion to FN, while 
analogs containing conservative changes such as Arg to Lys (Lysine) or 
Asp to Glu (Glutamic acid) are inactive. When these peptides are 
coupled to a solid surface, they promote the adherance of eukaryotic cells 
to that surface. Synthetic peptides containing the RGD sequence compete 
with FN and block the adhesion of eukaryotic cells to a substratum 
coated with FN or the peptides themselves (Pierschbacher and Ruoslahti,
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1984; Yamada and Kennedy, 1984). The RGDS sequence is characterized 
as the binding site for eukaryotic cells and a family of eukaryotic 
receptors recognizing RGDS sequence in matrix protein has been 
identified (Hynes, 1987). This receptor family is named "integrins". The 
members of the intergrin superfamily are typically heterodimers of two 
subunits a  and |3 (Ruoslahti and Pierschbacher, 1987). The a  subunit 
consists of two polypeptides disulfide-linked to one another. The (3 
subunit is a single polypeptide with a molecular weight of about 140,000.
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Figiure 2.2 Scheme of the structure of a fibronectin dimer.



12

2.3 Specific Binding between Staphylococci and Fibronectin

Fibronectin, which comprises approximately 0.5% of the protein 
in plasma (Yamada and Olden, 1978), interacts with several kinds of 
macromolecules, cells, and bacteria, which include various strains of 
staphylococci, and several species of streptococci. In vitro studies have 
shown that staphylococci can bind intact fibronectin molecules or adhere 
to fibronectin adsorbed on glass or plastic (Kuusela, 1978; Verbrugh et ah, 
1981; Kuusela, et ah, 1984; 1985; Maxe et ah, 1986; Russell et ah, 1987). 
Preincubation of bacteria with fibronectin fragments containing the 
staphylococcal binding site reduced the number of bacterial cells 
attaching to the fibronectin-absorbed substrata (Kuusela, et ah, 1985; Maxe 
et ah, 1986). Russell et #1.(1987) reported preincubation of PVC catheter 
segments in fibronectin significantly increased the binding of S. aureus 
and S. epidermidis.

2.3.1 Microbial FN Receptors

Studies on microbial FN receptors mostly focused on S. aureus 
receptors. S. aureus is the preeminent pathogen for metallic biomaterial 
and compromised tissues associated with surgical wounds, trauma and 
osteomyelitis. Digestion of bacteria with trypsin results in loss of 
fibronectin binding activity. This indicates the bacterial FN binding 
component is located on the cell surface and is of protein in nature 
(Ryden et ah, 1983). Espersen and Clemmenen (1982) and Frdman et ah 
(1987) isolated a protein from the S. aureus Newman strain and 
identified this cell wall-associated protein as an FN receptor, with a 
molecular mass of 210 kD. Further, two distinct but related genes 
encoding the FN-binding proteins (FNbps) from S. aureus strain 8325-4 
were cloned from a gene bank in vector pBR322 (Flock et ah, 1987; Signas 
et ah, 1989). These two tandem genes, fnbA and fnbB, corresponding to 
the proteins FNbpA and FNbpB, are separated by 682bp. The ability of 
FNbp to bind FN was localized to a 37 or 38 amino acid motif, named the 
D-motif, which is repeated three times (coded as Dl, D2, and D3) and
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partially a fourth time (Signas et al, 1989; McGavin, et ah, 1991). 
Synthetic peptides mimicking each of the three D-motifs, D lz D2, and D3Z 
or their recombinant have been employed in research as receptor analogs 
to study their FN-binding activities (Signas et ah, 1989; Raja et aZ.,1990; 
McGavin and Hook, 1995; Huff et ah, 1994; Sun et ah, 1997). Results 
showed the synthetic peptides D lz D2, and D3Z were able to inhibit FN 
binding to staphylococcal cells, and peptide D3 showed activity which 
was 10-fold greater than either Dl or D2 (Signas et ah, 1989). A mixture of 
D lz D2, and D3 at equimolar ratio was not more active than the 
individual peptides at similar concentrations (Hook et ah, 1988). A 
genetically constructed chimeric protein, ZZ-FR (molecular mass: 63 kD), 
containing two immunoglobulin G (IgG)-binding domains of 
staphylococcal protein A and FN-binding repeats with D lz D2, and D3 
sequences per molecule, was found to have a much higher affinity for 
FN than the individual peptide did (Signas et ah, 1989). ZZ-FR inhibited 
the attachment of staphylococcal cells to microtiter wells coated with 
intact FN or with the 29-kD amino-terminal fragment of FN. The 
recombinant fusion protein ZZ-FR also partially inhibited the adherence 
of staphylococci to human plasma clots formed in vitro but had no effect 
on bacterial adhesion to clots formed from FN-depleted plasma (Hook et 
ah, 1988; Raja et ah, 1990).

Specificity of D3 binding with the 29 kD N-terminal fragment with 
high affinity was further illustrated in the work of Huff (Huff et ah, 
1994). It was reported the C-terminal half of D3, when immobilized, 
selectively adsorbed the 29 kD fragment from a thermolysin digest of FN.

Insertion mutations were isolated in both fnbA and fnbB genes to 
study the expression oi fnb genes in S. aureus and to test if both FNbpA 
and FNbpB proteins are required to promote bacterial adhesion to FN- 
coated surfaces (Greene et ah, 1995). Meanwhile, a double fnbAfnbB  
mutant was also constructed and the influence of this double mutant on 
bacterial adhesion from was examined. Results revealed the fnbA  and 
fnbB single mutants showed no significant reduction in their adhesion
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to polymethylmethacrylate (PMMA) coverslips coated in vitro with FN. 
However, the double mutant was completely defective in adhesion. 
Monospecific antibodies directed against the non-conserved amino- 
terminal regions of both proteins confirmed the lack of expression of 
FNbps in the mutant strains. Wild-type fnbA and fnbB genes were able 
to fully restore the adhesion-defective phenotype of the fn b AfnbB 
mutant. This demonstrated that both genes are expressed in S. aureus 
and both contribute to the ability of S. aureus strain 8325-4 to adhere to 
FN-coated surfaces.

The regulation of FN receptor expression is complicated. The 
number of FN receptors expressed on bacterial cells is dependent on the 
phase of growth, the pH of the growth medium, and the types of media. 
For some bacterial species, prolonged cultivation in the laboratory may 
result in loss of FN receptor expression (Hook et al., 1989). The 
composition of the media used to grow bacteria may also extensively 
affect the FN-binding capicity of the bacteria. Research has shown that S. 
aureus harvested in the logarithmic phase of growth express more FN 
receptors than do those harvested in stationary phase (Proctor et ah, 
1982). Based on this, the bacterial cells used in this study were always 
harvested in logarithmic growth phase.

The number of FN-binding receptor sites per staphylococcal cell 
has been estimated to range from as few as 5 to more than 20,000 (Proctor 
et ah, 1982; Ryden et ah, 1983; Hddk et ah, 1988).

2.3.2 Bacterial Binding Domain

Earlier work (Mosher and Proctor, 1980) has shown that the 
primary binding site on FN for staphylococcal cells is located in the N- 
terminal region which consists of five "fingers" structures (because of 
the resemblance of fingers on a hand in current schematic 
representation) of Type I homology repeats (Petersen et ah, 1983).
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However, a second domain containing three Type I units in the COOH- 
terminal region has also been proposed (Hayashi and Yamada, 1981) and 
reported to bind to staphylococcal cells (Kuusela, et ah, 1984). The 
multiple finger domains are crucial in the FNtS. aureus binding. Sottile 
et ah (1991) demonstrated that mutation or deletion of any of the first 
five domains in a recombinant 70 kD N-terminal fragment of FN would 
strongly reduce or destroy its ability to bind S. aureus.

It was suggested (McGavin and Hook, 1995) that FN binding 
proteins from different genera of Gram-positive bacteria have a common 
mechanism of ligand binding, most probably associated with recognition 
of a conserved structural feature within the 29 kb N-terminal domain of 
FN. It is likely that the binding domain on FN for S. epidermidis, a 
Gram-positive strain, is located within the same region (Hook, personal 
discussion).

Formerly considered a harmless organism, S. epidermidis has 
been recognized as a significant nosocomial pathogen associated with 
implants, particularly prosthetic cardiac valves, cardiac pacemakers, 
intravascular catheters, total artificial hearts, total joints, and orthopedic 
implants (Wilson et ah, 1973; Masur and Johnson, 1980; Wilson et ah, 
1982; Sugarman and Young, 1984; Linares et ah, 1985; Cristina et ah, 1987). 
In patients with prosthetic cardiac valves, the rate of infection is about 1- 
4%. In those with vascular grafts, the rate is up to 6% (Schoen, 1989). One 
study reported that FN does not bind to the clinical isolate of S . 
epidermidis (Doran and Raynor, 1981), while another study concluded 
that a clinical isolate of S. epidermidis binds to the COOH region of FN 
(Holmes et ah, 1997). Until now, the binding domain of S. epidermidis 
on fibronectin remains controversial and is not yet determined. The 
work presented in this dissertation investigated the binding affinities of 
S. epidermidis cells with NHz and COOH regions of FN in order to 
understand the mechanism of the attachment of S. epidermidis cells to 
immobilized FN. The approach of this work is to control the 
orientations of ligand molecules on the substrata to verify the binding
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affinities of those two regions with S. epidermidis cells, e.g., to tether the 
intact FN molecules on the testing coupons in a way that either NH2 or 
COOH regions will be available to the bacterial cells in a flowing system.

2.4 Control of Protein Deposition on Substratum

Substratum chemistry affects the attachment of bacteria to solid 
surfaces. Surface chemistry becomes more influential if protein 
adsorption takes place. Adsorption of proteins occurs almost 
instantaneously when a solid surface comes into contact with a protein 
solution (Wahlgren and Arnebrant, 1991). The protein film formed on 
the surface may then act as a substratum for subsequent bacterial 
adhesion. The manner in which the protein molecules adsorb on the 
substratum has a substantial impact on bacterial attachment. Biological 
activity of proteins on the surface will depend on whether specific active 
peptide sequences in specific proteins are accessible to the cells. A well- 
defined surface with a functional protein layer of specific peptide 
sequences, rather than random protein adsorption, is essential to study 
proteimbacteria binding.

The self-assembled monolayer (SAM) technique is one of the 
technologies used to make nanofabricated engineered surfaces. SAMs 
with different exposed functional groups which will bind to specific 
domains of proteins can be produced. Subsequently, a uniform layer of 
oriented protein will be established. The components that typically 
make up a self-assembled film are: a substratum (most often smooth on 
the nanometer scale), an anchor group that interacts with the 
substratum, and a structure that will assemble (e.g., alkanethiol or 
alkanesilane), and a head group pointing away from the substratum and 
providing specificity (Ratner, 1993). The advantages of SAMs are their 
molecular perfection, resistance to contamination, ease of preparation, 
and flexibility in permitting a wide range of structures that demonstrate 
specific interactions.
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Wiencek and Fletcher (1995) studied the bacterial adhesion to 
SAMs built from alkanethiols to produce a range of substrata with two 
different exposed functional groups—methyl and hydroxyl groups—and 
also a series of mixtures of these two. These SAMs exhibited various 
substratum compositions and wettabilities, ranging from hydrophilic, 
hydroxyl-terminated monolayers to a hydrophobic, methyl-terminated 
monolayer. They reported the greatest numbers of attached bacterial cells 
on hydrophobic surfaces and the percentage of cells desorbed between 
measurements decreased with increasing substratum hydrophobicity.

Glasses and oxidized polymers can be treated with bifunctional 
silanating reagents to generate surfaces containing alkyl halides, 
epoxides, thiols, amines or carboxylic acids (Massia and Hubbell, 1991; 
Pope et al, 1993; Bhatia et ah, 1989; Ferguson et ah, 1993; Drumheller and 
Hubbell, 1995). In this dissertation, the alkanesilane approach was 
adopted.

2.5 Mathematical Model

Previous work (Wang, 1993; Wang and Bryers, 1997) proposed a 
mathematical model simulating the time course of bacterial adhesion 
governed by the specific adhesion mechanism. Figure 2.3 presents an 
illustration of the cell-substratum system in this model. This model took 
account of the processes of attachment, detachment, and growth of 
attached bacteria, as well as the shear force which results in the rotational 
and translational motions of the bacterial cells in flow. The bacterial cell 
is modeled as a sphere of radius Re which is covered evenly with R j  
number of receptors on the cell surface. The ligand density on the 
deposition surface is N i . Upon close approach to the surface, a contact 
area for binding is formed on the bacterial cell. The contact area is 
assumed to be a disk of radius a and is assumed to remain constant as 
10% of the cell radius Re throughout the adhesion period. Details of the 
model are provided in Appendix A.
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First-order kinetics were used to express the adhesion rate, 
detachment rate, and growth rate on the substratum in this model. A 
relatively short time span for bacterial attachment experiments was 
deliberately chosen to focus on the study in early stage of attachment 
only. Thus, growth of any attached cells on the substratum did not 
dominate net cell accumulation. The experimental data were compared 
with the predicted results from the model simulations, by adopting real 
parameters from the laboratory work.
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Figure 2.3 Pictorial representation of the cell-substratum system
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CHAPTER 3

MATERIALS AND METHODS

3.1 Bacterial Strain and Medium

Staphylococcus epidermidis ATCC 12228 was used throughout this 
study. Bacteria were rehydrated from freeze-dried culture in nutrient broth 
and incubated at 37°C. The suspended culture was also transferred to agar 
slants and incubated at the same time. After incubation, the suspension 
and slants were both stored at 4°C. New colonies were transferred to agar 
plates supplemented with nutrient broth every 6 weeks. Before use in an 
experiment, colonies were subcultured in a bath of 1 0 0  ml chemically 
defined, glycerol-limiting medium, and subsequently grown in another 
new batch as seed culture. The medium, buffered to pH 7.4, contains the 
following (Evans et ah, 1994): glycerol, 10 mM; (N H ^SQ j, 4 mM; MgS0 4 , 4 
mM; KC1, 13.5 mM; KH2PO4 , 28 mM; Na2HPC>4 , 72 mM; supplemented 
with: thiamine, I mg/1; biotin, 0.5 mg/1 and peptone P, 0.5 g/1. To start the 
culture for the experiments, 300 ml of the same sterile medium was 
inoculated with 3 ml of an 8h-old seed culture. This 300 ml batch culture 
was grown at 37°C in a well mixed, aerated water-jacketed vessel 
(Wheaton Scientific Products, Millville, NJ) on a Micro-Stir Stirrer (Model 
II, Wheaton) and then switched to "continuous feed" mode (z'.e., 
chemostat, or CSTR) after 8  hours. When cells were in exponential phase 
of growth and at approximately I x IO8 to 6  x IO8 total bacterial cells per ml. 
The inlet nutrient volumetric flow rate to the chemostat was I ml/min, 
which established a residence time of 5 h. All the connecting tubing used 
on the CSTR was MasterFlex PharMed® tubing in size 13 and 16 from Cole 
Palmer (Vernon Hill, IL).
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3.2 Bacterial Growth Curve

Two critical parameters required in the specific adhesion model 
(Appendix A) are the bacterial maximum specific growth rate constant, 
Umax and saturation coefficient, ks. To obtain these two constants, growth 
curves of Staphylococcus epidermidis were determined through batch 
studies using a BIOSTAT M Fermentor from B. Braun AG (Maldenberg, 
Germany). The operating conditions were room temperature (about 27°C), 
a 61.5% dissolved oxygen inlet (with respect to saturated oxygen), and 800 
rpm stirring speed. pH value was set at 7.4 and controlled automatically by 
the BIOSTAT M. Each batch was run for 13 ± 4 hours, depending on the 
extent of bacteria growth phase with the different glycerol concentration 
provided. Samples for suspended cells were taken every hour for total cell 
counts determined from acridine orange direct counts and viable cell 
counts determined from plate counts, as well as optical density at 470 nm 
and 600 nm on a Milton Roy 1900 UV/V spectrophotometer (Rochester, 
NY). The specific growth rate (jig) was obtained for each batch operated at 
the various glycerol concentrations. The maximum specific growth rate 
(Umax) and saturation coefficient (ks) were determined, assuming a 
Monod-Iike growth rate constant, from all these batch experiments.

3.3 Flow Cell Reactor and Fluid Dynamics

After 5 residence times (25 hours), when the CSTR reached steady 
state, a parallel-plate flow cell reactor was introduced to the effluent line 
for the study of bacterial adhesion under laminar shear flow. A schematic 
of the flow cell reactor is presented in Figure 3.1. The flow cell has a 
polycarbonate base and a metal cover plate. The polycarbonate base is 
milled with two stainless steel portals for flow inlet and outlet. A 
recession for the glass coupon is centered on the base. A glass slide 
coverslip is placed on the central top of the base to form a parallel plate 
flow chamber. A rubber gasket is layered between the cover plate and the
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base to ensure sealing. Bacterial adhesion can be microscopically observed 
through the window on the cover plate.

Before each use, all the elements of the flow cell were sterilized by 
following procedures: glass coverslip was acid-washed with Piranha (3:7 
30% H2O2 /concentrated H2SO4; Bain et al, 1989), rinsed, autocloved, and 
oven-dried at IlO0C for I h; metal cover plate was autoclaved with the 
rubber gasket; and the base was soaked in 70% ethyl alcohol for at least 30 
min, rinsed with sterile Nanopure water (Nanopure™ Ultrapure Water 
System, Barnstead Corp, Duguque, IA) and exposed to UV light for 30 min. 
The flow cell was assembled under a hood to ensure sterility. Right after 
each use, the glass coverslip was discarded and the base was dipped in 2 % 
Clorox bleach and cleaned with small amount of 95% ethyl alcohol. Table 
3.1 lists the dimensions of the flow chamber.

y . cover platez:

rubber gasket

Z /  glass coverslip

polycarbonate base

coupon

Figure 3.1 Flow cell reactor design.
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Table 3.1 Dimensions of the flow chamber

width 1.25 cm
length 4.0 cm
height 0.015 cm
volume 0.076 cm3

Figure 3.2 illustrates the hydrodynamics within the flow chamber. 
Under laminar flow, shear stress (T) is expressed as:

Shear stress = (viscosity) x  (shear rate)

T = | i x a  (Eq. 3.1)

2 b

Figure 3.2 The scheme of laminar flow chamber, w and b are the width 
and half depth of the flow chamber, respectively, v is flow 
velocity.
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The wall shear rate a  can be obtained from Equation (3.2):

O= 1.5 F/(b2w) (Eq. 3.2)

where

F : flow rate
b : half depth of the flow chamber 
w : width of the flow chamber

Reynolds number (Re) of flow through the parallel plate flow 
chamber is calculated from Equation 3.3: (Meinders et al, 1994)

Re = (p/g) <v> b = (p/p) F/w (Eq. 3.3)

where

p : fluid density
p : fluid absolute viscositys: 0.7 cp @37°C

Flow rate through the reactor was maintained at I m l/m in, 
providing a shear stress of 2.42 dyne/cm 2. Re obtained from the given 
parameters is 1.91, which is in the range of laminar flow.

Table 3.2 summarizes the flow cell operating conditions and 
hydrodynamic parameters.
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Table 3.2 Summary of flow cell operating conditions and
hydrodynamic parameters.
flow rate I m l/m in

fluid density I g/cm 3

fluid absolute viscosity 0.7 cp
shear rate 346.26 sec"1

shear stress 2.42 dyne/cm2

Re 1.91
cell concentration 1.0-6.0 E+08 cells/ml

The complete system setup is shown in Figure 3.3. During the 
adhesion event, the flow cell was placed on the stage of an Olympus BH-2 
light microscope and cell adhesion observed through an 80x Ultra Long 
Working Distance lens. The image was captured through a TV camera 
(Model JE3012/A) from Javelin Electronics (Torrance, CA), connected with 
a Panasonic IQ Mechanism VCR (AG-6730) and a Sony Trinitron Color TV 
monitor (KV-20V50). The entire adhesion event was video-taped. The 
cells attached to coupon were later counted from individual frame of 
images.
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Figure 3.3 The entire experimental setup.
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3.4 Proteins

Fibronectin (FN) (Catalog No. 33016-023; Lot No. JKX403, 
lyophilized, SDS-PAGE: >95% pure) from human plasma was purchased 
from Gibco BRL (Gaithersburg, MD), reconstituted in sterile distilled 
water, and stored as 0.1 ml aliquots of I m g/m l at -5° C. The peptide 
segment, RGDS, (Product No. A9041; Lot No. 116H1251; lyophilized, purity 
by HPLC: 98%; MW: 433.4) of FN was obtained from Sigma Chemical 
Company (St. Louis, MO), reconstituted in sterile distilled water, and 
stored as 0.1 ml aliquots of 5 mg/ml at -5° C.

3.5 Coupon Preparation and Protein Binding

Glass coupons I cm x 2.5 cm in size were cut from microscope slides 
(Fisher, Pittsburgh, PA). Glass coupons were acid-washed with Piranha for 
30 minutes to make sure the substrata were thoroughly clean and free of 
any contaminating agent. Following the acid-wash, coupons were rinsed 
with Nanopure water, autoclaved for 15 minutes, and dried in an Isotemp 
Oven (Model 655F, Fisher Scientific) at 110° C for I hr. Oven-dried 
coupons were allowed to cool down to room temperature and then 
incubated with 2 vol% solution of 3-aminoprophyltriethoxy-silane 
(APTES) in acetone for 10 min in a sterile bottle, under constant agitation 
on a shaker (G24 Environmental Incubator Shaker, New Brunswick 
Scientific Co., Edison, NJ.). The hydroxyl groups bound to the glass silicon 
network reacted with APTES to form alkylamine carriers in this step 
(Weetal, 1976). Coupons were retrieved from the APTES-acetone solution, 
dipped briefly in acetone and dried in the oven at 1 1 0 ° C for at least I h. 
Coupons removed, from the oven after drying were left in a bottle to cool 
to room temperature before the next coating step. Cooled coupons were 
individually stored in sterile petri dishes (Falcon 1006, Becton Dickinson). 
The pretreated coupons were examined by X-ray photoelectron 
spectroscopy (XPS) analysis to determine the presence of the APTES pre
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treatment as well as the stability of bonded APTES molecules to withstand 
the flow.

Two protocols for protein coating were used after APTES pre
treatment to tether protein molecules/fragements with two different 
orientations on the substratum:

With NHz groups tethered on the substratum (COOH-ends exposed)
The alkylamine carrier established in the APTES pre-treatement 

step was transformed into an aldehyde carrier by incubation with 
glutaraldehyde in Nanopure water. A 0.46 ml aliquot of 1.1% 
glutaraldehyde was dispensed onto the coupon surface. Coupons were 
incubated at room temperature for 30 min. At the end of incubation, the 
coupons were rinsed with Nanopure water, a 0.46 ml aliquot of FN or 
RGDS solution was dispensed on the surface, and the coupon was 
incubated for a 2 h at 37°C in an Imperial III Incubator (Lab-Line 
Instruments Inc., Melrose Park, IL). Free amino groups on the proteins 
covalently bonded with the aldehyde carriers on the glass surface. After 
rinsing with Nanopure water, a 0.46 ml aliquot of 0.2 M glycine in 
Nanopure water was dispensed on the coupon and incubation of I h at 
room temperature to eliminate any unreacted aldehyde groups. The 
coupon was rinsed with Nanopure water at the end of glycine incubation 
and immediately placed in a flow cell reactor. The flow cell reactor was 
assembled under a hood. A bacterial adhesion experiment began shortly 
thereafter. All the coupons were prepared right before use and were 
discarded according to proper safety regulations after each use. This 
protocol was used to manage all the RGDS coated coupons.

With COOH groups tethered on the substratum (NHz-ends exposed).
In addition to binding FN with NHz-end tethered on the surface as 

described above, FN molecules were immobilized in an opposite 
orientation with the COOH-ends tethered on the coupons. Therefore NHz- 
ends were exposed to the bacterial cells. In this protocol, a peptide bond 
was established to bind the COOH end of FN with the alkylamine moeity
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on APTES on the substratum, by excluding the glutaraldehyde treatment 
in the previous procedure. A 0.46 ml aliquot of FN solution was dispensed 
on the APTES-pre-treated coupon for a 2 h incubation at 37°C in an 
Imperial III Incubator. Carboxyl groups on the proteins reacted with the 
amino groups on APTES to form peptide bonds, immobilizing FN 
molecules on the surface. After rinsing with Nanopure water, a 0.46 ml 
aliquot of 0.2 M glycine in Nanopure water was dispensed on the coupon 
for I h at room temperature to eliminate any surface active groups. The 
coupon was rinsed with Nanopure water at the end of glycine incubation 
and assembled in the flow cell reactor immediately. The adhesion 
experiment began right after the assembly.

Unmodified glass control coupon used in each experiment was pre
treated with APTES and glutaraldehyde, followed by the final treatment of 
glycine incubation to eliminate any active groups on the coupon surface. 
The concentration of FN stock solution was I mg/ml, while the one of 
RGDS was 5 mg/ml. Both stock solutions were stored as 0.1 ml aliquots at 
-5°C then thawed and diluted before use. Two RGDS concentrations 
diluted from the stock solution were used to coat the RGDS coupons: I 
m g/m l and 100 pg/ml. Three different levels of FN concentration—high, 
medium, and low—were used to coat the FN coupons, and the FN 
densities on the coupons were obtained through the methods described in 
next section.

3.6 Protein Radiolabeling and Quantitation

The quantity of protein bound onto a glass coupon was determined 
using a radiolabeling method and a NanoOrange™ Protein Quantitation 
Kit. FN and RGDS were labeled with 125I (half-life 60 days) at the 
University of Connecticut Health Center. The specific activity in counts 
per minutes (cpm) of radioactive'proteins was measured, by a MINAXI y, 
Auto-Gamma 5000 Series Gamma Counter (Packard, Meriden, CT). 
Proteins were iodinated using Di[125I]-Bolton-Hunter Reagent (Product
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No. NEX-120H; Lot No. BB41080; Radiochemical Purity: > 95%) obtained 
from NEN™ Life Science Products (Boston, MA). The iodinated proteins 
with a series of dilutions were used to coat the glass coupons. Specific 
activities of proteins in solution and on the glass coupons were both 
measured. The solution and bound protein concentrations were 
corroborated using the NanoOrange protein assay performed on a 
fluorometer.

3.6.1 Bolton-Hunter Reagent

Bolton and Hunter (1973) developed the reagent N^succinimidyl-3- 
(4-hydroxyphenyl) propionate (SHPP) for the indirect radioiodination of 
proteins. The N-hydroxysuccinimide (NHS) ester end of the SHPP 
molecule reacts with the amine groups in target molecules to form stable 
amide bond derivatives, while the other end of SHPP contains a phenolic 
group that is ideally suitable for modification with 125L The major 
advantage for using Bolton-Hunter reagent for indirect iodination is that 
non-tyrosine-containing proteins, which include the RGDS sequence, also 
may be iodinated. That is, any molecule containing an available amine 
group can be radioiodinated with Bolton-Hunter reagent. Moreover, 
substances sensitive to oxidant exposure can be labeled without loss of 
activity or structural degradation (Hermanson, 1996), which ensures that 
the function of FN molecules will not be affected. The Di[125I]-Bolton- 
Hunter Reagent (MW: 511.2) used in this study is the diiodinated version 
with 2 iodine substitutions per SHPP molecule. The product received had 
a specific activity of 4400 Ci/mmol calculated on March 16, 1998 and was 
supplied in anhydrous benzene. This reagent was used on March 19, 1998. 
A mixture of Bolton-Hunter reagent and protein was passed through a 
phosphate buffered saline (PBS) washed filtration column filled with G25 
cellulose. Fractions of radiolabeled samples passing through the column 
were collected by an automated collecting system for 1 .2  min in numbered 
test tubes placed under the collecting arm. The flow rate out of the column 
was approximately 1.25 ml/min. About 1.5 ml of sample was collected in 
each tube during the 1.2  min interval. 10  (il of collected samples from each
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tube was transferred to miniature test tubes and activity of these samples 
was measured on the Gamma Counter.

3.6.2 NanoOrange™ Protein Assay

NanoOrange Protein Quantitation Kit (Catalog No. N-6 6 6 6 ) from 
Molecular Probes, Inc. (Eugene, OR) is able to detect protein concentrations 
in the range of 10 ng/m l to 10 |ig/m l. A detailed protocol is provided in 
Appendix B. Two (2) mg/ml of bovine serum albumin (BSA) was used for 
standard curve preparation. A series of diluted protein samples were 
added to the NanoOrange reagent, and this mixture was then heated at 95° 
C for 10 minutes, protected from light. Samples were cooled to room 
temperature for 20 minutes and then fluorescence was read on a Turner 
Design TD-700 fluorometer (Sunnyvale, CA) using excitation /  emission 
wavelengths of 485/590 nm. Fluorescence of radiolabeled protein solution 
with known specific activity was measured by the same procedure; thus 
the protein content (in terms of weight or concentration) was determined. 
Using combined data for specific activity and fluorescence together, the 
ligand density on coupons was calculated.

3.7 Bacterial Adhesion

Bacterial adhesion experiments were carried out with unmodified 
glass control and protein-coated coupons in the flow cell reactor, with a 
constant bacterial cell suspension supplied from the CSTR, providing 
about 1.0 x  IO8 to 6.0 x  IO8 cells/ml (Figure 3.3). The time span for each 
adhesion experiment was 3 h and the entire attachment event was 
recorded on video tape. The attached cells were counted from individual 
recorded images at 5 minutes intervals throughout entire attachment 
process, except in the first 10  minutes intervals which were counted every 
minute. The attached cell number obtained from individual counts was 
then converted to attached cell density.
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For the attachment experiments with unmodified coupons, three 
sets of experiments, coded as Control-I, II, and III, served as the controls in 
this study. Control-I was done with coupons which were acid-washed only 
and without any further treatment on surface. Control-!! and III were 
carried out with cleaned coupons pre-treated with APTES, but with the 
FN/RGDS binding step omitted. Coupons for Control-II were pre-treated 
with 2% APTES, while coupons for Control-HI had 2% and 0.5% APTES 
pre-treatment for comparison. Coupons for Control-II and III were all 
coated with glycine in the final step to eliminate any active groups on the 
coupon surface.

In the experiments for bacterial specific binding with FN/RGDS, a 
run on one control coupon without any protein coated was always 
included. The same procedures for binding FN in different orientations 
were followed in the preparation of the control coupons, but the FN 
immobilization step was omitted.
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CHAPTER 4 

RESULTS

The effects of different protein and RGDS peptide concentrations 
and orientations were studied under controlled hydrodynamic conditions 
using a known suspended cell concentration of S. epidermidis. Results 
presented below include:
(1) . S. epidermidis batch growth rate studies,
(2 ) . protein and peptide binding studies,
(3) . the control experiments of bacterial adhesion on:

(a) , clean glass coupons, and
(b) \ glass coupons treated with a silane tethering agent (APTES), and

(4) . bacterial adhesion on coupons coated with:
(a) , peptide (RGDS), and
(b) . protein (intact FN with NHz- or COOH functional groups exposed).

4.1 Staphylococcus epidermidis Batch Growth Rate Studies

Specific rowth rate [pg) of S. epidermidis was determined from 
batch studies with various glycerol concentrations ([Gly]): I, 0.75, 0.5, 0.25, 
0.0625, and 0.025 times of 0.92 g/L (equals to 10 mM). Glycerol was verified 
as the carbon source of bacterial growth through a glycerol assay described 
in Appendix C. Figure 4.1 shows the growth rates obtained from each [Gly] 
listed above. Maximum specific growth rate (p-max) was calculated from all 
the ./igvalues and found to be 0.529 hr-1. Specific growth rate of S . 
epidermidis provided with 0.92 g/L  [Gly] was 0.49 hr-1. Saturation 
coefficient (ks) was also calculated and the value was 0.069 g/L. The 
derivations of specific growth rate and saturation coefficient can be found 
in Appendix D.
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Growth rate of S.E. 
vs.

Glycerol concentration

0.5  -

0.4  -

0.2  -

0.1 -

G ly c e ro l c o n e . (g/L)

Figure 4.1 Growth rate (Hg) of S. epidermidis versus glycerol 
concentration provided in growth substrate.



35

4.2 Protein and Peptide Binding Studies

X-ray photoelectron spectroscopy (XPS) surface analysis were used to 
verified the presence of the APTES pre-treatment on the coupons before 
the protein/peptide coating procedure. The analysis was carried out in the 
Image and Chemical Analyis Laboratory at Montana State University. The 
tested samples included: (I). coupons pre-treated with APTES; (2). coupons 
pre-treated with both APTES and glutaraldehyde; (3). coupons pre-treated 
with APTES only and submerged in water for 3 hours; and (4). coupons 
pre-treated with both APTES and glutaraldehyde and submerged in water 
for 3 hours. Those samples submerged in water were air-dried prior to XPS 
analysis. Two duplicated samples of each category were loaded at the same 
time for analysis and examined under high resolution. The results 
confirmed the presence of APTES on the coupons as well as the aldehyde 
carriers resulting from glutaraldehyde treatment. Both APTES and 
aldehyde carriers remained on the substrata after being suberged in water 
for 3 hours, based on the results of XPS analysis. All the obtained XPS 
spectra and the statistical details are provided in Appendix E.

Three different FN levels, ranging from high to low, were used in 
this work. The liquid phase concentrations of FN solutions to coat the 
coupons were 100, 10, and I pg/m l, respectively. By means of 125I 
radiolabeling, FN density on the coated coupons was determined and 
corroborated with the aid of NanoOrange Kit. The FN density from high 
to low level are: 8.0 E ll, 8.1 ElO and 8.4 E9 FN molecules per cm2 on the 
coupons, respectively, as shown in Figure 4.2. Details of the calculation are 
provided in Appendix F. I25I-RGDS peptide binding on the coupon was 
also examined. However, due to the small molecular weight of this short 
peptide, its separation from Bolton-Hunter reagent was not successful and 
the RGDS density on the surface could not be determined. Hereby, the 
amounts of RGDS on coupons obtained from two different RGDS 
concentrations—high and low level—diluted from the 5 m g/m l RGDS 
stock solution will be expressed in terms of I m g/m l and 1 00  p g /m l



coating, instead of in the form of an areal density. Details of the RGDS 
binding study are also provided in Appendix F.
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FN density vs. [FN] used for coating

1.0e+12-------

8.0e+11

6.0e+11

4.0e+11

2.0e+11

0.0e+0
I 0 0

A ctu a l FN c o n e  in s o lu tio n  (u g /m l)

1 0 0

Figure 4.2 Linear regression of FN density and FN (125I-FN or unlabeled 
FN) concentration in solution used for coupon coating. 
Triangle symbols indicate the density of coated 125I-FN in 
amount of 1.7 E+10 and 5.2 E+7 FN molecules per cm2, which 
were resulted from the coating of FN concentrations of 2.1
and 2.1 E-2 fig/ml in solutions, respectively. The densities of 
unlabeled FN used in specific adhesion experiments are 
extrapolated along the line, shown here by the solid square 
symbols, numbering 8.0 E+ll, 8.1 E+10 and 8.4 E+9 FN 
molecules per cm2.
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4.3 Bacterial Adhesion Studies

The results of bacterial adhesion studies are presented in this order: 
Three sets of Control Experiments I~III, adhesion to RGDS-coated 
substratum, and adhesion to FN-coated substratum.

4.3.1 Control Studies with Clean Glass without Treatment: Experiment
Control-1

This first set of bacteria adhesion experiments to evaluate the image 
system and the recording approach was carried out with coupons which 
were acid-washed only without any further treatment. Fourteen (14) 
experiments were carried out with control surface. Adhesion processes 
were recorded by moving the recorded spots around the center of the 
coupon at 5 minutes intervals, in an attempt to obtain an overall 
observation. However, the outcome of this "moving around" strategy 
gave discrete numbers of attached bacterial cells between different 
observation spots and failed to give a curve with a smooth trend through 
the adhesion event. An example is given in Figure 4.3. The rest of the 
results from Control-1 are not presented here since there was little 
contribution of the data to the analysis. The recording strategy was 
adjusted afterwards. For subsequent adhesion experiments, the adhesion 
process was recorded at a fixed spot in the center of the coupon for the 
entire 3 hours. Furthermore, at the end of each adhesion experiment in 
Experiment Set Control-Ill and all the subsequent bacterial adhesion 
experiments, the coupon was moved around to capture several different 
image fields. The average number of cells in these fields was used to 
calculate the final attached cell number per field, which was converted to 
attached cell density on the basis of the coupon area. The entire curve 
shown in attached cell density vs. time was adjusted based on the 
difference between the final average number and the count obtained from 
the first image field which has been recorded throughout the 3 hours time 
span. The error associated with this approach was determined based on the



difference between the average and the maximum/ minimum count from 
individual image field. The statistical error is presented as error bars along 
with each attachment curve.
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Figure 4.3 Bacterial attachment on no-treatment clean glass coupon 
over a time period of 3 hours, showing as number of attached 
cells on one field of TV screen vs. time, from the sixth run in 
Control-I.
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4.3.2 APTES-only coated Control Studies: Experiment Control-II and III

Control-II and III were carried out to determine the background 
bacterial adhesion to coupons pre-treated with the tethering agent APTES 
but without any protein coating. Coupons for Control-II were pre-treated 
with 2% APTES, while coupons for Control-Ill had both 2% and 0.5% 
APTES pre-treatment since there was a possibility to have difference in 
ligand density control by varying the amount of tethering agent on the 
surface.

Control-11. Inlet suspended S. epidermidis concentrations exposed to the 
surfaces are given in Table 4.1, along with the pre-treatment condition for 
each coupon. Results are shown in Figure 4.4, plotted for the entire 3 h 
time span. The results show Control-II-I and Control-II-2 reached the 
same attached cell density in the amount of 4.53 ES cell # /cm2 at the end of 
3 h. The attached cell density obtained from Control-II-3 was 31.8% higher, 
compared to Control-II-I and 2 , while the inlet cell concentration used in 
Control-II-3 was 18.7% higher than what used in Control-II-2, as shown in 
Table 4.2. Figure 4.5 shows the plot of the first 10 min of data from Figure 
4.4. Initial adhesion rates for the first 10 min for all the APTES control 
experiments were calculated on an areal basis and collected in Table 4.3. 
Initial adhesion rate of each curve in Figure 4.5 was obtained by first 
statistically fitting the data points within the first 10  min of adhesion 
process with kinetic equations and then calculating the maximum time 
rate of attached cell density at time t (l<t<1 0 ), based on the best fitted 
curve/equation generated by computer software. The plots presenting the 
curve-fit of each bacterial attachment process within the first 10  minutes 
section are provided in Appendix G. As shown in Table 4.3, a higher inlet 
cell concentration resulted in a higher initial adhesion rate. The increase 
in initial adhesion rate followed a linear relationship in general.
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Table 4.1 Coupon pre-treatm ent inform ation and inlet cell
concentration for each run in Control-II Experiments.

Experiment Pre-treatment Inlet cell cone. (#/ml)
Control-II-I 2% APTES 1.78 ES
Control-II-2 2% APTES 2.30 ES
Control-II-3 2% APTES 2.73 ES

Table 4.2 Increase of attached cell density in percentage at end of 3 
hours. The result from Experiment Control-II-I was used as 
the reference level, which had the lowest inlet cell 
concentration.

Experiment Attached cell density at Increase of attached cell
the end of 3 hrs density in percentage

(#/cm2) (%)
Control-II-I 4.53 E5

; Control-II-2 4.53 E5 —

Control-II-3 5.97 ES 31.8

Table 4.3 Initial adhesion rates for the first 10 min calculated from the 
curves in Figure 4.5. Coupons were all treated with 2%
APTES.

Experiment Inlet cell cone, 
(cell #/ml)

Initial adhesion rates 
(cell #/min-cm2)

Control-II-I 1.78 ES 6.4 E4
i Control-II-2 2.30 ES 8.4 E4

Control-II-3 2.73 ES 11.6 E4
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Control-ll: 2% APTES Pre-Treatment

7.0e+5

6.0e+5 ~

5.0e+5 -

4.0e+5 -

3.0e+5 ■

2.0e+5

1 .Oe+5 -

O.Oe+O a

Time (min)

Control-IM  ----- □—  Control-ll-3

a ..... Control-ll-2

Figure 4.4 Time series of attached cell density on coupons treated with 
2% APTES in Control-II, plotted for the entire time period of 
3 h.
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Control-11: 2% APTES Pre-Treatment 
(first 10 min. plotted)
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Figure 4.5 Time series of attached cell density on coupons treated with 
2% APTES in Control-II, plotted the first 10 min of data from 
Figure 4.4.
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Control-Ill. Experiments of Control-Ill were repeated with 0.5% APTES 
modification in addition to the standard 2% APTES protocol for an 
investigation on the possibility of ligand density control through the 
amount of tethering agent adsorbed. Table 4.4 lists the individual 
condition for each run, including pre-treatment and inlet suspended cell 
concentration used. Control-ill-la and lb were performed on one CSTR 
run, with Control-III-Za and 2b on another. The inlet suspended cell 
concentrations were kept about the same in both CSTR runs. Figure 4.6 
represents the comparison of the effect on the change of APTES 
concentration done in this control. In general, surfaces treated with lower 
APTES concentration (0.5%) resulted in fewer bacterial cells attached on 
the coupons, but the decrease was not proportional to the decrease of 
APTES concentration change. In the cases of Control-III-Ia and lb, the final 
attached cell density at the end of 3 hours on the 0.5% APTES pre-treated 
coupon was 17.1% less that on the 2% APTES pre-treated coupon. For 
Control-III-Za and 2b, which were run with cells from another CSTR, the 
decrease of final attached cell density was 10.5%, while the APTES 
concentration used in pre-treatment was decreased from 2% to 0.5%. The 
reduction in bacterial adhesion was not proportional to the decrease in 
APTES concentration. The effect of background bacterial adhesion arising 
from pre-treatm ents of different APTES concentration was thus 
considered minor. Table 4.5 summarizes the comparison.

The first 10 min of data from Figure 4.4 is plotted in Figure 4.7 and 
the initial adhesion rate of each curve is obtained in the same way as 
described in previous Control-II section. Here, however, the curve fit in 
the case of Control-III-Zb is not possible due to the missing data points in 
the first 8 min and the initial adhesion rate of this curve is obtained 
directly from its slope of the straight line shown in Figure 4.7 and the 
number could be underestimated. Table 4.6 lists all initial adhesion rates. 
These initial adhesion rates did not show notable difference between 
bacterial adhesion on 2 % and 0.5 % APTES pre-treated coupons. In the 
case of Control-Ill, at the end of 3 hours, bacteria attached 11.7 % more on
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coupon lb which was pre-treated with 2% APTES than on coupon la 
which was pre-treated with 0.5 % APTES.

These results suggest that there was no significantly different effect 
on bacterial adhesion from 2% and 0.5% APTES pre-treatment, whether it 
is in the aspect of over-all adhesion or initial adhesion. To prevent 
possible incomplete coverage by the lower APTES concentration pre
treatment, 2% APTES was used to ensure full surface coverage of coupling 
agent in the following adhesion experiments with protein/peptide 
coating.

Table 4.4 Coupon pre-treatment condition and inlet cell concentration
for each run in Control-Ill Experiments.

Experiment Pre-treatment Inlet cell cone. (#/ml)
Control-III-la(°-5%) 0.5% APTES 1.76 ES
Control-III-lb(2%) 2% APTES
Control-III-2a(0-5%) 0.5% APTES 1.90 ES
Control-III-2b(2%) 2% APTES

Table 4.5 Decrease of attached cell density in percentage at end of 3 
hours for each run in Control-Ill Experiments when the 
APTES pre-treatment was decreased from 2% to 0.5%.

Experiment Decrease of attached cell 
density in percentage (%)

Inlet cell cone. (#/ml)

Control-III-la(0-5%) 17.1 1.76 ES
; Control-III-lb(2%) -

Control-III-2a(0-5%) 10.5 1.90 ES
Control-III-2b(2%) -



C
el

l 
de

ns
ity

 
(#

/c
m

A2
)

47

Control-Ill: 0.5% & 2% APTES Pre-Treatment

7.0e+5

5.0e+5 -

4.0e+5 -

3.0e+5 -

2.0e+5

I .Oe+5 i

Time (min)

-----■—  Control-IlM a (0.5% APTES)
......□ ..... Control-Ill-1 b (2% APTES)

---- ■—  Control-lll-2a (0.5% APTES)
.....A .... Control-lll-2b (2% APTES)

Figure 4.6 Attached cell density on coupons treated with 0.5% and 2% 
APTES in Control-Ill. The error bars represent the standard 
deviation.
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Control-Ill: 0.5% & 2% APTES Pre-Treatment
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Figure 4.7 The plot of the first 10 min of attached cell density on 
coupons treated with 0.5% and 2% APTES in Control-Ill.
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Table 4.6 Initial adhesion rates for the first 10 min calculated from the 
curves in Figure 4.7. Coupons used in Control-III-Ia and 2a 
were pre-treated with 0.5% APTES. Coupons used in Control- 
III-Ib and 2b were pre-treated with 2% APTES. For both 
Control-Ill.I and 2, inlet suspended cell concentrations were 
around 2.0 ES #/ml.

Experiment Inlet cell cone. 
( cell #/ml)

Initial adhesion rates 
(cell # /min-cm2)

Control-III-la(0-5%) 1.76 ES 6.8 E4
Control-m-lb(2%) 8.0 E4
Control-III-2a(0.5%) 1.90 ES 7.4 E4
Control-III-2b(2%) 2.4 E4

4.3.3 Adhesion to RGDS-coated Substratum

After the Control-II and III studies were completed, a standard 2% 
APTES pre-treatment protocol was adopted for protein coating, on all 
substrata for specific adhesion experiments. Ligand density on the coupon 
was manipulated through various concentrations of protein solutions, 
while the amount of tethering agent (APTES) remained the same. Two 
different RGDS concentrations, I m g/m l and 100 |ig/ml, were applied onto 
the coupons for coating. In each set of specific adhesion experiments on 
RGDS, a coupon pre-treated with 2% APTES but with no RGDS coating on 
the substratum, surface served as control. Table 4.7 lists the RGDS 
concentration used to coat the coupon and inlet cell concentration for each 
RGDS experiment.
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Table 4.7 RGDS coating concentration and inlet cell concentration for
each run in RGDS Exp Set.

Experiment RGDS Coating cone. 
(Hg/ml)

Inlet cell cone. 
(#/ ml)

R(I)-Control — 1.Z0 ES
R(I)-IOO pg 100
R(Z)-Control —

Z.30 ESR(Z)-IOO fig 1000
R(Z)-I mg 100
R(S)-Control — 4.17 ES
R(3)-100 pg 100
R(4)-Control -

5.9Z ESR(4)-100 Hg: I 100
R(4)-100 Hg:2 100

In general, regardless of suspended bacterial cell concentration, RGDS 
appeared to reduce the maximum extent of bacterial adhesion, although 
the differences were within the statistical error of the image analysis. 
Figures 4.8 and 4.9 are the plots of the bacterial attachment on RGDS- 
coated substrata over the time period of 3 hours. As shown in both figures, 
when the coupons were coated with RGDS, bacterial cells attached at a 
slightly lower maximum number in comparison to control coupons 
without RGDS coatings, although the differences were not statistically 
significant. The decrease was statistically significant when a higher inlet 
cell concentration was applied in the adhesion experiments. For example, 
the RGDS coated coupon in Set R(4) reduced the maximum amount of 
bacterial adhesion by about 40%, compared to the attached cell density on 
control coupon at the end of 3 hrs. Table 4.8 tabulates these decreases in 
attached cell density in RGDS experiments. Figures 4.10 and 4.11 are the 
plots of the first 10 min of data from Figures 4.8 and 4.9. Initial adhesion 
rate for each adhesion study are given in Table 4.9.
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Bacterial Attachment on RGDS
Coated Coupons (Set no: 1 & 2)

1.5e+6-

5.0e+5 -

0.0e+0

Time (min)

---- o — R(1): Control ......□ ..... R(Z)-ControI

R(I)-IOOugZmI RGDS — A — R(2)-1 OOugZmI RGDS

R(2)-1mgZml RGDS

Figure 4.8 Attached cell density on coupons coated with RGDS peptide 
in Experiments R(I) and R(2). Coupons were all pre-treated 
with 2% APTES. No RGDS was coated on the Control
coupons, while RGDS solutions of I mg/ml and 100 pg /m l 
concentrations were used for RGDS coating.
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Bacterial Attachment on RGDS
Coated Coupons (Set no: 3 & 4)

2.0e+6

0 3 0  6 0  9 0  1 2 0  1 5 0  1 8 0

Time (min)

...... O....* R(S)-Control
— * —  R(3)-100ug/ml RGDS

"D....  R(4)-Control
- • ----  R(4)-100ug/ml RGDSM
"*■— R(4)-100ug/ml RGDS:2

Figure 4.9 Attached cell density on coupons coated with RGDS peptide 
in Experiments R(3) and R(4). No RGDS was coated on the
Control coupons, while 100 pg/m l RGDS solution was used 
for RGDS coating.
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Table 4.8 Decrease of attached cell density in percentage from each run 
in RGDS Exp Set. The decrease was compared to the control 
coupon in each set run w ith the same inlet cell 
concentration.

Experiment Attached cell density 
decrease in percentage

Inlet cell cone. 
(#/ ml)

R(I)-Control — I.ZO ES
R(I)-IOO pg 0.76
R(Z)-Control —

Z.30 ESR(Z)-IOO pg 10.8
R(Z)-I mg 8.3
R(S)-Control - 4.17 ES
R(S)-IOO pg 17.8
R(4)-Control —

5.9Z ESR(4)-100 pg:l 38.7
R(4)-100 pg:Z 37.5
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Bacterial Attachment on RGDS
Coated Coupons (Set no: 1 & 2)

1 .Oe+6

2.5e+5 -

O.Oe+O

T im e (m in )

R(1): Control ......□ ..... R(2)-Control

•*— R(I)-I OOug/ml RGDS — Tk— R(2)-1 OOug/ml RGDS

R(2)-1 mg/ml RGDS

Figure 4.10 The plot of the first 10 min of data of attached cell density on 
coupons coated with RGDS peptide from Figure 4.8. No 
RGDS was coated on the Control coupons, while RGDS
solutions of I m g/m l and 100 pg/m l concentrations were 
used for RGDS coating.
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Bacterial Attachment on RGDS
Coated Coupons (Set no: 3 & 4)
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1.0e+6-

5.0e+5 -
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----- * —  R(3)-100ug/ml RGDS -----m  R(4)-100ug/ml RGDSM

R(4)-100ug/ml RGDS:2

Figure 4.11 The plot of the first 10 min of data of attached cell density on 
coupons coated with RGDS peptide from Figure 4.9. No 
RGDS was coated on the Control coupons, while 100 jig/m l 
RGDS solution was used for RGDS coating.
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Table 4.9 Initial adhesion rates for the first 10 min calculated from the
curves in Figures 4.10 and 4.11.

Experiment Inlet cell cone. 
(#/ ml)

' Initial adhesion rate 
(cell #/min-cm2)

R(I)-Control 1.20 ES 4.4 E4
R(I)-IOO jig 4.8 E4
R(Z)-Contrbl

2.30 ES
6.7 E4

R(Z)-IOO pg 7.1 E4
R(Z)-I mg 4.1 E4
R(S)-Control 4.17 ES 10.4 E4
R(S)-IOO pg 8.2 E4
R(4)-Control

5.92 ES
17.6 E4

R(4)-100 pg:l 8.4 E4
R(4)-100 pg:2 8.5 E4

According to Table 4.9, the higher the inlet cell concentration, the 
higher the initial rate of bacterial adhesion on the Control coupon without 
RGDS coating. This effect of suspended cell concentration on adhesion 
rates is consistent with many reports (Dryers, 1980; 1982) regarding 
increased particle flux to the surface with increasing particle concentration. 
The increase of the initial rate was proportional to the increase of the inlet 
cell concentration on all control coupons. However, in the case of bacterial 
adhesion on RGDS-coated coupons, the increase of initial adhesion rates 
did not follow this linear relationship and the increase was moderate or 
the initial rates were essentially the same. In the case of higher inlet 
bacteria concentrations (i.e., R(4)), the initial rates of bacterial adhesion on 
RGDS-coated coupons and controls were noticeably different. The initial 
adhesion rates on RGDS-coated coupons were about half of the rates on 
control coupon.
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Furthermore, comparing the effect of RGDS coating in set R(2) 
while the same inlet bacterial cell concentration was provided, the coupon 
coated with Img RGDS solution (R(Z)-Img) resulted in lower initial rate 
then the coupon coated with IOOpg RGDS solution (R(2)-100pg). Overall, 
RGDS coating exhibited an ability to inhibit bacterial adhesion, especially 
when higher bacteria concentrations were present.

4.3.4 Adhesion to FN-Coated Substratum: COOH-End Exposed

To study bacterial specific adhesion in terms of binding affinity to 
different domains on the FN molecule, FN molecules were bound to the 
2% APTES-treated coupons in two different orientations: with either the 
COOH- or the NH2- ends exposed to the bacterial cells. To expose the 
COOH-ends, NHz- groups of FN molecules Were covalently bound on the 
surface through aldehyde carriers. IO-1, IO-2, and 10~3 dilution factors were 
used to dilute the original FN solution of I m g/m l for FN coating to 
generate various ligand densities on the coupons, ranging from high to 
low level of FN density. The corresponding FN densities for each coating 
with these dilution factors are listed in Table 4.10, based on the analysis in 
Appendix E. Inlet cell concentration for each FN Exp Set is tabulated in 
Table 4.11. In each set of specific adhesion experiments on FN, a coupon 
with no FN coating on the surface served as a control.
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■ Table 4.10 FN density on 2% APTES pre-treated coupons coated at 
decreasing FN concentrations, with NHz groups tethered on 
the surfaces.

Soluble FN cone, (pg/ ml) FN density on coupon (FN # /cm2)
High: 100 8.0 E+ll

Medium: 10 8.1 E+10
Low: I 8.4 E+09

Table 4.11 Inlet cell concentration to flow cell in FN Exp with NHz 
groups tethered on the substratum. FN density, ranging from 
high, medium, to low level, on each FN-coated coupon is 
also listed.

Experiment FN density (FN # /cm2) Inlet cell cone. (#/ml)
FN(I)-Control — 4.74 ES
FN(I)-Mgh 8.0 EU
FN(Z)-Control — 3.54 ES
FN(Z)-Mgh 8.0 EU
FN(S)-Control — 2.73 ES
FN(3)-med 8.1 ElO
FN(4)-Control - 1.15 ES
FN(4)-low 8.4 E09
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Figure 4.12 and 4.13 show the results of bacterial attachment over a 3 
hour period to modified surfaces where the NHg groups of FN were 
tethered on the substratum, creating a surface of exposed FN COOH 
groups. As expected. Figure 4.10 reveals that in all the 3 experiment sets, 
the COOH-group-exposed FN layer decreased bacterial adhesion relative 
to the controls. With high FN density on the substrata (FN(l)-high and 
FN(2)-high), attachment decreased more significantly by more than 85% 
compared to the control in each set. This reduction in bacterial 
attachment was even more apparent with FN than in the case of RGDS- 
coated substratum studies, in which the most significant decrease was no 
more than 40%. However, in both cases of RGDS and FN-COOH exposed 
surfaces, the bacterial attachm ent increased w ith decreasing 
peptide/protein concentration used in coating. In FN(3), the bacterial 
attachment to the coupon coated with medium FN density (FN(3)-med) 
increased notably in the third hour, although the final attached cell 
density was still less than that of control by 25.9%. In FN(4), when the FN 
density decreased from 8.1 E+10 (medium) to 8.4 E+9 (low) FN molecules 
per cm2, bacterial cells attached 86.8% more on FN-coated coupon (FN(4)- 
low) than on control coupon (FN(4)-control). Bacterial attachment in the 
case of FN(3) was plotted along with that of FN(4) in Figure 4.13 for 
comparison. Table 4.12 summarizes these results. Note that the inlet cell 
concentration used in FN(4) was less than that in FN(3), which resulted 
in lower final attached cell densities on both coupons in FN(4), compared 
to those on coupons in Set FN(3).
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Table 4.12 Changes in attached cell density, compared to the control
coupon in each set, in percentage at the end of 3 hours in FN 
Exp with NH2 groups tethered on the substratum.

Experiment
Increase /  decrease of 

attached cell density in 
percentage (%) *

Inlet cell cone. (#/ml)

FN(I)-Control — 4.74 ES
FN(I)-Mgh -85.7
FN(2)-Control - 3.54 ES
FN(2)-high -87.1
FN(S)-Control — 2.73 ES
FN(3)-med -  25.9
FN(4)-Control — 1.15 ES
FN(4)-low + 86.8

* indicates decrease; "+" indicates increase

The first 10 min of data from Figures 4.12 and 4.13 were plotted in 
Figures 4.14 and 4.15. Initial adhesion rates, obtained in the way described 
in Section 4.3.2 (page 39), for each adhesion study are given in Table 4.13.



(Z
vU

io/#) 
A

ijsuaQ
 

IIdO

61

FN Coated Coupon Exp: nos. 1, 2 & 3
with COOH-end exposed

I .Oe+6 
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Figure 4.12 Attached cell density on coupons coated with FN with 
COOH-end exposed. NH2 groups on FN molecules were 
bound on coupons pre-treated with 2% APTES and linked by 
glutaraldehyde. Control coupons were 2% APTES pre-treated, 
layered with glutaraldehyde, and without FN coating. All 
coupons were finished with glycine coating. FN-surface was 
evaluated at two densities: 8.0 E+ll (high) and 8.1 E+10 
(medium) FN molecules/cm2.
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FN Coated Coupon Exp: nos. 3 & 4
with COOH-end exposed
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Figure 4.13 Attached cell density on coupons coated with FN with 
COOH-end exposed. NH2 groups on FN molecules were 
bound on coupons pre-treated with 2% APTES and linked by 
glutaraldehyde. Control coupons were 2% APTES pre-treated, 
layered with glutaraldehyde, and without FN coating. All 
coupons were finished with glycine coating. FN-surface was 
evaluated at two densities: 8.1 E+10 (medium) and 8.4 E+9 
(low) FN molecules/cm2.
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FN Coated Coupon Exp: nos. 1, 2 & 3
with COOH-end exposed
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Figure 4.14 The plot of the first 10 min of data of attached cell density on 
coupons coated with FN from Figure 4.12 in log scale. No FN 
was coated on control coupons. FN-surface was evaluated at 
two densities: 8.0 E+ll (high) and 8.1 E+10 (medium) FN 
molecules/cm2.
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FN Coated Coupon Exp: nos. 3 & 4
with COOH-end exposed
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Figure 4.15 The plot of the first 10 min of data of attached cell density on 
coupons coated with FN from Figure 4.13 in log scale. No FN 
was coated on control coupons. FN-surface was evaluated at 
two densities: 8.1 E+10 (medium) and 8.4 E+9 (low) FN 
molecules/cm2.
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Table 4.13 Initial adhesion rates for the first 10 min obtained from the
curves in Figures 4.14 and 4.15.

Experiment Inlet cell cone. 
(#/ ml)

Initial adhesion rate 
(cell # /min-cm2)

FN(I)-Control 4.74 ES 13.0 E4
FN(I)-Mgh 2.5 E4
FN(2)-Control 3.54 ES 15.4 E4
FN(2)-high 1.2 E4
FN(S)-Control 2.73 ES" 6.8 E4
FN(3)-med 1.0 E4
FN(4)-Control 1.15 ES 3.6 E4
FN(4)-low 9.5 E4

In general, controls showed that a higher inlet cell concentration 
again resulted in higher initial adhesion rate on control coupons. The 
initial adhesion rates obtained from control coupons in FN(I) and (2) were 
higher than those obtained from control coupons in FN(3) and (4). 
However, when the same cell concentration was provided, the initial 
adhesion rate obtained from the attachment on the coupon coated with 
high level of FN density (FN(I)-high) had very low initial rate, compared 
to control. The same phenomenon was observed in FN(2)-high.

When the FN density on the coupon decreased to medium level 
(FN(3)-med), the difference of initial adhesion rate between the control 
and FN coupon was reduced (6.8 E4 vs. 1.0 E4), compared to the result 
from high level FN density in FN(I) and (2). The lowest inlet bacteria 
concentration and FN density were used in experiment FN(4), which 
demonstrated highest initial adhesion rate on the FN(4)-low coupon, 
compared to the other 3 FN-coated coupons in the COOH- exposed
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experiments. More importantly, this rate was 1.6 times higher than that of 
the control (FN(4)-Control) in the same set. Bacteria attached less to 
substrata coated with high levels of COOH-ends-exposed FN molecules 
then to controls, and attached more to substrata coated with low levels of 
COOH-ends-exposed FN molecules then to controls.

4.3.5 Adhesion to FN-Coated Substratum: NHz-End Exposed

The binding affinity of S. epidermidis to the NHz functional groups 
of FN molecule was studied by tethering the COOH groups to the surface, 
providing an FN layer with NHz functional groups exposed. Coupons 
used in this section were all pre-trealed with 2% APTES. FN solution was 
applied on the APTES-treated coupons to establish peptide bonding 
between the APTES molecules and the COOH groups of FN. A coupon 
processed by the same APTES coupling procedure but without FN coating 
on the surface served as control in each set of specific adhesion 
experiments. Glycine was used on all coupons to occupy any unfilled sites 
on the APTES, as the final step of coating procedure.

Based on the fact that one main binding domain for Staphylococcus 
epidermidis is located at the NHz-terminal region of FN, the experimental 
approach was to bind FN by its terminal COOH to the APTES surface, 
leaving free the main NHz binding region. In reality, the APTES 
procedure could also bind other COOH groups, but in general this 
approach would expose a certain amount of the NHz termini. Here the 
original FN solution of I m g/m l was diluted by 10 and 100 times to 
construct high and medium levels of FN density on the surfaces, 
corresponding to the same nomenclatures used in previous section. The 
resulting FN densities were 8.0 E+ll (high level) and 8.1 E+10 (medium 
level) FN molecules/cm2. The corresponding FN density for each coating 
with these dilution factors are listed in Table 4.14. Each FN experiment 
consisted of bacterial attachment on one control, one high level FN- 
coupon, and one medium level FN-coupon. Four sets of FN experiments
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were carried out and were designated as FN(5) to (8). Inlet cell 
concentration for each FN experiment is tabulated in Table 4.15.

\

Table 4.14 FN density on 2% APTES pre-treated coupons coated with 
two different FN concentrations, with COOH groups tethered 
on the surfaces.

Soluble FN cone, (pg/ml) FN density on coupon (FN # /cm2)
High: 100 8.0 E+ll

Medium: 10 8.1 E+10

Table 4.15 Inlet cell concentration to flow cell in FN Exp. with coupons 
coated with COOH-groups tethered on the substratum. FN 

___________ density is also listed.
Experiment FN density (FN #/cm2) Inlet cell cone (#/ ml)

FN(S)-Control —

2.70 ESFN(5)-med 8.1 ElO
FN(5)-high 8.0 EU
FN(6)-Control —

2.60 ESFN(6)-med 8.1 ElO
FN(6)-high 8.0 EU
FN(Z)-Control —

1.74 ESFN(7)-med 8.1 ElO
FN (7)-high 8.0 EU
FN(S)-Control —

1.13 ESFN(8)-med 8.1 ElO
FN(8)-high 8.0 EU
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Figure 4.16 and 4.17 show the results of bacterial attachment to FN 
coated surfaces over a time period of 3 h. When the inlet bacterial 
concentration decreased, the number of attached cells decreased expectedly. 
Both figures reveal that exposed NH2-groups enhanced bacterial adhesion. 
All experiments carried out with FN coated coupons resulted in more 
attached cells at the end of 3 hours, compared to controls, with higher FN 
density increasing the degree of improvement in adhesion. For each given 
inlet bacterial concentration, bacterial cells attached least on controls, and 
attached most on the coupons coated with FN at the highest density level 
of 8.0 E li FN #/cm 2. In most case the increase was more than 100%, except 
FN(5). Table 4.16 summarizes the results.

Table 4.16 Increase of attached cell density in percentage, compared to
the control coupon in each set, at the end of 3 hours in FN 
Exp, with COOH-groups tethered on the substratum.________

Experiment Increase of attached cell 
density in percentage (%)

Mlet cell cone (#/ml)

FN(S)-Control —

2.70 ESFN(5)-med 13.1
FN(S)-Mgh 66.8
FN(6)-Control —

2.60 ESFN(6)-med 49.6
FN(6)-high 141.5
FN(7)-Control —

1.74 ESFN(7)-med 44.8
FN(T)-Mgh 124.7
FN(S)-Cdntrol —

1.13 ESFN(8)-med 67.6
FN(S)-Mgh 122.7
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The first 10 min of data from Figures 4.16 and 4.17 were plotted in 
Figures 4.18 and 4.19 to investigate the rate of bacterial adhesion at the first 
beginning of the adhesion processes, compared to those in previous 
sections. Initial adhesion rate, following the same definition in Section 
4.3.2 (page 39), for each adhesion study were calculated as before and the 
results are tabulated in Table 4.17.
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FN Coated Coupon Exp: nos. 5 & 6
with NH2-end exposed
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Figure 4.16 Attached cell density on coupons coated with FN with NH2- 
end exposed. COOH groups on FN molecules were bound on 
coupons pre-treated with 2% APTES. Control coupons were 
2% APTES pre-treated only. All coupons were finished with 
glycine coating. FN-surface were evaluated at two levels of 
densities: 8.0 EU and 8.1 ElO FN molecules/cm2, coded by 
"high" (triangle symbols) and "med" (solid square symbols) 
in the graph.
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FN Coated Coupon Exp: nos. 7 & 8
with NH2-end exposed
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Figure 4.17 Attached cell density on coupons coated with FN with NH2- 
end exposed. COOH groups on FN molecules were bound on 
coupons pre-treated with 2% APTES. Control coupons were 
2% APTES pre-treated only. All coupons were finished with 
glycine coating. FN-surface were evaluated at two levels of 
densities: 8.0 EU and 8.1 ElO FN molecules/cm2, coded by 
"high" (triangle symbols) and "med" (solid square symbols) 
in the graph.
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FN Coated Coupon Exp: nos. 5 & 6
with NH2-end exposed
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Figure 4.18 The plot of the first 10 min of data of attached cell density on 
coupons coated with FN from Figure 4.16. COOH groups on 
FN molecules were bound on coupons pre-treated with 2% 
APTES. Control coupons were 2% APTES pre-treated only. 
All coupons were finished with glycine coating. FN-surface 
were evaluated at two levels of densities: 8.0 EU and 8.1 ElO 
FN molecules/cm2, coded by "high" (triangle symbols) and 
"med" (solid square symbols) in the graph.
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FN Coated Coupon Exp: nos. 7 & 8
with NH2-end exposed
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Figure 4.19 The plot of the first 10 min of data of attached cell density on 
coupons coated with FN from Figure 4.17. COOH groups on 
FN molecules were bound on coupons pre-treated with 2% 
APTES. Control coupons were 2% APTES pre-treated only. 
All coupons were finished with glycine coating. FN-surface 
were evaluated at two levels of densities: 8.0 EU and 8.1 ElO 
FN molecules/cm2, coded by "high" (triangle symbols) and 
"med" (solid square symbols) in the graph.
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Table 4.17 Initial adhesion rates for the first 10 min obtained from the
curves in Figures 4.18 and 4.19.

Experiment Inlet cell cone 
(# /ml)

Initial adhesion rates 
(cell #/min-cm2)

FN(S)-Control
2.70 ES

8.4 E4
FN(5)-med 17.3 E4
FN (5)-high 16.1E4
FN(6)-Control

2.60 ES
3.9 E4

FN(6)-med 5.4 E4
FN(6)-high 2.9 E4
FN(7)-Control

1.74 ES
3.0 E4

FN(7)-med 5.2 E4
FN(7)-high 11.5 E4
FN(S)-Control

1.13 ES
1.2 E4

FN(8)-med 6.0 E4
FN(S)-Mgh 21.0 E4

When the NH2-terminal regions of FN were exposed by tethering 
the COOH groups on the substratum, the results in the overall attachment 
and initial adhesion rates calculated from the first 10 minutes were exactly 
opposite to what was oberved previously for the reverse orientation, in 
which COOH ends were exposed (Section 4.3.4). Bacteria attached better on 
all NHz-exposed coupons compared to controls, except in the case of 
FN(6)-high. When a lower inlet cell concentration was provided to the 
flow cell, i.e., FN(7) and FN(8), a higher FN density rendered a higher 
initial rate. However, this phenomenon was not as obvious at the higher 
inlet cell concentration as was provided in FN(5), which resulted in about 
the same rate of initial adhesion on both FN-coated coupons. In general, 
the coupons with FN bound on the surface by its COOH groups 
demonstrated faster initial rates and higher maximum bacterial adhesion 
than the control coupons did in bacterial adhesion.
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CHAPTER 5

SUMMARY AND DISCUSSION

This study dealt with the specific adhesion of Staphylococcus 
epidermidis onto immobilized human fibronectin as a result of specific 
binding. Effects of various ligand densities on specific adhesion as well as 
the affinities of the binding between bacterial cells and different portions 
of the ligands were explored. In addition, the effect of the endothelial cell 
adhesion peptide RGDS on bacterial adhesion was also investigated. 
Bacterial adhesion experiments were carried out on both control and 
FN/RGDS coated glass coupons for 3 hours with known inlet bacterial 
concentrations. Bacteria adhesion processes were videotaped over the 
entire course of the experiment and attached bacterial cell numbers were 
later counted from individual video frames. This study investigated: (i). 
Protein/peptide immobilization on a silanized substratum by varying 
protein solution concentrations; (ii). Quantitation of the amount of 
surface-bound proteins; (iii). Bacterial adhesion on RGDS-coated 
substratum; (iv). Bacterial adhesion on FN-coated substratum; and (v). 
Comparison of computer simulations and experimental results. The 
results revealed that exposed NHz groups on substrata enhanced bacterial 
adhesion. With COOH groups tethered and NHz groups of FN free, a 
higher FN density increased both initial adhesion rate and maximum 
adhesion extent, sometimes by more than 100%, compared to the controls. 
Bound RGDS peptide exhibited an ability to inhibit bacterial adhesion, 
which resulted in about 40% less bacteria attached on the substratum 
when compared to controls at the same conditions. Nevertheless, the 
reduction in bacterial adhesion was even more prominent in those 
experiments where FN molecules were tethered by their NHz groups to 
the substrata in a way that COOH groups were exposed. The extent of 
bacterial cell attachment was decreased in some experiments by more than
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85%, compared to the controls. For example, compared with the ability to 
inhibit bacterial adhesion in the experiments carried out with the same 
range of inlet cell concentration (approximately 4.0 ES # of cells/ml), the 
COOH groups decreased the final attached cell density by 87.1% (FN(2)- 
high), while RGDS peptide reduced the attachment by 17.8% (R(S)-IOOpg).

Based on the opposing effects of bound FN on S. epidermidis 
bacterial cell adhesion that are dependent on orientation of FN molecules, 
results suggest that an FN molecule bound by COOH groups may present 
to the incoming bacteria more available NHz terminal ends of the FN 
molecule. Literature as shown that the 29 kD end is a specific ligand for S. 
aureus adhesion and has been suggested to serve the same role in S. 
epidermidis specific adhesion. Although not conclusive, results here 
would be in agreement with this hypothesis.

0.5% and 2% of APTES pre-treatment did not show significant 
effects on the background bacterial adhesion, especially when the statistical 
errors of the attachment curves were taken into account. As shown in 
Figure 4.6 (page 45), the attachment curves from different pre-treatment 
fell in close ranges throughout the entire attachment processes.

The following sections provide discussions based on the tasks 
accomplished in this work, along with some limitations of the 
experimental approaches observed in this study.

5.1 Protein Immobilization

The challenge for protein immobilization is to ensure long term 
stability, uniform structure, and full biological activity. Concerning 
stability, a covalent linkage is a preferable approach to immobilize 
protein/peptide on the surface. The covalent linkage approach can avoid 
the problem of instability, diffusion, or aggregation (Zull et ah, 1994). In 
this dissertation, a covalent linkage methodology was adopted for protein
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binding on the silanized substratum treated with APTES: either 
glutaraldehyde, a linker, was used to crosslink APTES molecules and then 
covalently bond with the amino groups of FN/RGDS (to expose the 
-COOH ends of the FN/RGDS); or FN/RGDS was applied to the APTES- 
modified surface to establish the peptide bonds between the amino groups 
of APTES molecules and the carboxyl groups of FN/RGDS (to expose the 
NHz groups of the FN/RGDS).

Another factor affecting the adsorbed protein stability is long term 
hydrolysis, although this might not be a major concern in this work due to 
the relatively short time span (3 hr) for each experiment. Short chain 
silanes commonly used to modify glass appear to be susceptible to this 
concern. The short chain silanes do not form compact hydrocarbon films 
over the glass surface and both the attachment site for the original 
alkylsilane and the linkage of the protein may become hydrolysed. It is 
suggested that long chain silane (greater than eleven carbons) be used to 
overcome this problem by forming a compact hydrocarbon film on the 
glass surface (Zull et ah, 1994). Since the APTES used in this dissertation 
was a short chain silane, all the coupons were used directly after 
fabrication to reduce the possibility of long term hydrolysis. Given the 
manner of managing the coupons in this work and the method to create a 
stronger bonding, a stable FN/RGDS immobilization was achieved. This 
was verified as part of the radiolabeling study by applying shear flow for 3 
hours on a coupon coated with 125I-FN. The cpm of this flow-test coupon 
measured at the end of 3 hours remained in a close range with the cpm of 
the coupon with no flow applied. The XPS analysis also showed the same 
result regarding to the stability of tethering molecule bonding on the 
substrata. Both APTES molecules and aldehyde carriers remained on the 
substrata after the APTES or APTES/glutaraldehyde pre-treated coupons 
were submerged in water for 3 hours.

The uniform structure of SAM can be considered as two parts: the 
modification on the glass surface and the protein linkage. Silanization of 
the glass surface modifies the hydroxyl group to a terminus of choice and
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produces a uniform and reproducible film. Serving as a coupling agent, 
the silane binds at one end to the glass surface via a silanol bond and at the 
other end the silane presents a variable pendant group for binding protein 
or another linker, e.g., glutaraldehyde. Silane may have three reactive 
silanols per molecule, while the reactive sites on a glass surface are so 
spaced that not more than one silanol group per molecule can bond to the 
surface. The remaining silanol groups may condense with adjacent 
silanols to form a siloxane layer or remain partly uncondensed at the 
surface (Plueddemann, 1982). Having reactive silanol sites in excess of the 
reactive sites on glass surface would reduce the non-specific binding in the 
background regions resulting from incomplete surface coverage by 
silanization. The incomplete surface coverage may form "holes" in 
between the tethering agent molecules and trap protein molecules in 
random orientations during the protein coating procedure. According to 
the results of the background bacterial adhesion control studies, 2% and 
0.5% APTES pre-treatment had no significant effect on bacterial adhesion. 
Therefore, to render a fuller surface coverage of APTES, 2% concentration 
treatment was adopted in this work in the protein coating protocol to 
acquire uniformity on the modified glass surfaces.

Constructing a perfect uniform layer of fully active protein with 
specific orientation is oftentimes difficult to achieve, and thus was an 
uncertainty in this work. Most of the chemical approaches found in the 
literature are virtually certain to generate an irregular surface with many 
partially or totally inactivated protein molecules presented in a variety of 
orientations (Zull et ah, 1994). Crosslinking is a major problem in protein 
immobilization. Glutaraldehyde is the linking agent which is often used 
to deposit proteins to silicon or glass surfaces modified with aminosilanes. 
However, it is also known to crosslink amino groups in proteins. In 
addition to the crosslinking resulted from the linking agent, it is also 
possible to generate crosslinking of the protein itself.

The amino and carboxyl groups, which are the two dominant 
functional groups in most proteins, are most commonly used to react with
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the properly chosen pendant group on the silane. Nevertheless, there is a 
potential problem for binding the amino groups of protein with the 
linking molecules. The intention of this work was to tether the NH2- 
terminal or COOH-terminal ends of FN on the substratum to produce a 
uniform layer of immobilized protein in a distinct orientation. Ideally, the 
COOH-termini of the protein/peptide would be exposed while tethering 
the NHz-terminal ends on the substratum through the covalent bonds 
established between the aldehyde carriers and the NH2-terminal ends of 
protein in this study. However, since most proteins are rich in amino 
functionality, it is likely that the aldehyde carrier could randomly bind to 
the amino groups on the side chain of protein molecules and result in the 
attachment of individual protein molecules attach to the surface in many 
different orientations. For a short peptide sequence, e.g., RODS, this 
crosslinking might not be serious. However, for a long molecule like FN, 
the chance of the side chain crosslinking and direct binding of non
terminus NH2 functional groups to the surface would greatly increase and 
affect the uniform structure desired. Therefore, a specific orientation of the 
protein molecules based on specific covalent bond at a defined site is very 
difficult to guarantee with all of these funtionalities. Consequently, the 
uniformity of the surface is uncertain and can not be always achieved. 
Eventually this will affect the outcome of bacterial specific adhesion. The 
assumption made here was that, although it can not be guaranteed that 
the aldehyde carriers will always bind to the NH2-terminal ends due to the 
possibility of the side chain linkage, the COOH-terminal ends of FN/ RGDS 
will be still exposed and free to the bacterial cells to create specific binding.

Crosslinking through carboxyl groups to the exposed NH2-terminal 
regions by means of peptide bonding or carbodiimide chemistry presents 
the same problem, because carboxyl groups not only exist in the C-termini, 
but also in Asp and Glu, which are abundant in FN. Although the way to 
construct the SAM was aimed at binding the COOH-termini of FN, side 
chain binding was inevitable.
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Whether the surface-bound proteins can retain their maximum 
activity or not is another uncertainty. It is well known that surface-bound 
proteins could lose their native conformation and thus their biological 
activity (Andrade and Hlady, 1992; Sadana, 1992). This appears to be the 
result of multiple interactions of the different side chains in individual 
protein molecules with both hydrophilic and hydrophobic structures on 
the surface. The physical forces which produce non-specific interactions 
and denaturation of proteins at surfaces can be significant whether the 
protein is covalently linked to the surface or not. The biological activity of 
the surface-bound FN and RGDS in this study was not tested. Given the 
fact that surface-bound FN and RGDS did exhibit different effects on 
bacterial adhesion in this work, it is assumed that most of the 
immobilized proteins/peptides retained their maximum biological 
activity.

5.2 Protein Quantitation

The FN density was determined by analyzing the 125I-FN content 
covalently bound on the coupons through the NHz groups of FN (with 
COOH-termini exposed). Due to the lack of access to radiolabeling 
facilities, quantitation of the FN amount bound on the substratum 
through the peptide bonding with the COOH group was not performed. 
The FN density obtained previously was used to express the amount of FN 
bound on the coupon with COOH-termini exposed, based on the 
assumption that both bonds will lead to the same amount of FN 
molecules immobilized on the substratum  when the same FN 
concentration in solution was used in coating the 2% APTES pre-treated 
glass coupon. There may be slight inaccuracy in this approach because of 
the glutaraldehyde linking procedure.

To examine the efficacy of the protein deposition method used in 
this dissertation, comparisons were made with those works conducted on 
passive FN adsorption in literature. Truskey and Pirone (1990) adsorbed
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125I-FN to glass slides, using various concentrations between 0.5 and 20 
Hg/ml, while Paulsson et al. (1993) adsorbed FN with 35 Hg/ml soluble FN 
solution on circular polymers. Comparisons with these results are 
tabulated below in Table 5.1. FN content from both works were reported 
on a basis of weight per area (ng/cm 2), which were converted into 
molecular density here.

These comparisons indicate passive adsorption results in a lower 
FN density on the substrata than the silane immobilization method. By 
means of deliberately depositing FN on the substrata, FN density obtained 
from coating with the same FN concentration in solution here was 2 times 
higher than what was reported in Truskey and Phone's work, and even 15 
times higher than what was reported in the work of Paulsson et al. These 
comparisons demonstrate a higher protein deposit efficiency on substrata 
by means of the protein immobilization method.

Table 5.1 Comparisons of FN density obtained by passive adsorption 
found in literature and by immobilization in this 
dissertation.

Literature FN cone, used in coating 
(Hg/ml)

FN density 
( FN #/cm2)

Truskey and Phone, 1990 10 2.7 ElO
Paulsson et ah, 1993 35 1.8 ElO
Paulsson et ah, 1993 1 0 * 5.1 E09
Wang, 1998 10 8.1 ElO
* Scaled down from previous entry listed (35 pg/ml) for comparions on 

the same basis (10  Hg/ml).
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RGDS density on the substratum was not determined in this study. 
An attempt on RGDS density quantitation was made using radiolabeling 
but failed. Upon analyzing the radiolabeled RGDS solution, no protein 
content was detected in the samples, although the NanoOrange method 
did detect a very small amount of protein in the range of 10  ng/m l to 1.0  

Hg/ml. This result indicated RGDS peptide did not separate from Bolton- 
Hunter reagent during the radiolabeling procedure. This is possible 
because the molecular weights of RGDS peptide and Bolton-Hunter 
reagent are very close to each other. However, since the RGDS peptide 
was also tethered to the substratum surface through amino group in the 
same way as NHz groups of FN, it is reasonable to assume the same ligand 
density could be achieved if the same amount of protein/peptide 
molecules were applied on the surface by the same coating protocol. While 
the same concentration of FN and RGDS was used to coat the coupon 
treated with APTES and glutaraldehyde, it can be expected RGDS density 
would be higher than FN density, because the molecular weight of RGDS 
is a lot smaller than that of FN and this will result in more RGDS 
molecules on the basis of the same weight. That is, when the coupon was 
coated with 100 (Ag/ml RGDS solution, the RGDS density was at least 8.0 
E+ll per cm2 or higher, compared to the FN density on the coupon coated 
with 100 |Ag/ml FN solution.

5.3 Bacterial Adhesion on RGDS-coated Substratum

It is well known that the peptide sequence RGDS from the 
mammalian cell attachment site on FN promotes attachment of the 
mammalian cells. Endothelial cells which were cultured onto the surface 
immobilized with the peptide containing RGD(S), ultimately migrated 
and proliferated within the localized RGD(S) regions (Sugawara and 
Matsuda, 1995). However, RGDS does not have the same mediating 
function on bacterial cells, according to the results shown in Figures 4.6 
and 4.7. On the RGDS coated coupons, bacterial cells attached at a lower
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maximum number and had a lower attached bacterial cell density at the 
end of 3 hr than on control coupons. When the inlet bacterial 
concentration increased, the difference in attached cells between a RGDS- 
coated and a control coupons became more apparent. RGDS is noted for its 
ability to enhance mammalian cell binding and spreading, but the peptide 
sequence does not enhance specific adhesion in the case of Staphylococcus 
epidermidis.

5.4 Specific Adhesion on FN-coated Substratum

Staphylococcus epidermidis cells show different affinities on 29kD 
NHz- and ISOkD COOH-terminal ends of FN molecules, according to the 
results shown in Section 4.3.4. As the NHz groups were bound to the 
substratum surface and were not directly exposed to bacterial cells, high 
FN density (8.0 EU FN molecules per cm2) resulted in extremely low 
numbers of attached cells on the substratum (Figure 4.10), compared to all 
the previous attachment events. This suggests that there might be an 
"adhesion blocking domain" located somewhere around the 180kD 
COOH-terminal ends which inhibits Staphylococcus epidermidis 
attachment to FN. Upon decreasing the ligand density on the coupon (to 
8.1 ElO FN molecules per cm2), more attached cells could be observed and 
the difference of attached cells between control coupon and FN-coated 
coupon decreased. When the FN density was lowered to 8.4 E9 FN 
molecules per cm2, bacterial cells attached better on the FN-coated coupon 
than on control coupon.

When the orientation of the FN molecule was reversed on the 
coupon, that is, COOH groups were bound on the substratum while the 
NHz ends were exposed to bacterial cells, the results were exactly opposite. 
Attachment in these cases was greater on coupons coated with FN than on 
control coupons. As FN density increased, so did attached cell density. A 
conclusion can be drawn from these results that the 29kD NHz-terminal
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ends of human fibronectin are the binding domain for Staphylococcus 
epidermidis ATCC 12228.

This could explain why cell attachment increased with decreasing 
FN density in the case above where NH2 ends were tethered on the 
substratum. With higher FN density, the NH2 ends were more closely 
packed together, "blocking" these binding domains from bacterial cells. As 
FN density decreased, the spacing between each NH2 end increased, 
resulting in higher accessibility for S. epidermidis to interact with this 
binding domain. In the second FN experiment set, where NH2 ends were 
directly exposed to the bacterial cells by tethering COOH ends onto the 
substratum, higher FN density provided more available specific binding 
domains, thus resulting in more bacteria binding with FN molecules. 
These results could explain why there are so many contradictory trends 
reported in the literature regarding the effect of FN on S. epidermidis 
adhesion. Most studies using random passive adsorption of FN would 
create a surface condition of adsorbed FN with no control over its 
orientation.

These results indicate specific bacterial adhesion can be 
manipulated. By means of changing the orientation of the ligands on the 
substratum, specific bacterial adhesion of Staphylococcus epidermidis onto 
human fibronectin can be mediated or dramatically reduced. By 
interfering with the ability of the bacteria to bind FN, it is possible to 
reduce medical device infection by S. epidermidis by more than 80%, as 
shown in previous chapter.

To ascertain whether binding to either end of the bound FN 
molecule was a specific binding event, the percentage of utilized FN 
molecules was considered. Table 5.2 lists the ratio of the number of 
immobilized FN molecules to the attached cell number at the end of 3 
hours for each coupon in FN(S)-(S). It appeared that a relatively small 
number of bound FN molecules were actually utilized in specific binding. 
For example, in the case of FN(S) coupon coated with medium FN density
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of 8.1 ElO FN # /cm2 (FN(S)-Jtned)z I bacterial cell was bound on the 
substratum while 1.6 ES immobilized FN molecules were available for 
binding. A ratio within the same range was also found in the work of 
Paulsson et al. (1993), in which FN was passively adsorbed on the surface 
(Table 5.2). The ratio from the coupon coated with high FN density (8.0 EU 
FN # /cm2) was even higher, indicating less percent utilization of FN in 
binding.

Table 5.2 Ratio of immobilized FN molecules to attached cell number
in the experiment of FN(5)-(8), in which NHz-terminal end 
of FN was exposed.

Experiment Inlet cell cone. (#/ml) Ratio
FN(5)-med 2.70 ES 1.6 ES
FN (5)-high. 10.5 ES
FN(6 )-med 2.60 ES 2.0 ES
FN(6 )-high 12.2 ES
FN(7)-med 1.74 ES 2.3 ES
FN(7)-high 14.8 ES
FN(8 )-med 1.13 ES 2.6 ES
FN(S)-Mgh 19.4 ES

Paulsson et al. (1993)* NA 2.2 ES

* FN density: 1.78 EU FN #/cm2.
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5.5 Model vs. Experiment

To interpret the experimental results, a dynamic model developed 
earlier to describe specific bactierial cell adhesion was used to compare the 
experimental data with model prediction. Computer model simulations 
were carried out by using the actual laboratory conditions and 
experimental parameters, e.g., temperature, flow condition, bacterial 
growth rate constants, suspended inlet cell concentration, and ligand (FN) 
density, in the model parameters. Values not experimentally generated, 
such as kinetic and adhesion binding parameter values used in the model, 
were taken from literature values. The model prediction should agree 
with the experimental work when the literature values are correctly 
chosen. The only parameters adjusted in the simulations were ligand 
density and suspended cell concentration. All the parameters are listed in 
Table 5.3. The comparison between the results from the computer 
simulations and the experiments could highlight the limitations in both 
aspects.

Based on the assumption that it is the NHz-terminal domain of FN 
which is able to mediate the specific adhesion, the computer model was 
used to simulate the specific adhesion on the substrata with the NHz-end 
exposed, that is, FN(5)-(8). The results of simulations are shown in Figures 
5.1 to 5.4, while the curves corresponding to each set of experimental data 
along with error bars are included in each figure for comparison.
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Table 5.3 Parameter values characterizing the model simulations. All 
the numbers were taken from laboratory conditions and 
experimental data, except those marked with * symbols, 
which were taken from literature values. Bacterial adhesion 
was simulated based on various ligand densities and inlet cell 
concentrations.

Parameter Definition Numerical value

N i Ligand density high level: 8.0 Ell; 
medium level: 8.1 ElO 

(# of FN molecules • cm-2)
Re Cell radius I pm -  IO"4 cm

Radh Overall adhesion rate constant 2.13 E-4 cm • min-1*

C Detachment rate constant 
(base value)

0.015 min-1*

fdmax Max. growth rate constant 0.529 h r 1

Sin Inlet substrate (glycerol) cone. 9.2 E-4 g • cm-3

Y Yield 0.34 g-S. epi/g-Glycerol

ks Saturation coefficient 6.8  E-5 g • cm"3

D Dilution rate 13.16 min"1

A /V Flow cell surface /  volume ratio 32.9 cm-1

7 Characteristic bond length 5 E-Il cm*

I Shear rate 346.26 sec"1

R Viscosity 0.7 cp
(= 0.007 g • Cnv1-Sec'1)

T Temperature 37°C (= 310°K)

* Source: Bell, 1978.
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FN(8): Exp and Model Simulation
(with NH2-end exposed)

8.0e+5 - 

6.0e+5 - 

4.0e+5 
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0.0e+0 B 1 I ■ I 1 I 1 I ■ I H
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— A—  FN(8)-med FN (8)-m ed-m odel

Figure 5.1 Com puter sim ulation of Experiment FN(8 ). In the 
experiment, FN molecules were oriented with NHz-ends 
exposed. Inlet bacterial concentration was 1.13 E+ 8  #/cm 3. 
Curves are color-coded: the dotted lines represent the 
computer simulations, while the solid lines represent the 
results of experiment.
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FN(7): Exp and Model Simulation
(with NH2-end exposed)
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Figure 5.2 Computer simulation for Experiment FN(7). In the 
experiment, FN molecules were oriented with NH2-ends 
exposed. Inlet bacterial concentration was 1.74 E+ 8  #/cm3.



C
el

l 
D

en
si

ty
 

(#
/c

m
A2

)
90

FN(6): Exp and Model Simulation
(with NH2-end exposed)
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Figure 5.3 Computer simulation for Experiment FN(6 ). In the 
experiment, FN molecules were oriented with NH2-ends 
exposed. Inlet bacterial concentration was 2.60 E+ 8  #/cm3.
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FN(5): Exp and Model Simulation
(with NH2-end exposed)
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0.0e+0 H ■ I ' i 1 I ■ I i I i--------
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..............  FN(5)-high-model

......... . FN(5)-med-model

Figure 5.4 Computer simulation for Experiment FN(5). In the 
experiment, FN molecules were oriented with NHz-ends 
exposed. Inlet bacterial concentration was 2.70 E+ 8  #/cm3.
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In FN(8 ), with lowest inlet cell concentration provided, the model 
prediction and experimental data agreed well. The deviations between the 
model prediction and experimental data are 0.2% and 4.2%, respectively, 
corresponding to FN(8 )-high and FN(8 )-med. As the inlet cell 
concentration increased, the deviation between the experimental data and 
the computer prediction became larger. There are two possibilities for this 
deviation. First, the ligand density was not considered as a function of 
time in the computer model, i.e., the model does not subtract the amount 
of ligands which were bound with bacterial cells at time t from the total 
available ligand number. This may cause some, degree of error. However, 
if the ligand density is high, this error should be minor and can be 
neglected. Another possibility is that ligand density was overestimated in 
the experimental work. In other words, the density of bound FN did not 
necessarily equal to the same amount of available ligand for binding, due 
to the fact that the side-chain bonding and crosslinking effects may reduce 
the actual amount of available NHz-terminal domain of immobilized FN 
molecules in reality, as discussed above in Section 5.1. Taking this 
uncertainty into account, the calculated FN densities in the experiments 
could be wrong, which would increase the error present in each 
attachment curve. In contrast, the setup of the computer model considered 
a uniformly coated ligand surface where all the ligands/binding domains 
on the substratum were well lined-up and available for specific binding. 
That is, given a specific level of FN density, the model simulated the 
adhesion prediction based on the number of available binding domains 
which was actually higher than what were available on the FN coated 
coupon in experiment. Therefore, the computer simulations were carried 
out with ligand densities which were in fact higher than the actual 
number of valid ligand densities in the experiment, thus resulting in 
higher prediction of attached cell densities. Given the fact that the amount 
of immobilized ligands was in excess, the model would predict higher 
attached cell density when a higher inlet cell concentration was given 
since higher particle flux was introduced to the deposit surface. This 
explains why the model simulations failed to agree with the experimental
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data in the range of higher inlet cell concentrations. Table 5.4 lists the 
information of deviation between model prediction and experimental 
data at the end of 3 hours. The statistical error bar of each experiment is 
also listed for comparison. The FN(6 ) set resulted in greatest deviations of 
44.2% and 67.6%, corresponding to FN(6 )-high and FN(6 )-med, which 
might be an effect combined with the largest error bars found in this set.

Table 5.4 Deviations between model prediction and experimental data
from FN(5)-(8). The magnitudes of error bars, representing 
standard deviation, from each curve plotted from 
experimental data are also listed.________________________

Experiment /  simulation Deviation (%) Error bar (%)
FN(8 )-high 0 .2 10.3
FN(8 )-med 4.2 13.7
FN (7)-high 17.9 4.1
FN(7)-med 31.9 9.0
FN(6 )-high 44.2 22 .1

FN(6 )-med 67.6 17.7
FN(5)-high 28.7 5.9
FN(5)-med 36.7 7.4
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5.6 Recommendations for Future Work

Results from this experimental work are in conflict with the 
research done by Holmes et al. (1997), in which a clinical isolate strain S. 
epidermidis SE902 was used. Their result showed SE902 strain does not 
bind to NHz ends, but to COOH ends. A possible explanation is that an 
FDA strain (ATCC 12228) and a clinical isolate might not interact with FN 
in the same way. Future work of binding affinities on the fragments of 
29kD NHz and 180kD COOH terminal ends, respectively, is recommended 
to investigate more details of specific adhesion of S, epidermidis ATCC 
12228. A better approach would possibly be to digest the FN molecule into 
smaller polypeptide fragments in order to eliminate the side chain linkage 
regarding to FN immobilization for any proposed study in the future. 
Another approach is to digest the FN dimer into a single chain, then use a 
different silane to bind the free thiol (-SH) group of the protein to the 
glass. This would create a unique link with NHz terminal end always up. 
Antibodies are available to the 29kD NHz fragment that would allow a 
more direct assessment of the number of available ligand binding sites on 
the surface. A suitable coupling agent with longer carbon chain to ensure a 
better SAM is also recommended, as stated in Section 5.1. Genetic 
manipulation of the binding fragment or synthesis of the polypeptide 
would allow incorporation of spacer amino acids that would provide 
alternate linking chemistry that would guarantee orientation.
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As shown in Figure 2.3, the bacterial cell is modeled as a sphere of 
radius Re which is covered evenly with R j  number of receptors on the cell 
surface. The ligand density on the deposition surface is N i . Under 
uniform shear flow, which is characterized by negligible inertia (Hammer 
and Lauffenburger, 1987), the shear force and torque imparted on the cell 
will cause translational and rotational motions in addition to the shear 
contribution. Meanwhile, the shear force also lifts those cells which are in 
the reversible adhesion stage away from the surface. Upon close approach 
to the surface, a contact area for binding is formed on the bacterial cell. 
The contact area is assumed to be a disk of radius a and is assumed to 
remain constant throughout the adhesion period. According to the 
geometric estimate by Cozens-Roberts et al. (1990a), which was validated 
by Saterbak et al. (1993), the radius a of the contact area is 10% of the cell 
radius Re . The bond stress is assumed to be constant within the contact 
area A c .

In this model, surface receptors on the bacterial cells are assumed 
immobilized on the cell surface and the contact area does not change. 
Only those receptors which happen to be within the contact area will 
participate in the specific binding and thus mediate adhesion. In addition, 
only one site on each receptor/ligand molecule is available for binding.

The whole system is modeled as a reactor with a feed of suspended 
bacterial cells, Xin , as well as an entering growth limiting substrate, Sin , 
and a clean ligand-coated surface. The basic assumption is: within the 
contact area Ac , the number of ligands is much greater than the receptors 
available for the binding, i.e., Ni A c » Rt A c /  Sarea , where Sarea stands for 
surface area of one cell. Therefore, the adhesion rate constant is 
dominated by R j . A set of non-linear ordinary differential equations can 
be obtained based on a mass balance of suspended cell concentration (X), 
attached cell concentration (B), and the substrate concentration (S):
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where

= Kj R t V - X -  KdaB  +  B
(ks +  S)

-  Vixin ~ X) ~ k f R T j X ~ + k detB ^  

=  D(Xin -  X) -  kf R j  ~  X ~  + k(ietB  “

D  (.Sin ~ S) —
B-maxSB A 

{ks + S ) Y V

(Eq. A-l)

(Eq. A-2)

(Eq. A-3)

B = number of cells attached to surface per unit area at time t 
(# of Cells • cm-2)

X = number of cells suspended in bulk liquid at time t (# of 
cells • cnv3)

Xin = inlet concentration of cells in bulk liquid (# of cells • cm'3)
S = substrate concentration at time t (g • cm'3)

Sin = inlet substrate concentration (g • cnv3)
Umax = maximum specific growth rate of bacterial cell (1 /t) 

kg = saturation coefficient (gm/L3)
A = substratum area (cm2)
F = flow rate into the reactor (cm3 • min*1)
V = reactor volume (cm3) 
t = time (min)

Y = yield of attached cells (g-B formed/g-S used)
F -  flow rate into the reactor (cm3 • min-1)
D = dilution rate (min-1) = F/V

The growth of suspended cells is not considered in Eq. A-2 because 
the amount of growth can be rendered negligible experimentally by
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ensuring that the residence time of suspended cells within the reactor 
volume is less than the generation time of the bacteria.

The initial conditions at f = 0 are:

The detachment rate constant is in the form of a decreasing lifetime 
function (Zhurkov, 1965; Bell, 1978), which is related to the characteristic 
bond length (y), the force acting on each bond (F&), and the temperature 
(T). When the bonds are unstressed (at equilibrium), kdet will take the 
base value of kjet:

Fb is calculated from the total force acting on the bonds per cell. Ft, 
and the density of bonds formed per cell, Nb . For this calculation, It is 
assumed that the adherent cell is in mechanical equilibrium with its 
surroundings. Therefore, the bonds experience the force and torque 
which are applied to the cell by the shear fluid (Hammer and 
Lauffenburger, 1987). Eq. A-5 shown here is based on the analysis 
performed by Goldman et al. (1967a; 1967b) and Hammer and 
Lauffenburger (1987):

(Eq. A-4)

where kb = Boltzmann constant = 1.38E-16 erg -0K"1 

T = absolute temperature (0K)

Ft = Nb Ac Fb (Eq. A.5)

= Gtt1HR2cT1 {(1+ ^ 2F 2O+ 

= GTTflR2TI (Root I)

-) + (!+^ F sZ5 3k 2R }  | (TTRc)2 ^ 2 -| 1/2 
Ad2 Aa2
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where Nb = bond density (# of bonds • cm'2)
A c = contact area size (cm2/per cell)
Fs = dimensionless shear force (unity) 
Ts = dimensionless shear torque (unity) 
Sc = separation distance (cm) 
yU. = fluid viscosity (g • cm."1 • sec1) 
rj = shear rate (sec1)

Here, let 

R o o t 1 = { (1 + ^ > V 2(1 +I s 2Fj2O+ 9 k 2 r c ) + (i+ I s f jTj
Rr 16a2 Re 4a2 4a2

Sxr2F 2 , W c): Tj2) for

simple notation. Fs and Ts are functions of separation distance only. 
Some values of Fs, T s and Rooti corresponding to different ScZRc are 
tabulated in Table A.l.

Table A.l Calculated Rooti values for different Sc/Rc.

&
Re F s T s Rooti

2.00 E-3 1.698675 .9442128 54.962158

3.00 E-3 1.698012 .9442891 54.987732

4.00 E-3 1.697349 .9443655 55.013275

4.50 E-3 1.696686 .9444419 55.038792

7.50 E-3 1.695029 .9446328 55.102448

1.00 E-2 1.693373 .9448237 55.165928

To obtain the expression for Nb, the idea of adsorption in a 
heterogeneous system is adapted (Marshall, 1976; Gibbons et al, 1976). In 
equilibrium, Nb , the bond density, is given as



I l l

Nb = _______ ^ area____

^ area

where Nb 
Ni 
Ac 

Sarea

-  bond density (# of bonds • cm'2)
= ligand density (# of ligand molecules • cm-2) 
= contact area size (cm2/per cell)
= surface area of one cell (cm2/per cell)

(Eq. A-6)

Symbol Nomenclature 
A = substratum area (cm2)
a = radius of contact area (cm)
A c = contact area size (cm2/per cell)
B = number of attached cells per unit area at time t (# of cells • cm'2)
D = dilution rate = F/V (min-1)
F = flow rate into the reactor (cm3 • min'1)
Fb = force acting on each bond (g • cm • sec2)
Fs = dimensionless shear force (unity)
Ft = total force acting on the bonds per cell (g • cm • sec2) 
y = characteristic bond length (cm)
77 = shear rate (sec1)
Kadh -  kfRT¥- -  overall adhesion rate constant (cm • min'1)

kb = Boltzmann constant = 1.38E-16 erg -0K"1 

k d e t  = detachment rate constant (min-1) 
k j et = base value of k d e t  (min'1)
k f  = specific rate constant (per cell • min"1 •# of receptor molecules1) 
k s = saturation coefficient (g • cm-3)
/I = fluid viscosity (g • cm-1 • sec1)
fig = growth rate constant of attached cells (min'1)
fimax = maximum specific growth rate of attached cell (min-1)
Nb = bond density (# of bonds • cm-2)
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N i = ligand density (# of ligand molecules • cm-2)
Radh = adhesion rate (# of cells • cm-2 • min-1)
Re = cell radius (cm)
Rdet = detachment rate (# of cells • cm-2 • min-1)
Rg = growth rate (# of cells • cm-2 • min"1)
Rt = receptor number (# of receptor molecules/per cell)
S = substrate concentration at time t (g • cm-3)
Sarea = surface area of one cell (cm2/per cell)
Sc = separation distance between the cell and substratum (cm) 
Sin -  inlet substrate concentration (g • cm'3)
T = absolute temperature (0K)
t = time (min)
Ts = dimensionless shear torque (unity)
V = reactor volume (cm3)
X = number of suspended cells at time t (# of cells • cm"3)
Xin = inlet concentration of cells in bulk liquid (# of cells • cm.'3)
Y = yield of attached cells (g-B formed/g-S used)
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APPENDIX B

NanoOrange™ Protein Assay
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NanoOrange Protein Quantitation Kit (Catalog No. N-6 6 6 6 ) from 
Molecular Probes, Inc. (Eugene, OR) is used to determine the contents of 
protein labelled in UCHC. The Quantitation Kit consists of:
1. 1.0 ml NanoOrange protein quantitation reagent, 500x concentrate in 

DMSO;
2. 50 ml NanoOrange protein quantitation diluent, IOx concentrate 

(contains 2 mM sodium azide);
3. 0.5 ml bovine serum albumin (BSA) standard, 2 m g/m l in water 

(contains 2 mM sodium azide)

Protein samples is added to diluted NanoOrange reagent, and this 
mixture is heated at 95°C for 10 minutes. Reacted samples are removed 
from heat and let cooled down to room temperature, protected from light. 
When bound to proteins in the diluent provided, the NanoOrange 
quantitation reagent has an excitation peak centered at about 470-490 nm 
and an emission peak centered at about 570-590 nm. Fluorescence is 
measured when the sample mixture is cooled down after 20 minutes. This 
assay is performed in 2.5 ml volume for each sample, from which 2.0 ml is 
transferred to a standard cuvette for fluorescence determination in a 
fluorometer, with the setting of excitation at 485 nm and emission at 590 
nm.

Protein standard curve is generated for converting sample 
fluorescence into protein concentration. BSA serves as a convenient 
reference standard. 2 m g/m l BSA solution is provided in the quantitation 
kit. The standard curve is prepared upon 11 various BSA concentration: 0, 
0.01, 0.03, 0.06, 0.1, 0.3, 0.6, 1.0, 3.0, 6.0, and 10 jig/ml. Figure B.l shows the 
protein standard curve, in terms' of fluorescence signal units (fsu) vs. BSA 
concentraion, while Figure B.2 shows the details in the range of 10 ng/m l 
to 1.0 pg/ml. The detection limit for NanoOrange kit is 10 ng/ml.
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BSA std  cone,  (ug/ml)

Figure B.l Standard protein curve, in terms of fluorescence signal units 
(fsu) vs. BSA standard concentration, performed in 
NanoOrange protein assay. Details of the shading area is 
shown in Figure B.2 next.
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Figure B.2

y = 1.6874 + 52.048X RA2 = 0.993

BSA std cone, (ug/ml)

Details of the standard protein curve in Figure B.l in the 
range of 10 ng/ml to 1.0 p g /ml.
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APPENDIX C

Glycerol Assay
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Glycerol assay was carried to verify that glycerol was the primary 
carbon source of bacterial growth. The assay was based on the following 
procedures (Kates, 1986):

Reaction:
HIO4

Ho -CH2CH(OH)CH2-O H ----------> 2 CH2O + H2COOH

-h
acetylacetone + NH 4

Y
O O

H

Reagents:
(i) . Periodate reagent: dissolve 65 mg NaIO4 in 90 ml of water,

immediately add 10 ml of glacial acetic acid, mix and add 7.7 g of 
ammonium acetate; mix and use fresh.

(ii) . Acetylacetone reagent: dilute 2.5 ml of acetylacetone (recently
distilled; b.p. 103°C at 10 mm Hg) with 247.5 ml of isopropanol; store 
in the dark.

Procedure:
1. Place 0.2 ml of aqueous phase of hydrolysate (containing 0.02-0.6 

(imoles glycerol) in a screw-capped tube.
2. Add 1.0 ml of periodate reagent, mix and leave at room temperature 

for 5 min.
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3. Add 2.50 ml acety!acetone reagent, mix and place in a heating block at 
40-50°C for 15-20 min. Cool to room temperature and read absorbance 
at 410 nm against a reagent blank.

4. Calibrate the procedure with known amounts of glycerol (0.02-0.6 
gmoles) carried through the procedure.

Calculation:
pmoles glycerol = absorbance of sample x (pmoles standard/absorbance of 
standard)

Samples were taken from 4 batches carried out with various glycerol 
concentrations, ranging from 10 mM to 0.25 mM. Samples were filtered to 
eliminate bacteria contents and then stored in microcentrifuge tubes at 
-5°C until use. Figure C l  shows the glycerol standard curve, while Figure 
C.2  represents the summary of the results from the assay. As shown in 
Figure C.2, glycerol was consumed and depleted in each bacth study.
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G ly cero l  S t a n d a r d  C u r v e  
(ABS v s .  [Gly] 04 /20 /95 )

y = 9.4455e-3 + 2 .5770X 0 .9 9 3

G ly c e ro l  a m o u n t  ( u m o le )

Figure C.l Glycerol standard curve obtained from standard glycerol
solutions within the range of 0 .0 2 - 0 .6  g moles in 0 .2  ml 
sample volume. Absorbance (ABS) of samples was measured 
at 410 nm.
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Summary from Glycerol Assay 
(Gly. cone vs. time -  4 runs)

■ 03/31 (1x: IOmM)

B 04/06 (.25x: 2.5mM)

•  04/14 (.0625x: .625mM)

o 04/17 (.025x: .25mM)

T im e  (hr)

Figure C.2 Summary of the results of glycerol assay from 4 different 
batches carried out with various glycerol concentrations in 
growth substrate.
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APPENDIX D 

Growth Rate Studies

I
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Specific growth rate (pig) of S. epidermidis was determined from 
batch studies with various glycerol concentrations ([Gly]) in substrate. Six 
different [Gly] were used: I, 0.75, 0.5, 0.25, 0.0625, and 0.025 times of 0.92 
g/L. Plots of the suspended cell concentration at time t in natural log 
versus time were made and individual growth rate for each batch with 
various [Gly] was obtained from the slope of each linearization. Figure D.l 
shows the growth rates obtained from each [Gly] listed above.

Maximum specific growth rate (Iimax) and rate saturation coefficient 
(ks) were calculated from all the pig values based on the saturation rate 
equation (Monod, 1942; 1949) for describing the rate of bacterial cell growth 
as a function of substrate concentration:

_  I^m a xS

~ (K  +  S)
(Eq. D.l)

where Hmcix = maximum specific growth rate of bacterial cell 
ks = saturation coefficient 
S = substrate concentration at time t

Eq. D.l becomes Eq. D.2 after linearization: 

I I ks i
—  _j_

jig Î m ax ft max S
(Eq. D.2)

A plot of ( I /pig) versus (I/[Gly]) is shown in Figure D.2, where the 
intercept of the plot equals to (l/pimaX) and the slope is (ks/pimax). Pimax and ks 
were calculated from the intercept and the slope:

Hmax = 0.529 hr-1; 
ks = 0.069 g/L.

Specific growth rate of S. epidermidis with 0.92 g/L  [Gly] was 0.49 hr-1.
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Growth rate of S.E. 
vs.

Glycerol concentration

0.5 -

0.3 -

G ly c ero l  c o n e .  (g/L)

Figure D.I Growth rate (V-g) of S. epidermidis versus glycerol 
concentration provided in growth substrate.
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S.E. : (1/u) vs .  (1/[Gly])

= 0.130

1.8910 + 0.12952X R A2 = 0.977
1 / u *  + ( K s / u * ) ( 1 / S )
0.529

0 .12952  * 0 .529  = 0 .069

7 . 5  1 0 . 0  1 2 . 5  1 5 . 0  1 7 . 5  2 0 . 0

1/[Gly] (L/g)

Figure D.2 The plot of (IZjUg) versus (l/[Gly]). /Zmflx and ks obtained from 
the regression are 0.529 hr-1  and 0.069 g/L, respectively.
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APPENDIX E

XPS Analysis
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Figures E.l to E.3 show the high-resolution Cls spectra of glass 
samples which were: (I). pre-treated with APTES only; (2). pre-treated with 
both APTES and glutaraldehyde; and (3). pre-treated with both APTES and 
glutaraldehyde and then submerged in water for 3 hours, respectively. 
Each spectrum consisted of a peak at around 285 eV. Figures E.4  to E.6  are 
the corresponding amine N ls spectra of the same samples presented in 
Figures E.l to E.3. The peak of the N ls spectrum is located at about 400 eV. 
In general, the surfaces of those samples submerged in water exhibited the 
same constitution as the ones which were not submerged in water and the 
concentration of each element on the glass coupons remained within the 
same range. These results confirmed the existence and stability of bonded 
APTES molecules and aldehyde carriers on the substrata. Tables E.l to E.4 
listed the atomic concentrations from each sample category. As expected, 
the coupons treated with both APTES and glutaraldehyde had higher Cls 
concentration in percentage than the ones pre-treated with APTES only.
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Curve F ill
STB Height

1822 287.911

290 288 286 284 282
Binding Energy (eV)

Figure E.l High-resolution XPS Cls spectrum of APTES pre-treated glass 
coupons, with the peak at around 285 eV. X-axis is the 
binding energy, while Y-axis is the number of electrons 
divided by energy.
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Figure E.2 H ig h -reso lu tio n  XPS C ls  sp ectru m  of c o u p o n s  pre-treated
w ith  APTES and then subm erged  in w ater for 3 hours.
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Figure E.3 H ig h -reso lu tio n  XPS C ls  sp ectru m  o f c o u p o n s  pre-treated
w ith  both  APTES and g lu tara ld eh yd e and then subm erged  in
w ater for 3 hours.
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Figure E.4 High-resolution XPS N ls spectrum of APTES pre-treated 
glass coupons, with the peak at around 400 eV.
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Figure E.5 H ig h -reso lu tio n  XPS N l s  sp ectru m  of c o u p o n s  pre-treated
w ith  APTES and then subm erged  in w ater for 3 hours.
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Figure E.6 H ig h -reso lu tio n  XPS N l s  sp ectru m  o f c o u p o n s  pre-treated
w ith  both  APTES and g lu tara ld eh yd e and th en  subm erged  in
w ater for 3 hours.
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Table E.l The atomic concentration table of the coupon samples which 
were pre-treated with APTES only. Area: I Lens: Minimum 
area, omni-focus; Source: Monochromated.

Element Area
(cts-eV/s)

Sensitivity
Factor

Concentration
(%)

Cls 12262 5.214 18.45
Ols 89316 13.099 53.48
N ls 2768 8.570 2.53
Si2p 15805 4.854 25.54

Table E.2 The atomic concentration table of the coupon samples which 
were pre-treated with APTES only and then submerged in 
water for 3 hours. Samples were air-dried before analysis. 
Area: I Lens: Minimum area, omni-focus; Source:
Monochromated.

Element Area 
(cts-eV /  s)

Sensitivity
Factor

Concentration
(%)

Cls 31023 16.518 14.51
Ols . 299540 39.890 58.00
N ls 5409 26.684 1.57
Si2p 52800 15.733 25.92
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Table E.3 The atomic concentration table of the coupon samples which 
were pre-treated with both APTES and glutaraldehyde. Area: 
I Lens: M inim um  area, om ni-focus; Source:
Monochromated.

Element Area
(cts-eV/s)

Sensitivity
Factor

Concentration
(%)

Cls 83467 16.518 42.86
Ols 182780 39.890 38.86
N ls 7075 26.684 2.25
Si2p .29740 15.733 16.03

Table E.4 The atomic concentration table of the coupon samples which 
were pre-treated with both APTES and glutaraldehyde and 
then submerged in water for 3 hours. Samples were air-dried 
before analysis. Area: I Lens: Minimum area, omni-focus; 
Source: Monochromated.

Element Area
(cts-eV/s)

Sensitivity 
Factor.

Concentration
(%)

Cls 77820 16.518 39.49
Ols 201300 39.890 42.30
N ls 7557 26.684 2.37
Si2p 29740 15.733 15.84
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APPENDIX F

Protein Radiolabeling and Quantitation
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FN and RGDS in powder form were reconstituted and mixed with 
Bolton-Hunter reagent under the hood equipped with charcoal filter and 
left in ice for I h for 125I radiolabelling. To separate labeled protein/peptide 
from reacted Bolton-Hunter reagent, the mixture was added to a column 
filled with G25 cellulose for separation. Before adding proteimBolton- 
Hunter mixture, the column was prepared by running 4 ml of 4 m g/m l 
gelatin solution through first, while PBS was used to wash the column 
constantly during entire operation until protein separation was done. To 
ensure enough protein/peptide amounts would be labeled and separated 
from the columns, proteins were reconstituted in the way to be 2  times of 
the regular concentrations used in adhesion experiments. I mg of FN and 
5 mg of RGDS peptide were each reconstituted in 0.5 ml of sterile water, 
giving the concentrations of 2 m g /ml of FN and 10 m g /ml of RGDS for 
the start of radiolabeling. Figure F.l shows the 125I intensity of labelled FN 
and RGDS, based on count per minute (cpm). The first peak on both 
curves indicate the majority of 125I-Iabelled protein was separated in those 
fractions from Bolton-Hunter reagent. Corresponding tubes to the peak 
fractions—Tube no. 9 and 10 for FN and Tube no. 14, 15, and 16 for RGDS— 
were collected and further analysis was carried out with protein solutions 
from these tubes.
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8 0 0 0 0
G a m m a  R e a d in g s  o n  FN

G a m m a  R e a d in g s  o n  R G D S

6 0 0 0 0  -

4 0 0 0 0  -

20000  -

T u b e  no.

Figure F.l Gamma readings in cpm on 125I-Iabelled FN and RGDS.
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F.l Coupons Coated with Collected 125I-Iabelled Protein Solutions

125I-Iabelled FN or RGDS solutions collected from the separation 
columns were used to coat the glass coupons in the same coating 
procedures described in the experimental protocol. Coupons were pre
treated with two different APTES concentrations: 2 % and 0.5 %, to 
compare the effect of tether molecule concentration on protein binding. 
Prepared coupons were placed in miniature tubes to measure the specific 
activity of the 125I-Iabelled FN or RGDS tethered on the coupons. These 
measurements were carried out right after the protein coating was done, 
except in the case of Coupon no. 2. Coupon 2 was exposed to continuous 
flow in flow cell reactor for 3 hrs to examine the FN amount remained on 
coupon placed under flow. Specific activity of 125I-FN on Coupon 2 was 
measured at the end of 3 hrs. Tables F.l and F.2 provide the listing of the 
cpm reading on coupons coated with 125I-FN and 125I-RGDS solutions, 
respectively.

Note that Coupon 2, which was exposed to 3 hrs of continuous flow, 
kept approximately the same activity range with Coupons I and 3. This 
indicates the binding of FN molecules on modified substratum surface 
through APTES is stable over the 3 hrs of experiment time span, even 
during shear flow. Meanwhile, the pre-treatment with different APTES 
concentrations did not lead to linear decrease on the amount of protein 
bound on the coupons. This result suggests that the step of APTES pre
treatment in the protein coating procedures would not control the 
amount of protein bound on the surface.
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Table F.l Specific activity of 125I-FN coated on coupons pre-treated 
with 2 different APTES concentrations.

Coupon code APTES cone, used cpm
I 2  % 6556
2 2  % 6372
3 0.5 % 6112
4 0.5 % 8784

Table F.2 Specific activity of 125I-RGDS coated on coupons pre-treated 
with 2 different APTES concentrations.

Coupon code APTES cone, used cpm
5 2 % 3436
6 2  % 1836
7 0.5 % 3184
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F.2 Coupons Coated with Diluted 125I-Iabelled Protein Solutions

Samples from the collected tubes then were diluted in PBS from IO0 

to IO""5, by IO-1  each time, and cpm was measured again on these dilution 
series. Results are illustrated in Figure F.2 . Portions of the IO-2  and IO-4  

diluted 125I-FN solutions were used for coupon coating, with 2% APTES 
pre-treatment. Results are compared with Coupons I from previous 
Section (F.l). Table F.3 and Figure F.3 show the cpm readings of coupons 
coated with diluted 125I-FN solutions. Unlike the linear relationship 
between cpm and the diluted solution shown in Figure F.2, 125I activities 
detected on coupons coated with IO-2  and 10-4  diluted solutions were 
minimal and the cpm reading were very close (196 vs. 116). The very low 
cpm reading suggests that, with 10-4  dilution, FN might be almost all 
diluted out and the activity detected on the coupon was background noise. 
Therefore, a linear relationship is assumed to only exist within the range 
of 10° to IO-2  dilution.
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3.0e+5

232.94 + 2.6389e+5x 
RA2 = 1.000

2.5e+5 -

2.0e+5 -

1.5e+5-

1.0e+5 -

5.0e+4 -

0.0e+0

FN Dilu tion

3.0e+6

2.1941e+4 + 2.3009e+6x 
RA2 = 0.998

0.0e+0

RGDS Dilution

Figure F.2 Calibration curves for Gamma count of 125I-Iabelled FN and 
RGDS in PBS.
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Table F.3 Specific activity of diluted 125I-FN coated on coupons pre
treated with 2 % APTES.

Coupon code Dilution cpm cpm adjusted
I — 6556 6440
8 IO- 2 196 80
9 10-4 116 0
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•  0.5% APTES Treatment

H 2% APTES Treatment

FN Dilution

Figure F.3 Gamma count from coupons coated with 3 different 125I-FN 
concentrations, diluted in PBS from the 125I-Iabeled sample 
collected from the seperation column in Tube #9. The actual 
125I-FN concentrations used here were determined later in 
the amount of 3.0,0.03, and 3 E-4 jig/ml, respectively.
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F.3 Conversion from Specific Activity into Protein Content

The cpm data can be converted into protein density on the coupon 
surface when the radiolabeled protein content in solution with known 
specific activity (in terms of cpm) is determined in protein assay 
afterwards. NanoOrange Protein Quantitation Kit from Molecular Probes 
was used after Micro Protein Determination Kit (Procedure No. 690) from 
Sigma failed to detect the micro amount of radiolabeled protein in the 
solution. By means of NanoOrange Protein Quantitation Kit, protein 
contents of 125I-Iabeled protein solutions were read in fluorescence, as 
described in APPENDIX B, and converted into concentration with the aid 
of a protein standard curve.

FN content determination Remains of 125I-FN solution of 155 pi in 
Tube no. 10 was diluted into working volume of 2.5 ml for fluorescence 
detection. This gave a fluorescence signal unit (fsu) reading of 7.3, which 
converted to FN concentration of 0.128 pg/m l, according to the protein 
standard curve. Following calculation determines the FN content in Tube 
no. 10, in which 1.44 ml of 125I-FN solution was collected:

0.128 (pg/ml) x 2.5 ml = 0.32 pg (The total weight of FN in 155 pi FN
solution)

0.32 pg 4- 155 pi = 2.065 pg/m l (The FN concentration in 155 pi FN solution
from Tube no. 10)

2.065 (pg/ml) x 1.44 ml = 3.0 pg FN (Total FN content in Tube no. 10)

Once the total FN content in Tube no. 10 is determined, the actual 
concentration of 125I-FN solution used for coupon coating can be 
calculated. Further conversions give the relationship of FN contents and 
molecule numbers coated on coupons with 125I-FN solutions. Table F.4 
lists these conversions. However, the FN content on the IO-4 dilution 
coating was not determined because of the background noise consideration 
mentioned in Section E.2. Based on these conversions, the 125I-FN
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densities on 2.5 cm2 coupons are obtained and also listed on the last row in 
Table F.4.

When the same coating procedure is followed for each coupon 
coating, it is assumed that, within a proper range, a linear relationship 
exists between the concentrations of FN solution used to coat the coupons 
and the resulting EN density. Density of unlabeled FN coated on coupons 
used in specific adhesion experiments can be acquired by extrapolation 
based on the regression of actual 12̂ I-FN concentration used in coating and 
the calculated 125I-FN density, as shown in Table F.5 and Figure F.4.

Table F.4 Conversion of 125I-FN density from the total FN content
from Tube no. 10 and the specific activity of 125I-FN coated on 
coupons pre-treated with 2 % APTES.

Dilution from 125I-FN solution - io - 2 10-4

Actual 125I-FN cone (pg/ml) 2.1 2.1 E-2 2.1 E-4

cpm 6556 196 116

125I-FN content on coupon (pg) 0.0315 0.0009 -

125I-FN molecule # 4.31 ElO 1.29 E09 -

125I-FN density (#/cm2) 1.7 ElO 5.2 E08 -
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Table P.5 Conversion of FN density from the FN concentrations in 
solution, labeled and unlabeled, used to coat the coupons pre
treated with 2 % APTES.

Dilution from 
2.1 pg/m l 125I- 
FN solution

Dilution from 
I m g/ml FN 

solution

Actual FN 
cone, 

(fig/ml)

125I-FN content 
on coupon

W

FN density 
(#/ cm2) ■

IO-1 100 8.0 EU

Ir—I 10 8.1 ElO
10-3 I 8.4 E09

- 2.1 0.0315 1.7 ElO
IO-2 2.1 E-2 0.0009 5.2 E08
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FN density vs. [FN] used for coating

1 .0 e+ 1 2  -I------------------------------------------------------------1-
y = 3.4632e+8 + 8.0409e+9x RA2 = 1.000

8.0e+11

6.0e+11

4 .0e+11

2 .0e+11

0 .0 e+ 0  L
0 2 0  4 0  6 0  8 0  1 0 0

Actual  FN c o n e  in s o lu t io n  (ug/ml)

y = 3.4632e+8 + 8.0409e+9x RA2 = 1.000

0 2 0  4 0  6 0  8 0  1 0 0

Figure F.4 Linear regression of FN density and FN (125I-FN or unlabeled 
FN) concentration in solution used for coupon coating. 
Triangle symbols indicate the density of coated 125I-FN in 
amount of 1.7 E+10 and 5.2 E+7 FN molecules per cm2, which 
were resulted from the coating of FN concentrations of 2.1
and 2.1 E-2 |ig/m l in solutions, respectively. The densities of 
unlabeled FN used in specific adhesion experiments are 
extrapolated along the line, shown as the solid square 
symbols.
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RGDS content determination Remains of 125I-RGDS solution of 40 jil in 
Tube no. 16 was diluted into working volume of 2.5 ml for fluorescence 
detection. This gave an fsu reading of 0.9, which gives a concentration of 
10 ng/m l, the detection limit of this kit. Since the start concentration of 
RGDS for radiolabeling is 5 times higher than the concentration of FN, 
this low 10 ng/m l concentration convinced the possibility that RGDS was 
not successfully separated from Bolton-Hunter reagent. This failure was 
due to the close formula weights of RGDS peptide and Bolton-Hunter 
reagent. RGDS content was not determined.



APPENDIX G

Initial Adhesion Rates Statistics
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Initial adhesion rate of each curve from the first 10 min of bacterial 
attachment process was obtained by first statistically fitting the data points 
within the first 10 min with kinetic equations generated by a computer 
software and then the maximum time rate of attached cell density at time t 
(IcfclO) was calculated. The curve-fit information of each curve is 
provided from next page.
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Figure G.l Curve fit of Control II-I data for the initial adhesion rate
calculation.
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Figure G.2 Curve fit of Control II-2 data for the initial adhesion rate
calculation.



Ce
ll 

D
en

si
154

Z'

Control 11-3
Rank 6 Eqn 8100 [Forml J  y=a(1-exp(-bx)) 

r2=0.99831766 DF Adj r2=0.99495297 FitStdErr=11214.816 Fstat=1186.817
3=454916.4 
b=2.8353973

500000 
450000
400000 
350000 
300000 
250000 
200000 
150000 
100000

50000 
0

Time (min)

Figure G.3 Curve fit of Control II-3 data for the initial adhesion rate
calculation.
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Figure G.4 Curve fit of Control III-Ia data for the initial adhesion rate
calculation.
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Figure G.5 Curve fit of Control III-Ib data for the initial adhesion rate
calculation.
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Figure G.6 Curve fit of Control III-2a data for the initial adhesion rate
calculation.
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Figure G.7 Curve fit of Control III-Zb data for the initial adhesion rate
calculation.
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Figure G.8 Curve fit of R(I)-ControI data for the initial adhesion rate
calculation.
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Figure G.9 Curve fit of R(I)-IOOjig data for the initial adhesion rate
calculation.
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Figure G.10 Curve fit of R(Z)-Control data for the initial adhesion rate
calculation.
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R(2)-100ug
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Figure G .ll Curve fit of R(2)-100|ig data for the initial adhesion rate
calculation.
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Figure G.12 Curve fit of R(Z)-Img data for the initial adhesion rate
calculation.
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R(S)-ControI
Rank 2 Eqn 8120 [FormNJ y=a-(a1-c+bx(c-1))1/(1-c) 

r2=0.99998751 DF Adj r2=0.99995003 FitStdErr=1316.9623 Fstat=80050.324 
a=626631.55 b=0.26228421 
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Figure G.13 Curve fit of R(S)-Control data for the initial adhesion rate
calculation.
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Figure G.14 Curve fit of R(3)-100|ig data for the initial adhesion rate
calculation.
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R(4)-Control
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Figure G.15 Curve fit of R(4)-Control data for the initial adhesion rate
calculation.
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Figure G.16 Curve fit of R(4)-100|ig:l data for the initial adhesion rate
calculation.
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Figure G.17 Curve fit of R(4)-100|ig:2 data for the initial adhesion rate
calculation.
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FN(I)-ControI
Rank 1 Eqn 8108 [Form2HypJ y=ax/(b+x) 

r2=1 DFAdjr2=I FitStdErr=I Fstat=3.3561332e+10 
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Figure G.18 Curve fit of FN(I)-Control data for the initial adhesion rate
calculation.
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FN(1)-high
Rank 9 Eqn 105 y2=a+be"x

r2=0.98155247 DFAdj r2=0.96310493 FitStdErr=5312.3659 Fstat=53.207788
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Figure G.19 Curve fit of FN(I)-High data for the initial adhesion rate
calculation.
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FN(2)-Control
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r2=0.99999147 DF Adj r2=0.99997442 FitStdErr=1387.135 Fstat=58645.096 
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Figure G.20 Curve fit of FN(Z)-Control data for the initial adhesion rate
calculation.
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FN(2)-high
Rank 9 Eqn 105 y2=a+be"x
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Figure G.21 Curve fit of FN(2)-high data for the initial adhesion rate
calculation.
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FN(S)-ControI
Rank 3 Eqn 8108 [Form2HypJ y=ax/(b+x) 

r2=1 DFAdjr2=I FitStdErr=I Fstat=9.3091138e+09 
a=360678.64 
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Figure G.22 Curve fit of FN(S)-Control data for the initial adhesion rate
calculation.
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Figure G.23 Curve fit of FN(3)-med data for the initial adhesion rate
calculation.
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Figure G.24 Curve fit of FN(4)-Control data for the initial adhesion rate
calculation.
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FN(4)-low
Rank 18 Eqn 105 y2=a+be"x

r2=0.97101809 DF Adj r2=0.91305426 FitStdErr=I9828.762 Fstat=67.008557
a=4.3180783e+10
b=-4.3180783e+10250000

200000

150000

100000

50000

Time (min)

Figure G.25 Curve fit of FN(4)-low data for the initial adhesion rate
calculation.
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FN(S)-ControI
Rank 5 Eqn 8120 [FormN_] y=a-(a1"c+bx(c-1))1/(1*c) 

r2=0.99991846 DF Adj r2=0.99975538 FitStdErr=2884.0872 Fstat=6131.4084 
a=481490.01 b=4.3950329e-06
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Figure G.26 Curve fit of FN(S)-Control data for the initial adhesion rate
calculation.
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FN(5)-med
Rank 3 Eqn 8120 [FormNJ y=a-(a1"c+bx(c-1 ))1/(1-c) 

r2=0.99995443 DF Adj r2=0.99986329 FitStdErr=2861.6682 Fstat=I 0971.712 
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Figure G.27 Curve fit of FN(5)-med data for the initial adhesion rate
calculation.
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FN(5)-high
Rank 1 Eqn 8108 [Form2Hyp_J y=ax/(b+x) 

r2=1 DFAdjr2=I FitStdErr=I Fstat=6.2371078e+10 
a=368223.66
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Figure G.28 Curve fit of FN(5)-high data for the initial adhesion rate
calculation.
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FN(S)-ControI
Rank 1 Eqn 8108 [Form2HypJ y=ax/(b+x) 

r2=1 DFAdjr2=I FitStdErr=I Fstat=7.0261247e+09 
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Figure G.29 Curve fit of FN(S)-Control data for the initial adhesion rate
calculation.
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Figure G.30 Curve fit of FN(6)-med data for the initial adhesion rate
calculation.
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Figure G.31 Curve fit of FN(6)-high data for the initial adhesion rate
calculation.
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FN(T)-ControI
Rank 1 Eqn 8112 [Form3J y=a(1-1/(1+2a2bx)0 5) 

r2=0.99111087 DFAdj r2=0.98222175 FitStdErr=7976.6948 Fstat=334.49096
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Figure G.32 Curve fit of FN(T)-Control data for the initial adhesion rate
calculation.
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FN(7)-med
Rank 1 Eqn 8108 [Form2HypJ y=ax/(b+x) 

r2=1 DFAdjr2=I FitStdErr=I Fstat=I.7942267e+10 
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Figure G.33 Curve fit of FN(7)-med data for the initial adhesion rate
calculation.



Il 
D

en
si

185

FN(7)-high
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Figure G.34 Curve fit of FN(7)-high data for the initial adhesion rate
calculation.
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Figure G.35 Curve fit of FN(S)-Control data for the initial adhesion rate
calculation.
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Figure G.36 Curve fit of FN(8)-med data for the initial adhesion rate
calculation.
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Figure G.37 Curve fit of FN(8)-high data for the initial adhesion rate
calculation.
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