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Abstract:

Candida albicans comprises part of the normal human flora whose growth is usually restricted by the
normal flora bacteria and the host’s immune system. C albicans is an opportunistic fungal pathogen
which causes infections in immunocompromised individuals, mechanical trauma victims, and
iatrogenic patients. C. albicans can ingress the human host by adhering to a plastic surface (i.e.,
prosthetic devices, catheters, artificial organs, etc.) and forming a protective biofilm which provides a
continuous reservoir of yeast to be hematogeneously dispersed. In order to battle device-related
infections, the mechanisms of adhesion and biofilm formation of C. albicans must be recognized. A
well-defined culture surface allows the initial adhesion and biofilm development to be studied. There
has been some skepticism as to whether the initial adhesion events have any relationship to subsequent
biofilm formation. Thus, to better comprehend the relationship between the initial adhesion rates and
the long term growth rate and mature biofilm formation, these events were studied on two different
culture surfaces, native polystyrene and Pluronic F127-conditioned polystyrene. The adhesion studies
determined that Pluronic F127 adsorption dramatically reduced the adhesion of two strains of C.
albicans of different serotypes to polystyrene. The biofilm growth studies, analyzed by confocal
scanning laser microscopy, revealed that Pluronic F127 decreased the biofilm surface coverage, cluster
group size, thickness, and the presence of hyphal elements over the untreated polystyrene. These
findings indicate that the effect of a material’s surface chemistry on the initial adhesion process has a
direct influence on subsequent biofilm formation.



Adhesion and Subsequent Biofilm Formation of Candida albicans
on Chemically Different Surfaces as Investigated
Using Confocal Scanning Laser Microcopy

by

Karen Emma Wesenberg

A dissertation submitted in partial fulfillment
of the requirements for the degree

of
Doctor of Philosophy
in

Chemical Engineering

MONTANA STATE UNIVERSITY -
Bozeman, Montana

August 2002




UMI Number: 3069288

Copyright 2002 by
Wesenberg, Karen Emma

All rights reserved.

®

UMI

UMI Microform 3069288

Copyright 2003 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346




© COPYRIGHT
by
Karen Emma Wesenberg-Ward
2002

All Rights Reserved




%5

I|53

un

999

# 9

&&+

%

%7 /8



STATEMENT OF PERMISSION TO USE

In presenting this dissertation in partial fulfillment of the requirements for a doctoral
degree at Montana State University, I agree that the Library shall make it available to
borrowers under rules of the Library. I further agree that copying of this dissertation is
allowable only for scholarly purposes, consistent with “fair use” as prescribed in the U.S.
Copyright Law. Requests for extensive copying or reproduction of this dissertation
should be referred to Bell & Howell Information and Learning, 300 North Zeeb Road,
Ann Arbor, Michigan 48106, to whom I have granted “the exclusive right to reproduce
and distribute my dissertation in and from microform along with the non-exclusive right to
reproduce and distribute my abstract in any format in whole or in part.”

Signature ﬁﬂMM (f \A)«LMA/\QXA:’S
Date _Lusaaus T 29,2002




iv

ACKNOWLEDGMENTS

I would like to thank the Center for Biofilm Engineering and the Imaging and
Chemical Analysis Lab for the use of their facilities. I also want to thank Dr. Tyler,
Dr. Sears, Dr. Cherry, Dr. Larsen, Dr. Stewart, Ace Baty, and Wendy Cochran for their

assistance.




TABLE OF CONTENTS

1. INTRODUCTION ....cetiiiiiiitieeeteeeeerrteeeeeeeerteseseteeeemeeeseesnneeeesssesaserasennesessnnresns 1
CANDIDA ALBICANS ...evvovevvveseesesssenssssasssssssssssssssssssssssssesasssssssssssssssssssssssssssssssesons 1
FUNGAL ADHESION AND BIOFILM FORMATION. .. .ccccttiiaiiiuiieniinieienianieiniennsnsinrinsen 8
BACTERIAL ADHESION AND BIOFILM FORMATION......cccitittiiiiiiieieniiiieneesineeneenaes 9
FUNGAL AND BACTERIAL BIOFILM FORMATION....cccctuitimirimmminssinceiissnsssnsssasssassssassce 14
POLY(ETHYLENE OXIDE) AND PLURONIC........ccucituiriuriruiiirassressressressanssenssesessnessasssans 15
. EXPERIMENTAL PROCEDURES ..ottt 18
CONSTRUCTION OF A WELL-DEFINED CULTURE SURFACE.....ccccccceirttanerimimmniicreneenane. 18
POIYINET .. cercreereerr e e eeeee e e e e e eeeeeeeseeesssssessassosesssssnssssssssssssessrnsssnrenns 18
Preparation of POlySLYTene SUITACE ......cceeerrerrveiereersieesiensnesseessnseessersseesssessnnenees 19
Preparation of Oxygen Plasma Treated PS Surface .......ccccoevvevnnieiiiiiiiniiniiinnnnne 19
Preparation of Pluronic Treated PS Surface ........cceeeeviiievviiiiiiiiiiiiiinnniiniiiiininnnnnnn. 21
CHARACTERIZATION OF THE CHEMICALLY MODIFIED SURFACE .......cccovurreerrerenniveene 23
Surface Analysis TEChIIQUES .....ccccoerurerrrerrrriiirirrsrciiiti et 23
KPS ANALYSIS ..uvvvvrrrrreeerrirreriireeeeeeeseeeseessseneeseessossnsersessasssesanssensases rererrraeeeerenns 23

TOF SIMS ANALYSIS «eeeverirerneerereeerreesersrnnmennneeeesiersmnrneecsssossssisnnrneeessssssssnensssees 24
IDENTIFICATION AND SEROTYPING CANDIDA ALBICANS STRAIN 662 .....c.ccuveveneennnens 24
‘Identification and Serotyping Tests .....cccoeeeveeeererrrririunneeee reeeeeeeeeerereeeeeereeneesennnnsens 25
CANDIDA ALBICANS ADHESION STUDIES ...cciieiiuiiiiiiiciiiiiiiniiatiicnieiainrnaerssnncenens 25
Cells and Culture Media .......cccoeeeereenrniiriiririiiiiiiiininiiimmnsssseessssssssesnessens 25
331131 SO OO ORI 27
Cell Adhesion EXPETiMENtS ........ceeeeerrerersrrrnmeeeererersiiiiinseserissiisisssnssseressesssnssesssennns 27
CANDIDA ALBICANS BIOFILM STUDIES ....ccvueeitruneerermmnncerecmennnnssemmmnsessusisserssmsmissssessnes 29
Polystyrene Coverslip Preparation ..........ccceeeveeenn. eeerrerentnreeeesesesssrsnnananessiessrnaeeeses 31
Growth EXPEriments .......cccvieerueerereererreernsnueennineislenineenneeessnneeessmneesesessnsenssssnn 31
CHARACTERIZATION OF CANDIDA ALBICANS BIOFILM STRUCTURE .....cccovvvineerreeennnnen 34
BiOloZICAL STAIN ....uvvveieeeciveereeinererenrreeesssnneneeesanserseesunessssnsessosssnsressssssssssssnsesssnns 34
Live-Dead FIUoreScent Staifl ........cecceerreeereernreereerrrecoreerseraensossssennreesesissssnesssessnns 35
Confocal Scanning Laser MiCIOSCOPY ...eceerveererreanmiirserieeeisisneesissssssniesssssresssssnesssnes 35
Quantitative ANALYSIS ...ceeverrerrrrirerereriieereereerree s e e e need S 37
Statistical ANALYSIS ...eeeeeeveereeeerrrrrrnnrerteeertriiiiiiiiire e s st e s saaatr e e e s e nanse e 38

. PRELIMINARY RESULTS ..ot eetesrreeeteearesereenneesteanseeas 40
ADHESION TO OXYGEN PLASMA TREATED POLYSTYRENE .....ccocvvruiiiiiiiicenionnienenne. 40

PATTERNED SURFACE ON POLYSTYRENE .....ceevveeueereereesnisrersuesneessuessussssssssassssssesssns 40




vi

TABLE OF CONTENTS - CONTINUED

GROWTH CURVES.FOR CA1 AND CA662 IN NONREDUCED MEDIUM .....c.ocvueeuceeniaecnnns 41
4. INFLUENCE OF SURFACE CHEMISTRY ON THE ADHESION
AND BIOFILM FORMATION OF C. ALBICANS ....cueuurriiiiiiciccieeeeeeinesineeeens 45
INTRODUCTION ...eutuieneeeenrecesrncrcsessastrosssssssssssssssssessasssssisnsssssnsessasssssssssssssssssssssensssnsns 45
MATERIALS AND METHODS ....cciiiiiiiiiiiiiiiiiiiiinniniiniionnnniiiuiiiiiniaeniiecnnes 47
Culture Surface Preparation ........cccceeeereeeeeecinimrunieeiiiiniieiiiicieciseeensseessesnsseeens 47
Surface COMPOSTLION ....vvvveererirrrivrreeeeererreeeeeimiirteeesesiiirteeeeesessersintessresensssaneseses 48
Cells and Culture Media ........ceeeeeeeeirieereeriineriniinniineereeiineennns eveereresenrreeeasenanee 49
Adhesion and Biofilm Growth Experiments .........ccccccceviuniieniiinnnn, S ervreseeeens 50
Biofilm TMAGING ....eeeveveerrreerrrrneeeeeriiiiiiiieeeeeeeereesensinnenesiessssineresssaseees eerreerrenesens 51
RESULTS AND DISCUSSION ..eueuieiiniiaieiiniiieiarttettsetitiestitaitrcresssssesssssesmosnissnons 52
CONCLUSIONS ..outttrerereereaentesssroossssssaseesssassstssssssssorstassassuesssssesssssnessssasassssassessssssssosns 64
5. ADHESION AND BIOFILM STRUCTURE OF TWO STRAINS
OF C. ALBICANS OF DIFFERENT SEROTYPES ON SURFACES
OF DIFFERING HYDROPHOBICITY ......cccceevvuurinnns eteereeeereeeeesetraeeeeraneenaeesan 66
INTRODUCTION ...cuiuitniuieerncereoenrecensiossssosssssssssssssasssossonsssssnsssssssstnsssssssarsssessssnsssssanses 66
MATERIALS AND METHODS ....coitctiiiiiniminiiitiiiiiiutistiiiiiiiriiitiessterncnetssasescssssosassassases 70
Cells and Culture Media ........ueeeeeeerireeriiimreneeeieiiiiniiiieeeiiiniireeresteseeeesneneessessnnes 70
Adhesion and Biofilm Growth EXperiments .........c.cccccovveriiiiiinniiiiininninneneenenninieenn, 71
Pluronic F127 TOXICItY ANALYSIS v.eceecevrerrireirreeeeeeeeeriiiiiseisinreiiesinnnessesssensesssesennns 72
BiOfIlm IMAZING ..eveevuveeereerrreeeerieeeeeaanrerereiisssseessssiessinesessssssresesssrssssssssasssssnssens 73
Statistical ANALYSIS ...ceeevrerrereeereiirirrsnceereeeerieeniosiinrreeessiinrnereseeesssennsessnnaseiossannens 73
RESULTS AND DISCUSSION ...ccierreiirisiacisesentuseneesasssssiimetssiemscssssssasassssasasssssssssasssases 74
Binding of CA662 to Native Polystyrene and Pluronic F127

Modified POLYSLYTENE ..vveereemeeerarreereeiiiitieiiniterenittiitrr e sntr e eesssanas s e snessaines 74
CA662 Biofilm Formation on Native Polystyrene and .

Pluronic F127 Modified Polystyrene ............ eeeeeeeerreeeeesesereeeeeeeteeeesessnnnttesessatteees 80
Growth Curves for CA662 and CA1 in Reduced Concentration Medium ..................... 84
Toxicity Analysis of Pluronic FI127 ......cccoiiviiiiinniiiinniicnnniiiiniineeeeereesnsennnns 88

CONCLUSIONS ....coiiiiniiniasenenenncnnnsd eeeeeeeeeesentesteeesensratenttosttsestettesiotetasesanerertetisratansanonen 90
6. CONCLUSIONS .....ooeieeeietieisiieriecsinnneinsnnns eerreetete bttt s s s s s sasas st enetananasataes 92
LITERATURE CITED ....ootitiiiiiiiiiietiteeenneeeeeeieenreetsssssiinesessesssssssssssssssssessnssssnseses 95




vii

TABLE OF CONTENTS - CONTINUED

APPENDICES .......... et ettt re e et et et e e st et e ettt se e bt se b et et s b e e s e e bt s e arresane 105
APPENDIX A - BACKGROUND ........ 106
APPENDIX B - ORIGINAL DATA ....ovteicireeenreersierereeneeessseessseeeseeeesseesesssesssseessssessneses 10O
APPENDIX C - CALCULATIONS ...coutuiiuuniiruniimtiiiiiiiiiieniciniieessssstaiesssnesenansessnsseres 204

APPENDIX D - STATISTICAL ANALYSIS .....ctvimrmirriiiiiiiiiieeeeeesisnnennnissnseeseessnnnens ....210




viii

LIST OF TABLES
Table Page
1. Fluid-flow and Mass Transfer Characteristics for
the Kynar FIow Cell SYStem ......c.eovevemereierieieieicicieic s 30
2. XPS Atomic Concentrations ........... 41
3. XPS Atomic CONCENIIALIONS ....euvereerueerreenreeenreenreessueraruesseeeesseeessecsseessaeessesenne 54




Figure Page
1. Schematic Representation of Adsorbed
Pluronic F127 surfactant on PS ......c..covviieiirenieereerececeeererree e 16
2. Schematic of Oxygen Plasma REACIOT .....cceceuveeeeerrereeiireeeeeeeernirereeneeeeeeeessneeess 20
3. Pluronic F127 and PS Structural Units ........ceecvveeeveeecrerecrereereceeeeeereenreeeeneen 21
4. Adhesion Experimental Setup Including :
FIoW Cell ASSEIMDLY ...coovvreeririeiiiirieeieieesercrnrsenseerereessneessneesveesenessaassnaes 28
5. Observed Regions in the Adhesion and
Biofilm Studies for CAGO2 ..........veeeerreieereeerrierriesnneresesrtreesssnneseseessssnessnees 29
6. Biofilm Experimental Setup Including
FIow Cell ASSEMDLY ...cocvvreveerestinriiieeeereenreeresieseneeeesereesssaeesssesveseseesanes 33.
7. Adhesion of C. albicans to Treated and Untreated
Polystyrene after 60 minutes of Exposure to a Cell
Concentration 0f ~ 1 X 107.CelIS/ML ......eeverererererereeriererereereseeeeeeseseee e ssenens 40
8. ToF SIMS Image Showing the Spatial Locations of Carbon
and Oxygen on the SUITACE .....cccccvveeerreerrreiereeeneirireeesesireeesesiseesseessianeesnes 42
9. Patterned Adhesion of C. albicans Strain 1 on the Perimeter
of the PS Coupon Exposed to an Oxygen Beam Through ‘
A COPPEL GIIA ..ovverrrreeernirieeciieeerensetreesresneeesesesesscesssasssesssssenessssanssssssseness 43
10. Growth Curves for CAl in GYEP Medium with the Addition
of 10ul (-0-) or 1000pul (-0-) of 4% Pluronic F127 Solution
or in the Absence of Pluronic F127 (- [-) cocueiiiiereecrnrreeeeeennneeeceneneeeeeeaenas 43
11. Growth Curves for CA662 in GYEP Medium with the Addition
of 10pl (-¢-) or 1000l (-0-) of 4% Pluronic F127 Solution
or in the Absence of Pluronic F127 (- [0-) «.ccevervrnreccrrenreeeneernrencreeneeeseenns 44
12. The C1s Spectrum (Resolved into Compdnent Peaks)

LIST OF FIGURES

for Pluronic F127 Treated Polystyrene ................. reensaseses et eaeas 53




Figure

13

14.

15.

16.

17.

18.

19.

20.

LIST OF FIGURES - CONTINUED

Page

. Adhesion of Candida albicans to Treated
and Untreated Polystyrene After 60 Minutes
of Exposure to a Cell Concentration of
~ 1 x 107 cells/ml at a Rate of 1.5 ml/min ..

Biofilm Formation on Pristine Polystyrene
at 48 hours with the First Cell Layer Originating
at the Surface and Consecutive Layers within the
Biofilm Given in ~ 5 im INCIeMENLS.......eveveereeerieireeererrereieresneseeesseesssenene 55

Percent Surface Coverage versus Distance
from the First Cell Layer for a Single Region
of the Biofilm Formed on Pristine Polystyrene ...........ccceevvveeeecvvennvunnenns —

Percent Surface Coverage versus Distance from
the First Cell Layer for Eight Regions of the
Biofilm Formed on Pristine Polystyrene

Mean Percent Surface Coverage versus Distance
from the First Cell Layer for Three Experiments
with an Average of Ten Regions of the Biofilm
Formed on Pristine Polystyrene per EXPeriment .........cceceeereesiverenreereesvereereeens 38

Examples of Each Cluster Size used in Quantifying
the Biofilm that Formed on Treated and Untreated
POLYSEYIENE .eeuveereneeieereierteeeeeeesestesats ettt este st e ssssaeesseseanesssasssiesaesnns 59

Cluster Group Fraction of the Total Cluster Area in
Each Layer of the Biofilm Formed on Pristine Polystyrene ..........ccocveueneneee. 60

Biofilm Formation on Pluronic F127 Conditioned Polystrene
with the First Cell Layer Originating at the Surface and
Consecutive Layers within the Biofilm given in ~ 4 um
INCTEIMENILS eeveveerreeereenreereretereeiee et e e tentr e e e e eessseeteeseessssnssueesesssssssssnsennans 62




Figure

21.

22.

23.

24.

25.

26.

27.

28.

29.

LIST OF FIGURES - CONTINUED

Mean Percent Surface Coverage versus Distance from the
First Cell Layer for Four Experiments with an Average of
Seven Regions of the Biofilm Formed on Pluronic F127

Conditioned Polystyrene per EXperiment ..........ccovueeeeerevreercucirnennnn.

Cluster Group Fraction of Total Cluster Area in Each Layer
of the Biofilm Formed on Pluronic F127 Conditioned

POLYSLYIENE ...ceeueeeiieiiiiiieteeecttentteessressestre s e e e e ree s s vaa e s e naeesnaeas

Hyphal Formation on Pristine Polystyrene (A) and on Pluronic
F127 Conditioned Polystyrene (B) after 48 hours of Biofilm

GIOWRERL 1ottt ettt st ettt s e eeeeseeaenmmm e s e eaaaaeaaaaaeeasrs

Seven Regions Examined During the Adhesion and Biofilm

STUGIES wevneieeeiieeetie sttt e ettt e e e e eeeeeareeeraee e e eeaaeameaaeeaeanaess

Adhesion of C. albicans to Polystyrene (A - CA662, C-CAl
and Pluronic F127 Modified Polystyrene (B - CA662, D - CAl)

Adhesion of CA662 and CA1l to Polystyrene and
Pluronic F127 Conditioned Polystyrene as Determined by

Phase Contrast MICIOSCOPY .eovvereerrreererineeesreneiseesesseeessessnsesssssessssens

The Log Number of Adhering Cells per Square Millimeter
as a Function of Distance from the Inlet for Adhesion of
C. albicans strain 662 to PS (A) and for Adhesion to

PL-PS (B) cvvverveemeeereeesseessemssssessaesosesessssssssmmmssssssssessesssesossrseessses

Biofilms of C. albicans Formed on Polystyene (A - CA662, 4
C - CAl) and Pluronic F127 Modified Polystyrene (B - CA662,

D = CAD oo et er et se sttt err s se e reee I

Percent Surface Coverage versus:Height from the First Cell
Layer for Seven Different Region on the Polystyrene Surface

Averaged Over Seven EXPEriments «..........evcveerererereereereseressesesserenees

Page




Figure

30.

31.

32.

33.

34.

35.

LIST OF FIGURES - CONTINUED

Percent Surface Coverage versus Height from the First Cell
Layer for Seven Different Region on the Pluronic F127

Treated Polystyrene Surface Averaged Over Four Experiments

Average Maximum Percent Surface Coverage as a
Function of Location (A - G) for Biofilms Formed on

Polystyrene (1) and Pluronic F127 Modified Polystyrene (2)

Average Maximum Percent Surface Coverage for
CA1 and CA662 Biofilms Formed on Polystyrene and

Pluronic F127 Modified POLyStyrene ........cccceeveeueerersioneeseeenveennenns

Average Biofilm Thickness (urh) for CA662 and CAl
Formed on Polystyrene and Pluronic F127 Modified

POLYSEYIENE ...eveeieerieeeeeereiieiteecrreeriteectes e see e e e see s e e saeeesese e raeessenns

Main Effect Plot, Data Means for Log(Concentration),
from the Statistical Analysis of the Growth Profiles for
CAl and CA662 in Reduced Medium with and without

the Addition of Pluronic F127 (0.04% (V/V)) cecvveevrercienieecieeecenene.

Interaction Plot, Data Means for Log(Concentration) from
the Statistical Analysis of the Growth Profiles for CAl and
CA662 in Reduced Medium with and without the Addition

of Pluronic F127 (0.04% (V/V)) eeeevrererienecirieceet e eete e eeeeecvaenenns

.........................

Page




ABSTRACT

Candida albicans comprises part of the normal human flora whose growth is usually
restricted by the normal flora bacteria and the host’s immune system. C. albicans is an

- opportunistic fungal pathogen which causes infections in immunocompromised

individuals, mechanical trauma victims, and jatrogenic patients. C. albicans can ingress
the human host by adhering to a plastic surface (i.e., prosthetic devices, catheters, artificial
organs, etc.) and forming a protective biofilm which provides a continuous reservoir of
yeast to be hematogeneously dispersed. In order to battle device-related infections, the
mechanisms of adhesion and biofilm formation of C. albicans must be recognized. A well-
defined culture surface allows the initial adhesion and biofilm development to be studied.
There has been some skepticism as to whether the initial adhesion events have any
relationship to subsequent biofilm formation. Thus, to better comprehend the relationship
between the initial adhesion rates and the long term growth rate and mature biofilm
formation, these events were studied on two different culture surfaces, native polystyrene
and Pluronic F127-conditioned polystyrene. The adhesion studies determined that
Pluronic F127 adsorption dramatically reduced the adhesion of two strains of C. albicans
of different serotypes to polystyrene. The biofilm growth studies, analyzed by confocal
scanning laser microscopy, revealed that Pluronic F127 decreased the biofilm surface
coverage, cluster group size, thickness, and the presence of hyphal elements over the
untreated polystyrene. These findings indicate that the effect of a material’s surface
chemistry on the initial adhesion process has a direct influence on subsequent biofilm
formation.




INTRODUCTION

Fungi and bacteria have been shown to adhere to biological and non-biological
surfaces with the subsequent formation of biofilms. These biofilms provide a refuge from
the effect of antimicrobial agents and molecules of the immune system while also serving
as a source for seeding further biofilm development. Pluronics, poly(ethylene oxide)
(PEO) containing triblock copolymers, have been shown to minimize adhesion, an initial
stage of biofilm formation, of host proteins, bacteria, and fungi on inert surfaces. This
introduction is meant to provide insight into the findings of previous investigators in the
areas of

1) Candida ecology, epidemiology, virulence, morphology, and structure,

2) fungal and bacterial attachment, growth, and differentiation into mature,

recalcitrant biofilms, and

3) surface modification with Pluronics or PEO polymers, generating highly

hydrophilic surfaces.

Candida albicans

Candida is a normal commensal of the human gastrointestinal and genitourinary

tracts and mucosa.(36,43) Candidiasis is an infection caused by species-of Candida with

C. albicans being the major etiologic agent. Since Candida is a part of the normal human

flora, this is an opportunistic fungal infection. Generally the growth of Candida is kept in

check by the body’s immune defenses and normal flora bacteria, however, overgrowth can
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occur in immunocompromised individuals (e.g., diabetes, lymphoma, leukemia, DiGeorge
Syndrome, AIDS), mechanical trauma victims (e.g., burn patients), and as a result of
iatrogenic factors including drugs that affect the normal human flora or immune system
(e.g., broad spectrum antibiotics, corticosteroids, antitumor chemotherapy), catheters and
other medical devices, and surgical procedures (e.g., abdominal, heart, and transplant
surgery).(8,43)

Proposed virulence factors of C. albicans include hyphal formation, adhesion
properties, toxin production, and the dynamic cell surface. C. albicans can exist in one of
three different morphological states, namely as blastoconidia, hyphae, or pseudohyphae.
The form of the yeast depends on environmental conditions such as pH, incubatioﬁ
temperature, inoculum size, and composition of the growth medium.(8,43,49,81) The
budding phenotype is typically observed at low pH or low temperature whereas the hyphal
phenotype is generally associated with high pH and high temperature. Stationary phase
yeast cells inoculated into medium at 37°C and a pH of 4.5 grow solely in the yeast form.
If stationary phase yeast cells are introduced to mediﬁm at 37°C and pH of 6.7, the yeast
will grow solely as hyphae as lbng as the pH remains above 6.0. At a pH between 5.5 and
6.5, the stationary phase yeast cells will initially form elongated daughter cells and later
revert to the budding form and intermediate phenotypes.(81) The change from yeast to
hyphal form is accompanied by changes in the chemical and structural makeup of the cell
wall components.(86) The morphological changes may occur as a result of modiﬁcatipns

in gene regulation in response to contact with a surface.(32)
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S. cerevisiae has been proposed as a model system for C. albicans. However,
there are important differences in the regulafcion of genes responsible for hyphal formation.
Thus, although S. cerevisiae gene homologs in C. albicans influence morphology, they
still fail to provide a clue as to the relationship between hyphal formation and
virulence.(49)

The cell wall of C. albicans plays a role in adhesion to host tissues and plastics, in
procuring nutrients from its environment, resisting drugs and products of the immune
system, and in eliciting an immune response.(37) The cell wall of blastoconidia is
composed of chitin, glucan, mannan, and lipids. The total glucan.and mannoprotein
content remains fairly constant in the transition from the yeast to filamentous form,
whereas the chitin and lipid levels increaée. The cell wall of C. albicans has beeﬁ
described in terms of regions of enrichment.(14,61,78) The outermost fibrillar layer
consists primarily of mannoproteins. The yeast to hyphal transition is associated with an
increase in adhesion and cell surface hydrophobicity (CSH). The increase in CSH is due
to changes in the outer fibrillar layer mannoproteins which are thought to be the primary
adhesins.(19,24,38)

The adbesion of stationary phase yeast cells is grea‘;er than that of log-phase cells
to tissues, but adhere primarily to splenic tissue-. (N ote: humans are naturally exposed to
endogenous stationary phase yeast cells.) Adhesion to host tissues, however, is not in and .
of itself responsible for the onset of disease since S, cerevisiae, a nonpathogenic yeast,
binds to host tissues. In otherwise immunologically normal mice, C. albicans binds to

macrophage-rich regions of lymph nodes and spleen and kidney tissue. The kidney is the
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only organ that consistently supports fungal growth, thereby contributing to disease.(9,19)
Hydrophilic yeast cells bind to the macrophage rich regions of lymph nodes and spleen;
whereas hydrophobic yeast cells adhere to all tissues and in regions that are void (or nearly
so) of macrqphages. Hydrophobic yeast cells are more virulent than hydrophilic yeast
cells. Hydrophobic yeast cells seed kidney tissues, germinate at a faster rate than
hydrophilic cells, and display decreased killing by phagocytoses.(3 6)

The hydrophobi;:ityﬂlydrop}ﬁﬁcity of C. albicans depeﬁds on the growth form and
environmental conditions. Excessive and limited carbohydrate levels in the growth

' medium result in increased cell surface hydrophobicity (CSH). Yeast cells ;;rown on solid

or liquid culture exhibit increased CSH over those grown within a liquid.(32,37) -
Although temperature alone does not dictate CSH, stationary phase yeast cells grown at
28°C are typically more hydrophobic than cells grown at 37°C. Actively growing yeast
cells display modest levels of CSH, pseudohyphae display variable amounts of CSH, and
hyphae are highly hydrophobic.(19,24,36,37) Due to the dynamic nature of the cell
surface, C. albicans can quickly change from hydrophilic to hydrophobic. Within 60
minutes of exposure of yeast cells to tissue culture medium or fresh growth medium, C.
albicans can change from hydrophilic to hydrophobic. Low concentrations (10® cells/ml)
of yeast in suspension on ice can convert rapidly from hydrophilic to hydrophobic. If
pelleted on ice, however, the cell surface hydrophilicity can be maintained for four
hours.(36,37)

The fibrils of hydrophobic cells are blunt and aggregated whereas those of the

hydrophilic cells are long, distinct, thin, and tightly packed. The fibrils of hydrophilic cells
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consist of high molecular mass mannoproteins. Hydrophobic and hydrophilic cells have
similar hydrophobic proteins. The hydrophobic proteins are small, poorly glycosylated,
and are tightly associated with the cell wall. In hydrophilic cells, the hydrophilic proteins
mask the hydrophobic proteins. The hydrophilic proteins are large and loosely associated
with the cell wall and are synthesized and shed throughout cell growth. Hydrophobic
proteins are present during the various stages of growth regardless of temperature or
medium composition. Exposure of the hydrophobic proteins, however, depends on the
growth phase, growth form, and temperature. Adhesion of C. albicans to low surface
charge substrata involve nonspecific hydrophobic interactions, whereas adhesion to host
tissues requires specific hydrophobic adhesins.(37,38,39)

The adhesion of C. albicans to host tissues and plastics is influenced by the type
and quantity of sugars. Adhesion to polystyrene (PS) is blocked by amino sugars and
enhanced by increasing glucose concentrations up to S0mM. Above this concentration,
however, adhesion to PS is prevented. Adhesion of C. albicans strain 51 was shown to be
augmented by galactose, glucose, and divalent ions (e.g., Ca®>*, Mg?") and hindered by
Fe**. At 37°C, adhesion of C. albicans strain 51 was greater than at 20° and 25°C and
attained a maximum at 40°C. Binding to host tissues is precipitated by the interaction
between host proteins and C. albicans surface molecules. C. albicans hés cell surface
receptors specific for host proteins including fibrinogen, fibronectin, laminin, and type I
and type IV collagen which promote adhesion to conditioning films that form on surfaces

exposed to host fluids.(19)
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C. albicans can exist as either serotype A or serotype B, which differ in the
composition of the phosphomannan (PM) complex. The PM complex of serotype A is
similar to that of serotype B with the exception of the presence of some non-
phosphodiester-linked f-(1,2)-oligomannosyl side chains in the phosphomannan acid
stable portion (PM-AS). The monoclonal antibodies (MAb) B6.1 and B6 are of the IgM
isotype with the former conferring increased resistance against experimentally
disseminated candidiasis. Both MAb B6.1 and B6 are specific for yeast cell wall mannan.
MAD B6.1 epitope is part of the cell wall PM complex, namely fraction III and fraction IV
- of phosphomannan acid labile (PM-AL) portion. Fraction ITI comprises the greatest
portion of the B6.1 epitope and consists of isomers of mannotriose. The B6.1 epitope is a
B-(1,2)-mannotriose. Fraction IV is composed of mannotriose and mannotetraose. MAb
B6 epitope is part of the PM-AS portion and is mannan in nature.(29)

Mannan adhesins can be extracted from the fungal cell wall with 2~
mercaptoethanol (2-ME). This extract inhibits the adhesion of C. albicans to lymph node
and spleen tissue, independent of strain or serotype. Fraction Ila and fraction IIb,
obtained from fractionation of the 2-ME extract, displayed greater adhesion than the other
three fractions. .Fraction ITa prohibited adhesion to lymph node and splc;,en and is
comprised primarily of mannose (98-99%). The mannose portion of mannoproteins is
responsible for the adhesion of hydrophilic yeast cells to tissue such as spleen and lymph
node. Adhesion of hydrophobic yeast cells to tissue is mediated through the cell wall |

proteins. (45)
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An antigen (10G Ag) was located within C. albicans cell wall surface and
plasmalemma. The 10G Ag epitope was determined to be a B-( 1,25-1inked tetramannose
and is thought to be part of the acid labile region 6f the phosphomannan c’:omplex. Both
the 10G Ag and the 10G Ag epitope bind to mouse spleen marginal zone macrophages
and block binding of C. albicans.(70)

Prevention of candidiasis precipitated through the application of catheters and
other medical devices requires the generation of a non-fouling surface. Production of a
non-fouling surface necessitates not only the blocking of Candida adhesion but also that
of host proteins. Upon exposure of surfaces to host fluids, proteins and other components
adhere to the surface, forming a conditioning film. C. albicans has cell surface receptors
specific for host proteins, enabling it to bind to surfaces coated with a conditioning film.
The problem then is how to generate such a non-fouling surface.(19) Generation of a
surface that completely precludes binding of yeast and host proteins may prove difficult,
but it should be possible to produce a surface that limits adhesion. By limiting adhesion,
we minimize one of the virulence factors associated with C. albicans. By reducing the
presence of the hyphal form of C. albicans, another proposed virulence factor can be
controlled. Pseudohyphae and hyphae aré associated with higher levels of CSH than the
yeast form of C. albicans.(19,24,36,37) This, along with the observation that C. albicans
adheres to low surface charge substrata through hydrophobic interactions (37,38,39),
leads to the question of whether a highly hydrophilic surface could limit both the

interaction of C. albicans with the surface and the presence of the hyphal phenotype.




Fungal Adhesion and Biofilm Formation

C. albicans can adhere to a variety of biomedical implants including contact lenses,
prosthetic devices, pacemakers, artificial joints, and urinary, central venous, and peripheral
catheters. Following adhesion to a surface, yeast can develop microcolonies sheathed
within a polymeric matrix, forming a biofilm which acts as a protective barrier. A biofilm
provides a setting where the yeast can proliferate and release cells into the surrounding
fluids and tissues, contributing tovthe onset of acute disseminated infections. Although
slow to develop, thé infections are relentless as the microorganisms are unreachable by
host defenses and antibiotics. Thus, suppressing the infection usually requires removal of
the implant.(32,92)

The preponderance of manifestations of candidiasis are associated with the
formation of biofilms on inert or biological surfaces and in mucosal and systemic sites.(66)
Enbanced adhesion of Candida species in an oral environment is influenced by sucrose-
and glucose-rich diets, acidic pH, cell surfac? hydrophobicity and cell surface
mannoproteins. C. albicans and C. dubliniensis have been acquired simultaneously from
the mouths of immunocompromised individuals. Under planktonic conditions in
Sabouraud liquid broth modified antibiotic medium 13 (SDB), C. albicans prevails over C.
dubliniensis. When exposed to consistent conditions of pH, temperature, nutrient levels,
and waste removal, the phenotype or organism with the enhanced growth rate will

predominate. C. albicans also prevails over C. dubliniensis under sessile conditions in
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SDB, however, not to as great an extent. Population differences due to variations in
growth rates are not as notable in biofilms as they are in suspension cultures.(48)

The ability of S. cerevisiae to demonstrate the initial stages of biofilm formation
has led to its indicated use in ascertaining the role of C. albicans cell surface proteins in
pathogenesis and in evaluating the capacity of compéunds to block fungal adhesion.
Flol1pis aS. cerevisiae cell surface protein Which is required for cell-cell adhesion and
cell-surface adhesion. The ortholog of Flo11p in C. albicans is a proposed virulence
factor since expression in S. cerevisiae led to adhesion to mammalian cells.(71) However,
as indicated earlier, adhesion does not by itself account for the onset of disease.(9)

The emergence of candidiasis is attributed in large part to the formation of a
biofilm (66), and therefore prevention requires circumventing biofilm formation. The
question is then whether limiting the initial adhesion event can lead to diminished growth

and thwart the appearanceé of a mature differentiated biofilm.

Bacterial Adhesion and Biofilm Formation

Biofilms are found in association with shiﬁ hulls, oil drilling pipes, food fermentors,
and dental plaque. Biofilms can be a contriButing factor in upiner respiratory infections,
kidney stones, prostate infections, urogenital infections, peric;dontal disease, Legionnaire’s
disease, peritonitis, and middle ear infections. Approximately 10 million infections that
occur in the U.S. each year are precipitated by biofilm formation on permanent medical
implants. These surfaces which are not adequately protected by the host immune system

provide binding sites for microorganisms. In North America, more than 100 million
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urethral catheters and urinary stents are employed each year. In the absence of antibiotic
treatment, ‘up to 28% of urethral stents and up to 100% of catheters are prone to infection
which can lJead to death. Upon exposure to body fluids (e.g., saliva, blood, urine) surfaces
are coated with a conc-litioning film consisting of host proteins and other substances. Host
proteins including serum albumin, fibrinogen, fibronectin, and collagen can serve as sites
for bacterial adhesion. The existence of a conditioning film is thought to be an initiating
stage for infectious biofilm development. An effort to compromise or eliminate the link
between the conditioning film and the biofilm, such as through fluctuating shear forces or
surfactants, could hinder biofilm formation or allow for removal through sloughing.(68)
The recalcitrance of bacterial biofilms is thougﬁt to be due to a multicellular
endeavor. For example, degradation of hydrogen peroxide by catalase produced by
bacterial cells, including nonviable cells, requires a concerted effort by a group of cells. A
single cell could not produce enough catalase to overcome the debilitating effects of
hydrogen peroxide. Similarly the activity of some antibiotics requires oxygen. The cells
on the perimeter of the biofilm consume the oxygen and thereby protect their deeper
neighbors. Again, a single cell cpuld not deplete enough oxygen from its surroundings to
prevent the antibiotic’s activity. The presence of various metabolic states withiﬂ é biofilm
also provides for protection from chemical and physical assaults. The majority of cells are
in an active growing state which leaves them prone to the effects of antimicrobial agents.
However, some of the biofilm cells are in a static, spore-like state and are protected,
allowing them to reseed the biofilm. Thus, the symptoms of an infection may subside only

to flare up later.(59,82)
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The presence of various metabolic states represents a physiologically baseél
mechanism of resistance. Another potentially contributing rhechanism to bacterial biofilm
recalcitrance could be a transport-based mechanism. The reduced susceptibility of biofilm
bacteria can not be explained by reversibly sorbir'lg, nonreacting solutes or by
stoichiometrically reacting solutes. In contrast, irreversibly sorbing, nonreacting solutes or
catalytically reacting, nonsorbing solutes could account for the increased resistance of
biofilm bacteria provided the reaction is fast enough in the latter instance. However, there
is no indication of extensive irreversible sorption of antibiotics to biofilms, and the vast
majority of antibiotics do not react rapidly enough to account for the increased
tolerance.(83)

Bacterial biofilms consist of microcolonies shrouded in extracellular polysaccharide
(EPS) matrix or glycocalyx and demarcated by water channels. These sessile communities
are physiologically and morphologically distinct from their planktonic counterparts. The
exterior cells of microcolonies receive sufficient nutrients and waste removal. The aerobic
conditions allow for the growth and activity of bacteria that require oxygen for these
functions. These bacteria produce toxins and other substances that produce deleterious
effects on the host. However, this active state also contributes to their destruction b}If
drugs such as penicillin which act on replicating cells. The interior cells of microcolonies
experience limited nutrient levels and waste removal and depend on the diffusion of these
molecules. These cells are exposed to reduced oxygen levels which leads to an inactive

state. Thus, these cells pose little threat to the host. This state also provides resistance to
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. drugs such as penicillin, leaving these cells to consume those cells that expire and to
restore the biofilm.(6,10)

Biofilm bacteria generate signal transduction proteins which gather information
from the environment and relay it to chromosomal elements. This form of communication
allows for a group virulence response.(68) P. aeruginosa has two known cell-to-cell
signaling processes including the lasR-lasI and rhIR-rhil. The lasR-lasI and rhIR-rhil
gene products are homoserine lactones which attain, with sufficient population sizes,
concentration levels necessary for gene activation. This type of gene regulation is termed
“quorum sensing and response”. Both the wild-type (PAO1) and the lasl-rhll double
mutant biofilms attained steady-state within two weeks. The lasI-rhlI double mutant
formed thin, dense biofilms and failed to produce quorum sensing signals. The 7%/] mutant
generated biofilms with similar thickness and cell packing as the wild-type. The lasl
mutant developed biofilms that had similar thickness and cell packing to the double mutant
. and unlike the wild-type was sensitive to sodium dodecyl-sulfate (SDS). In the presence
of synthetic signal molecules, however, the /asl mutant formed biofilms which appeéred
normal. Thus, the quofum sensing signal 30C,,-HSL, the gene product of lasR-lasl, is
necessary for normal biofilm differentiation. The initial stages of biofilm development,
adhesion, and growth are normal for the las] mutant, but it fails to form a mature
differentiated biofilm. The wild-type and planktonic counterparts generate similar
amounts of EPS but differ in the glycocalyx appearance which is “compressed and

incomplete” in planktonic systems. This may explain the close packing observed in the
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mutant biofilms. Thus, an ability to block cell-to-cell signaling provides a means of
prevénting mature biofilm formation.(10)

A chemical being developed to target bacterial communication was spurred by
findings that the red marine alga D. pulchra does not contain biofilms on its fronds. The
chemicals responsible for this antibacterial behavior are substituted furanones which act by
binding to locations on bacteria that are normally occupied by signal molecules. Thus, the
bacteria do not receive a signal to amass and create a biofilm. Substituted furanones have
been shown to not only prevent biofilm formation but to disperse existing biofilms. They
are also nontoxic and fairly stable in the huﬁmaﬁ body and bacteria have not developed a
tolerance over the years of exposure to them in the oceans.(6,59)

Another potential way to limit biofilm formation is to employ drugs directed
against the production of extracellular matrix and against adhesion to surfaces, preventing
subsequent biofilm formation. Upon adhering to a surface, the production of many
proteins not found in planktonic cultures is initiated. For example, Pseudomonas
aeruginosa expresses the algC gene which is required for the production of alginate, a
principle component of the extracellular matrix.(6)

In nature, biofilms are a multispecies conglomeration.(48) Dental plaque biofilms
have over 500 species. Gram-positive bacteria, primarily streptococci, are the first to
appear. They are followed by gram-negative anaerobic bacteria' such as P. gingivalis
which represents a transition from a commensal to a pathogenic entity. P. gingivalis
adheres to oral surfaces tﬂough fimbriae. The fimA gene product, FimA, is a primary

protein subunit of fimbriae. Expression of the fimA gene is influenced by environmental
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factors and signaling molecules. S. cristatus produces a signal molecule which reduces
JimA gene expression and thereby prevents P. gingivalis biofilm formation. S. gordonii, in
contrast, provides a binding site for P. gingivalis through an adhesin-receptor interaction
with FimA and S. gordonii surface molecules.(89)

Host proteins that makeup the conditioning film that forms on surfaces exposed to
body fluids provide sites for the adhesion of bacterial cells. The presence of a
conditioning film is considered one of the initiating stages for infectious bacterial biofilm
development.(68) Thus, generating a surface that repels the adhesion of host proteins
would eliminate not only one element of Candida adhesion, but also bacterial adhesion.
The recalcitrance of bacterial biofilms is described as being a multicellular endeavor (59,
82), studies indicate that this is also true for Candida biofilms (3,5,33). Therefore, the
ability to produce a surface which limits adhesion and obstructs the appearance of
multicellular structures would also increase the sensitivity of those cells that attach to the
surface. Thus, the cells that adhere to the surface would be subject to the effects of
antimicrobial agents and antiseptics. The thin, dense biofilms produced by P. aeruginosa
lasI mutants were sensitive to .SDS and failed to ‘form mature differentiated biofilms, in

contrast to the wild-type.

Fungal and Bacterial Biofilm Formation

Biofilm development is influenced by nutrient supply, hydrodynamic flow, cell
movement, and interactions between organisms. Interactions between bacteria and fungi

can either promote or hinder adhesion. The présence of bacteria decreased the
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susceptibility of fungi to antimicrobials. The initial adhesion event is a random process
which depends on the surface free energy and proximity to the surface. Following
adhesion, cells multiply and differentiate into a heterogeneous multilayer community that
allows for the presence of various metabolic states. The biofilm presents a diffusion

barrier which cannot necessarily be attributed to the EPS.(19,42)

"Poly(ethylene oxide) and Pluronic

Highly hydrophilic surfaces are non-thrombogenic due to a low blood-material
interfacial tension which results in a low driving force for adsorption. The grafting of
hydrophilic polymers such as poly(ethylene oxide) (PEO) onto polymer surfaces produces
a hydrophilic polymer. The propinquity of protein molecules to the surface is limited as a
consequence of excluded volume effects and decreasing configurational entropy of mobile
PEO chains. The adsorption of amphiphilic PEO block copolymers onto glass,
polystyrene, and polyethylene diminished adhesion of albumin, fibrinogen, and blood
platelets as compared to the unmodified surfaces.(21)

Poly(ethylene oxide)-poly(propyiene oxide)-poly(ethylene oxide) (PEO-PPO-PEO)
copolymers are surfactants which are commercially available as Pluronics (produced by
BASF) or Poloxamers (produced by ICI). Pluronics are utilized by the pharmaceutical
-industry as drug solubilizers, in controlled release systems, and as a burn covering. The
conjugation of Pluronic copolymer micelles containing drugs to a vector allows for
efﬁéient transport of the drugs into tissues, including the brain. In bioprocessing,

Pluronics serve to guard microorganisms against mechanical and chemical stress.(1)
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thereby HepG2 binding to the more hydrophobic BGPS but not to the less hydrophobic
TCPS.(13)

Highly hydrophilic surfaces which are non-thrombogenic can be produced by
adsorption of PEO-PPO-PEO triblock copol‘yme?s. The use of Poloxamers has also been
shown to significantly limit the adhesion of S. epidermidis to polystyrene (4) and the
adhesion of P. aeruginosa to hydrophilic contact Iensés (64). Thus, the question for this
thesis to consider is whether Pluronics are also capable of significantly inhibiting the
adhesion of C. albicans.

Studies were performed to e);amine the following questions:

1) Does adsorption of Pluronic F127 onto the PS surface significantly ]mnt the

adhesion of C. albicans?

2) Does the ability to limit adhesion translate into limited biofilm formation of C.

albicans?

3) Is the effect of Pluronic F127 on C. albicans adhesion and biofilm formation

strain or sérotype dependent?
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* EXPERIMENTAL PROCEDURES

Construction of a Well-Defined Culture Surface

The desire to generate a well-defined culture surface stems from the need to be
able to definitively relate the substratum chemistry with the characteristic adhesion and the
variation in biofilm structure of C. albicans that is observed. One can not positively relate
the effect of different surface chemistries on the adhesion and biofilm structure of
C. albicans without knowing the exact makeup of the substratum. The following
describes the preparation process that is followed in an attempt to develop a surface
whose chemistry is reproducible: that is, to generate a surface whose chemistry is

consistent from one sample to another as verified using surface analysis techniques.

Polymer

Polystyrene acts as the substratum in the adhesion and growth experiments. These
experiments were performed using either clean, untreated polystyrene or surface-treated
polystyrene. The polystyrene was chemically altered using oxygen plasma, oxygen beam,
or Pluronic F127. The polystyrene was prepared as half-inch coupons for ’;he adhesion
experiments and was spin-coated onto silanized glass coverslips for growth experiments.
Polystyrene (PS) has a melting point between 150° and 243°C, which becomes important -

when considering sterilization techniques.(80)
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Preparation of Polystyrene Surfaces. The half-inch PS coupons were cleaned prior

to experimentation or manipulation. The PS was cleaned by placing a coupon in hexane
and swirling for approximately five seconds. The PS sample was then laid on a chemwipe
and allowed to dry. After drying, the PS sample was set in a beaker containing methanol
and sonicated on ice for approximately five minutes. The PS sample was removed from
the methanol and placed in a clean Pyrex glass container.

The glass coverslips (43 x 61 mm) were initially silanized in a 5% (v/v)
dimethyldichlorosilane (DMDCS) solution in toluene. The glass c.overslips'were exposed
to the silane solution for a minimum of three hours and then rinsed with methanol
followed by nanopure water. The coverslips were then allowed to air dry within a covered
glass container. The dry, silanized glass coverslips were spin-coated with 5 wt% PS
(Mw ~230,000) in toluene. The coverslips Were spin-coated at approximately 3000 to
5000 rpm. The PS spin-coated coverslips were prepared at least 24 hours prior to

experimentation or manipulation.

Preparation of Oxygen Plasma Treated PS Surface. A clean PS sample was placed

on a stage in the glass barrel of a plasma reactor (Figure 2). The forward power of the
13.56 MHz RF generator was set to obtain 60 watts. The amount of reflected light was
minimized using the matching network control box. The reactor chamber was evacuated
to a pressure of ~100 millitorr prior to oxygen admission. The working pressure ranged
from ~110 to ~250 millitorr. An oxygen flowrate of 5.0 cm’/min was‘ utilized. The PS

sample was exposed to an oxygen plasma for approximately fifteen minutes. The treated
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A disadvantage of adsorbing Pluronic F127 to the PS is that over time the Pluronic
F127 may be removed from the surface. Others have generated a more stable surface by
incorporating the PEO-containing triblock copolymer into a polymer matrix. The polymer
matrix that was used was a polyurethane (PU). The trapped copolymers were shown to
accumulate at the polymer surface.(21,54) Based on these results, I attempted to generate
a more stable Pluronic F127 treated PS surface by integrating the surfactant into the PS
matrix. The methods utilized incorporated those applied by others in creating the PEO
additive-containing PU surfaces.(21,54)

PS pellets were dissolved in tetrahydrofuran (THF) to generate a 15 wt% solution.
Pluronic F127, 10 wt% dry, was added to the PS solution and then mixed. This final
solution was then spin coated onto silanized glass coverslips. The surface was allowed to
dry to eliminate the residual solvent. The surface was analyzed by X-ray Phofoelectron
Spectroscopy (XPS) and compared to a surface developed by adsorption of Pluronic F127
onto a PS spin coated surface. The oxygen content of the blended surface was similar to
that for untreated PS. This may have been due to not storing the surface in PBS for 24
hours prior to examination. The surface was not stored in PBS due to concerns about
out-gassing dﬁring XPS analysis. The surfaces that were generated were quite hazy. This
presents a problem when trying to visualize adhesion and biofilm formation and therefore,

no further investigation of these surfaces was conducted.
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Characterization of the Chemically Modified Surface

Surface Analysis Techniques

Surface analysis techniques were utilized to verify the presence and location of
desired surface chemistries. These techniques confirmed that the procedures employed in
the generation of the substratum surfaces were a reliable and consistent means for

developing the desired surface chemistries.

XPS Analysis. Once the PS surface was chemically altered, verification of the
presence of the desired chemical species was accomplished using XPS (X-ray
Photoelectron Spectroscopy or Electron Speétroscopy for Chgmical Analysis, ESCA).
The XPS spectra were obtained using a PHI 5600 XPS system equipped with standard (
Al Ka and Mg Ka) and monochromatized x-ray (Al Ka) sources. The monochromatized
x-ray source was used. An Al mono 2mm filament was utilized as the x-ray anode. The
surface charge compensation was achieved by turning on the neutralizer which floods the
sample with a monoenergétic source of low-energy (<20 eV) electrons. The electron
energy was adjusted to get the narrowest width of the hydrocarbon component of the Cls
peak. The maximum counts were also made as large as possible. The hydrocarbon

‘component of thé Cls peak served as the internal reference with the binding energy set at
285.0 eV. Generally, a survey scan and a multiregion scan were performed. From these

scans, a table of the atomic concentration (AC) ratios was acquired.
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ToF SIMS Analysis. Once a chemically patterned polymer surféce had been

created, Time-of-Flight Secondary Jon Mass Spectrometry (ToF SIMS) was used to
provide information as to the spatial location of chemical species immobilized on the
surface based on specific fragment jons. This information was translated into an image.
ToF SIMS spectra supplied molecular information about the unmodified and modiﬁea PS
surfaces from the atomic and molecular ions that were ejected from the surface and

detected by a mass analyzer.

Identification and Serotyping Candida albicans Strain 662

Experiments were conducted on two strains of C. albicans, namely CAl and
CA662. As indicated in the introduction, C. albicans can exist as either serotype A or
serotype B. The two serotypes differ in the composition of the PM complex expressed on
the cell surface. Since the characteristics of the cell surface are important in adhesion to
surfaces, there may be significant differences in the behavior o.f the two serotypes when
exposed to the surfaces under examination. CA1 was originally given in the literature as
being a serotype A strain as determined by Hasenclever’s original antiserum.(17,27,28,45,
70) However, more recent literature reports indicate that the IATRON Candida Check
characterizes CAl as being a serotype B strain.(17,28). The serotype of strain 662 was

unknown.
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Identification and Serotyping Tests

Four marketed tests for the identification and serotyping of C. albicans were
utilized. They included api 20 C AUX Yeast Identification System, C. albicans screen,

IATRON Candida check, and CHROMagar Candida.

Candida albicans Adhesion Studies

In order to study the influence of materials’ surface chemistry on the adhesion of
C. albicans, adhesion assays were carried out. The adherence of the yeast to the surface
was quantified by counting the number of cells that adhered to an area during a 60 minute
exposure period. The experiments, which were conducted in a parallel-plate flow
chamber, were carried out in triplicate to verify that the activity that was observed was

representative of what could be expected to take place.

Cells and Culture Media

C. albicans CAl and CA662 isolates were maintained in a sub-zero freezer
(- 67°C). Every month new subcultures were generated using the streak plate method of
isolation. Following a 48 hour incubation period at 35°C, a single colony was removed
from the isolation plate and transferred to a slant tube containing Sabouraud dextrose
agar. The inoculated slant tubes were incubated for 48 hours at 35°C and then kept at
~ 4°C. This culture of C. albicans was used to perform adhesion and growth experiments.
Each inoculum of C. albicans for experimentation was grown in GYEP (5% glucose,

0.3% yeast extract, 1% bacto-peptone) broth at 35°C and 160 rpm for 24 hours. The first
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inoculum was removed from a slant tube and placed in 100 milliliters of sterile GYEP
broth. The second inoculum was obtained from the initial broth culture of which 0.25
milliliters were placed in 100 milliliters of sterile GYEP broth.

The C. albicans cells used in the growth and adhesion experiments were obtained
from the second inoculum following a 24 hour incubation period. Two four-milliliter
portions of cells were removed from the broth culture and spun down for 90 seconds. The
cells were rinsed three times with two milliliters of 0.01M phosphate buffered saline (PBS)
which was refrigerated prior to use and then kept on ice during the rinsing process.
Following t.he final rinse, two milliliters of PBS were added to each portion of cells. The
cells were combined to g§nerate a little more than four milliliters of cells in PBS. From
this, 100 microliters were removed and placed in 900 microliters of 0.01M PBS and the
remaining cell solution was spun down for 90 seconds and kept on ice until it was used to
generate the seeding solution. Twenty microliters were then removed from this new one
milliliter cell solution and transferred to 980 microliters of 0.01M PBS. From this final
cell solution, ten microliters were loaded onto a hemacytometer and the remaining portion
was kept on ice. The cells were counted in the four squares. The hemacytometer cell
count was used to determine the concentration of cells in the approximate four milliliter
solution that had to be added to PBS to generate 140 milliliters of solution with a
concentration of ~1 x 107 cells/ml, the seeding solution. The PBS for the seeding solution
was at ambient conditions for the adhesion experiments and at ~37°C for the biofilm

growth experiments.
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The hydrophobicity/hydrophilicity of the cells used for the adhesion studies and for
seeding the flow cell for the biofilm studies was determined using the microsphere
hydrophobicity assay (HMA) that was briefly discussed in the introduction. The

procedure utilized was outlined previously by Hazen et al. (34,35,40).

Buffer.

Phosphate-buffered saline (PBS) was used as the suspension media in the flow cell
experiments. A 0.01M PBS solution was generated by combining twenty-five milliliters of
a 0.2M monobasic sodium phosphate (NaH,PO,) solution with seventy-five rrﬁl]ﬂiters of
0.2M dibasic sodium phosphate (Na,HPO,) solution in 1.9 liters of nanopure water. The
pH of the final solution was adjusted to be between 7.15 and 7.25 by adding additional
0.2M NaH,PO, or 0.2M NaQHPO4 as necessary. The PBS used in the adhesion and

growth experiments was sterilized by autoclaving for fifteen to twenty minutes.

Cell Adhesion Experiments.

Cell adhesion experiments were conducted using either untreated or treated PS.
The PS coupon was set in the well of the Teflon flow cell. The flow cell was assembled as
shown in Figure 4. The cell solution in PBS with a concentration of ~1 x 107 cells/ml was
employed in the cell adhesion experiments. Initially, the PBS solption was pumped
through the flow cell in order to establish the desired flow rate of 1.5 ml/min, focus the
Olympus microscope, and remove air from the flow cell assembly. After achieving this
end, the cell solution was pumped with a peristaltic pump through the flow cell and the

adhesion of yeast was observed on a monitor connected to the Olympus microscope, and
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Characteristics of the Kynar Flow Cell System

Dimensions of Region Exposed to Flow: Length: 5.1 cm
Width: 1.0 cm
Height: 1/16 inch

Flow Cell Volume: 0.81 ml

Flow Rate: * 3.44 ml/min

Mean Residence Time: 14 seconds

Reynolds Number at 25 degrees C: 6.67 (Laminar Flow)
Entry Length: 0.05 cm

Yeast Celi Diameter: - 5 microns

Reynolds Number for a Particle in a Fluid
at 25 degrees C: 0.02

Terminal Settling Velocity, Spherical Rigid
Particle, Reynolds Number <0.1: 6.4 x 10"-6 cm/sec

Liquid Diffusion Coefficient: 1.02 x 10 A9 cm”2/sec

Diffusion Distance (Drift): 1.2 microns (14 sec)
19 microns (60 min)

Table 1. Fluid-flow and mass transfer characteristics for the Kynar flow cell
system.

process. The adhesion period for the biofilm studies was reduced from that used in the

adhesion studies due to problems with i)lugging of the flow cell.

In order to establish some association between what was found in the lab and what
was occurring during the initiation of an infection associated with a medical device or
implant, the biofilm experiments which were initially conducted at ambient temperatures

were conducted at 37°C.
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Polystyrene Coverslip Preparation

Glass coverslips (43 mm x 61 mm) were prepared for spin-coating by soaking in
5% dimethyldichlorosilane (DMDCS) in toluene for a minimum of three hours and then
rinsed with methanol to remove the excess silanizing agent, thén rinsed with nanopure
water, and then allowed to dry at ambient conditions. The silanized coverslips were then
spin coated with Swt% polystyrene (Average My, 230,000) in toluene. The PS spin-

coated coverslips were prepared 24 hours prior to experimentation or manipulation.

Growth Experiments

Problems associated with the use of the Teflon flow cell, namely plugging and
adhesion to surfaces other than that of interest, prompted the design of a new flow cell.
The new flow cell design incorporated the need for limitea material types, materials that
resisted adhesion of C. albicans, and a larger flow channel. To meet these ends, the
material Kynar was selected based on information (Eldon James Fittings) that the material
was resistant to fungal adhesion - although the specific fungal types were not specified.
The body of the flow cell was constructed out of Kynar, and the flow channel was
delineated by two PS surfaces separated by a Kynar wall (1/16 inch thick).

After assembling the flow cell, a 5% bleach solution was injected into the flow cell
and allowed to sit for 15 minutes in an attempt to disinfect the flow cell. The bleach was
then removed and the flow cell was aseptically connected to the tubing. Since
temperatures in the autoclave can exceed 121°C and the melting temperature of PS is

between 150° and 243°C, autoclaving was not a viable option due to the structural
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mtegrity of the polymer being compromised and the surface becoming cloudy when
exposed to extreme temperatures.

The C. albicans biofilm growth experiments were initially conducted in the manner
described for the adhesion experiments. After the half-hour adhesion experiment, the
introduction of the cell solution to the flow cell was discontinued and replaced by the
initiation of reduced GYEP broth (0.05% glucose, 0.03% yeast extract, and 0.1% bacto-
peptone). The flow rate was 3.4 ml/min in the new flow cell. The composition of the feed
was established as a result of several biofilm studies on C. albicans strain 1. The makeup
of the GYEP broth uséd in the suspension cultures was reduced 100 fold in order to
develop a feed which brought the quantity of biofilm to a manageable level, i.e., until
plugging of the flow cell was minimized.

The cells were fed and allowed to grow for 48 hours. In the early phases of this
research, the growth was monitored with the phase-contrast microscope. However, in
addition to the development of a new flow cell came other changes, including the belief
that monitoring the growth was more disruptive than it was informative. The monitoring
required the movement of the incubator in and out of the microscope room which meant
not maintaining a constant temperature and the turning on and off of the pump and the
heat, not to mention the movement of the flow cell in and out of the incubator. Images
were recorded using Imaging Program for Windgws. Following the 48-hour Bioﬁhn
formation period, the cells were stained with acridine orange and then visualized using
confocal scanning laser microscopy (CSLM). A Leica DMRXE microscope and Leica

TCS NT imaging program were utilized. The experimental setup is shown in Figure 6.
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viability was examined through the use of propidium iodide (PI) stain. The reliability of PI
in identifying non-viable cells of C. albicans was tested by staining “live” cells and “dead”
cells. The “live” cells were obtained in the usual manner as for adhesion studies . A
dilution series was performed as if for a hemacytometer count and then 20 pl from the
final dilution was combined with 955 pl of PBS and 25 pl of a 1 mg/ml stock solution of
PI. The “dead” cells were obtained by combining 20 ml of PBS with 1 ml of cells from a
4 ml cell solution created in the same way as that used for generating the seeding solution.
This cell solution was then autoclaved for 20 minutes. Twenty microliters of the heat
“killed” cell solution was mixed with 955 pl of PBS and 25 pl of PI.  The PI stained cells
were loaded into a hemacytometer and the cells in one of the four corner blocks were
counted. The compromised cells fluoresce red under UV light as observed using an
Olympus microscope fitted with a 20 x objective (Olympus DplanApo 20 UV) under x15

magnification.
Characterization of Candida albicans Biofilm Structure

Biological Stain

An acridine orange (AO) solution was prepared using PBS to generate a final
solution concentration of 0.05% AO. The solution was syringe-filtered using a sterile
0.2pm filter immediately before use. The biofilm cultivated after the 48-hour growth
period was stained with the AO solution for 15 to 30 minutes, depending on the length of
time needed for penetration of the biofilm. The length of time was determined by

observing that the cell mass was stained orange. The excess AO was removed by




35

pumping PBS through the flow cell until the effluent ran predominantly clear. AO is a
suspected mutagen and carcinogen and was handled with care. All glassware, filters, and
tubing were rinsed thoroughly, and the rinse water along with any solid waste was placed

in marked containers for pickup by Hazardous Materials Management.

Live-Dead Fluorescent Stain

A stock solution of 1 mg/ml of PI in naﬂopure water was prepared. A working
solution with a concentration of 25 pg/ml in PBS was prepared for all staining procedures
employing PI. The nanopure water and the PBS were both sterilized in the autoclave
prior to use. PI is also a suspected mutagen and was handled with care. All glassware
and tubing Wefé rinsed thoroughly, and the rinsevwater was placed in marked glass

containers for pickup by Hazardous Materials Management.

Confocal Scanning Laser Microscopy

Once the biofilm was stained, it was visualized using a confocal scanning laser
microscope. The flow cell was oriented in a vertical position during the seeding and
biofilm formatioﬁ pr(;cesses. Therefore, the side of the flow cell examined should not
make a difference. The biofilm was examined using a Leica DMRXE microscope with a
63x dry objective 0.70 PL Fluotar having a working distance of 2.0 mm, a 20x dry
objective Nplan with a working distance of 2.52 mm, dual Mitsubishi Diamond Pro 91
TXM monitors, and the Leica TCS NT imaging program. The CSLM was fitted with an
argon ion laser, 488 nm wavelength, that was used to excite the AO and PI. AO bound to

DNA has an excitation and emission wavelength of 500 nm and 526 nm, respectively. The
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excitation and emission wavelength for AO bound to RNA is 460 nm and 650 nm,
respectively. The excitation and emission wavelength for PI bound to nucleic acids is 535
nm and 637 nm, respectively. In 1947, Strugger noted that living yeast cells stained with
acridine orange fluoresced green to yellow-green while those that were dead fluoresced
orange to red. These findings were later supported by Schwartz et al. in 1977.(77)

Images were acquired at 4 to 5 pm z-intervals with the pinhole setting at 1.00. A
z-interval of 5 pm was always specified, but the program would often times return a value
for use that was slightly less than 5 um An average of seven to ten regions on CAl
biofilms were examined during each of three experiments for the two materials (PS and
Pluronic F127 treated PS). An average of four to twelve optical sections having an area
of 158.7um x 158.7pum were collected depending on the thickness of the biofilm. Each
optical section was averaged two tiﬁies in an effort to eliminate visual noise. The last
visible layer next to the surface was the last image that was obtained. That is, an image of
the surface itself was not procured. This point becomes important when discussing the
location of the thickest portion of the biofilm.

Image acquisition was the same for biofilms of CA662 except that six regions were
selected for observation for each experiment performed. The six regions selected are
shown in Figure 5. A ppint was randomly selected during each experiment within each
region of interest. This was done to allow for comparison of specific regions from one
experiment to the next and between the two different surfaces (PS and Pluronic F127

treated PS).
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Quantitative Analysis

Quantitative analysis of the bioﬁ]m was performed using the UTHSCSA
ImageTool program (developed at the University of Texas Health Science Center at San
Antonio, Texas and available from the Internet by anonymous FTP from
maxrad6.uthscsa.edu). The percent surface coverage as a function of position within the
biofilm was determined by taking the images obtained by the Leica TCS NT imaging
program and converting the colored image to black and white pixels such that the cells
appeared black and the void area appeared white. Any pixels over an infensity of 35 on a
scale of 0 to 255 were converted to black pixels. The percent of black pixels was then
calculated and used as the value for the percent surface coverage. An image for each
section of the biofilm taken at ~5pm intervals was analyzed in this manner. A plot of
percent surface coverage versus the distance beyond the first cell layer was then
generated. The data points were connected by performing a cubic spline interpolation
between the data points in order to produce a smooth curve. The graph showing the
average percent surface coverage versus position was obtained by using the cubic spline
method to interpolate the data and estimate the percent surface coverage at 5um, 10um,
and on up to 40pum by Sum intervals. Since the data points wefe not all exactly at Sum
increments apatt, it was necessary to find a common distance from the first cell layer. The
values for the percent surface coverage were then averaged for the different regions of theA

biofilm that were observed.
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The cell clusters were organized into different groups based on area. The smallest
cluster size consists of single cell clusters with a diameter up to 5pm or budding cell
clusters. The cluster groups were organized to comprise 20pm? increments. The images |
were converted into black and white pixels as for the percent surface coverage. Then the
black objects in the image can be classified into groups by area which is specified by the
user. The ImageTool program then counts the number of objécts that are within each
classification group. This classification Was performed for each layer within each region
of the biofilm. The fraction of eac‘h‘ cluéter group in each 'layer of the biofilm was then
determined by dividing the area of each cluster group by the total cluster area in each layer

of the biofilm.

Statistical Analysis

In order to assess whether there was a significant difference in the number of cells
that adhered to Pluronic F127 treated PS (PL-PS) in comparison to native PS at 60
minutes at location A, a randomization test was performed using Matlab®. A relationship
between location on the surface and the number of cells per unit area on native PS and
PL-PS was established through regression analysis using Minitab®. The maximum percent
surface coverage on PS versus PL-PS at each of the seven locations on the surface was
analyzed by counting using combinations. In order to determine whether there was an
effect due to strain or Pluronic ¥127 on the log number of cells per unit volume in a
suspension culture grown in reduced medium, the data was analyzed by balanced ANOVA

using Minitab®.
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Prior to performing the statistical analysis on the growth curve data, the
concentrations were adjusted to take care of the disparity in the initial inoculum size. That
is, the concentrations were scaled so that the initial concentration of cells was zero. Since
the quantity of cells was not determined for inoculation, but rather 0.25 milliliters of
stationary phase yeast cells at 37°C was the size of the inoculum used, the concentration

of cells in the growth medium following inoculation was not exactly the same.
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surface and then exposed to an oxygen beam. Table 2 contains the atomic concentration -
levels obtained using XPS for native PS and PS exposed to an oxygen beam. The oxygen
beam treated sample was also analyzed using ToF SIMS. A ToF SIMS image (Figure 8)
was obtained showing the spatial locations of carbon and oxygen on the surface which
were organized in a pattern. An adhesion experiment was then conducted on a patterned
surface. C. albicans demonstrated organized adhesion on the chemically patterned surface
following an hour long adhesion experiment. Figure 9 shows the patterned adhesion of C.
albicans on the perimeter of the PS coupon where the chemical pattern existed. The
oxygen beam wasl able to get under the copper screen, except at the perimeter, due to

difficulties in obtaining close contact with the screen and the PS coupon.

Concentration {%)

Pristine Ozygen Beam
Element Polystyrene Treated Polystyrene
Cls 98.40 83.06
Ols 1.60 16.94

Table 2. XPS atomic concentrations.

Growth Curves for CAl and CA662 in Nonreduced Medium

Growth curves were generated for CAl and CA662 suspension cultures at 37°C in
100 m! of GYEP medium (5% glucose, 0.3% yeast extract, 1% bacto-peptone) with the

addition of 10 pl or 1000 pl of 4% Pluronic F127 solution or in the absence of Pluronic
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INFLUENCE OF SURFACE CHEMISTRY ON THE ADHESION
AND BIOFILM FORMATION OF CANDIDA ALBICANS

Introduction

The motivation for studying the adhesion and biofilm formation of Candida
albicans is spurred by the need to inhibit infections caused by the yeast. Candidiasis, the
infection caused by species of Candida with Candida albicans being the primary etiologic
agent, represents an opportunistic disease. Candida albicans exists as a normal
commensal (;f the human gastrointestinal and genitourinary tracts and mucosa. The
infection stems from an overgrowth of this normal human flora. Groups susceptible to the
disease include immunocompromised individuals, mechanical trauma victims, and those
undergoihg iatrogenic procedures.(51,61)

Several possible factors are thought to contribute to the virulence of Candida
albicans. Those relevant to this study include hyphal formation, adherence properties, and
variable characteristics such as the dynamic cell surface. Hyphal formation is one of tﬁreé
different morphogenetic processes that Candida albicans can undergo. The other
processes include blastospore formatioﬁ and pseudohyphal formation. The morphological
state depends on the pﬁ, incubation temperature, inoculum size, ‘and the composition of
the growth medium.(51,61)

| Candida albicans caﬂ mmvade the human host by adhering to a plastic surface
(i.e., prosthesis, catheter, prosthetic valve, etc.) with subsequent formation of a protective

biofilm and then disperse by means of the vascular system. Combating candidal infections
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requires a strategy that combines the use of antifungal agents along with blocking of
adhesion and biofilm growth. By themselves; antifungal agents are not capable of
preventipg and controlling yeast bloodstream infections.(32,92) In order to prevent
adhesion and biofilm growth of yeast, these processes must be understood. A means of
studying adhesion and biofilm structure is through the use of a well-defined culture
surface. Control over the chemical features of the surface allows the influence of
chemistry on cell behavior to be studied.

Approximately one in five Americans has a long-term implanted medical device.
One of the most commen complications associated with implanted medical devices is
infectious biofilms. Most studies of infectious biofilms have been performed ﬁth bacterie.
These device-centered infections are resistant to the body’s immune system, antibiotics,
and antifungal agents. Since one-quarter of the implant infections are caused by the yeast
Candida albicans, the necessity for gaining insight into the initial adhesion process and
ensuing biofilm development becomes apparent.

Other investigators have shown that Pluronic inhibits the adhesion of bacteria’
(4,63) and proteins (1,21,30) to polymer surfaces. Our investigations, reported here, have
shown that Pluronic F127 adsorption dramatically reduces the adhesion of Candida
albicans to polystyrene (PS). However, the relationship between these initial adhesion
rates and the long-term growth rates and biofilm formation are still highly controversial.
Therefore, the objective of this work was to determine how the initial adhesion pattern
and the material’s surface chemistry influence the growth of C. albicans on the surface.

The biofilm development was investigated using confocal scanning laser microscopy.
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Materials and Methods

Culture Surface Preparation

The well-defined culture surfaces utilized included native polystyrene and Pluronic
F127 conditioned polystyrene. The PS surface employed was either a cleaned PS coupon
or a PS surface formed on a silanized glass coverslip by spin coating. The PS coupons
were half-inch diameter disks punched from a sixteenth of an inch thick sheet. The
coupons were cleaned prior to experimentation or manipulation. The PS coupons .Were
cleaned by placing each coupon in HPLC grade héxane with swirling for approximately
five seconds. The coupons were then allowed to dry. After drying, the PS coupons were
set in a beaker containing methanol and sonicated on ice for approximately five minutes.
The PS coupons were removed from the methanol and placed in a clean Pyrex glass
container.

Glass coverslips (43 mm % 61 mm) were prepared for épin—coating by soaking in
5% (v/v) dimethyldichlorosilane (DMDCS) in toluene for a minimum of three hours and
then rinsed with methanol to remove the excess silanizing agent, then rinsed with
nanopure water, and then allowed to dry at ambient conditions. The silanized coverslips
were then spin coated with Swt% polystyrene (Average M, 230,000) in toluene. The PS
spin coated coverslips were prepared 24 hours prior to experimentatién or manipulation.

The PS coupons were utilized in the adhesion experiments while the spin coated
PS coverslips were utilized in the biofilm growth experiments. The two different PS

surfaces were needed as a result of modification of the flow cell design for the biofilm
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growth experiments. The new flow cell design minimized problems associated with
plugging and with analyzing the biofilm with confocal scanning laser microscopy (CSLM).

The Pluronic F127 treated PS surfaces were generated by soaking clean PS
coupons or coverslips in a 4% Pluronic F127 solution in phosphate buffered saline (PBS)
for a minimum of three hours. The PBS solution was 0.01M with a pH between 7.15 and
7.25. The conditioned PS samples were either used directly or stored for no longer than
one week.

Pluronic F127 is an amphiphilic A-B-A triblock copolymer. A is poly(ethylene
oxide) (PEO), the hydrophilic segment, and B is poly(propylene oxide) (PPO), the
hydrophobic segment. Pluronic F127 consists of 98 PEO segments and 67 PPO segments.
Pluronic is thought to adhere to the plastic surface via the hydrophobic portion in such a |
manner that the hydrophilic portion extends into the bulk fluid, imparting a hydrophilic
character to the plastic surface. Pluronic F127 is a trade name given to industrial and

pharmaceutical grades of Poloxamer 407.

Surface Composition

X-ray photoelectron spectroscopy (XPS) was used to confirm the surface chemical
c;)mposition. XPS analysis was performed with a PHI 5600 XPS system. The operating
pressure in the analysis chamber was in the 10" torr range. A monochromatized x-ray
source (Al Ka anode, 1486.6 V) was operated at 15 kV and 300 watts. The aperture
was set to four, corresponding to analysis of a spot 800pm in diameter. Charge

neutralization was achieved using a low energy electron gun. All binding energies were
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referenced to the hydrocarbon component (C-C / C-H) of the C1s peak which was set to

285.0 €V. A pass energy of 58.7 eV was used.

Cells and Culture Media

Candida albicans CAl isolates were maintained in a sub-zero freezer. Every
month a new subculture was generated using the streak plate method of isolation.
Following a 48 hour incubation period at 35°C, a single colony was removed from the
isolation plate and transferred to a slant tube containing Sabouraud dextrose agar,
generated following the manufacture’s instructions. The inoculated slant tubes were
incubated for 48 hours at 35°C and then kept at approximately four degrees Celsius. This
culture of Candida albicans was used to perform adhesion and biofilm growth
experiments. Each inoculum of Candida albicans for experimentation was grown in
GYEP (5% glucose, 0.3% yeast extract, 1% bacto-peptone) broth at 35°C and 160 rpm
for 24 hours. The first inoculum was removed from a slant tube and placed in 100
milliliters of sterile GYEP broth. The second inoculum was obtained from the initial broth
culture of which 0.25 milliliters were placed in 100 milliliters of sterile GYEP broth. The
GYEP broth was sterilized by autoclaving for 15 to 20 minutes.

The C. albicans cells used in the growth and adhesion expériments were obtained
from the second inoculum following a 24 hour incubation period (stationary phase). Two,
four milliliter portions of cells were removed ﬁom the broth culture and spun down for 90
seconds at ambient conditions. The cells were rinsed three times with two milliliters of

sterile, refrigerated 0.01M PBS. Following-the final rinse, two milliliters of sterile PBS
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were added to each portion of cells. The cells were combined to generate a little more
than four milliliters of cells in PBS which were pelleted and kept on ice prior to use. The
concentration of cells in this solution was determined using a hemacytometer. This
solution of cells was then used to generate a new solution of cells, with a concentration of

~107 cells per milliliter, to be utilized in the flow cell experiments.

Adhesion and Biofilm Growth Experiments

The adhesion experiments were performed in a Teflon flow cell device containing
the material of interest. A Pluronic F127 treated PS coupon or native PS coupon was set.
in the well of the Teflon flow cell. Initially, PBS was pumped through the flow cell using
a peristaltic pump in order to establish the desired flow rate, focus the Olympus
microscope, and remove air from the flow cell assembly. The yeast, at a concentration of
~1x107 cells/ml, were then introduced into the flow cell. A shear rate of 16 sec™ was
selected based on arterial wall shear rates which range from 10 to 1000 sec”. A flow rate
of 1.5 ml/min was necessary to achieve the specified wall shear rate as determined by the
design of the flow cell. The adhesion process was conducted at room temperature and
observed for an hour. The progress of the experiment was monitored using an Olympus
microscope (phase contrast microscopy in the reflected light mode) fitted with a 20x
objective under x10 or x15 magnification and recorded through Imaging Program for
Windows®.

The biofilm growth experiments on the culture surface were conducted in a Kynar

flow cell device that was maintained at approximately 37°C. The sample to be studied .
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was placed in the flow cell and then disinfected with a 5% bleach solution for 15 minutes
followed by rinsing with PBS for 15 to 30 minutes, which also allowed for the creation of
the required flow rate. Following a half-hour seeding (adhesion) period, the cells within
the flow cell were fed a sterile, cell free 0.05% glucose medium solufion, reduced GYEP
broth (0.05% glucose, 0.03% yeast extract, 0.1% bacto-peptone), for approximately 48
hours to allow for the development of a bioﬁ]rn; The biofilm cultivated after the 48 hour
growth period was stained with a 0.05% acridine orange (AO) solution in PBS for 15 to
30 miﬁutes depending on the length of time needed for penetration of the biofilm. The
excess AO was removed by pumping PBS through the flow cell until the effluent ran

predominantly clear. AQO, a cationic dye, binds to DNA and RNA.

Biofilm Imaging

CSLM was then used to obtain a 3-D image of the Candida albicans biofilm. The
biofilm was examined using a Leica DMRXE microscope with a 63x dry objectivé 0.70
PL Fluotar or with a 20x dry objective Nplan having a working distance of 2.0 mm and
2.52 mm, respectively, dual Mitsubishi Diamond Pro 91 TXM monitors, and the Leica
TCS NT imaging program. The CSLM was fitted with an argon ion laser, 488 nm
wavelength, that was used to excite the AO_. AO bound to DNA has an excitation and
emission wavélength of 500 nm and 526 nm, respectively. The excitation and emission
wavelength for AO bound to RNA is 460 nm and 650 nm, respectively. Images were
acquired at 4 to Sum z-intervals with the pinhole setting at 1.00. An average of seven to

ten regions were examined during each of three experiments for the two materials. An
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average of four to twelve optical sections having an area of 158.7um x 158.7um were
collected depending on the thickness of the biofilm. Each optical section was averaged
two times in an effort to eliminate visual noise. The last visible layer next to the surface
was the last image that was obtained. That is, an image of the surface itself was not
procured. This point becomes important when discussing the location of the thickest
portion of the biofilm. Quantitative analysis of the biofilm was performed using the
UTHSCSA ImageTool program (developed at the University of Texas Health Science
Center at San Antonio, Texas and available from the Internet by anonymous FTP from

maxrad6.uthscsa.edu).(79)

Results and Discussion

To confirm the presence of the desired chemical species, the native PS and
Pluronic F127 conditioned PS were subjected to XPS analysis. The surfaces were.
prepared 24 hours prior to examination to ensure that the samples were dry, preventing
out-gassing of the sample, and to minimize the possibility for contamination. Table 3
presents the carbon and oxygen surface concentrations. The surface oxygen on native PS
was the result of oxidation of the surface upon exposure to air. The increase in the
surface oxygen content of PS upon treatment with Pluronic F127 was mainly due to the
presence of ether-type carbon (C-O-C) as evidenced by an Cls comiaonent near 286.5 eV

(Figure 12).
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scanning through the biofilm until no cells were observed and then scanning back up to the
first layer of visible cells. Figures 15, 16, and 17 show the results for biofilm formation on
pristine PS indica;cing the percent surface coverage as a function of distance above the first
cell layer. Figure 15 represents a typical plot of surface coverage (%) as a function of
height (um), with the surface coverage reaching a maximum at approximately 5um above
the first cell layer and then tapering off as the biofilm extends into the bulk fluid. A height
of zero represents the first visible layer of cells on the surface. Thus, for yeast cells with
an average diameter of Spm, this indicates that the greatest surface coverage occurs at the
second cell layer beyond the substratum. However, it may be that the biofilm begins at the
5um point and the reason we are seeing anything below this point may be due to an
artifact of the surface. That is, the surface may not be completely level. Also, as we scan
through the biofilm, some cells appear clearly at one level and faintly at levels above and
below. The distorted appearance of cells may be a conséquence of passing the laser
through air/solid/liquid interfaces. These factors may then influence the biofilm thickness
obtained from the confocal imaging.

| Figure 16 presents the percent surface coverage as a function of distance from the
first cell layer for eight regions of the biofilm for a single experimen’;. Again, the surface
coverage attains a maximum at approximately Spm ébove‘ the first cell layer and then
tapers off with increasing distance. This figure exhibits the heterogeneous nature of the
biofilm with surface coverage ranging from ~10% to ~60% at its apex. The figure also

reveals the heterogeneity in biofilm thickness.
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The CSLM irﬁages for formation of C. albicans biofilm on Pluronic F127
conditioned polystyrene after 48 hours of growth at ~37°C are displayed in Figure 20.
The CSLM images are of four layers of the biofilm starting at the first visible cell layer on
the surface and projecting towards the bulk fluid at ~4 um increments. As indicated
earlier, as we scan through the biofilm, some cells appear clearly at one level and faintly at
levels above and below. Thus, the biofilm shown here may actually be thinner than 12pm.
The results for biofilm formation on Pluronic F127 conditioned PS are presented in Figure
21, indicating the mean percent surface coverage as a function of distance above the
surface layer of cells. The findings are from an average of seven regions of the biofilm for
each of four experiments. Again, the bars signify the heterogeneous character of the
biofilm. As with the pristine PS, the greatest percent surface coverage arises at
approximately Spm abc;ve the first cell layer. However, in this instance, the average
maximum percent surface coverage is 0.5% in comparison to 21% observed on the
untreated PS (Figure 17).

The various cluster groups Within eacﬁ layer of the biofilm were characterized into
the same cluster sizes as previously described for the untreated surface. The bar graphs
displayed in Figure 22 indicate the cluster group fraction of the total cluster area in each
layer of the biofilm. The graph in the top section of the figure is for a single region of the
biofilm for a single experiment. The graph in the lower section of the figure contains the
mean values for an average of seven regions for each of four experiments. These graphs
reveal that the smaller cluster groups predominantly occupy a greater fraction of the total

cluster area throughout the layers of the biofilm. The appearance of the larger cluster
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coverage from 21% to 0.5% at ~5pum from the first visible cell layer on the surface.
Again, we must consider that the maximum percent surface coverage may actually be at

. the surface and that anything observed below this point is due to an artifact of the surface.
Pluronic F127 curtailed the formation of larger cluster areas with the smallest cluster
group representing the greatest fraction of the total cluster area throughout the biofilm.
Pluronic F127 also minimized the presence of hyphal elements. Thus, based on these
studies, it appears that the initial adhesion events are reflected in the consequent formation
of the biofilm. That is, the effect of the surface chemistry on the initial adhesion events
persists duriné the development of the biofilm - limited adhesion results in limited biofilm

growth.
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ADHESION AND BIOFILM STRUCTURE OF TWO STRAINS OF
CANDIDA ALBICANS OF DIFFERENT SEROTYPES ON
SURFACES OF DIFFERING HYDROPHOBICITY

Introduction

Candida is a part of the normal human flora located on gastrointestinal and
genitourinary tracts and mucosa.(36,43) Candidiasis is an opportunistic infection caused
by species of Candida with Candida albicans being the major etiologic agent. The
growth of Candida is normally kept in check by the body’s immune defenses and normal
flora bacteria, however, overgrowth can occur in immunocompromised individuals,
mechanical trauma victims, and as a result of iatrogenic factors.(8,43)

Hyphal formation, adhesion properties, and the dynamic cell surface are proposed
virulence factors of C. albicans which are related to the study at hand. C. albicans can
take on one of three morphological states: blastoconidia, hyphae, or pseudohyphae.
Environmental conditions such as pH, incubation temperature, inoculum size, and
composition of the groﬁh medium influence the form of the yeast.(8,43,49,81)

The transition from the yeast to the hyphal form is acco'mpanied by chemical and
structural changes in the cell wall components.(86) Upon contact with a surface,
morphological changes may occur in respoﬁse to modifications in gene regulation.(32) A
shift from the yeast to hyphal form is accompanied by an increase in adhesion and cell
surface hydrophobicity (éSH,). The increase in CSH is the result of changes in the outer

fibrillar layer mannoproteins which are thought to be the primary adhesins.(19,24,38)















































































































































































































































































































































































































































































































































































