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Effects of Substratum Topography on Bacterial Adhesion
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The effect of substratum topography on bacterial surface colo-
nization was studied using a chemically homogeneous silicon cou-
pon. “Grooves” 10 pwm deep and 10, 20, 30, and 40 pwm wide were
etched on the coupon perpendicular to the direction of flow. Flow
(Re = 5.5) of a bacterial suspension (102 cells/ml) was directed
through a parallel plate flow chamber inverted on a confocal
microscope. Images were collected in real time to obtain rate and
endpoint colonization data for each of three strains of bacteria:
Pseudomonas aeruginosa and motile and nonmotile Pseudomonas
fluorescens. A higher velocity experiment (Re = 16.6) and an
abiotic control using hydrophilic, negatively charged microspheres
were also performed. Using a colloidal deposition expression, the
initial rates of attachment were compared. P. aeruginosa attached
at a higher rate than P. fluorescens mot+ which attached at a
higher rate than P. fluorescens mot—. For all bacteria the rate was
independent of groove size and was greatest on the downstream
edges of the grooves. Only the motile organisms were found in the
bottoms of the grooves. A higher fluid velocity resulted in an
increase in the initial rate of attachment. In contrast, there was no
adhesion of the beads. Attachment of the bacteria appears to be
predominated by transport from the bulk phase to the
substratum. © 1998 Academic Press
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INTRODUCTION

There exist two theories regarding the attachment of cells
a substratum, DLVO and thermodynamics. Both rely on d
scriptions of physicochemical forces. The DLVO theory prc
poses that adhesion is mediated by attractive Lifshitz—Van c
Waals forces as well as attractive or repulsive electrosta
forces. The DLVO theory uses the laws of colloid chemistr
and is based upon the “macroscopic” cell surface propert
with no regard to cell or substratum surface heterogeneity
chemical or structural. Sjollema and Busscher (31) state tl
DLVO is not sufficient for explaining deposition phenomen
because negatively charged particles have deposited on ne
tively charged substratum, overcoming the electrostatic rep
sion. The thermodynamic theory is based upon the free ene
of adhesion by deriving the surface free energies of the cell a
substratum surfaces. It has been stated that cell surface app!
ages or excretion of adhesives assist or impede adhesior
excess of strictly thermodynamic considerations (5). Both th
ories assume that the transport of the cells to the substratur
not limiting, and that the surface of the cells and the substratt
are chemically homogeneous.

Related to the DLVO and thermodynamic theories are tl
measurable phenomena of surface charge and electrost
interactions. Electrostatic interactions have been implicated
affecting particle deposition (3). The zeta potential is one w:
of expressing the charge interaction between bacteria or pa
cles and a substratum. However, it has been shown that th

Existing literature is confusing and contradictory about thg 5 possibility of several zeta potentials in the same organis

mechanism of bacterial adhesion to hard surfaces in fIOW|@2)_ It is also well known that bacteria change their surfa
systems. The issue is complicated by the common use of st@fitnposition in response to the environment (11). Cell surfa
expenmenta! systems, which eliminate the important effects Iﬁ’gf/drophobicity has also been used to try to define attachm
hydrodynamics and transport to the substratum, and by thgenomena, but its relative importance is likely low, as (
often-used assumption that bacterial cells can be modeledigsie is no clear trend in cell attachment based upon hyd
inert cpllmdal particles. Whenever a biofilm is formed, th%hobicity measurements (4, 27, 36) and (i) the cell surfa
bacteria must be transported to the surface and, once theggrophobicity is not necessarily constant for an organism (
interact with the surface so that they can remain and multlplg7). The changeable nature of the charge and hydrophobic
It has been unclear whether transport is controlling or whethgy hacterial surfaces indicates that the use of a theory tt
the physmoqhemlcal forces are predominant in initial attacgfricﬂy defines bacteria as colloids is inappropriate.
ment in flowing systems. One significant manner in which bacteria differ from col
loids is the presence of cell structures. It has been theoriz
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that cell appendages may complicate the physicochemical
ture of attachment by bridging the distance between the ¢

3To whom correspondence should be addressed. Fax: (406) 994-6088d surface because of their small radii or more hydrophot
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character than the remainder of the cell (22, 34). Howeve
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Piette and Idziak (28) demonstrated that the flagellum is m@ explain bacterial attachment to surfaces. The experime
different from the cell surface in hydrophobicity or surfacesed two motile bacterial strains, one nonmotile strain, and
charge, but the small radius makes it more prone to adhesioart colloid. Colonization of an etched silicon coupon in
than the cell body. flow cell was observed through a window in the flow cell
Before the bacteria can interact with the substratum, th@uantitative image analysis was used to calculate adsorpt
must be transported there. The ability of a bacterium suspengedterns and rates, and the measures were submitted to st
in fluid to cross the boundary and diffusion layers and reach ttieal analysis.
surface is influenced by sedimentation, attractive interactive
forces, and a velocity component toward the surface provided
by collisions between flowing particles (38). Diffusion is a
critical component of cell-surface interaction and can be i “oupon
fluenced by cell motility which can act to increase the effective
diffusivity of the cells to the surface by up to four orders of The effect of substratum topography on bacterial surfa
magnitude (24, 25). Piette and ldziak (28) have shown th@slonization was studied using a chemically homogeneo
Pseudomonas fluorescefiagellated cells attached in greatesingle crystal 1, 1, 1 silicon coupon. This allowed us to crea
numbers than deflagellated cells. Because even nonflagellajeglirface where topography could be engineered independe
cells attach, this effect has been attributed entirely to the addsfdsurface chemistry. Because the silicon is reflective, it al
ability of motile organisms to reach the surface. The impotvas amenable to nondestructive time-series microscopic ar
tance of motility in bacterial transport to the surface has alggis with reflected light. In addition to these features, th
been reported by Campet al. (7). material was chosen because contamination of silicon wafi
A factor contributing to transport and potentially to physiused in the semiconductor industry by particles, includir
cochemical effects on attachment is the influence of surfaggcteria, is of considerable economic interest. A microsce
topographical features. It has been hypothesized that bacteg§arodynamic model (10, 13) was used to calculate the infl
preferentially stick to rougher surfaces for three reasons: (iefice of alternative topographic features on local hydrodyna
higher surface area available for attachment, (i) protectiges. Based on model results, rectangular groovegiOdeep
from shear forces, and (iii) chemical changes that cause prgid 10, 20, 30, and 40m wide perpendicular to the direction
erential physicochemical interactions. For example, work withf flow were selected. Figure 1 illustrates the modeling resu
bacterial suspensions has shown that a rough surface (M@tta 10- and 4Q+sm-wide groove. Two sets of the four groove:
steel) had 1.44 times more microorganisms attached thagvére used; one set increased in size from 10 tqua®wide
smooth surface (electropolished steel) (27). Adhesion rate c¢first half) and the other set decreased from 40 to i@
stants ofPseudomonas aeruginoga electropolished 316-L (second half). This pattern has the two widest grooves in t
stainless-steel plates were about 100 times lower than thosedater of the coupon and reduces the effect of any linearity
120-grit surfaces (39). Other work with stainless steel hagihesion across the coupon. Groove size and morphology w
shown that bacteria were associated with the grain boundaresified on a fractured coupon by scanning electron micrc
(16). However, the grain boundaries exhibit not only a changepy. The flat surface of the coupon was smooth at the st
in topography but also a change in chemistry (18). Cells tensicrometer level. Grooves were 10n deep, and widths were
to be associated with the chemically heterogeneous weld striagthin 20% of the predicted value. The cross-sectional shape
tures in stainless steel, but the issue is complicated by tim@ grooves was more u-shaped than rectangular, but the ug
presence of stagnant water at the weld crown and roots, padtges were distinct.
ticularly where undercut, suck-back, or excessive reinforce-
ment exists (40). It has been hypothesized that cells depositig,, cell and Reactor Configuration
milling crevices because they are protected from shear arising
from flow (14). A wide range of shear stresses was tested andr'he same parallel plate flow cell, flow conditions, chemost
it was noticed that the cells transported to the surface attachmeddia (except for glucose which was 0.4 g/L), and chemos
reversibly and were washed off again at rates increasing wiaéll growth rate (0.2/h) used in this work were used in
the surface shear stress. There was a critical surface sh@awious study with stainless-steel coupons (6) (Fig. 2).
stress of 6—8 N/m above which the extent of attachmentliminate settling effects on cell transport, the flow cell wa
dropped off sharply (14). mounted on an inverted confocal laser scanning microsco
The goals of this investigation were (i) to discover howlow conditions were maintained at a Reynold’s number of 5
bacterial adsorption is affected by defined topographical fe@verage velocity= 2.78 cm/s, average shear stress0.83
tures on a surface for which the surface chemistry is helim?) for all but one experiment, where a Reynold’s numbe
essentially constant; (ii) to determine the relative importance of 16.6 (average velocity: 8.33 cm/s, average shear stress
bulk water fluid dynamics and bacterial motility on bacterig2.5 N/nf) was used. The transport phenomena in a paral
attachment; and (iii) to assess the ability of strict colloid theomlate flow chamber have previously been described (38).

MATERIALS AND METHODS
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FIG. 1. Simulated stream functions {/s) generated by the microscale
hydrodynamic model in the vicinity of 10- and 40m-wide grooves at a
Reynold’s number of 5.5. At steady state, stream functions can be interpr

System disinfection was accomplished by autoclavir
(121°C,P = 23 psi) except for the coupon and the reacto
The reactor was sterilized with methanol (99.8PLC grade,
Aldrich) immediately prior to coupon insertion.

Inoculum Preparation

Three strains of aerobic, rod-shaped, gram-negative bacte
were used in the experimentatidd: aeruginosgd ERC1 envi-
ronmental isolate in the culture collection at the Center f
Biofilm Engineering, Montana State University, Bozemar
MT) P. fluorescen$CC-8404606-E from Darren Korber, Uni-
versity of Saskatoon, Saskatoon, Saskatchewan, Cane
mot+, andP. fluorescensnot— (nonmotile transposon mutant
of the mott+ strain). Fluorescent beads, spherical angn in
diameter (yellow-green carboxylate-modified, hydrophillic
surface charge density of 6.25C/cnt, actual diameter of
0.997 um, Molecular Probes), were used instead of bacteri
cells to document the location of attachment with respect
hydrodynamicsP. aeruginosais reported to be hydrophilic
(15) and possesses an overall net negative charge; theref
hydrophilic, negatively charged beads were chosen.

Experimental Procedure

Duplicate experiments were conducted with each of tt
three organisms at a Reynold’s number of 5.5; one experime
with P. aeruginosawas conducted at a Reynold’s number o
16.6. For all experiments, cell concentrations entering the fic
cells were measured microscopically after filtering and stainit
the cells with 0.1% acridine orange in 4% formalin and usin
an Olympus BH-2 epifluorescence microscope (BP 490 filte
490 nm, magnification 1000) and standardized to #nl.
The fluid flowing across the coupon surface consisted of 5C

<sRent chemostat effluent with cells and 50% buffer to minimi:

as streamlines and therefore represent curves actually traced out by particlé3g}t growth.

fluid.

Cleaning/Disinfection Procedure

As received, the coupons were covered with a protective
layer of photoresist. To remove the photoresist, each coup
was firstimmersed in acetone and then into “pyranha” which i
composed of 70% sulfuric acid and 30% hydrogen peroxid((‘ar.‘emostal
The pyranha was decanted and the coupon was rinsed severalia

times with fresh double-glass-distilled water.

The efficacy of the cleaning procedure was confirmed on
selected coupons using a Physical Electronics Laboratories
PHI-5600 ESCA spectrometer. A monochromatic KAl
source was operated at 350 W (15 kV, 23.3 mA). The sampleg,
were analyzed at a 45° take-off angle which equates to
sampling depth of approximately 60 A. Chemical homogeneit
was confirmed by examination of the bottom of a 4@

To document the potential deposition of any conditionin
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FIG. 2. Schematic of the reactor system.
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cause the pixel columns in an image were not always align
in parallel with the edges of the grooves, some images we
rotated using MARK. After rotation, each pixel column wa
perpendicular to the flow and all pixels in a column wer
equidistant from the edge of the nearest groove. Using MAR|
it was possible to categorize each pixel in a column as eitt
unoccupied substratum or covered by a cell, and to record
’” ! L] 1 percentage of pixels in a column that were covered by cells. /
0 20 40 60 80 100 example plot of coverage percentages for all pixel colum
% microns % between two grooves is shown in Fig. 3. The noise in tf

percentages occurs because of the narrow width of a pi

FIG. 3. Sample plot of raw data from the image analysis softwargcm'lmn (plxel= 0'165Mm) relative to cell size. By averaging

(MARK) from an image with the associated LOWESS regression line (dowﬁ)-\/er more than one plXQl column, the ?ﬁeCt of the n0|_se W
stream of groove 1P. fluorescensnot+ (Experiment H)). greatly reduced. Averaging was done in two steps. First, t

raw pixel column percentages were smoothed using a loce

weighted scatter plot smoother (LOWESS), where the windc
film from the chemostat effluent on the coupons, @m-pore Width of the smoother was set &= 0.4 in the Minitab
size filteredP. aeruginosachemostat effluent was allowed tocomputer program (21). An example of the smoothed covera
flow over the coupon for 1 h. The coupon was then immedpercentages is shown in Fig. 4. Second, the data were furt
ately placed in a filtered reagent-grade nitrogen (99.999%®ygregated by taking an average of the smoothed cover:
stream. The coupon was then examined using ESCA as gercentages over Zm-wide intervals centered at each of thre:
scribed above. positions of interest, calledpstream(6 wm upstream of a

During the attachment studies, images of the coupon surf&i@ove), downstream(6 um downstream of a groove), or

were collected in real time under flowing conditions and angontrol (45 um from a groove). The averaging was done fc
lyzed. Images were collected approximately every 20—30 nfagch time period and each groove. The three position interv
(3 h for nonmotile organisms) with an inverted Biorad confocdletween grooves 1 and 2 are shown as short, thick lines
scanning laser microscope (MRC 600) using ak50LWD  25% coverage) in Fig. 4.
objective at a zoom of 2.0. With the two motile organisms, )
images were collected until cell division was noted1@ h). Data Interpretation
The nonmotile bacteria studie_s were extended for longer timesrp o average surface coverage percentage, calculated as
(up to 46 h) but the data used in the analysis were only from theqcrined, will henceforth be calledverage Statistical anal-
first 12 h. The images were taken in the same horizontal ling;is \yas conducted to assess the effects of the following fc
parallel to the direction of flow. The first image was collecteg, o5 on coverage: time, groove width, position, and half. Tt
just upstream of a groove. The second one was collectelior half pertains to whether the location was in the firs

centered over the groove. The third one was collected betw BBstream) half of the coupon or the second (downstream)
two grooves, and so on. At the next time period, the wholg e coupon.

process was repeated. The edge of a groove was always in- . . .
Analysis of covariance.Because the microscope was

cluded in each image. moved across the silicon coupon sequentially, each microsce
The images clearly showed cells on the coupon surface, boe P q Y

not cells on the bottoms of the grooves. In order to see cells on
the bottom of the grooves, it was necessary to perform destruc-

N
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L
e
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L

percent coverage

o
1

20 um 10 um

tive endpoint staining at the conclusion of the observation 35
period. A recycle loop was created without introducing an &30
air-water interface and 0.1 mL of acridine orange (0.1% acri- & 25 _
dine orange in 4% formalin) was added to the flow cell. After 8 20 Jupstream downstream  0-20 hrs
half an hour the stain was flushed from the flow cell and <15 -
fluorescent images were taken at the bottom of the grooves and 310 control V4 5.5 hirs
along the top surface of the coupon. 2 5 -

o >l—=xr | 10.5 hrs
Image Analysis 0 20 40 60 80 100

microns

Advanced Image analysis software (MARK, develOped In- FIG. 4. Sample plot LOWESS lines from a time series showing the value

house) was used to calculate the percentage of a surface @fe@e positions of the cells on the coupons (downstream of groowe. 1,
covered by bacteria at fixed distances from the grooves. Beerescensnot+ (Experiment H)).
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image was captured at a different time. It was necessatlyere is a maximum achievable coverage value (plateau)
therefore, to adjust the surface coverage percentage for #B. The plateau was estimated for each combination, sy
effect of time, before assessing the effects of groove widtties X strain X Reynold’s number. When there were duplicat
position, and half. Analysis of covariance, with lgdrans- experiments, the plateau was estimated by dividing the aver:
formed time as the covariate and |ggransformed coverage J by the averagé.
as the response, was used to accomplish the adjustment (26lror a few subsets of the data, the coverage percentages v
To test the null hypothesis that a factor (position, groove siz@ear in time, never approaching the plateau. For those sl
or half) had no effect on the mean lggcoverage), a conven- sets, the nonlinear regression routine was unreliable. The
tional analysis of variancE test was used (26). The analysidore, a conventional least-squares regression line was fit to
of variance showed that interactions among the factors wetata, and the slope of the line was used as an estimate of
not statistically important. Statistical diagnostic plots showed When comparing values dfestimated from two separate
that the loggtransformed coverage conformed to the assumgpubsets of the data, the ratio d¥alues was presented, anc
tions of homogeneous variance, normality, and linearity retatistical significance was determined by a two-samtple
quired for validity of the analysis of covariance estimates ardst (26) of the null hypothesis that the true ratiaJofalues
tests (29). equals 1.
When the experiment was duplicated, a variance component
for between-experiment variation was added to the model. The
estimated variance components allowed a comparison of with-
in-experiment variance to the between-experiment variances . o o1 Attachment Experiments

Nonlinear regression analysis.Let N(t) denote the num- _ o )
ber of cells adsorbed to the substratum in a specified area afSeéudomonas aeruginosaBased on endpoint visual in-
timet (h). Meinderset al. (20) propose the following equationSPection of images taken of stained cells (Fig. 5) it was not

as a representation of the kinetics of cell adsorption, that the density of cells in the bottoms of the grooves w:
similar to the density in the control position on the coupo

surface. Using initial coverage rate3 alues) averaged for all
J . : .
N(t) = = (1 — e ®), [1] 9groove widths and all experiments, it was found that $he
B values were largest for the downstream edge, followed by t
upstream edge, and were lowest for the control position (Tal
where the quantitied, called theinitial coverage rateandB 1). A similar relationship held for the average plateau value
are unknown coefficients that could be estimated from expée plateau for the downstream position was higher than t
imental data collected at times before cells on the surfagpstream position which was higher than the control positic
began to divide. The constaatin [1] is the slope ofN(t) at (Table 2). At the lower Reynold’s number of 5.5 thealue for
time zero; that isN’(0) = J. This expression [1] specifies thatthe downstream position was also statistically different fro
N(t) reaches a plateau atB whent is large. that of the control P = 0.006 and0.001). Although thel
The analysis of covariance and [1] are very similar expregalue was larger for the upstream edge, it was not statistica
sions for describing how coverage changes as a function different from the control® = 0.056). There appears to be
time whent = 12 h. The analysis of covariance provided aignificant preferential attachment to the edges of the groov
better framework for assessing potential interactions among tepecially downstream.
factors. It was of primary interest, however, to analyze the It was also of interest to note (i) if there was a difference i
initial coverage rate], of [1]. Therefore,J andB of expression the initial coverage rates and plateau values for two halves
[1] were estimated for each relevant subset of the data, whéne coupon or (ii) if groove width influenced these values. F
coverage was used in place M{t). The subsets were choserthis organism, plateau values for grooves in the first half of t
to represent levels of the factors; e.g., one subset was for tmeipon were significantly larger than for grooves in the secol
downstream level of the position factor. It was appropriate tmlf (P < 0.001 for theduplicate experiments at Re 5.5 and
consider each level of a factor, aggregated over the otlike experiment at Re= 16.6). In the case of groove width,
factors, because the analysis of covariance indicated that thenalysis of covariance showed that this effect was statistica
were no important interactions among the factors. For masgnificant. However, no systematic contribution of groov
subsets of data, the coefficierBs(h™*) andJ (coverage per width to coverage could be found when coverage was plott
hour) of [1] were estimated using an iterative, nonlinear leasts actual groove width. Therefore, it is likely that this value i
squares routine in the S-plus computer program (19). Thee result of noise and inherent variability within the exper
program also provided a standard error for each estimate; thents and not the result of an actual importance of groo
standard error calculation was based on a local linear appraweth on attachment.
imation of the nonlinear model (26). Increased flow rate had an effect on the initial coverage ra
Expression [1] implies that, in the absence of cell divisiorAt all three positions, the observedl for Re = 16.6 was

RESULTS
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TABLE 1

Least-Squares Estimates for J (Coverage per Hour) and B (h™?) of Eq. [1] by Position for Each Experiment,
with the Standard Error (SE) of Each Estimate

Regression estimates

Expt No. Position J SE ofJ B SE of B
Pseudomonas aeruginosapot+, Re = 5.5
1 Down 5.6 11 0.21 0.14
Control 2.4 0.6 0.20 0.16
Up 3.2 1.0 0.23 0.22
2 Down 6.9 1.0 0.14 0.09
Control 3.2 0.4 0.09 0.08
Up 3.3 0.5 0.02 0.09
Pseudomonas aeruginosapot+, Re = 16.6
7 Down 10.1 4.3 1.25 0.92
Control 5.7 2.0 1.03 0.68
Up 8.9 3.0 1.35 0.74
Pseudomonas fluorescemspt+, Re = 5.5
3 Down 1.6 0.3 0.22 0.09
Control 1.8 0.3 0.41 0.09
Up 2.0 0.5 0.48 0.18
4 Down 13.3 10.6 1.47 1.22
Control 2.7 3.4 1.18 151
Up 0.8 0.12 NC NC
Pseudomonas fluorescemspt—, Re = 5.5
5 Down 0.8 0.1# NC NC
Control 0.2 0.02 NC NC
Up 0.3 0.12 NC NC
6 Down 0.F 0.02 NC NC
Control 0.3 0.2 0.10 0.19
Up 0.1 0.1 0.04 0.12

2 Data where no plateau was observBdnpot calculable (NC).

between 1.5 and 2.8 times tldor Re = 5.5 (Table 1). Only fact that theJ values for Experiment 4 were high for the
half of the ratios were statistically significant; however, therdownstream and control positions and were accompanied
was a consistent trend, and one can reasonably conclude thigh standard errors. At each position, the plateau valueR.for
the initial coverage rate was greater for the higher velocigeruginosawere much higher than those fé. fluorescens,

experiment. Interestingly, there was an inverse relationshigot+ (Table 2).

between Reynold’s number and plateau value; it was four time
higher for Re= 5.5 than for Re= 16.6 (Table 2). Overall, an
increase in the fluid velocity caused a corresponding incre
in the initial coverage rateP( aeruginosy a decrease of the
position effect, and a decrease in maximum coverage.

Pseudomonas fluorescens, mot This organism was
géely found in the bottom of grooves, even after extende
periods of colonization up to 21 h when cell division had likel
occurred. The coverage rate for nonmotile cells was mu
Pseudomonas fluorescens, mot Qualitative results from smgller thgn for the pa}rent motile strain, and a longer obs
this organism were similar to those féF. aeruginosaThe vation period was rqulred to reach the same surface covers
en though observations were taken over extended times,

density of cells in the bottoms of the grooves was about t ) s .
same as that for the control position and there is a stroflgte analysis for Experiments 5 and 6 was conducted only

downstream position preference. Statistical analysis show8ges collected in the first 12 h to minimize the influence
that there was considerable variability within and between t&8!l division.
duplicate experiments. Because of that variability, the ratios of /N agreement with the other experiments, the results>for
J values between positions were not statistically significantfluorescensmot— show that the largest was at the down-
In general, the attachment rate raeruginosavas greater Stream position. In the analysis of covariance, the positi
than that forP. fluorescensmot+, as shown by the medianeffect was statistically significant for the first replicate €
value of 1.6 for the ratio of thd values for these two organ-0.001), but not for thesecond P = 0.2). Note that the
isms for all positions and experiments. However, the compantateau was not calculable for the downstream position bas
isons between the two motile bacteria were complicated by tbe the first 12 h of observation. However, the data indicate
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TABLE 2 Bead experiment. Since bacteria are often modeled as ine
Estimates of the Plateau (J/B), or Maximum Coverage colloids, an experiment was conducted using fluorescent be:
Percentage, by Position; Duplicate Experiments Combined in place of bacteria at the same number of particles per mil
, liter of inoculum. After 4.5 h of exposure, only a few bead
Expt. No. Postion Plateau . . .
could be seen associated with the surface. For example, in ¢
Pseudomonas aeruginosaot+, Re = 5.5 image at the same magnification as used for Fig. 5, only
1and 2 Down 356 beads at random locations were observed. No beads w
Control 19.8  detected in any of the grooves, nor was there any preferen
Up 266 attachment on the groove edges. The flow cell continued to r
Pseudomonas aeruginosapot+, Re = 16.6 . ", .
7 Down g1 overnight and the coverage and position of the beads did
Control 55 change appreciably. Again, no beads were found in tl
Up 6.6  grooves. Since the number of beads associated with the surf
Pseudomonas fluorescemsot+, Re = 5.5 even after nearly 24 h was so small, dvalues or plateaus
8and4 Down 88  were calculated. There appeared to be no similarity betwe
Control 2.9 . . .
Up ,7 the behavior of any of the bacterial strains and the beads
Pseudomonas fluorescemsot—, Re = 5.5 terms of (i) initial coverage rate, (ii) plateau values, and (iii
5and 6 Down Ne  preferential edge effects. The only possible similarity with th
Control 2.0 bacterial results is that neither the nonmoatile strain or the ine
Up 58  colloids were found in the bottoms of the grooves.
aNC indicates not calculable; data did not show a plateau. Conditioning film study. Because the experiments were

designed to investigate the importance of surface topographi

features in the absence of chemical changes, it was import

higher plateau for the upstream position than for the contri@ Verify that this condition persisted even after the surface h
(Table 2). seen materials in the fluid that could preferentially adsorb
The observed] values for this nonmotile strain werethe groove edges. Surface analysis with ESCA showed t
smaller, often by one or two orders of magnitude, than thodere was random contamination of the surface with poly(c
for the motile strain. The ratio af values, mot to mot—, was Methylsiloxane) from the vacuum grease used to hold the cou

statistically significant for about half of the comparisoRs<¢ down in the flow cell. There was a small amount of organi
0.01). nitrogen on the surface of the silicon coupon, suggesting tha

Jyev thin film of macromolecules was present on the surface a
I : . conditioning film. Because the silicon substratum was also se
that the total variability of log, coverage was mainly attrib- ! : ; . , .

gpe film was either very thin or discontinuous. Evidence of pota

utable to the inherent, within-experiment variability and th .
. : L . sium and phosphorus from the buffer solution was also found. T
there was relatively little variability between duplicate exper=

. ) . distribution of this material on the surface was not specifical
iments. Define the total variance of lggcoverage as the sum ) . .
: . : . associated with the topographical features.
of the variance within an experiment and the variance between
duplicate experiments. For duplicate experiments whth
aeruginosaat Re= 5.5, only 33% of the total variance among DISCUSSION
log,, coverage was due to the difference between duplicate

experiments. For the two runs with the mofefluorescensr  APPropriateness of the Adhesion Expression

with the nonmotile strain, the corresponding percentages are Yne kinetics of cellular and particulate adhesion have be
and 10%, respectively. These percentages show that the Iagtensively studied (3, 20, 22, 31, 33) and can be generaliz
coverage values were similar between duplicate experlmen§ng a function of particle deposition (20). Expression [1] we
and that the experimental method exhibited good repeatabilifiseq to calculate the initial colonization rate, designateap).
Overall trends. In general,P. aeruginosahad a higher A substantial amount of the comparative analyses in our stt
initial rate of attachment thalA. fluorescenanot+, which was ies depended upon the initial colonization rates provided by t
greater than the rate f&. fluorescengnot—. Only the motile deposition expression. With a few exceptions, the colloid
organisms were found in the bottoms of the grooves. For akposition expression provided an excellent fit to the data. T
organisms, the initial rate of attachment was independent of tixeceptional cases were better fit with a linear model. Ti
groove size. There was an important influence of positigniateau values obtained were less than 20% (excepPfor
relative to the grooves; both the initial rate of attachment ameruginosaat the downstream and upstream edges of tl
the maximum coverage were greatest on the downstream edgre®ves, Re= 5.5), similar to the results found in the colloidal
of the grooves and least at the control sections for all bacterigistems previously mentioned. In bacterial systems this plate
strains. value was calculated in the absence or near absence of

Sources of variability. The analysis of covariance showe
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growth, and this approach was used in our analysis. As growittought has also been proposed in the literature by Duddric
dominates substratum coverage, the coverage vs time curvetisal. (14). Schmidt (30) states that hydrodynamics in th
expected to again rise sharply. This is exactly what happengdinity of roughness elements fosters preferential attachme
in our long-termP. fluorescensnot—, experiments. However, of yeast cells in valleys of stainless-steel surfaces when t
the results obtained after growth had commenced were Rgtghness elements are greater than one. Work by Chabot
used in our analysis. Bourget (8) showed that an increase in surface area had
effect on the attachment of cypris larvae, but no conclusi
evidence exists for bacteria. The conventional picture alwa

It was very clear that the rates of attachment depended on #i®ws the bacteria in the bottoms of crevices (9); however,
particular bacterial strairP. aeruginosaattached at a higher direct observations have been made to determine whether
rate thanP. fluorescensmot+, which attached faster tha®. is a function of preferential initial attachment or the end rest
fluorescensmot—, under otherwise identical conditions, in-of ineffective cleaning. In our experiments, only the motil
cluding bacterial size. bacterial could be found regularly in bottoms of the groove

The attachment rates of the two mofilseudomonaspecies and even then in numbers comparable to those on the con
indicate that there are strain-dependent differences. Diffefgrfaces. The nonmotile organisms and beads could not

ences in attachment for these organisms has been substantigigfy in the bottoms, suggesting that the presence of org:
by others. In flow cell studies the adsorptionfafaeruginosa jsms in these features is a nonselective function of motilit

was five times faster than that fx. fluorescensn glass, and 1his was somewhat surprising, as the hydrodynamic mo

approximately sixfold more rapid on 316 stainless steel, evgﬂggested that there were eddies in the corners of the lar

tho.ugh there was no difference in the measured motility VSFooves that should have resulted in localized hydrodynan
locity for the bacteria (23). Boelenst al. (2) found thatP. entrainment of the cells and particles

aeruginosaattached 10 times faster thdh fluorescensn L
There was a significant effect of the presence of grooves

shaker flasks, but in this case bioluminescence was measyred . ‘
instead of cell numbers. %e rates of attachment of the cells, with preferential attac

The importance of motility was even more dramatic. igrent on the downstream edg(_as. The rates of attachment:
otherwise identicaP. fluorescenmrganisms, the presence ofoWed the general trend of being highest on the downstre:
motility resulted in an order of magnitude increase in the initi@d9€ and lowest at the control sections of the coupon. T
rate of coverage. This agrees with the results of Kogteal. €ffect was somewhat less pronounced for the higher shy
(17) where the same strains showed a two to three timf@§Periment, but the trend was still present.
enhanced attachment with motility. There are two common Even though there was a pronounced effect on attachm
theories concerning the role of the flagella: (i) the ability tef the presence of grooves, there was no significant diffe
cross the energy barrier between the cell and the substratungfig€ in attachment due to groove widths. This is somewt
facilitate adhesion (22, 34) and (i) an effective increase in thizzling since the modeling efforts showed that the pr
cell diffusivity through the boundary layer fluid (24, 28). It isdicted hydrodynamics were substantially different. The hy
possible that the lack of flagellar motion in the nonmotile straiirodynamic model predicted essentially no disruption of tt
(17) influenced the ability to cross the energy barrier, but it &greamlines in the vicinity of a 1@im-wide groove, with
more likely that the increased effective diffusivity of the motilenarked perturbation of flow, including corner eddies, for th
strain resulted in more cell-surface collisions (23). 40-um groove (Fig. 1). In all cases, there was a compressi
of the streamlines at the edges, indicating that there w
increased flow velocity and pressure, but again the effe

Raising the velocity resulted in higher initial coverage rate¥as more pronounced for the wider grooves. It may well t
for the same organism at the same cellular concentration in that a small trend between coverage and groove width rea
bulk fluid. The increased rate is likely due to a higher massists, but it was concealed by inherent statistical variabili
loading, resulting in an increased frequency of organism cal the attachment process. Alternatively, it has been sho

Strain Comparisons

Effects of a Higher Velocity

lisions with the surface. that there is an accumulation of charge on abrupt edges
surfaces (35), and this change in electrostatic potential col
Effects of Topography on Attachment be similar for all edges, regardless of groove width. Thi

The effect of topography was not at all expected. Discugoncentration of charges could be responsible for the €
sions with industry have indicated that there is a genefa@nced attachment to the edges. However, there was
perception that rough surfaces colonize more rapidly th&gnificant difference in the rates of attachment for the thre
smooth surfaces due to more surface area available for attdefcterial strains, and no attachment for the similarl
ment and that the greatest initial accumulation is in the bottorebarged/sized/hydrophobicity beads. If there is a role
of roughness elements because of protection from shear. T¢th&rge accumulation, the influence is certainly not clear.
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Potential Physiological Effects physicochemical effects in predicting cell attachment in flov

. . . , ing systems.
The bead experiments yielded results substantially differen

from those of the bacteria, including the nonmotile strain.

There was no edge effect noted with the beads and they were ACKNOWLEDGMENTS
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