MICROBIALS

BACTERIAL COLONIZATION OF SURFACES IN FLOWING SYSTEMS:
METHODS AND ANALYSIS

AN

urfacesinflowing
systems are sub-
ject to coloniza-
tion by bacteria (1). Adsorbed bacteria
are a potential source of contamination
for any material that contacts the sur-
face, a consideration of importance in
pure-water systems. This arlicle de-
scribes an experimental strategy for
studying initial events in bacterial colo-
nization of surfaces. The experimental
goat is to identify surface features that
affect the rate and pattern of bacterial
adsorption. Greater understanding of
these factors could lead to improved
controlof bacterialadsorption andthere-
fore of process stream contamination,
Several quantitative theories for bac-
terial adsorption have been proposed
by others. in brief, these.theories dis-
criminate between two types of bacte-
rial adsorption: physicatadsorption, and
chemisorption oradhesion(2, 3}. Physi-
cal adsorption is a reversible or equitib-
riumadsorptioninvolving primary physi-
cal forces. Chemisorption is generally
irreversible and is the result of short-
- rangeforces, Inciuding chemicat bonds,
dipole interactions, and hydrophobic
bonding.
Some theoretical structures permit the
possibility that an adsorbed celt either

other cells nearby. These two opposite
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inhibits or enhances- the adsorption of-

effects have been'termed blocking and
positive cooperativily, respectively {4,
5). Under blocking, the initial colonizing
cells would position themselves in a
regular paitern, with few near neigh-
bors. Under cooperativity, the initial
colonizing cells would be arrayed inan
aggregaled pattern wilh many near
neighbors. Some recent research on
bacterial adsorption has been directed
al measuring these two effects by ob-
serving the spatial patterns of surface-
colonizing bacteria (6-8}.

Our experiments do not involve any of
these conventional theories. Instead,
we hope 1o uncover empirical relafion-
ships between bacterial adsorption lo-
cations and physicalfchemical surface
characteristics. |n order to arrive atan
empirical description, we had to devise
novel pracedures for viewing the coloni-
zalion process and quantifying the data.
The purposes of this article are to de-

scribe our methodology and to present -

some preliminary resulls.

as reference poinls to register (overlay)
images from the confocal scanning la-
ser microscopy (CSLM), atomic force
microscopy (AFM), and Auger speclro-
scope(AS), andtoconnectiheseparate
50-um-square images to form a larger
square (see Image Acquisition, below).
" Before placing the coupon in the flow
cell, the surface topography within se-
lecled grid squares was characterized
by AFM. In subsequent experiments, an
elemental mapping of the surface chem-
istry in those same squares was re-
corded using Auger spectroscopy.

Flow cell. The flow cell consisted of two
paralle! flat plates, Thetopplate allowed
for alarge glass coverslip that served as
an observation window, and the botlom
contained a recessed well for the cou-
pon. Overall chamber dimensions were
40 mm long by 12 mm wide by 0.01 mm
thick. Flow conditions were maintained
at a Reynold's number of 6 and a shear
stress at the coupon surface of 0.75
nawtons per meter squared {(Nm#). The

Materials and Methods
Stalnless steel coupon.
Figure 1 showsthe stepsin
our experimental protocol.
The test substratum con-
sisted of a4 12.7- by 6.35-
millimeter (mm}316L_stain-
fess steel coupon, either
electropolished (Experi-
ment 2), or electropolished
and further hand-polished
with 0.3-micron (um} alu-
mina grit to a mirror finish
{Experiment 1). A7 X7
grid of points was laser-
etched (Texas Laserworks,
Waco, Texas)ontothe cou-
pan surface, The points
were approximately 5 um
deep, 10 pm in diameter,
and marked at50-pminter-
vals, so that the grid de-
fined a 6 X 6 matrix of con-
tiguous squares, each
square 50 um on a side.
The total 300 X 300 um
area formed our observa-
tion region.

The grid points wereused

Statistical Spatial
Pattern Analysis 1

EXPERIMENT PROTOCOL

Coupon Preparation
{polish; etch grid}

Surface Characterization
{AFM, Auget)

i

Reactor
{colonization)

Image Acquisition
{confocal}

Image Processing
{cell x,y coordinates)

o\

Image Registration

Correlation Analysis

Figure 1. Flowchart showing steps inthe experimental
profocol.
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Figure 3. Paltern of bacterial adsorption and the associated SPPA; P. aeruginosaon
a 316L stainfess steal surface at 99 minutes. The steel surface was efectropolished
and then hand-polished with 0.3 alurina grit (Experiment 1). Under the null
hypothesis (CSR paltern), the theoretical value of the piolted L function is identically
zero, and the tolerance envelope would completely enclose a realization of the L
function with probability 99%.
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- Figure 4. Paltern of bacterial adsorption and the associated stalistical SPFPA; P.
aeruginosa on a 316L stainless steel surface at 99 minutes. The steel surface was
eleciropolished (Experiment 2). Same Interpretation as in Figure 3.
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Figure 2, Flowchart describing the stalistical screening test.
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entire flow cell was autoclaved before
inserting the coupon, which had been
sterilized using ultraviolet light prior to
inoculation.

inoculum preparation. Thetestorgan-
ism was a Pseudomonas agruginosa
originally isolated from an industrial
biofilm. itwas grown inachemostat with
a residence time of 5 hours. Sterile
Influent feed contained {per liter of dis-
lilled water) 0.1 gram {g) glucose, 0.7 ¢
dibasic polassium phosphate (1(,HPO,),
0.3 g monabasic potassium phosphate
{KH,PO,), 0.1 g ammonium sulfate
({NH,),S0,), and0.01g magnesium sul-
fate (MgSO, 7H,0). Chemostat effluent,
diluted with the same medium without
glucose to provide 102 celis per milliliter
(mL), was pumped through the flow cell.

Image acquisition. The adsorption of
individual cells to the coupon surface
within the observation region was ob-
served nondestructively andin real time
by refiected ightimagingof 1,000mag-
nification, using a BioRad MRC 600
CSLM associated with an Olympus BH-
2 microscope. Images of colonizing
hacteria were collected systematically
across each grid square. Total image
acquisition and storage time for nine
consecutive images was 10 minutes.
When a time series for a sample area
was desired, the image capture proce-
dure was repeated at defined time inter-
vals.

image processing. Following the
completion of an experiment, individual
images were displayed on a computer
monitor. The x,ypositions of ali bacleria
and the four laser-etched corner points
were identified using in-house image-
analysis software. Those positionswere
stored in a computer file for statistical
analysis.

Statistical analysis. Suppose that the -
paltern exhibited by bacteria colonizing
a smooth surface (Experiment 1) repre-
sents the “inherent biological” coloniza-
tion pattern for our strain of P. asruginosa.
If so, then the colonization patterns on
surfaces of increasing topographic and
chemical heterogenelty (e.g., Experi-
ment 2) may indicate that there exists a
level of heterogeneity at which the colo-
nizing bacteria form a different patiern.
By correlating bacterial adsorption sites
with physical/chemical maps of the sur-
face, we hope to uncover the factors
causing the new pattern. The statistical
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analysis comprises two sleps: screen-
ing patterns for departure from the in-
herent biological pattern, and correlat-
ing the locations of bacterial adsorption
with surface features.

Screening for Nonrandom Patterns

We believe the inherent colonization
paltern for P. aeruginosa is completely
spatially random (CSR}. (in the lan-
guage of stochastic modeling, CSR
means that the xy positions of the
adsorbing bacteria can be modeled as
a two-dimensional, homogeneous Pois-

son distribution.) We conjectured that

chemical and topographic heterogene-
ities would be palchy; if bacterial ad-
sorption were affected by those hetero-
geneities, the result would be aggre-
gated paiterns of adsorbed bacteria.

~ We have found that statistical spatial
point pattern analysis (SPPA) based on
distance functions is parlicularly useful
for discriminating CSR from aggregated
patterns (9-11). To our knowledge, sta-
tistical SPPA has never before been
appliedinbacterial surface colonization
studies, perhaps becauseSPPArequires
a map of the locations of adsorbing
bacteria, which in turn requires a so-
phisticated image analysis system.

“ltisimportantto control the risk of false
significanceforthe screening tests; con-
sequently, we have constructed a test
based on SPPA that holds the risk of
false significancetoasmall, knownvalue.
This test has been fully described else-
where,(12) Figure 2 shows the steps
involved.
in brief, the map of positions of

adsorbed bacteriaisconvertedintothres
distance functions: L, F, and G. The
function L{h) Is a standardized measure
of relative crowding within a circle of
radius h (um). The function F(h} is the
cumulative distribution function of the
distance between a random point and
the nearest adsorbed bacterium fo that
random point. The function G(h) is the
cumulative distribution function of the
distance between an adsorbed bacte-
rlumand its nearestneighbor. Thefunc-
tions F and G are particularty usefut for
looking at small-scale patterns (dis-
tances less than 10 um}, and L is useful
for finding patterns on a larger scale (up
to 150 um for our experiments). Be-
cause we expected the stainfess stoel
surface features to exhibit patchiness
onthelarger scale, we relied particularly
on the L function for screening pur-
poses, and only the L function will be
discussed below.

For presentation of the results, the L
function is plotted, with distance on the
absgissa (the x-axis) and L on the ordi-
nate (the y-axis). If the data exactly
corresponded to the null hypothosis
(CSR), the observed L would be Hat at
ordinate zero. Even if the null hypoth-
esis were true, however, we expect the
observed L to differ from zero because
of statistical variability. An assessment
of statistical variabifity is shown in our
plots by tolerance envelopes. The dis-
tance function attains statistical signifi-
cance at levelo if the observed function
crosses the 100(1-0)% tolerance enve-
lope. We have chosen to construct the
99% envelopes for this article.

Correlation Analysis

Here correlationanalysisdesignatesthe
goat of determining whether the posi-
tions of the bacteria are associated with
surface topography or with surface
chemistry. To accomplish this goal, itis
necessary to quantify topographic fea-
tures. There are many potential quanti-
fiable factors, including altitude, slope,
aspect relative fo the direction of flow,

and combinations of such factors.

For this discussion, we will focus on
altitude as measured by the pixelinten-
sity In the AFM image: specifically, the
altitude value attached toany pixel posi-
tion x,yin the AFMimage was calculated
by averaging the pixel intensity over the
5 X & square of pixels centered at x,y. In
this context, we decided that cell posi-
tions were associated with topography if
the distribution of allitudes at bacteria
locations was statistically significantly
different fromthe distiibution of altitudes
for the overall image.

The analysis began by registering the
AFM image to the CSLM image for a
specific grid square. A specific area of
interest (AOI) within the square was se-
lected to exclude the laser-etched grid
dots. The cumulative distribution func-
tion of altitudes over the AO| was calcu-
lated; Adenoted that function. Thenthe
x,y positions of adsorbed bacleria were
plotted on the registered AFM image
and N denoted the number of bacteria.
The cumulative distribution of the asso-
ctated N allitudes was calculated; A,
denoted that function. The standard-
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Figure 5. The ECDF plot for assessing the association between topographic altitude

and positions of adsorbing bacteria in a 50 X 50um subsquars; P. aeruginosaon a

3161 stainfess steel surface at 99 minutes: The steel surface was electropolished

(duplicate run of Experiment 2). Under the null hypothesis of no association, the

theorelicat value of the plotted ECDF funciion Is identically zero, and the three

tolerance envelopes would completely enclose a realization of the ECDF function
| with probabilities of 80%, 85%, and 98%, respectively.

ized difference between the funclions,
ECDF = (A, - A)/SE, where SE, the stan-
dard error of {A, - A}, was calcutated
exactly as described in Hamilton et al.
{12) for the L function.

Thecalculationrequired 200 computer
simulations of the adsorption precess
under the null hypothesis that bacteria
positions are independent of altitude.
For each simulation, N points were se-
lected at randomwithin the AO1, and the
associated cumulative distribution func-
tion for altitudes was caleulated.

The resulls of the analysis were plot-
ted with altitude on the abscissa; and
the standardized difference, ECDF, on

described for the L function screening
test. If the data exaclly correspondedto
the nullhypothesis, the plotwould beflat
atordinate zero, The extent of statistical
variability is indicated by tolérance en-
velopes. The ECDF attains statistical
significance at level o if the observed
ECDF crosses the 100{1-¢)% tolerance
envelope. We have chosen to show
90%, 95%, and 99% envelopes for the
ECDF,

Results

Experiment 1 used a topographically
homogeneous surface {electropolished
and hand-polished); it provides control
data to which experimants using hetero-

the ordinate. The interpretation is as -

geneous surfaces can be compared.
Figure 3 shows the Experiment 1 ad-
sorption pattern in the feft-hand panel
and the associated L function in the
right-hand panet, The observed L. func-
tion lies well inside the 99% folerance
envelope, and there is no evidence that
the bacterla form a non-CSR pattern.
Consequently, we have not conducted
a correlation analysis of Experiment 1
data.

‘Experiment 2 used a coupon with a

only). Figure 4 shows the results, The
observed L function crossed outside lhe
upper envelope, indicating statistically
significant aggregation (o less than or
equal to 0.01). The bacterial paltern
clearly shows areas of aggregation.
Consequently, we have begun a corre-
fation analysis, whichis being conducted
atthe time of writing, Figure 5 showsthe
ECDF plot for one 50 X 50 um square
from a duplicate run of Experiment 2.
The observed function crosses the 90%
envelope, but not the 95% envelope;
therefare, there is a weakly signiticant
association between bacteria positions
and altitude in this square.

Discussion

Other distance functionshave beenused
in microbial adsorption studies.
Busscher and his colleagues {4, 6, 13)

slightly rougher surface (electropolished -

havemapped positions of adhering bac-
teria in flowing systems and calculated
two distance functlions, which they call
the radial distribution function and the
anguiar distribution function. The radial
distribution function is related to the
derivative of L. The angular distribution
function agccounts for possible effects of
the direction of flow. Busscheretal.(14)
recently proposed a general palr distri-
bution functionthat contains information
for calcufating the angular distribution
function for any angle. Al of these
functions are usedforlocal pattern analy-
sis only, and they have been interpreted
withinthe conventional thecries reviewed
at the beginning of this article. Although
no statistical methodology has been de-
veloped for these functions, our toler-
ance snvelope methodology would be
appropriate. .

Work In progress. Experiments have
been conducted with rougher surfaces
(e.g., 320-grit mechanically polished
316L stainless steal) and with other spe-
cies of bacteria. The correlation analy-
sis can be applied to Auger images
(surface chemistry) as well as to AFM
images. We ars developing a statistical
multiple regression technique suitable
for describing the rate of bacterial ad-
sorption as a function of surface topog-
raphy ‘and chemistry. The software is
designed but not written. We anticipate
that these analyses will lead to a gener-
alized Poisson process model for cell
adsorption In which the Poisson inten-
sity parameter is a function of topogra-
phy andfor chemistry.

Conclusions

The experimental protocol has been
successfully carried out. Software for
registering images from different micro-
scopes, quantifying the images, and
performing statistical tests has been
completed, but only preliminary resulis
are available. We observed no depar-
ture from CSR on the electro- and hand-
polished surface, but found statistically
significant aggregation on the’
electropolished-only surface. We be-
lieve this research strategy has the po-
tential for elucidating important factors
affecting bacterial adsorptiontosurfaces
in a flowing system. The technique can
be applied to a broad spectrum of sub-
strata, flow conditions, and bacleria
consorlia.
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