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MICROBIALS

A COMPARATIVE STUDY OF BACTERIAL ATTACHMENT TO HIGH-PURITY

WATER SYSTEM SURFACES

ecent advances
in science and
. technology have
resulted in the use of a variety of stain-
less steels and plastics in high-purity
water systems for the elactronics and
pharmaceutical industries. Generally,
the selection of these materials is based
upofi cleanability, corrosion resistance,
fabrication requirements, design speci-
fications, andfor initial cost {1, 2}, as
opposed to microbial fouling potential.
However, biofouling of these materials
can cause significant and expensive
long-term system performance prob-
lems.

ltis generally understood that bacteria
can altach to almost any surface in an
aqueous environment and forma biofilm
{3). High-purity water systems are not
immune to this problem. Biofilms in
high-purity water systems can be poten-
tial sources of microbial contamination
{4). Several repercussions of biofiim
formation are possible. The presenceof
any {ree-floating partictes, including
bacteria detached from biofilms, can be
problernatic in the semiconductor in-
dustry {5). Biofilms containing Gram-
negative bacteria can be a source of
endotoxins, a great concernto the phar-
maceutical Industry. Pyrogenic endo-
toxins {pyrogens) are lipopolysaccha-
ride/flipoprotein complexes in Gram-
negative bacteria celiwalls (6). Routine
sanitization/disinfection processes will
not remove these pyrogens. Pyrogens
are very heal-siable and have been
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shown to cause human deathin extreme
cases (7). Thus, the U.S, Food and Drug
Administration (FDA) requires strict meni-
toring for pyrogens in any water for in-
jection {(WFl) system assoclated wilh
pharmaceutical products (8). Although
not commonly reported in high-purity
water systems, micrebially influenced
corrosion of stainless steels also has the
potential to be problematic when biofilms
are present {9).

Biofouling has been reported at all
stages, from treatment o distribution fo
point of use, on all types of piping sur-
faces (10). Once a biofilm has formed,
removal of the attached bacteria from
surfaces is very dilficuil. Attached bac-
teria growing as biofilms on surfaces
have been shown o be more resistantio
disinfection (11), presumably because
the biofilm malrix creates a diffusion
batrier for the biocide (12). This com-
pounds the difficulty of maintaining low
microbial comrtamination levels and
nonpyrogenic conditions.

The study of initial attachment and
colonization events is integral to under-
standing biofouling in high-purity water
systems. If enwvironmental conditions
are conducive for growth after bacleria
attach to a surface, a biofitm will ensue,

Total organic carbon (TOC) levels have
beencorrelated to biofilm growth in high-
purity water systems (5). However, ex-
tremely low TOC levels {30 parts per
billion [ppb]) still do not eliminate bacte-
rial growth in these systems {13, 14).
Oligotrophic conditions presentin these
systems result in thin biofilms (5). Thin
biofitms, generally defined to be a few
cell layers thick, are thought to be more
reflective of initial events (attachment)
than are thicker biofilms resulting from
attachment and subsequentgrowth {15).
Consequently, recent efforts have fo-
cused on elucidating baclerial attach-
ment phenomena In relation to thin
biofilms on stainless steel and plastic
surfaces such as are typicafly found in
high-purity water systems.

The majority of these studies on bacle-
rial attachment have been done on stain-
less steel surfaces with the premise of
elucidating contributions of surface
chemisiry and suwrface topography to
the adhesion process. [nitial coloniza-
tion palterns have been described on
glectropofished and hand-polished 316L
stainless steel under flowing conditions.

In one study on these materials,
Camper et al. (16} reported statistically
significant bacterial aggregation on the
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Figure 1. lLog,, of areal densily of P. aeruginosa (cells/mm?) attached to the
rapresentative high-purify waler systern surfaces versus lime. Surfaces are abbrevialed
in lagend is as follows: EP - eleciropolished 3161 stainless steel, MP - mechanically
polished 3161 stainfess steal, PP - polypropylens, PVDF - polyvinylidene fluoride.
Each data point represents the mean of three experimerts. Error bars represent £1 §
slandard error of the mean. These SEMs for EP, MP, and PP were the same (0.20,

0.19, 0.21, respectively), so only one is shown.
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Figure 2. Photomicrograph of Hoechsi y 33258-stained P.
aeruginosa attached to mechanically polished 3161 slainless
steel surface using eplfluorescent iffumination at X 400
magnification. Mechanically polished 3161 stainless steel surface
after 180-minufe incubation with P, agruginosa suspension.

Figure 4. Scanning electron micrograph of uninoculated
meachahically polished 3161. stainfess steel surface at X5,000
magnification. Note the large regular scratches in the surface.
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Figure 3. Photomicrograph of Hoechst y 33258-stained P.
aeruginosa attached io PVDF using epifluorescent iffurnination
at X400 magnification. Photograph of PVDF after 60-minute
incubation with P. aeruginosa suspension,

Figure 5. Scanning electronmicrographofmechanically polished
3161 stainless steel surface after 180-minute incubalion with P.
aeruginosa suspension. Magnification = X5,000.

slectropolished surface. Geesey et al.
{Y)reported significantinfluences of 316L
staintess steel microstructure on Inittal
bactarial attachment, with both surface
topography and surface chemistry be-
ing influential factors. When comparing
initial attachment on different surfaces
{copper, sllicon, glass, and hand-pol-
ished 316 stainless steel), Musller et al.
{17) concluded that the adsorption rate

was positivaly correlated with surface

free energy, surface roughness of the
substratum, and the hydrophobicity of
the cells. According to Vanhaeke et al.
{18), bacterial cell surface charge may
be of minor importance in adhasion to
304 and 316L. stainfess stesl in static
systems. However, growth phass, pH,
and motility may be more significant
factors influencing attachment onto 304

stainless steel (18},

In relation to studies on plastic sur-
faces, Lyklema et al. {20} studied initial
attachment of specific bacleria to poly-
slyrene. This work demonstrated that
electrokinetic potential and hydropho-
bicity are important to the adhesion pro-
cess.

It is generally racognized that bacte-
rialattachment occurs much more readily
during periods of low shear (21). Al-
though a bacterium's transport to a sur-
face may be enhanced during high-flow
conditions, any stagnation periods (such
as can occur in dead legs or during
system shutdown for ¢leaning and re-
pairs)may permit colonization that could
persist during normal system operation,
The present study was undertakenin an
effort to characterize bacterial altach-

ment on representative high-purity wa-
ter system surfaces as may occur dur-
ing periods of stagnation. Thus, for this
study, quiescent cell suspensions were
selected as a source of biofouling bac-
teria, and industrially relevant surfaces
were selected as the substrata. The aim
was o compare attachment of bacteria
to different surfaces under identical ini-
tial conditions. The information gained
from this study will be useful when con-
sidering the biofouling potentiat of one
lype of pipe or piping surface versus
another.

Materials and Methods

Bacterial culture. Pseudomong
aeruginosa Ps-4 was obtained from Dr.
Martin Favero{Centers for Disease Con-
trol, Allanta, Ga.). This culture had been
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isclated from a hospital poloxamer-io-
dine solution and was found to have
caused repeated contamination by foul-
ing polyvinyl chloride {PVC) piping in a
production plant (22). A O.f-milliliter
{mL) aliguot of stock culture frozen in
glycerol-peptone was used to inoculate
100 mL of soy broth' and was incubated
at room temperature for approximately
45 hours.

Cell density was monitered using a
colorimeter? to establish growth curves
and ensure that comparable population
numbers were used in the adhesion
assay. Afterincubation, a 10-mL sample
of culture was centrifuged {10 minutes
at 3,000X gram [g]) and resuspended in
filtered (0.22-micron {um}) autoclaved
reverse osmaosis (RO) waterd. The sus-
pension was vortexed, filtered, through
a5-pmnylon meshto eliminate clumped
bacteria,

Tocheck celt density, a 10-mL sample
of the final suspension was diluted to
107 in 10 mL of filtered, autoclaved RO
water and fixaed with 0.5 mt. formalin for
5 minutes and stained with 0.1 mL 2%
acridine orange. The stained culture

was filtered onto a 0.22-pm black poly-
carbonate membrane® and enumerated
byepifluorescent microscopy{23). Cells
were counted at x 1,000 magnification
with direct count reported as cells per
millliliter {/mL} in the originat suspension.
Approximately 107 cells/mL were used
for each adhesion assay. If necessary,
the suspension was adjusted, usually
via dilution, to achieve this cell density.

Viable counts were determined by di-
luting the suspension in sterile high-
purity water, surface-plating 0.01-mb
droplets {24) on R2A agar {25), and
incubating at room temperature for 2 to
3 days. Direct and viable counts of the
bacterial suspension were performed at
0. 75, and 150 minutes after exposure of
coupaons to bacteria.

Preparation of coupons. Coupons {25
milimeter f[mm] by 6 mm) were cut from
prepolished 316L stainless steel. The
surfaces, prepared via commercial pro-
cedures by the vendor, were either 240-
grit mechanically polished followed by
electropolishing (EPSS) or 180-grit me-
chanically polished only {(MPS3). Cou-

ponswere washed in acetone, air-dried,
then washed in 6.25% laboratory clean-
ing solution®. Couponswere transferred
to fresh solution, boiled for 5 minutes,
then insonated’ for 5 minutes, followed
by rinsing with sterile water until foaming
ceased {approximately) & times),
ingonated again, and rinsed 3 times.
The coupons were iransierred to a vial
containing 20 mL of high-purity. water,
autoclavedfor 20 minutes, and stored at
room temperature until use,

Simitar-sized coupons were cut from
extruded polypropylene (PP) and
polyvinylidene fluoride (PVDF) plastics.
These coupons were cut from samples
of commercially extruded piped. The in-
terior concave surlaces were used for
the assays. The plastic coupons were
washed in hexane and allowed to air-
dry. They were then washed, rinsed,
and sterllized as previously described
for the stainless stes! coupons.

Adhesion assay, Previously washed
and sterilized coupons were placed into
individual vials {one coupon per vial)
containing 10 mt of the 107 cells/mL of
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Ps. aeruginosa suspension. Coupons
were positioned inthe bottom of the vials
with the polished stainless surfaces or
concave plastic surfaces facingupward.
Since PP is less dense than water, cou-
pons of this materiat were held sub-
merged by Inserting a sterile 12.7-mm
hypodermic needle and 1-cm?® {cubic
centimeter) syringe into the top surface
near one end of the coupon. Al viais
were capped or covered with Parafiim?®
durlng bacterial exposure. One vial
containing flltered, autoclaved RC wa-
ter only was immediately fixed with 0.5
mlL formalin (time zero negative control);
while anocther vial containing filtered,
autoclaved RO water was fixed near the
end of the experiment (time 160-minute
negative conirol}.

Coupons were exposed to bacteriafor
20, 30, 40, 50, 60, 120, and 180 minutes
(min). After each time point, each ex-
posed coupon was removed from the
bacterial suspension, then rinsed to re-
moveloosely attached cells. Therinsing
was done by gently moving the exposed
coupon from slde to side 15 times in a
sterile 250-mL beaker containing 200
mL of filtered, sterilized RO water. A
second coupon, expased to bacteria for
60 minutes, was not rinsed prior to enu-
meration In order to determine rinsing
effects on areal cell densities. Each
adhesion study was done In triplicate.

Stalning and enumeration. Allexposed
and unexposed coupons were frans-
ferred into individual vials contalning 9
mL of flitered, sterliized high-purity wa-
ter and 0.5 mL of formalin. After 5
minutes, 0.1 mL of stain’® was added o

each vial to achieve a final concentra-
tionof 10uM (26}, Couponswere stained
for 1 hour, then removed and secured to
glass microscope slides for
epiflucrescent microscopic enumera-
tion. The stainless steel coupons were
mounted with the polished side upward,
using rubber cement; while plastic cou-
pons were mounted concave side up-
ward, using double-sided tape.
Attached cells were enumerated via an
epifiuorescent microscope' at X400
magnlfication (365-nanometer [nm)] ex-
citation, 400-nm barrier, and dichroic
mirror). Tenrandom fields were counted
for each coupon at each time interval
and datareported as areal cell densilies
in cells per square millimeter (fmm?).
Microscoplc counts were thenaveraged
for eachtime interval on each surface for
each of three experiments,

Adheston rate calculations. Adhssion
rates were calculated for each surface
and reported as cells/mm?min, This
was performed by dividing the total num-
ber of attached cells per coupon area
after each time Interval by the corre-
sponding time.

Critical surface tension. Diagnostic
liquidsof Increasing surface tenslonwersa
placed on the substrata and their ad-
vancing contact angle measured using
agoniomater. Values for critical surface
tension {gamma_ [y,]) were derlved
graphically from least-squares fit of the
relationship betwsen the surface ten-
sion of the diagnostic Hquids {x} and the
coslne of the advancing contact angle
{¥). When the contact angle is O (cosine

= 1), the liquid just wets the surface and
therefore represents the y, for the sur-
face. Values for the dispersive {y,} and
polar (y,} components of the composile
surface free energies were calculated
fromy, (27).

Sloughing potentials of each surface
were then reported as fow, medium, or
high relative to each other, based on the
polar component (28). This information
is reported in Table A,

Statistical analysis. Microscopic
counts were averaged for each tims
intervalon each surface foreach of three
experiments. Statistical analysis was
performed on the fog,, transformation of
these counts. The means at each time
for each surface are shown in Figure 1.
Standard errors of the mean {SEM) are
shown in Figure 1, with error bars denot-
ing +1 SEM. Bacterial adhesion rates
were subjected to one-way analysis of
variance {o estimate the variance be-
tween replicates.

Photomicregraphs. Photomicrographs:
were taken of the coupons using acam-
era* mounted onto the epifluorescent
microscope' on Kodak Ektar 125 fifm.
Scanning electron micrographs (also
known as SEM) were taken using an
electron microscope®. The SEM im-
ageswere used to make qualitative con-
clusions about the surface topography.
Ten images were taken of each
uninoculated surface. Surfaces were
determined to be either rough or smooth
based on the abllity to see surface
anomalies at X 5,000 magniffcation. This
information is reported in Table A

Results

Statistical analysis of the log,  directand
viable counts in the cell suspensions
showed that there were no significant
differences in bacterial numbers over
the duration of the experimants, Thus,
there was no bias of celt numbers that
may have affected adhesion with time
between surfaces. The arithmetic mean
cellnumberswere 2.18£1.45 107 cells/
mL by directcount, and 5.62+£5.18 x 108
colony-forming units per mL {cfufmL) by
viable plate count methods.

Areal densities (cells/mm?) increased
with time for all four surfaces {Figure 1).
The rate of adhesion to the stalnless
steels was more linear than that to the
plastics. Initial attachment to PVYDF was
an order of magnitude less thary that for
the other surfaces, but reached a den-
sily similar to that of the other surfaces
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after 50 minutes. Bacterial adhesion
rates to the four surfaces (Table A) were
similar but not identical, with a signifi-
cant difference between the slainless
steels and the plastics (p = 0.01).

Visual analysis of the eplifiuorescent
micrographs indlcated the MPSS had
polishing marks alongwhich cells tended
to congregate (Figure 2). Although no
stalisticat spatial pattern analysls was
done on the celf patterns (16), the distri-
bution of cells on EPSS, PP, and PVDF
appeared patchy. Bacleria attached to
the PVDF had thé most visually pro-
nounced patchiness, as evidenced by
the presence of numerous bacterial
clumps{Figure3}. Efectronmicrographs
of uninoculated stainless steel surfaces
showed that the MPSS was visibly rough
at X 5,000 magnification (Figure 4), thus
giving it a designation of rough for rela-
tive topography in Table A, These
scratches were large enough o harbor
bacteria (Figure 5). The EPSS had only
minor topographical variations, whilethe
piastic surfaces had no visible surface
anomalies at X 5,000 magnification {not
shown). Based on this information, the
EPSS, PP, and PVDF were reported fo
be smooth for relative topography as
shown in Table A.

The surface energy measuremsnis
{Table B} show that while both the stain-
tess steel surfaces had almost identical
critical surface tension values, the plas-
tics were much lowsr. The plastics had
a lower polar component, with the PP
having a lower polar component than
did the PVDF. The higher values for the
potlar component of surface tension for
the stainless steel -surfaces indicated
that the stainless steels were more wet-
table than the plastic surfaces, alsoindi-
cating a higher potential for sloughing.
The sloughing potentials of the surfaces
were then rated based on this informa-
tion, as reported in Table A,

Discussion

A variety of stainless steel and plastic
surfaces are used for the piping and
storage of high-purity water in both the
electronics and pharmacsutical indus-
tries {1, 2). During periods of stagna-
tion, as can occur in dead legs or during
cleaning, repair, and other siluations, all
exposed surfaces are susceplible to
bacterial adhesion and subsequent
biofilm formation. As with most adhe-
sion studies, there wers two variables
that influenced bacterial attachment in
this study: surface topography, and sur-
face chemistry.

high-punly wals w!@_suﬁéces
is of ihe compisile surfece. lree
{ tvalues .

Although the four surfaces examined
in the present study were vastly different
with respect to these two surface prop-
erties, bacterial adhesion was shown to
oceur on all four surfaces. The ob-
served adhesfon, however, was not simi-
lar between surfaces, Indicating inher-
ent differences in surface properties.
These differences have been previously
described for stainless steel in refation
to bacterial adhesion (9, 16); however,
adhesions to PP and PVDF have not
been well characterized. The purpose
of this study was not fo quantitatively
characterize these differences In sur-
face chemistry and topography for the
four surfaces studied, but rather to re-
portsome Initial data from which qualita-
tive comparisons coufd be made inrela-
tion to bacterial adhesion.

Comparing the four surfaces qualita-
tively based on surface topography us-
ing scanning electron micrographs indl-
cated that the EPSS and twe plastic
surfaces were relatively smooth. Their
finishes did not have irregularities of
significantmagniludes inthe samerange
as the size of a bacterial cell {of approxi-
mately 0.3 ym by 1.0 pm in size for P.
aeruginosa). Surface topography of one
sample of EPSS has beenmeasured via
atomic force microscopy with maximum
surface topegraphical features of 0.0003
um (29). This was not true of the MPSS,
which contained regular scratches with
bacteria aligned within.

Mandan {2} reported roughness aver-
ages (RA) of approximately 7 for an
EPSS and approximately 85 for a 180-
grit MPSS. These surface irregularities
on MPSS may be large enough to pro-
tect cells from shear forces generated

by surface cleaning processes used in
production facilities (2). Such pockels
of contamination, often containing farge
numbers of cells, could serve as sources
of reinoculation for an ostensibly clean
system, This is evident in the fact that
regrowth of bacterla within high-purity
water systems may occur as soon as b
to 7 days after standard sanitization pro-
cedures have been performed (4). Itis
suspected that biofiims are the source
of reinoculation or regrowth within these
systems. The piping material may play
a key role in the ability of biofilms to
survive caustic procedures, thus con-
tributing to regrowth problems.

Although all surfaces demonstrated
the ability of bacteria to attach to them,
initial bacterial adhesion rates varied
considerably {Table A), As surface to-
pography was relatively similar between
the EPSS and plastic surfaces, adhe-
slonrate differences between these sur-
faces may be attributed to differencesin
surface chemistry. Bacterial adhesion
to PVDF appeared patchy and showed
a fag of up to 1 hour compared lo the
other surfaces, for which attachment
proceaded more linearly from 20 min-
utes (Figure 1). Although not investi-
gated in this study, the conslderable
variability in the results for PVDF could
have been related to the surface chem-
istry. This factor may have contributed
to the appearance of patchy distribution
of attached cells and the initial lag in
adhesion. This supports the obseiva-
tions of Husted etal. (5)that patchy biofilm
was observed on PVDF.

Thelack of differences between adhe-
sion rates for the surfaces after 2 hours
was consistent with the values obtained
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for the critical surface tensions.  Sur-
faces with higher values for the polar
component somelimes show shart-term
increases in adhesion rates as well as
increased sloughing of adhered cells
with time (28). This is demonsirated by
the results for PVDF versus PP but notfor
the stainless sleel surfaces.

Initial adhesion rales wererelated more
to surface tension measurements than
to surface topography, although bacte-
ria did congregate in crevices in the

MPSS. Although both plastic surfaces
had low surface tension values, neither
had values in the range of silicone {ap-
proximately 20 dynesfcm}, thought to
be a minimally adhesive material (27},
The resuits suggest that initial adhesion
to PVDF may be slower, and patchy
distribution of cells may indicate some
vatiation in the surface characterlstics.
A slower attachment rate may be in part
caused by the slightly lower surface
tension values when compared to the
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stainfess steels (Table B). This may
indicate that PVDF is advantageous un-
der these specific conditions.

it should be noted that these differ-
ences in initial bacterial adhesion could
be significant if the systemis shutdown -
for a short period of fime. It should also
be noted that once a biofilm has formed,
regardless of the surface, other vari-
ables such as TOGC may have a more
significant long-term role in biofilm ac-
cretion {5}, Pedersen {30) reported no
differences in numbers of bacteria at-
tached to stainless sleel compared 1o
polyvinyt chleride (PVC) after 167 days
inn drinking water.

High-purily waler systems generally
contain a mixture of slkainless steel and
plastic surfaces to which bacleria can
slick. According o this study, during
periods of stagnation, initial bacterial
acdhesion o PYDF may be slower and
more patchy. This surface may be ad-
vantageous to minimize these interac-
tionsunder these conditions, butitshould
be noted that higher levals of spontane-
ous detachment of biofilm flocs could.
ocowr (5). In lower-flow regions of a
high-purity water syster, it may be ad-
vantageous to use PYDF, Under high-
pressure or high-temperature situations
where the use of plastics is not practical(
electropolished stainless steels are rec-
ommended over mechanically polished
staintess steels. Aflthough electropol-
ished stainless steel may contribute o
patchy distribution under flow condi-
tions (16}, its material strength and cor-
rosion resistance make it superior under
these conditions (2). It is important for
designing and manufacluring teams o
take these recommendations into ac-
count when building or repairing high-
purity water systems.
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