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Abstract. Biofilm formation on metallic surfaces in marine and freshwater
environments often precedes corrosion and other biofouling conditions.
Attachment is mediated by such environmental factors as the presence of
surface conditioning films, fluid dynamics, bulk-phase nutrient levels, and
surface chemistry. In this study, we utilized a Fowler Cell Adhesion Mea-
surement Module to demonstrate that the changes in cellular concentration
and composition of a monoculture of Pseudomonas atlantica biofilms on
stainless steel were a function of the applied shear force. At shear forces
in the range of 3-10 dynes cm~2 (1.0 liter min~!), attachment as measured
by acridine orange direct microscopic counts was greatest at the higher
shear forces. 'YC-Acetate uptake activity on the stainless steel surfaces
increased with shear stress. Acetate incorporation ranged from 1 x 10-°
to 19 x 107% pgmol cm™~2 between 0.15 and 30 dynes cm~2 for 30 min uptake
periods. On a per cell basis, however, activity decreased with shear, indi-
cating a shift in metabolism. Fourier transform infrared spectroscopy re-
vealed that protein and carbohydrate concentrations also increased with
the applied shear. Increased biofilm C:N ratios and total fatty acids were
associated with the higher shear stresses. Neither radius of interaction nor
biofilm age appeared to significantly influence the relationship between
fluid shear and attachment and cellular composition of P. atlantica biofilms
in the range of 1-10 dynes cm™2,

Introduction

Bacteria possess a number of adaptive mechanisms enabling response to phys-
Icochemical factors defining their environment. One important mechanism is
the ability of bacteria to adhere to surfaces in various environments. Zobell
{25] proposed early on that solid surfaces serve to concentrate nutrients by
adsorption. Venosa [22] and Costerton and Lashen [7}, among others, have
noted that sessile organisms are afforded protection from antagonistic agents
such as lytic bacteria and biocidal agents. Bacterial biofilms play an important
role in disease processes, degradation of industrial products and fluid-handling
Zystems, wastewater treatment operations, and environmental ecosystems [5,
> 18],



270 M. W. Mittelman et al.

A number of theories relating environmental and physiological factors to
bacterial adhesion processes have been proposed. Initial colonization and bio-
film stability appear to be dependent on physicochemical factors such as in-
terfacial surface energy [1, 21] hydrophobic interactions [16], and bulk phase
substrate concentrations [4, 9, 12]. Young and Mitchell [24] showed that che-
motaxis in marine systems could play a role in the initial colonization of motile
bacteria. Mamur and Ruckenstein [11] demonstrated that gravitational forces
significantly influenced the transport of cells to substrata in quiescent aqueous
environments.,

In addition to these physicochemical factors, fluid hydraulic parameters such
as shear force and turbulence have also been shown to affect the adhesion
process. Sly et al. [19] found that biofilm formation and manganese deposition
rates in a potable water system were significantly increased at a higher water
velocity. The deposition rate of Streptococcus sanguis on glass capillary tubes
was shown by Rutter and Leach (17] to be a function of both nutrient loading
and fluid velocity. Duddridge et al. [8] observed decreases in direct microscopic
Pseudomonas fluorescens cell counts with increasing fluid shear in the range of
30-130 dynes cm~2. However, relatively little is known about what effects shear
forces have on the formation and nature of biofilms. While increased fluid
velocity (shear) may overcome those electrostatic and covalent forces which
result in “irreversible” adhesion, decreased substrate transport rates associated
with low velocities could result in desorption of adhered cells.

In this study, the effects of fluid shear on the biomass constituents and
metabolic activity of P. atlantica biofilms attaching to polished stainless steel
surfaces are reported. Protein, carbohydrate and cell wall fatty acid content
were measured as indicators of attached biomass. Incorporation of “C-1-ace-
tate into membrane fatty acids was measured over a range of applied fluid
shears. A radial-flow chamber [10] was utilized in these studies, allowing assays
to be performed on the effects of multiple shear forces on single test coupons.

Materials and Methods

Test Organism. The marine bacterium, P. atlantica ATCC 19262, was used in all shear studies.
The organism was maintained on three-quarter strength 2216 Marine Agar (Difco Laboratories,
Detroit, MI) slants at 25°C. A minimal marine medium (MMB), described below, was used to
develop inocula for the continuous culture system. The inoculum was obtained from “collars”
which formed at the air/medium interface in 18-24 hour shake flask cultures. This culture isolation
process was employed to select for adherent variants within the monoculture.

Continuous Culture Conditions. A Virtis 1 liter OmniCulture system with a 600 ml working volume
(Gardiner, NY) was used to maintain cultures at constant conditions of temperature (25°C), aeration
(1 liter/min~"), agitation (100 rpm), and dilution rate (d = 0.1 hour!). All reagents utilized in this
study were of analytical reagent grade, unless otherwise specified. The culture and shake flask
medium consisted of the following ingredients in g liter ! deionized water: artificial sea salts, 30;
galactose, 0.5; NH,Cl, 0.1; Tris HCl/base, 100 mM; MgCl,-6H,0, 0.4; K,HPO,-3H,0, 0.4; FeCl;,
4 mM; and 1 ml Wolfe’s complex vitamin mixture. The galactose, FeCl,, and vitamin mixture
were filter-sterilized and added separately to the autoclaved and cooled medium. The complete
medium had a pH of 7.5 and buffering capacity was sufficient to maintain this pH throughout the
test period.
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Cell Adhesion Measurement Module (CAMM)

A radial-flow cell described by Fowler and McKay [10] was employed to facilitate development
of a continuous shear gradient across 100 mm diameter, 600-grit finished 316 stainless steel coupons
(Fig. 1). Culture medium and suspended bacterial cells contacted the center of the test coupon;
shear, 7, was generated radially, in inverse proportion to the radius. Medium and cells exited the
CAMM at the outer edge of the coupon, approximately 50 mm from the entry zone. Flow rates
through the system were maintained such that a Reynolds number of <2,000, indicating laminar
flow, was obtained. Flow rates were maintained at a constant value in the range of 60-1,000 ml
min-!, Several flow rates in this range were employed to generate data in the experiments described
herein. Pulseless pumps and silicone tubing were used throughout the system.

Test Procedure. Following steam-sterilization, the test system was aseptically assembled and filled
with sterile culture medium. Following a 24 hour sterility test, ca. 1 x 10° adherent cells from a
shake flask were inoculated into the continuous culture vessel. Dissolved oxygen (DO) levels in
the bulk phase were monitored thoughout the experiment using a YSI model 50 DO meter/probe
(Yellow Springs Instruments, Yellow Springs, OH); DO levels varied from saturation (ca. 8.2 mg
liter-') at T = 0 hours toc 5.75 mg liter* at T = 120 hours.

Following the recirculation period, test coupons were aseptically removed from the CAMM and
either analyzed immediately (as with acridine orange counts and activity measurements) or frozen
at —50°C, lyophilized, and stored in a vacuum desiccator until ready for further study.

Analytical Procedures. Coupons for direct observation and microscopic cell counts were stained
for 5 min in 0.1 mg ml-' acridine orange (Sigma, St. Louis, MO) in 100 mM phosphate buffer,
PH 7.5, containing 2% (v/v) glutaraldehyde. Coupons were observed directly under epifluorescent
illumination. Coupons were also quantitatively extracted for microscopic direct cell counts using
1.2 cm diameter glass o-ring extractors (Kontes Glass, Vineland, NJ). Following addition of 0.6
ml volumes of the minimal medium to the extractors, the surfaces were sonicated to remove
adherent cells using three 3-sec pulses at 20% power (Heat Systems sonicator, Plainview, NY).
Preliminary experiments (data not shown) demonstrated that >95% of the adherent cells and
associated biomass material could be removed by this extraction procedure. The sonicated sus-
pensions were fixed in 2% (v/v) glutaraldehyde, then filtered through 0.2 pm polycarbonate filters
(Nuclepore Corp., Pleasanton, CA). Dried filters were fixed onto glass microscope slides with
immersion oil, then examined under epifluorescence illumination.

Lyophilized and desiccated coupons were analyzed by diffuse reflectance IR spectroscopy (DRIFT)
on a Nicolet model 60 SX Fourier transforming infrared spectrometer (Nicolet Instruments, Mad-
ison, WI) equipped with a standard Globar source, a KBR beam splitter, a narrow band liquid
nitrogen-cooled HgCdTe detector (Nicolet Instruments), and an Analect Instruments (Utica, NY)
DRIFT device. The data were collected as single-sided interferograms with a resolution of 8 cm™!
at a mirror retardation velocity of 1.570 cm sec~!. Coupons were scanned at multiple radii; four
measurements per radius were taken at 90° angles. Absorbances were measured at reciprocal
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wavelengths ranging from 800 to 2,000 cm™!, with 250 scans per measurement. Interferograms
were Fourier processed using phase correction and a Happ-Genzel appodization function. A ratio
of biofilm absorbances against those obtained from clean stainless steel coupons were determined,
baseline corrected, and water vapor subtractions were performed when necessary. The final spectra
were converted to Kubelka-Munk units and were smoothed using a five point least squares quadratic
smoothing algorithm [13]. Coupon manipulations were carried out in a dry nitrogen atmosphere
to limit interferences associated with water vapor.

Coupons were quantitatively extracted for protein and total lipids via sonication as described
above. Protein was measured using a sodium dodecyl sulfate-modified Lowry procedure [14] with
a bovine serum albumin standard. Total lipids were extracted using the glass o-ring extractors
equipped with Kalrez o-rings. Following the recirculation period, the coupon was immediately
removed from the CAMM, o-ring extractors were clamped in place, and 0.6 ml chloroform-
methanol-water reagent [Bligh-Dyer cocktail; 2] was added to the surface of each extraction area.
Following a 2 hour extraction period, the 0.6 ml aliquots were decanted to 13 x 100 mm test
tubes. The coupon surfaces were rinsed with two 0.6 ml aliquots of the Bligh-Dyer cocktail. The
contents of the 13 x 100 mm test tubes were then transferred to 30 ml separatory funnels; after
addition of chloroform and water to effect phase separation, the mixture was allowed to extract
for 24 hours at room temperature. The organic phase was then subjected to a mild alkaline
methanolysis [15, 20]. Phospholipids were analyzed using a modification of the method of White
et al. [23]. Fatty acid methyl esters were quantitated directly using a Hewlett-Packard model 5880
gas chromatograph equipped with a capillary column as described by Ringelberg et al. [15]. Con-
firmation of fatty acid identification was made on a Hewlett-Packard model 5996A GC/MS.

Pulse labeling of the biofilm coupons was performed in situ by recirculating 1-'*C-acetate through
the CAMM at the in situ flow rate. A 100 ml volume of MMB containing 0.5 xCi ml-' sodium
acetate with a specific activity of 55.0 mCi mmol-' (New England Nuclear, Boston, MA) was
recirculated for 30 min. Following the recirculation period, the coupon was immediately removed
from the CAMM. No rinsing of the coupons was performed prior to the extraction. Total fatty
acids were extracted from various areas on the labeled coupon surface as described above. The
organic phase from the Bligh-Dyer extraction (which contained the labeled lipids) was transferred
to 7 mli scintillation vials, made basic by addition of 0.1 M KOH, then dried under a gentle nitrogen
stream. Following addition of 4.0 ml scintillation cocktail (Econolume, ICN, Irvine, CA), the
samples were counted on an LKB model 1212 (Gaithersburg, MD) liquid scintillation counter.
The counts were quench corrected using a series of external quench standards (Packard, Downers
Grove, IL).

Results
Influence of Shear on Biomass Development

Figure 2 illustrates the spectra of a 48 hour P. atlantica biofilm at several fluid
shear regimes. The peaks appearing at 1,630 cm~! and 1,550 cm~! correspond
to the amide 1 and amide II regions, respectively, of proteins. The region from
1,000 to 1,200 cm™! contains peaks corresponding to the C-O stretch of car-
bohydrates. A phosphate band appears at 1,240 cm™'. A significant positive
correlation (P < 0.05) was observed between fluid shear and the absorbances
of these distinctive bands. The absorbance values tended to increase with
applied shear up to a critical value which defined the limit of attachment. The
transitional area, where absorbance values drop precipitously, typically ap-
peared within 5 to 10 mm of the central impact area.

Direct epifluorescent microscopic observation of coupon surfaces revealed
the presence of greater numbers of bacteria associated with the higher shear
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Fig.2. FTIR spectra of P. atlantica exposed to varying shear stresses. Amide I and II absorbance
values are considered indicative of proteinaceous biomass; the CHO absorbances at 1,100-1,130
cm~! are representative of the C-O stretch associated with carbohydrate groups (e.g., polysaccha-
rides).

areas of the coupon (Table 1). The cells attached to the higher shear areas
appeared to be smaller in size than those associated with the low shear areas.
Total cell counts were significantly affected by shear in the range of 3 to 13
dynes cm~2. Total bacteria counts ranged from 1.5 x 10% at 1.1 dynes cm™ to
5.7 x 107 cells cm~2 at 13 dynes cm~2. Total protein (Fig. 3) and phospholipid
fatty acid biomass parameters (Table 2) were significantly influenced by shear
effects in the range of 0.2 to 31 and 1 to 8 dynes cm™2, respectively.

Compositional Changes with Shear

An increase in the ratio of carbohydrate to amide II IR absorbance was related
to shear in the range of 0.2 to 29 dynes cm~2 (Fig. 3). A similar relationship
was apparent between the carbohydrate ; amide I ratio and shear (data not
shown). The results of the DRIFT/FTIR analysis indicate that biomass as
carbohydrate and protein on a per unit area basis increased with increasing
fluid shear. The ratio of saturated : unsaturated fatty acids, a measure of mem-
brane fluidity, was not significantly affected by shear. The ratios varied from
0.75 to 0.85 between 1 and 8 dynes cm™2 (Table 2).
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Table 1. Direct counts and activity of P. atlantica on
coupon surfaces exposed to fluid shear

Mean number of
Mid-range attached bacteria? Acetate incorpora-
shear® cells cm~2 (+1 SD) tion umol/cell-!<

dynes cm? x 108 (x 107 (1 SD)
1.06 0.15 (0.074) nt
2.39 0.99 (0.49) nt
3.62 1.4 (0.79) 17.7 (6.4)
4.97 7.8 (5.5) 2.48 (1.68)
7.96 41.0 (8.8) 0.36 (0.25)
13.0 56.8 (18.6) nt

“ Values for shear at the center of 1.2 ¢m diameter
extraction areas are reported

» Average of counts taken from four different extraction
areas per shear value; a one-way analysis of variance
was performed: P < 0.01

< Average of four 30-min uptake measurements taken
at each shear value; a one-way analysis of variance was
performed: P < 0.01
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Fig. 3. Ratio of carbohydrate (1,130
cm~') to amide II (W) (1,550 cm~!) IR
absorbances for P. atlantica biofilms
exposed to varying shear stresses. Total
protein (@) vs shear; four replicates per
shear, error bars represent =1 SD.

The amount of '*C-1-acetate incorporation into lipids increased linearly with
fluid shear. Thirty-minute uptake values ranged from 1 x 105 to 19 x 1073
umol cm~2 between 0.15 and 30 dynes cm~2, Normalizing the uptake data with
respect to cell counts, however, revealed a statistically significant decline in
uptake with increased shear in the range of 1-10 dynes cm 2. A 2.2-fold increase
in shear resulted in a 49-fold decrease in acetate incorporation during the 30-

minute uptake experiments (Table 1).
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Table 2, Total fatty acid biomass and saturated : un-
saturated fatty acid ratios vs fluid shear

Mid-range Total phospholipid Saturated : unsat-

sheare fatty acids? urated fatty acids
dynes cm=2 pmol cm~2 (=1 SD) (x1 SD)
1.09 442.0 (143.5) 0.65 (0.09)
3.62 764.4 (138.5) 0.72 (0.07)
4,97 786.1 (84.3) 0.76 (0.07)
7.96 1,244.8 (289.9) 0.74 (0.01)

“ Values for shear at the center of 1.2 cm diameter
extraction areas are reported

* Average of measurements taken from four different
€xtraction areas per shear value; a one-way analysis of
variance was performed: P < 0.01 for total lipids; P
> (.1 for saturated : unsaturated fatty acids
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Fig. 4. Protein and total fatty acids as biomass vs coupon radius. Four replicates from each of
three biofilm development periods were obtained per radius; error bars represent =1 SD. 48 h (0J),
72 h (@), 120 h (O).

Effect of Radius and Time on Biomass

There was little effect of radius on protein or fatty acid biomass parameters
(Figs. 4a and b). Tests of significance using first and second order regression
coeflicients did not reveal a significant effect of radius on bacterial adhesion or
acetate incorporation into phospholipid fatty acids in 1-10 dynes cm=2 (P >
0.10; data not shown). The data indicated that location on the coupons did
not influence cell density and that shear was the major biomass determinant.

The effect of biofilm age on biomass parameters under varying shear regimes
was extremely variable within and among different time periods (data not
shown). A statistically significant effect of biofilm age could not be demonstrated
for any of the measured biomass development parameters (P > 0.10).

Discussion

In most environments, bacterial adhesion processes proceed under some hy-
draulic influences. Bacterial adhesion to surfaces in these environments is de-
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pendent upon a balance between attractive and repulsive physicochemical forces.
The results of this study demonstrated that mechanical factors such as fluid
shear can potentiate bacterial colonization processes.

One explanation for the observed increase in cell counts with fluid shear
could be an interaction between radius and bacterial attachment, that is, a
recruitment phenomenon influenced by the frequency of cell-substratum con-
tact and/or substrate transport. If this were the case, a relationship between
attachment, biomass formation, and activity and radius should have been
apparent. Under the experimental conditions imposed during this study, it is
doubtful that recruitment played as significant a role as fluid shear in influencing
bacterial attachment to stainless steel.

If bacteria are viewed as small particles lacking any purposive behavior (e.g.,
chemotaxis or polymer production), theoretical considerations dictate that their
rate of deposition should increase with fluid velocity. Bowen and Epstein [3]
showed that the local particle deposition rate in a parallel plate channel may
be described by

G)”
bA%) + (1/K)(Gey)”

JD= I)(:o x

where vy = 2Dx/3V_b? is the dimensionless longitudinal distance from the inlet,
D = kT/67na is the Stokes-Einstein diffusion coefficient, C, is the particle
concentration at the inlet, b is one-half the channel thickness, x the radius from
the inlet, V, the mean velocity of the fluid, k the Boltzmann constant, T the
fluid temperature, » the viscosity of the fluid, « the average particle radius, K
the surface reaction rate constant, and A a mathematical function. The results
of this study agree with these theoretical considerations; namely, that attach-
ment is increased at higher flow rates up to a critical point. Beyond this critical
flow (shear) the adhesive forces associated with bacterial substratum interac-
tions are overcome by the “repulsive’ forces of fluid shear.

When Rutter and Leech [17] studied the deposition of Streptococcus sanguis
onto glass capillary tubes, they found that deposition was enhanced at higher
fluid velocities when the bacteria were grown at a relatively low dilution rate
(0.04 hour!). However, at higher dilution rates (>0.2 hour~!), adhesion was
decreased. They attributed this deviation from theory to “polymer bridging.”
Duddridge et al. [8] have reported that increased surface shear resulted in
decreased attachment of P. fluorescens to stainless steel. However, their adhe-
sion assays were conducted at higher fluid shear values, 60-1,100 dynes cm™2.
Observations of biofilms exposed to relatively high shear stresses indicate that
the ability of P. atlantica to remain attached to polished stainless steel is greatly
reduced beyond a fluid shear of approximately 120 dynes cm=—2.

The increase in carbohydrate : protein ratios with shear as measured by FTIR
spectroscopy suggests that bacteria able to adhere at high shear force gradients
show a shift in chemical structure. Previous work by Nichols et al. [13] showed
that FTIR spectra of P. atlantica biofilms could be used to infer nutritional
status. Here we show a change related to the shear environment. Perhaps cells
which are initially adhered to the coupon surface stabilize the adhesion process
via production of additional extracellular polymeric substances (EPS). If the
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1,130 cm™! band is indicative of EPS carbohydrate biomass, this would suggest
that shear force induces the synthesis of EPS. Since the total Lowry protein
and total cell count also increased with shear, the carbohydrate : protein ratio
may be an indicator of adhesion stability in P. atlantica grown in a defined
environment.

The observation that per cell lipid synthetic activity declined with increased
shear could be an indication of shear induced stress on the organisms. Alter-
hatively, a shift in biosynthesis from membrane lipids to extracellular adhesive
moieties could also be envisioned. The increased per unit area metabolic ac-
tivity seen with higher shear values correlates well with the observed biomass
increases. These findings suggest that microbially influenced surface pertur-
bations may be affected by hydraulic factors.

The methods described in this work provide a powerful tool for assessing
the effects of environmental and cultural variables on biofilm development
parameters under well-defined hydraulic conditions. These methods make pos-
sible studies of complex interactions among consortial members of sessile bac-
teria present in biofilms. We are now utilizing these techniques to explore the
nature of bacterial succession under environmental conditions designed to
approximate those of in situ aquatic environments.
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