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Pseudomonas putida biofilms were developed on and 
biofilm accumulation rate data were obtained for the fol- 
lowing two classes of support materials: charged surfaces 
and noncharged hydrophobic and hydrophilic surfaces. The 
effects of surface roughness and porosity on the rate of 
microbial attachment were also examined. 

Materials bearing a net positive or negative surface 
charge supported the greatest biofilm accumulation and the 
highest biofilm accumulation rate. Uncharged hydrophobic 
materials achieved the next greatest biofilm accumulation, 
averaging approximately 50% of the total biomass which 
was accumulated on the charged surface materials after 
16 days. Uncharged hydrophilic materials supported very 
little biofilm development. In general, biofilm accumulation 
increased with decreasing surface roughness. The effect of 
pore size on biofilm accumulation was not conclusive. 

The biofilm accumulation kinetics showed an exponential 
accumulation rate for the charged surfaces and an approxi- 
mately linear accumulation rate for the hydrophobic materi- 
als. This difference in accumulation kinetics is consistent 
with proposed differences in the physicochemical mecha- 
nism governing attachment to these two types of surface 
materials. 

INTRODUCTION 

Pseudomonas species are currently being considered for 
numerous applications such as protein production,' 
bioreactor processes for hazardous waste degradation,2 
and for in situ bioremediation ~chemes.~ Biofilm systems 
are expected to have a large and expanded role in these 
 application^.^ The use of Pseudomonas species requires 
an understanding of their physical properties and behav- 
ior under application conditions such as those in which 
cells are growing attached to solid supports. 

While attachment of Pseudomonas species has been 
demonstrated on numerous support a 
comparative quantitation of Pseudomonas biofilm de- 
velopment on such supports has not been performed. 
Gram-negative microorganisms, such as Pseudomonas, 
have been reported to bind well to positively charged 
anion exchange resins under conditions of physiological 
(neutral) pH.5*8*9 They have also been reported to bind 
well to hydrophobic materials such as polystyrene,6 
p~lyethylene,~ and polytetrafluoroethylene (PFTE or 
teflon)." In addition, adhesion of gram-negative micro- 
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organisms to other materials such as cation exchange 
resins" and soils'2 has been examined. However, no 
systematic effort has been made to compare the attach- 
ment of a microbial species on these types of support 
materials under identical culture conditions. 

In principle, the attachment of microorganisms to 
surfaces is influenced by long-range, short-range, and 
hydrodynamic forces. Current models of the attachment 
process include long-range forces which act to bring the 
organism into close proximity to a surface and short- 
range forces which serve to hold the organism at the 
s~ r face . '~  Long-range forces include electrical charge 
interactions, which may be attractive or repulsive, and 
the dispersion contribution to the van der Waals forces.13 
Short-range forces include dipole-dipole (Keesom) in- 
teractions, dipole-induced dipole (Debye) interactions, 
ion-dipole interactions, and hydrogen b~nding. '~ Hydro- 
dynamic forces are involved in bacterial transport to 
the surface as well as the production of shear stresses 
which contribute to the removal of bacteria from the 
s~ r face . '~  The experiments described in this paper were 
conducted in a constant hydrodynamic environment. 
They attempted to compare the kinetics of microbial 
accumulation on different surfaces where initial attach- 
ment rates are controlled by either long-range or short- 
range forces. 

The surface materials tested may be grouped into two 
classes possessing physical surface properties which are 
expected to influence microbial attachment to the 
surface: those possessing a surface charge and those 
possessing no net surface charge. The first class of ma- 
terials- those possessing charged surfaces -would be 
expected to exhibit accumulation kinetics consistent 
with attachment controlled by long-range charge inter- 
actions. The uncharged materials would be expected to 
exhibit attachment kinetics controlled by short-range 
forces mediated by the hydrophobic or hydrophilic 
character of the support material. Surfaces such as the 
charged resins, which possess both long-range and 
short-range properties, are expected to exhibit more 
rapid accumulation kinetics than surfaces possessing 
only short-range properties. Therefore, if the attach- 
ment process can be viewed as a two step process gov- 
erned by long-range and hydrodynamic forces which 
hasten the rate of transport of the microorganism to 
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the surface and short-range forces which serve to hold 
the bacteria there, the overall attachment process 
should be more rapid for surfaces possessing long-range 
force properties if the rate-limiting step for the attach- 
ment process is the movement of the microorganism to 
the surface. 

Understanding which physical forces control the at- 
tachment kinetics will be useful for choosing the best 
biofilm support material for a particular process appli- 
cation. An understanding of the biofilm accumulation 
kinetics of Pseudomonas species on various classes of 
support materials may also be useful for predicting their 
survival in field applications with differing soil environ- 
ments and in oligotrophic environments where attach- 
ment probably provides a survival ad~antage.'~ 

This study examined the ability of several biofilm 
support materials to promote the attachment of the 
gram-negative bacterium, Pseudomonas putida, under 
controlled culture conditions. This study also provides 
preliminary evidence that materials which interact with 
microorganisms through long-range intermolecular 
forces exhibit different microbial attachment kinetics 
than materials interacting with suspended microorgan- 
isms solely through short-range intermolecular forces. 

MATERIALS AND METHODS 

Microorganism 

Pseudomonas putida strain pp0301 (pR0103) contains 
the plasmid pR0103 encoding the tfd ABCD genes 
which are constitutively expressed to produce gene 

products which degrade 2,4-dichlorophenoxyacetic acid 
(2,4-~) to chloromaleylacetic acid.16 

Media and lnnoculation Procedures 

P. putida pp0301 (pR0103) was maintained on tryp- 
tone nitrate broth plates" with 50 pg/mL tetracycline. 
One hundred milliliters of a microbial culture, which 
had been grown up overnight to an optical density of 
approximately 1.2 OD units at 425 nm was innoculated 
into 1400 mL RBC reactors containing MMO mineral 
medium'' with either 0.3% or 0.05% casamino acids as 
the sole carbon source. The culture was grown in batch 
mode until an optical density of approximately 0.4 at 
425 nm wavelength was reached. The rotating cylinder 
containing the biofilm support materials was then 
added to the reactor. Continuous flow operation was 
then begun at a dilution rate of 0.0514 h-'. 

Biofilm Support Materials 

Twenty-one different commercially available support 
materials were used to examine biofilm growth (Table I). 
Polyethylene and polystyrene support materials were 
wet sanded with increasingly coarse grades (Nos. 600, 
400, and 220) of sandpaper to examine the effect of 
surface roughness on biofilm formation. 

Equipment 

The biofilm development experiments were performed 
in continuously fed rotating biological contactors 

Table I. Support materials used for attachment of Pseudomonusputida in rotating biologi- 
cal contactor. 

Support Material Description Source 

Charged: 
SiOz TLC plate 
A1203 TLC plate 
DEAE TLC plate 
Biotrace NT 
Biotrace RP 
AP20 
Awl9 

Hydrophobic: 
Polystyrene 
Polystyrene 
Polystyrene 
Polystyrene 
Polystyrene 
Polystyrene 
Polystyrene 
Polystyrene 
Fluoropore 
Fluoropore 
Mitex 
Immobilon P 

Hydrophilic: 
Versapore 
Duropore 

(-) charge 
(+) charge 
(+) basic anion exchange 
(-) nitrocellulose 
(+) charge. Derivatized nylon 
(+) borosilicate microfiber 
(+)cellulose ester microfiber 

Bacterial grade petri dish (UR) 
No. 600 surface roughed 
No. 400 surface roughed 
No. 220 surface roughed 
High density commercial (UR) 
No. 600 surface roughed 
No. 400 surface roughed 
No. 220 surface roughed 
PTFE 1-pm pore 
PTFE 3-pm pore 
PTFE 5-pm pore 
polyvinylidene difluoride 

acrylic copolymer 
modified polyvinylidene difluoride 

Anspec, Ann Arbor, MI 
Anspec, Ann Arbor, MI 
Whatman, Hiilsboro, OR 
Gelman, Ann Arbor, MI 
Gelman, Ann Arbor, MI 
Millipore, Bedford, MA 
Millipore, Bedford, MA 

Becton Dickenson, 
Lincoln Park, NJ 
Lincoln Park, NJ 
Lincoln Park, NJ 
Envirex, Waukesha, WI 
Envirex, Waukesha, WI 
Envirex, Waukesha, WI 
Envirex, Waukesha, WI 
Millipore, Bedford, MA 
Millipore, Bedford, MA 
Millipore, Bedford, MA 
Millipore, Bedford, MA 

Gelman, Ann Arbor, MI 
Millipore, Bedford, MA 
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(RBCs) with working volumes of 1.4 L. The RBC 
system is shown schematically in Figure 1. The RBC 
design parameters are given in Table 11. The design 
parameters were chosen to simulate commercial RBCs 
and other currently used research systems.’’ 

Two identical RBCs were built and were operated 
containing either biofilm support material or stainless- 
steel disks, which were shown not to support significant 
biofilm development over the course of these experi- 
ments. The liquid medium was maintained at a level 
which covered approximately 60% of the disks’ surface. 
The disk rotation rate was 30 rpm. 

Each disk was constructed with six removable 1-cm’ 
sections. Sections were prepared by cutting the disk ma- 
terials with a hot nickel-chrome wire. Each disk, with 
its removable sections, was then bound by spray adhe- 
sive to a stainless-steel disk and placed in the reactor. 

Biofilm Experiments 

Biofilm accumulation was quantified using protein con- 
centration as a surrogate parameter. The Lowry method 
was used to determine the protein concentration on 
each removable disk section.” Sections were removed 
from the reactor at various times throughout the course 
of the biofilm experiment using a sterile scalpel and 
forceps. The sections were rinsed with gentle agitation 
for approximately 30 s in sterile medium and then sub- 
jected to biofilm quantitation. Each 1-cm’ section was 

Gas Inlet 

Gas Outlet 

Kev 
@ Sterile Gas Filter 

Motor for Disc Rotation Motor Sterile Effluent 
Collection 

Compressed Air Tank 

Figure 1. Schematic of rotating biological contactor used for all 
bioreactor experiments. 

Table 11. Dimensions and operating parameters for the rotating 
biological contactors (RBCs). 

Internal volume 
Liquid volume 
Gas volume 
Number of disks 
Disk diameter 
Disk thickness 
Support spacing 
Total support surface area 
Percent submergence 
Drive speed range 
Surface-to-volume ratio 

3635 cm3 
1.4 L 

200-1600 cm3 
1-36 

11.43 cm 
0.85 mm 
2-20 mm adjustable 

205-7390 cm2 
5&100% adjustable 
6-120 rpm adjustable 
0.0732-5.28 cm-’ 

then resuspended in 1 mL sterile water. Two milliliters 
of the Lowry reagent containing 2% sodium carbonate 
in 0.1N sodium hydroxide, resulting in a solution with a 
pH greater than 11.0, was then added to lyse the cells 
and denature the released proteins. Protein assays then 
proceeded as per the previously published Lowry 
method?’ Results of protein assays on blank disk mate- 
rials, which were immersed in media and then similarly 
rinsed and assayed, were either zero or less than 20 pg 
protein/cm’. These protein values were then subtracted 
from their respective support material experimental 
values before the data was further analyzed. Initial as- 
says in triplicate of the disk sections gave protein con- 
centration values which varied less than 2-3% between 
replicates. Sections at varying radial distances from the 
center of the disk were also tested to determine if in- 
creasing hydrodynamic shear, although small, affected 
biofilm accumulation with increased distance from the 
disk center. Biofilm concentrations were determined to 
be unaffected by the radial distance of the disk section. 
Measurements of biofilm accumulation are expressed in 
either micrograms of cellular protein or number of 
cells/cm2 surface area of the solid support. Protein as- 
says performed on standardized numbers of cells yielded 
an average-protein value of 3.8 x 10 - pg protein/cell. 

Residence time distribution analysis using a pulse 
tracer method resulted in an inverse Pechlet number 
near 20. This analysis indicated that the reactor system 
approximated a well-mixed continuously stirred tank 
reactor with no axial concentration profile. For the bio- 
film accumulation studies, the reactors were operated at 
steady state in which the dilution rate was controlled to 
maintain an approximately constant optical density cul- 
ture with a constant cell concentration. 

RESULTS 

Pseudomonas putida biofilm accumulation on the 
twenty-one materials listed in Table I was first mea- 
sured with 0.05% casamino acids as the sole carbon and 
energy source. Two classes of support materials sup- 
ported significant biofilm accumulation of P. putida 
pp0301 (pR0103). These were the charged materials 
and the hydrophobic materials, polyethylene in particu- 
lar. Hydrophilic uncharged materials did not exhibit sig- 
nificant accumulation. Biofilm accumulation on those 
materials supporting biofilm development was measured 
again in a separate experiment with 0.3% casamino 
acid concentration. 

Of the two classes of support materials which were 
reexamined, charged and hydrophobic surfaces, the 
charged surface materials (Fig. 2) once again showed 
much higher biomass accumulation rates and total 
biofilm accumulation than the uncharged hydrophobic 
materials (Fig. 3). 

Biofilm accumulation rates for the 21 support materi- 
als tested in the first experiment are summarized in 
Table 111. Those for the support materials included in 
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Figure 2. Biofilm accumulation kinetics on charged supports 
when the bioreactor was fed 0.05% casamino acids (as measured by 
protein accumulation). The support materials are: (+); A1203, 
(+) SiO2, and (-E-); DEAE. 

the second experiment are summarized in Table IV. The 
initial rate data presented in Tables I11 and IV are 
the result of linear regression analysis of the data for 
the first four days of each bioreactor run. The biofilm 
accumulation kinetics for the various materials were 
similar between the two runs. The doubling time for 
batch cultures of P. putidu pp0301 (pR0103) on 0.3% 
casamino acids was 60 min. The doubling times of the 
attached cells grown on 0.3% casamino acids, as mea- 
sured by protein accumulation, would have been be- 
tween three and seven days, depending on the support 
material had the observed biofilm accumulation been 
attributable to growth of attached cells. This indicates 
that the biofilm accumulation kinetics were governed by 
attachment rather than biofilm growth since a differ- 
ence this large in doubling time, if this were interpreted 
to represent doubling time, would not be expected to 
occur upon attachment. 

Several reportsz1,*’ have suggested that for a mono- 
layer, nearly all of the progeny from binary cell fission 
detach, and that the rate of detachment of irreversibly 
attached monolayer cells is negligible?3 Therefore, the 

rate of cellular accumulation on the surface would be 
dominated by the attachment rate of the microorgan- 
isms as indicated by the accumulation data obtained. 
The total amount of biofilm accumulated after 16 days 
was roughly proportional to the primary carbon source 
concentration. The optical densities (OD425) of the re- 
sulting cultures were approximately 0.76 and 2.8 for the 
bioreactor fed 0.05% and 0.3% casamino acids, respec- 
tively. Attached cell concentrations for biofilms grown 
in the presence of 0.3% casamino acids were approxi- 
mately five- to sixfold higher than for those grown on 
0.05% casamino acids. The fact that the accumulation 
kinetics appear to be directly related to cell concentra- 
tion in the reactor also indicates that attachment, and 
not growth in the biofilm, was being measured, since 
attachment kinetics have been previously demonstrated 
to be dependent on cell concentrat i~n.~~ 

The pore size of the support material appeared to in- 
fluence microbial attachment to the teflon membranes. 
The 1-pm pore Fluoropore Teflon membrane supported 
greater biofilm accumulation than the 3-pm pore Fluo- 
ropore membrane. Both the 1- and 3-pm Teflon mem- 
branes supported greater attachment than the 5-pm 
pore Mitex Teflon membrane (Table 111). This trend, 
however, was not apparent in the experiment with cells 
grown on 0.3% casamino acids. A large amount of vari- 
ability in the data made it impossible to verify the effect 
of substrate pore size on biofilm accumulation. 

Surface roughness of the support material also seemed 
to influence biofilm accumulation for the culture grown 
on 0.05% casamino acids. Decreasing surface roughness 
of the support promoted increased biofilm accumulation 
with the unroughened surface showing the least accu- 
mulation and the Nos. 220, 400, and 600 roughened 
plastic surfaces showing increasing accumulation for 
cells grown on 0.05% casamino acids on the polyethy- 
lene supports. This trend was not as clear for the cells 
grown on 0.05% casamino acids on the polystyrene sup- 
ports or for the cells grown on 0.3% casamino acids. 

The charged supports accumulated the most biofilm 
over the 16-day period of the experiments indicating 

0 1 0  
Time (days) 

b - PE-UR - PE-600 
--w-- PE-400 - PE-220 - PS-600 - PS-400 - PS-220 

I 
20 

Figure 3. Biofilm accumulation kinetics on hydrophobic supports when the 
bioreactor was fed 0.3% casamino acids (as measured by protein accumu- 
lation). The support materials are: (+) PE-UR, (+) PE-600, (*) 
PE-400, (U ) PE-220, (+) PS-600, (+) PS-400, and (+ ) PS-220. 
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Table 111. Biofilm accumulation kinetics on disks of rotating biological contactor fed 
with 0.05% casamino acids. 

Initial Maximum 
accumulation biofilm 

rate accumulation 
Support material (I.Lg/cm2/day) (pg/cm2) 

Charged: 

SiOz 
A1203 
DEAE 
Biotrace NT 
Biotrace RP  
AP20 
Awl9 

(cells/cm2/day x 

8.75 2.303 
5.0 1.32 

10.0 2.63 
2.5 0.658 
1.75 0.461 

2.5 0.658 
17.5 4.61 

Average = 6.9 Average = 1.82 

Hydrophobic: 
Polystyrene UR 
Polystyrene 600 
Polystyrene 400 
Polystyrene 220 
Polyethylene UR 
Polyethylene 600 
Polyethylene 400 
Polyethylene 220 
Immobilon P 
Fluoropore 1 pm 
Fluoropore 3 pm 
Mitex 

Hydrophilic: 
Versapore 
Duropore 

10.0 2.63 
4.5 3.82 
1.25 0.329 
2.5 0.658 
3.75 0.987 
5.0 1.32 
1.25 0.329 
6.25 1.645 
3.75 0.987 
5.0 1.32 
1.25 0.329 
5.0 1.32 

Average = 4.1 Average = 1.08 

0.0 0.0 
0.0 0.0 

Average = 0.0 Average = 0.0 

100 
80 
70 
30" 
20" 

220 
90 

Average = 87.0 

2Sb 
40 
lob 
10 
lob 
80 
35 
20 
20 
80 
30 

Average = 31.7 
2Ob 

26.32 
21.05 
18.42 
7.89 
5.26 

57.89 
23.68 

Average = 22.89 

6.58 
10.53 
2.63 
2.63 
2.63 

21.05 
9.21 
5.26 
5.26 

21.05 
7.89 
5.26 

Average = 8.34 

15 3.95 
10 2.63 

Average = 12.5 Average = 3.29 

a This is 3.8 x pg protein/cell conversion applied. 
Indicates an approximate steady state biofilm value. 

Table I\! 
0.3% casamino acids. 

Biofilm accumulation kinetics on disks of rotating biological contactor fed with 

Initial Maximum 
accumulation biofilm 

rate accumulation 
Support material (pg/cmZ/day) (cLg/cm2) 

Charged: (cells/cm2/day x (ceIls/cm2 x 

SiOz 62.7 16.5 505 132.89 
A1203 59.8 15.74 490 128.95 
DEAE 61.0 16.05 515 135.53 

Average = 61.2 Average = 16.11 Average = 503.3 Average = 132.45 

Hydrophobic: 
Polystyrene 600 
Polystyrene 400 
Polystyrene 220 
Polyethylene UR 
Polyethylene 600 
Polyethylene 400 
Polyethylene 220 

26.7 
55.0 
42.2 
9.5 
6.7 
9.2 

53.3 
Average = 28.9 

7.03 
14.47 
11.11 
2.5 
1.76 
2.42 

14.03 
Average = 7.61 

22Ob 
343 
393b 
183b 
183 
280 
135b 

Average = 259 

57.89 
90.26 

103.42 
48.16 
48.16 
73.68 
35.53 

Average = 68.16 

a This is 3.8 x pg protein/cell conversion applied. 
Indicates an approximate steady state biofilm value. 
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that for P. putida pp0301 (pR0103) charged materials 
are preferred for attachment. Both the initial attach- 
ment rates and the maximum biofilm accumulation 
obtained, presented in Tables I11 and IV, were approxi- 
mately twofold greater for the charged supports than for 
the uncharged supports. However, since a steady-state 
biofilm was not achieved, a comparison between steady- 
state biofilm loading on the charged supports and the 
hydrophobic supports is not yet possible. 

DISCUSSION 

The charged surfaces supported the greatest total bio- 
film development. The DEAE anion exchange resin 
and the silicon and aluminum oxide resins accumulated 
the most biofilm in this study. The final cell loading 
achieved is consistent with previously published reports 
of the capacity of positively charged surfaces for cells." 
Calculations based on a cell size of 0.5 x 1 pm cell size, 
and using values of protein content measured for a stan- 
dard number of suspended pp0301 (pR0103) cells, in- 
dicated biofilms with maximum densities in the range 
of 1 x lo7 to 1 x 10' cells/cm2. These values fall into 
the range of reported cell densities obtained for Pseu- 
domonas mono layer^.^ 

Silicon oxide is a weakly acidic material and alu- 
minum oxide is a weakly basic material. This implies 
that the net surface charge of the silicon oxide would be 
negative and that of the aluminum oxide would be posi- 
tive under the culture conditions employed. The DEAE 
anion exchange resin possesses a positive charge under 
the experimental conditions used. Hydrogen bonding, 
in addition to charge interactions, may be involved in 
adhesion of P. putida to these supports particularly for 
the silicon and aluminum oxide supports. The Biotrace 
RP and the Biotrace NT were the exceptions among the 
charged surfaces, because they did not show substantial 
biofilm accumulation. This may be due to a lower 
charge density than the other charged materials tested. 

The glass microfiber samples were not considered for 
reevaluation in the second bioreactor run because of 
their porosity and high absorptive capacity and inter- 
ference by the microfiber material in the protein assay. 
Although this high absorptive capacity caused the glass 
microfiber disks to achieve the highest cell loading, the 
interaction between the cells and the support was prob- 
ably not mediated by surface absorption onto the glass 
microfibers but rather through absorption and entrap- 
ment by the spongelike microfiber membranes. 

The hydrophobic surfaces tested supported greater 
attachment than the hydrophilic surfaces which is con- 
sistent with earlier studies by Fletcher and L ~ e b . ~  They 
reported that a marine Pseudomonas species exhibited 
greater surface attachment to hydrophobic surfaces than 
to hydrophilic surfaces, however, attachment kinetics 
were not examined. 

Decreasing surface roughness appeared to contribute 
to biofilm development in the first bioreactor run al- 

though the second bioreactor run data does not show 
such a clear trend. Decreasing surface roughness results 
in a lower friction factor for the surface and decreased 
frictional resistance to fluid It has been shown 
that for completely rough surfaces the laminar sublayer 
near the surface is completely disrupted." Since the 
maximum biofilm coverage attained was a monolayer, 
there should be little change in the frictional resistance, 
or smoothing, of the surface due to microbial attach- 
ment throughout the experiments. Powell and Slater 
found that increasing fluid velocity, or increased fric- 
tional resistance, resulted in a decreased rate of attach- 
ment and a lower number of attached cells.'6 They 
concluded that this was due to a decreased amount 
of time spent by the cell in the vicinity of the surface 
resulting in a reduced ability to bond irreversibly to 
the surface through exopolymer bridging.26 Other 
groups, however, have observed increased colonization 
of rougher sub~ t ra tum.~~  It has recently been pointed 
out that little conclusive evidence is currently available 
to quantify the effect of substratum surface roughness 
on biofilm for ma ti or^^',^^ and further examination is re- 
quired to establish a clear trend. 

The accumulation rate data for the materials which 
supported microbial attachment were fit by either a 
least-squares linear regression or a second- or third- 
order exponential curve-fitting procedure. In general, 
accumulation kinetics for the charged resins exhibited 
exponential biofilm accumulation rates whereas most 
of the hydrophobic materials were described best by lifi- 
ear accumulation rates. Attachment of the microorgan- 
isms to the charged supports would be expected to 
occur predominantly via electrostatic forces, whereas 
London-van-der-Waals forces and interfacial tension 
would predominate for absorption to the hydrophobic 
support materials. 

Materials capable of exerting long-range electrostatic 
forces, which serve to bring the microorganisms into 
close proximity to the surface, would be expected to 
demonstrate more rapid microbial attachment than 
materials lacking such physical properties. Uncharged 
materials which lack these long-range net attractive 
forces would, therefore, be expected to show slower mi- 
crobial attachment rates. Thus, the observed difference 
in biofilm accumulation kinetics for these two classes 
of support materials is likely to result from these two 
different mechanisms of attraction of the microorgan- 
isms to the charged or hydrophobic support materials. 

For each bioreactor run, the average initial biofilm 
accumulation rates, presented in Tables I11 and IV, of 
the charged materials were substantially higher than 
those of the hydrophobic materials. This indicates that 
charge-charge interactions may play a significant role 
in controlling the rate of microbial attachment to solid 
surfaces. This conclusion is also supported by an earlier 
study by Dexter et a1.l' which found that glass sup- 
ported a much higher attachment rate than hydrophobic 
materials such as polystyrene and polytetrafluoro- 
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ethylene, and that after 15 h attachment rates remained 
exponential on the glass surface while the polystyrene 
and polytetrafluoroethylene attachment rates were 
approximately linear for marine biofouling studies in 
harbor seawater. 

AIthough the charged supports also accumulated, on 
average, approximately twice the total biomass of the 
hydrophobic supports, the lack of attainment of steady 
state biofilm loading for each material during the bio- 
reactor runs make the comparison of final steady state 
loading capacities difficult. 

The significantly lower rates of attachment and total 
biofilm accumulation on the Biotrace NT nitrocellulose 
and Biotrace RP nylon charged membranes indicates 
that either the charge density of these supports is not 
on the same order of magnitude as the other charged 
materials or that another property such as the surface 
roughness of the DEAE and aluminum and silicon ox- 
ide TLC plate supports is primarily responsible for the 
higher rate of attachment to the TLC plate supports. 
Further study is also needed to more accurately deter- 
mine the influence of surface roughness and porosity on 
the rate of microbial attachment to support materials. 

This work was done in the Departments of Chemical and 
Civil Engineering and the Department of Microbiology and 
Immunology, The University of Michigan (Ann Arbor, MI) 
with financial support from the Office of the Vice President 
for Research, University of Michigan, and the U.S. Envi- 
ronmental Protection Agency, Office of Exploratory 
Research, R816127-01. The authors express their gratitude 
to Dr. Larry Montgomery for his helpful review of the 
manuscript. 
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