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Abstract: A parallel-plate flow chamber was used to
measure the attachment and detachment rates of Esc-
herichia coli to a glass surface at various fluid velocities.
The effect of flagella on adhesion was investigated by
performing experiments with several E. coli strains:
AW405 (motile); HCB136 (nonmotile mutant with para-
lyzed flagella); and HCB137 (nonmotile mutant without
flagella). We compared the total attachment rates and
the fraction of bacteria retained on the surface to deter-
mine how the presence and movement of the flagella
influence transport to the surface and adhesion strength
in this dynamic system. At the lower fluid velocities,
there was no significant difference in the total attach-
ment rates for the three bacterial strains; nonmotile
strains settled at a rate that was of the same order of
magnitude as the diffusion rate of the motile strain. At
the highest fluid velocity, the effect of settling was
minimized to better illustrate the importance of motility,
and the attachment rates of both nonmotile strains were
approximately five times slower than that of the motile
bacteria. Thus, different processes controlled the at-
tachment rate depending on the parameter regime in
which the experiment was performed. The fractions of
motile bacteria retained on the glass surface increased
with increasing velocity, whereas the opposite trend was
found for the nonmotile strains. This suggests that the
rotation of the flagella enables cells to detach from the
surface (at the lower fluid velocities) and strengthens
adhesion (at higher fluid velocities), whereas nonmotile
cells detach as a result of shear. There was no significant
difference in the initial attachment rates of the two
nonmotile species, which suggests that merely the
presence of flagella was not important in this stage of
biofilm development. © 2002 Wiley Periodicals, Inc. Bio-
technol Bioeng 78: 179-189, 2002; DOI 10.1002/bit.10192
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INTRODUCTION

The attachment of bacteria to surfaces is the first step in
biofilm formation (Costerton et al., 1987; Lawrence
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et al., 1987). Biofilms can be both beneficial and detri-
mental; that is, they can be essential to the operation of
wastewater treatment facilities, septic systems, and bio-
remediation schemes (Witt et al., 1999), or can lead to
serious disease when formed on the surface of medical
implants (Gristina, 1987), teeth (Characklis and Mar-
shall, 1990), or on the interior of lungs (Feldman et al.,
1998). In bioremediation, bacteria and nutrients are in-
jected into a contaminated region and move through the
soil with groundwater flow. Bacteria attach to and de-
tach from soil particles within the porous matrix, and
with appropriate nutrients grow to form biofilms on the
soil surfaces. These biofilms form a reaction zone in
which contaminants in the incoming groundwater are
degraded, and are therefore essential to a successful
bioremediation scheme.

A physical parameter important in the attachment of
bacteria to surfaces is the velocity of the carrier fluid. As
the fluid velocity is increased, bacteria have less time to
interact with the surface and therefore attach at a rela-
tively slower rate. At the same time, increasing the ve-
locity also enables a larger number of bacteria to pass
over the surface in a given time period, a phenomenon
that tends to have the opposite effect. A significant
amount of research has been done to better understand
the effect of fluid velocity on the adhesion of nonmotile
bacteria, involving both specific (Dickinson and Cooper,
1995; Mohamed et al., 1999, 2000) and nonspecific
(Gannon et al., 1991; Gross and Logan, 1995; Meinders
et al., 1992, 1994; Wollum and Cassel, 1978) interac-
tions. However, because approximately 80% of bacteria
studied so far are motile (Aizawa, 1996), we are pri-
marily interested in understanding how fluid velocity
affects the transport and adhesion of motile bacteria in
comparison to their nonmotile counterparts.

The swimming behavior of motile bacteria may allow
a population to spread out more effectively than a
nonmotile bacterial population, especially in directions
perpendicular to fluid flow where dispersion is minimal
(Harvey, 1991). This may be important in bioremedia-



tion schemes involving multiple injection wells
(McMurtry and Elton, 1985; Starr and Cherry, 1994),
because motility would allow the cells to distribute more
uniformly between injection wells and grow to form a
more continuous biocurtain.

Motility has also been found to affect the adhesion
of bacteria to various surfaces in flowing systems, in-
cluding glass (Korber et al., 1994; Mueller, 1996) and
stainless steel (Mueller, 1996) in flow chambers, and
soil (Camesano and Logan, 1998) and glass beads
(Camper et al., 1993) in packed columns. Mueller
(1996) compared the attachment rates of motile and
nonflagellate Pseudomonas fluorescens CC-840406-E to
various surfaces in a flow chamber at an average fluid
velocity of 2.75 cm s™'. The attachment rate of motile
cells was approximately 1.5, 2, and 3-fold higher than
nonflagellate cells for the stainless steel, polycarbonate,
and glass surfaces, respectively. Similar results were
reported by Camper et al. (1993) and Korber et al.
(1994) for the attachment of the same bacterial species
to a glass surface within a flow chamber using average
fluid velocities of 2.75 cm s™! and 0.37 cm s™'. Korber
et al. (1994) also performed experiments with heat-
treated P. fluorescens to determine whether the dis-
crepancy in attachment rates could be attributed to
functionality of the flagellum. Heat-treated cells (i.e.,
motile cells rendered nonmotile) attached at rates
similar to nonflagellate cells, at an average fluid ve-
locity of 0.37 cm s~

In experiments performed with columns packed with
glass beads, Camper et al. (1993) saw no marked effect
of motility in the breakthrough curves of motile and
nonflagellate P. fluorescens at a pore velocities of 0.0028
cm s and 0.0125 cm s™' (in terms of peak height po-
sition, time to initial breakthrough, and cell recovery).
At a velocity of 0.00057 cm s~', the amount of motile
cells retained in the column was significantly higher than
the number of nonflagellate cells. This is inconsistent
with results reported by Camesano and Logan (1998),
who measured the fraction of motile and nonmotile
(killed) Pseudomonas fluorescens P17 retained in soil
columns over the interstitial velocity range of 0.00065 to
0.14 cm s™'. At flow rates less than approximately
0.0625 cm s~ ', the fraction of motile bacteria retained in
the columns was significantly lower in comparison to
nonmotile bacteria, and at higher fluid velocities the
motile and nonmotile bacteria were retained in similar
numbers. Thus, the importance of motility in dynamic
adhesion and its dependence on the fluid velocity is not
well understood.

The specific role of the flagella in biofilm formation
has also been studied in stagnant systems (O’Toole and
Kolter, 1998a, 1998b; Pratt and Kolter, 1998; Watnick
and Kolter, 1999). Pratt and Kolter (1998) found that
motility was essential for normal biofilm formation
(using E. coli and various plastic surfaces), and sug-
gested that the role of motility was to promote bacterial

adhesion and allow cells to spread out across the sur-
face. Nonflagellate and paralyzed E. coli cells were un-
able to develop biofilms because they attached in much
smaller numbers and were incapable of expanding in-
dividual microcolonies to form a continuous biofilm
(Pratt and Kolter, 1998). Furthermore, there was no
difference in the rate of biofilm formation between cells
with and without flagella in the absence of motility
(Pratt and Kolter, 1998). Similar results were found
studying the adhesion and growth of Pseudomonas ae-
ruginosa PA14 (O’Toole and Kolter, 1998a ) and Vibrio
cholerae El Tor (Watnick and Kolter, 1999) on polyvi-
nylchloride (PVC) surfaces. Vatanyoopaisarn et al.
(2000), however, found that the initial attachment of
paralyzed Listeria monocytogenes to stainless steel was
ten times higher than nonflagellate cells.

In this study, we investigate the effect of fluid velocity
on the attachment and detachment of motile and non-
motile bacteria to glass surfaces using a parallel-plate
flow chamber. We examined several possible roles of the
flagella: enabling more bacterial cells to reach the sur-
face from the bulk and consequently attach in greater
numbers (by comparing total and net attachment rates
of motile bacteria with paralyzed or nonflagellate
strains); giving attached cells a mechanism for detach-
ment (by comparison of fractions retained of motile
bacteria with paralyzed or nonflagellate strains); or in-
creasing the strength of adhesion (by comparison of
fractions retained of paralyzed with nonflagellate
strains).

MATERIALS AND METHODS
Bacteria and Growth Conditions

The bacteria used in this study were Escherichia coli K12
AW405 (motile with ~5 to 10 flagella [Macnab, 1996]),
Escherichia coli K12 HCB137 (nonmotile without flag-
ella), and Escherichia coli K12 HCB136 (nonmotile with
paralyzed flagella). Bacteria were grown from frozen
stock on a rotary shaker (Orbit Environ-shaker, Lab-
Line Instruments, Inc.) in 100 mL of tryptone broth to
optical densities of 1.0 (measured at 590 nm and corre-
sponding to the late exponential phase). Cells were re-
suspended in filter-sterilized random motility buffer to a
concentration of (5 + 2) x 10° cells mL™". This con-
centration was sufficiently low to neglect cell-cell inter-
actions and corresponded to 20 to 150 cells/viewing
area. Bacterial cells were left in buffer for approximately
1 to 1.5 h prior to experiments to ensure that cell divi-
sion had ceased.

Tryptone broth contains 5 g NaCl and 10 g tryptone
(Difco 0123-17-3) per liter of filtered, deionized water.
Random motility buffer contains 11.2 g KH,POy, 4.8 g
K,HPO,, and 0.029 g ethylene-diamine tetraacetic acid
(EDTA) per liter of filtered, deionized water. The ionic
strength of this buffer is 0.2 M.
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Flow Chamber and Data Analysis

The parallel-plate flow chamber (PPFC) consists of a
Plexiglas block (3 cm x 5.8 cm), a silastic gasket (Sil-Tec
medical-grade sheeting, Technical Products, Inc. of
Georgia), and a glass microscope slide (Fisher Scientific,
Catalog # 12-550B) held together by vacuum (Fig. 1).
The center of the Plexiglas block comprises the top of
the chamber (3 cm x 1 cm), and contains fluid entrance
and exit slits at opposite ends. The slits are connected to
inlet and outlet ports located on one side of the block. A
groove (4 mm wide x 1 mm deep) surrounds the top of
the chamber and is connected to the vacuum port. A
thin film of vacuum grease is applied around the edge of
the chamber top to ensure a tight seal. The silastic
gasket (5.8 cm x 3 cm x 0.102 cm, with opening 3 cm X
1 cm) is placed against the Plexiglas block so that the top
of the chamber and the opening in the center of the
gasket are aligned; small holes in the gasket directly
below the groove facilitate vacuum communication. The
bottom of the chamber is a glass microscope slide (75
mm X 38 mm). The microscope slides used in experi-
ments were cleaned with detergent (Sparkleen, Fisher
Scientific) prior to flow chamber assembly, scrubbing
well with a toothbrush. The slides were then rinsed
thoroughly with tap water (with a final rinse of DI
water), and dried with compressed air. We used a new
microscope slide for each experiment. The overall di-
mensions of the chamber are 1 cm x 3 cm x 0.0762 cm.
The viewing area is 0.0625 mm? and the depth of field is
approximately 10 pm.

The entire flow chamber was placed on the stage of an
inverted microscope (phase objective; Nikon TMS)

vacuum
Plexiglas ~ *°" N\
block >
Gasket outlet
slit
. holes to
Microscope connect
slide vacuum
Figure 1. Diagram of the parallel-plate flow chamber used in the

experiments. The top of the chamber is a Plexiglas block that has
entrance and exit slits located on opposite ends to allow for fluid flow.
These slits are connected to the inlet and outlet ports located on the
side of the Plexiglas block. The thickness of the chamber is determined
by the silastic gasket, which is pressed against the Plexiglas block so
that the holes are directly over the shaded groove, which is in turn
connected to the vacuum port. A thin layer of vacuum grease is applied
between the Plexiglas block and gasket around the chamber top to
ensure a tight seal. The bottom of the chamber is a glass microscope
slide.

equipped with a 40x ultra-long working distance ob-
jective. A CCD camera (Dage MTI CCD72) was
mounted to the top of the microscope and connected to
a TV screen (Sony) and Macintosh G4 computer.

Approximately 40 pore volumes of buffer were first
pumped through the chamber using a syringe pump
(Harvard Apparatus PHD 2000) to equilibrate the sys-
tem. (One pore volume was defined as the volume of
fluid necessary to fill the flow chamber, 0.23 cm?.) Care
was taken to ensure no air bubbles remain trapped
within the flow chamber. A dilute bacterial suspension
(5 £ 2 x 10° cells/mL) was then pumped through the
flow chamber at the desired flow rate. Two snapshots of
a specific viewing area located in the center of the
chamber (x = 1.5 cm) were taken approximately 4 s
apart at regular intervals using ViDEO IMPRESsION (Glo-
bal Village). The set of two snapshots was necessary to
differentiate between attached cells and cells moving
near the surface. Attached bacteria were defined as
bacteria that remained in the same location for two
consecutive snapshots; that is, cells that attached to the
surface for at least 4 s. Note that we varied the time
between snapshots from approximately 2 to 10 s without
any significant change in attached bacteria; we chose 4 s
from within that range for our experiments. To elimi-
nate artifacts caused by dust on the lens and camera, a
background image was subtracted from all snapshots
prior to analysis. Cells that attached and detached were
then counted manually using NIH IMmAGE 1.44 and
plotted as a function of time.

Total Cell Counts

Samples of the bacteria/buffer solution were stored at
the beginning and end of each experiment to determine
the average bulk concentration of bacteria within the
chamber. One milliliter of the cell suspension was pre-
served in 5 mL of 3% (v/v) formaldehyde and refriger-
ated. AO counts were performed as described by Hobbie
et al. (1977). Two or three counts were performed per
sample, and each count represented an average of ten
fields per filter.

THEORETICAL ASPECTS

A general expression for the two-dimensional transport
of aqueous phase bacteria through the flow chamber
(Fig. 2) is described by the following macroscopic con-
servation equation:

Oc D d’c

dc ~ 0(vse) D o%c Gl
=Dy~
ot 0y? Oy

e e D

where ¢ is the concentration of bacteria, 7 is time, x is the
axial direction, y is the direction perpendicular to flow,
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Figure 2. A side-view of the parallel plate flow chamber for mathe-
matical purposes. The center of the chamber is located at y = 0, and
the chamber half-height corresponds to y = b. The chamber inlet (x =
0) and outlet (x = L) are also shown. The velocity profile within the
chamber is parabolic.

D,, is the bacterial diffusion (or random motility) coef-
ficient, v is the settling velocity, and v is the fluid ve-
locity. The fluid velocity inside the chamber follows a

parabolic profile:
3 M 2
v-zu[l—(b)} )

where b is the chamber half-height and u is the average
fluid velocity. This expression was derived from a mo-
mentum balance, assuming a Newtonian fluid with
constant density and no-slip boundary conditions.

The diffusion coefficient of a nonmotile, rod-shaped
bacterium can be estimated by (Berg, 1993):

kT Zab
D, = In{ — 3
" 6rpay n( by ) G)

where k is the Boltzmann constant (1.38 x 107'°
g-cm? s> K™"), T'is the absolute temperature (298 K), p
is the fluid viscosity (0.0098 g cm™"' s™'), and a and b,
are the half-height and half-width of the bacterium, re-
spectively. If we assume the diameter of a bacterium is
approximately 1 pm (b, =0.5 um) and length is 2 pm
(ap=1 pm), we estimate a diffusion coefficient of 3 x
10~% cm? s'. The random motility coefficient of (motile)
E. coli AW405 is reported to be 2.9 x 107° cm? s7!
(Lewus and Ford, 2001).

If axial diffusion and settling are negligible, the
steady-state solution to Eq. (1) is given by (Bowen et al.,

1976):
1/3
@) )

brwn+&@)”

D
Jy = Lot

where J,, is the flux to the surface, ¢, is the bulk con-
centration of bacteria, y is equal to (1/Pe)(8x/3b), the
Peclet number (Pe) is equal to 4ub/Dy x is the axial
position, k, is the first-order adsorption rate constant,
and is the gamma function [I'(4/3) = 0.89338]. This

solution is appropriate for large Pe values, and requires
that we assume all concentration differences occur in a
thin layer above the surface where the fluid velocity can
be approximated as linear. Thus, we approximate the
walls as infinitely separated. Under the conditions of our
experiments, the Peclet number ranged between 200 and
2 x 10°, satisfying the large Pe condition. Further details
of the mathematical solution were given by Bowen et al.
(1976). It should also be noted that this flux expression
does not take into account the reduction of the velocity
of a bacterium moving with the fluid due to its proximity
to the solid surface (Goldman et al., 1967).

We relate experimental data to the flux expression
with:

Nj = J, Ayt (5)

where N, is the number bacteria observed at a given
time 7 within the viewing area, 4, (6.25 x 107* cm?).

A limitation to this model [Eq. (4)] is that the
boundary condition at the surface (diffusion rate equals
adsorption rate) does not include the detachment of
cells. Because we are able to measure experimentally
both the total number of cells that interact with the
surface and the net attached (total cells minus detached
cells), it is useful to define the fraction retained on the
surface, Fg, as:

Jy
Fr — y,net 6
A Jy,lotal ( )

where J,, e is the flux measured from the net bacteria
accumulated on the surface and J, o is the flux
measured from the total bacteria that have interacted
with the surface, including those that have detached.
We also refer to the total attachment rate, defined as

Jy,tot/co-

Settling Velocity

An expression for the settling velocity of a nonmotile,
rod-shaped bacterium can be determined from a force
balance in the absence of fluid flow, including terms to
account for the effects of gravity, buoyancy, and drag,
respectively (Bird et al., 1960):

P, Ve = pVg + hngf (7)

where p, is the density of a bacterium, V is the volume of
a bacterium (equal to 4/3nbiay for an ellipsoid), g is the
gravitational constant, v, is the settling velocity, f'is the
friction factor [equal to 6mpa/(In(2a,/bs)] for an ellip-
soid-shaped bacterium moving at random (Berg, 1993),
and A is a correction factor that accounts for the prox-
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imity of a solid surface, ranging between one (bulk fluid)
and infinity (at the solid surface) (Brenner, 1961).

Substituting the expressions for volume and friction
factor into Eq. (7), and rearranging to solve for the
settling velocity yields:

_4/3nbyas(py — pg, 2ap

s In— 8
" O6TpayA n by, (8)

We estimated the size of E. coli to be approximately |
um in diameter and 2 pm in length (Berg, 1993), with a
density between 1.01 and 1.05 g cm™ (Harvey, 1993).
The suspension buffer had properties similar to water at
25°C: py=0.997 g em™, p1=0.0098 g cm™' s7'. For the
bulk fluid (A=1), we calculated the settling velocity to
be between 0.0052 and 0.021 cm h™".

We also determined the settling velocity experimen-
tally by measuring the rate of attachment under no-flow
conditions. Specifically, cells were pumped through the
flow chamber at 2 mL min~' for several minutes, and
then flow was turned off to allow cells to settle in the
absence of fluid flow. The settling rate was determined
by counting the number of cells near the surface (those
in focus within the depth of field but not necessarily
attached) as a function of time. Because the diffusion
rate for nonmotile cells was negligible compared with
the settling rate in the absence of flow, the flux to the
surface was dominated by gravitational settling, and
thus J, in Eq. (5) was equal to vc,. Using this method,
we determined the settling velocity of nonmotile cells to
be approximately 0.025+0.003 cm h™'. [Using Eq. (8)
and the parameters given in the previous paragraph, this
corresponds to a cell density of 1.09 g cm™.] This value
may be larger than theoretical because the concentration
of cells within the 10- pm region above the surface is
slightly higher than that in the bulk (Mohamed et al.,
1999). A better approximation would be to assume the
flux of cells to the surface was equal to the settling ve-
locity multiplied by the concentration of cells near the
surface. A problem with this method is that the surface
concentration is difficult to measure; therefore, we chose
to use the bulk concentration in our analysis. However,
because the surface concentration will be greater than
the bulk concentration, the value for the settling velocity
reported herein is on the high end. Thus, the density of a
bacterium is most likely lower than our estimate of 1.09

g cm™>. The discrepancy between theoretical and ex-
perimental values for the settling velocity may also re-
flect some uncertainty in parameter estimation in Eq. (8)
(e.g., the size and shape of bacterial cells).

For the motile E. coli (AW405), we assume the set-
tling velocity is small in comparison to the cell swim-
ming speed of approximately 20 um s~' (Lewus and
Ford, 2001).

RESULTS

We measured the attachment and detachment rates of
motile (AW405), paralyzed (HCB136), and nonflagellate
(HCB137) E. coli to a glass surface for three average
fluid velocities: 4.4 x 107 ' em s™', 4.4 x 102 cm s~ ', and
4.4 x 107 cm s~'. As we increased the fluid velocity, a
greater number of bacteria passed by the surface in a
given period of time, which artificially increased the
number attaching in a given time. To eliminate this ef-
fect, we normalized our experimental data by multiply-
ing time by the fluid velocity and dividing by the axial
position (similar to a pore volume). We also divided the
number of attached cells by the bulk concentration,
viewing area, and chamber half-height to nondimen-
sionalize bacterial concentration. A dimensional at-
tachment rate (with units of length per time) can be
obtained by multiplying the slope of experimental data
by ub/x. We then compared the fraction of bacteria re-
tained on the surface and rates of net and total accu-
mulation on the surface to determine the effect of
motility and the presence of flagella on adhesion.
Figure 3 shows the total attachment rate of the motile,
paralyzed, and nonflagellate strains at the flow rate of
0.2 mL min~!. The figure shows that, at this flow rate,
there was no significant difference in the total attach-
ment rates (J, 1ot/¢,) Of the three bacterial strains (0.018
£ 0.0009 cm h™', 0.023 £ 0.005 cm h™', 0.025 + 0.004
cm h™! for motile, paralyzed, and nonflagellate bacterial
strains, respectively). However, we did find that the
fraction retained on the surface was significantly lower
for both nonmotile species as compared with motile
bacteria (Table I). The F for motile bacteria was 0.70
+ 0.08, compared with 0.45 + 0.07 and 0.53 + 0.05 for
paralyzed and nonflagellate bacteria, respectively. At the
lowest flow rate, 0.02 mL min~', there was also no sta-
tistical difference in the total attachment rate of the

Table I. The fraction of bacteria retained (Fg) on a glass surface at various flow rates.

Fraction retained

0.02 mL min™' 0.2 mL min™" 2.0 mL min™!
Motile (AW405) 0.47 £ 0.09 0.70 &+ 0.08 0.78 + 0.03
Nonmotile, paralyzed flagella (HCB136) 0.76 + 0.07 0.45 £ 0.07 NR?
Nonmotile, without flagella (HCB137) 0.80 £+ 0.06 0.53 + 0.05 NR*

“Not reported. The number of bacteria that attached in these experiments was too small to determine an accurate Fg.
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Figure 3. Normalized total bacterial concentration as a function of
dimensionless time for AW405 (motile) (@), HCB136 (paralyzed) (W),
and HCBI137 (nonflagellate) () for a flow rate of 0.2 mL min~". Each
data point is an average of three experiments and the error is one
standard deviation.

three bacterial strains (0.013 + 0.0007 cm h™', 0.020 +
0.01 cm h™', and 0.016 + 0.004 cm h™' for motile,
paralyzed, and nonflagellate bacterial strains, respec-
tively; data not shown). The opposite trend was found
for the Fp at this lower flow rate: 0.47 + 0.09 cm h™',
0.76 £0.07 cm h™', and 0.80 + 0.06 cm h™' for motile,
paralyzed, and nonflagellate bacterial strains, respec-
tively (Table I).

Because both nonmotile species attached at a rate
significantly higher than predicted by Eq. (4) (without
kinetic limitation, J, (o:/c, for nonmotile bacteria would
be 0.0025 cm h™' and 0.0053 cm h™" at 0.02 mL min™"
and 0.2 mL min~', respectively), this implies that at-
tachment was not diffusion-limited and thus some other
process was increasing the flux to the surface. We as-
sumed the augmented attachment rate was the result of
settling, because the theoretical and measured settling
velocities were of the same order of magnitude as the
total and net attachment rates. To test this, we measured
the attachment rate of paralyzed bacteria to glass at a
flow rate of 0.2 mL min~' using buffer solutions of
slightly higher densities. We chose glycerol concentra-
tions that would increase the density of the bulk fluid to
correspond to the range of densities reported for a single
bacterium (Harvey, 1991). As the percentage of glycerol
was increased, the density and viscosity of the fluid in-
creased, which in turn decreased the settling velocity of
nonmotile cells [Eq. (8)]. Thus, the total and net at-
tachment rates decreased as the effect of settling was
diminished (Fig. 4). In fact, using the cell density cal-
culated from the measured settling velocity, we would
predict attachment rates of 0.014 cm h™' and 0.006 cm
h™! for the 10% and 20% glycerol solutions, respectively.
Our experimental rates using the 10% and 20% glycerol
solutions were 0.012 cm h™! and 0.0048 ¢cm h™', re-
spectively. For motile cells, no significant difference was
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Figure 4. Normalized total bacterial concentration as a function of
dimensionless time for HCB136 (paralyzed) at glycerol concentrations
of 0% (v/v) (&), 5% (v/v) (@), 10% (v/v) (W), and 20% (v/v) (®). The
densities and viscosities of the various solutions at 20°C are as follows:
0%, py = 0.998 gcm’3; p = 0.00100 g em™'s7h 5%, py = 1.010 gcm’B,
p=0.00114 gem™ s 10%, py = 1.022 gem™, p = 0.00131 g em™
s™!; and 20%, pr= 1047 g em™, u = 0.00177 gcm™' s7' (Perry and
Green, 1984).

seen between 0%, 5%, and 10% glycerol solutions be-
cause attachment was dominated by diffusion to the
surface (data not shown). Note that, at 20% glycerol, the
motile cells stopped swimming.

We then tested the attachment of the three strains at a
flow rate of 2 mL min~' to minimize settling. At this
velocity, the total and net attachment rates for motile
cells was significantly higher than nonmotile cells (Fig.
5). For motile cells, we measured a J), (o1/c, of 0.018 +
0.004 cm h™', and for paralyzed and nonflagellate cells
we measured attachment rates of 0.0036 +0.001 cm h™!
and 0.0037 + 0.002 cm h™', respectively. Using Eq. (4),
we then calculated the first-order adsorption rate con-
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Figure 5. Normalized total bacterial concentration as a function of
dimensionless time for AW405 (motile) (@), HCB136 (paralyzed) (W),
and HCBI137 (nonflagellate) () for a flow rate of 2.0 mL min~'. Each
data point is an average of three experiments and the error is one
standard deviation.
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stants for each strain. For motile E. coli, the net and
total adsorption rate constants were (3.3 = 0.49) x 107°
cem s ' and (4.1 + 0.38) x 107® cm s7', respectively,
compared with (1.8 + 0.73) x 107° cm s~ for paralyzed
and (1.2 + 0.44) x 107 cm s~ for nonflagellate bac-
teria (net and total were not distinguished because the
number of bacteria that attached was not significant
enough to determine an accurate Fg). Because the ad-
sorption rate constants for the three strains were of the
same order of magnitude, this suggests that the differ-
ence in measured fluxes was diffusion-related. These
values were similar to those reported by others (Camper
et al., 1993; Mueller, 1996). Camper et al. measured
attachment rate constants of 6.5 x 107 ¢cm s™' and 2.0
x 107 cm s~ for motile and nonflagellate P. fluorescens
to glass, respectively (Camper et al., 1993). Mueller et al.
reported a value of 5.1 x 107® cm s™' for (motile)
P. aeruginosa adhering to glass (Mueller, 1996).

Figure 6 shows the normalized total number of motile
bacteria attached to glass as a function of dimensionless
time for the three flow rates. As the flow rate was in-
creased by an order of magnitude, the attachment rate
decreased by roughly the same amount. The nondi-
mensional total attachment rates, J),.ox/(ubc,), were
(3.2 + 0.2) x 1072, (4.8 £ 1) x 107, and (4.6 + 0.8) x
10~ for 0.02 mL min~!, 0.2 mL min™', and 2 mL min_l,
respectively.

DISCUSSION

The attachment of bacteria to surfaces and subsequent
formation of biofilms is important in many environ-
mental, medical, and industrial processes. The present
study has investigated the attachment of motile, para-
lyzed, and nonflagellate E. coli to glass surfaces under
the influence of fluid flow to determine the specific role
of flagella in dynamic adhesion. We were particularly
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Figure 6. Normalized total bacterial concentration as a function of
dimensionless time for AW405 (motile) at fluid velocities of 0.02 mL
min~! (@),0.2mL min~' (M), and 2 mL min~' (#). Each data point is an
average of three experiments and the error is one standard deviation.

interested in determining the range of fluid velocities in
which motility became important in promoting non-
specific attachment and detachment. We performed ex-
periments with three Escherichia coli K12 strains:
AW405 (motile, with flagella); HCB136 (nonmotile,
with paralyzed flagella); and HCBI137 (nonmotile,
without flagella). Attachment and detachment rates
were measured at flow rates of 0.02 mL min~"' (0.0044
cm s7'), 0.2 mL min~" (0.044 cm s™"), and 2 mL min~!
(0.44 cm s™"), which correspond to shear rates of 0.34
s! 3457 and 34 57, respectively.

Influence of Settling on Attachment Rate

The fluid velocities studied in this investigation are rel-
evant to a variety of systems, including biomaterial en-
vironments (cardiovascular and urinary tract) and
industrial applications. The lowest fluid velocity (0.0044
cm s~! or 378 cm day™!) is closest to typical interstitial
groundwater velocities, which typically range between
10 cm day™! and 60 cm day™' for aquifers composed
primarily of sand and gravel. Because this fluid velocity
is on the order of typical cell swimming speeds, we ex-
pected the largest difference between total and net at-
tachment rates of motile and nonmotile cells would be
seen at this velocity. However, we discounted the im-
portance of settling in transporting nonmotile cells to
the surface at very low flow rates (Fig. 4). As can be seen
in Figure 3, increasing the fluid velocity by an order of
magnitude to 0.2 mL min™' did not decrease the effect of
settling, even though the average fluid velocity was
several orders of magnitude greater than the settling
velocity of a single bacterium. This emphasizes the im-
portance of considering fluid streamlines close to the
surface where velocities are approaching zero.

Figure 7 shows the trajectory of a single bacterium
initially located at an arbitrary point (31 um) above the
surface at the three fluid velocities, neglecting the effect
of diffusion (according to Munn et al. [1994]). Figure 7
also shows the effect of settling decreases with increasing
fluid velocity, but is still important at the two lowest
fluid velocities used in this study. We would therefore
also expect settling to be important at average velocities
lower than experimental values (e.g., typical interstitial
groundwater velocities). It should be noted that the
presence of the solid surface will further reduce the axial
velocity of the cells, but we did not include this in our
illustration (Goldman et al., 1967).

Diffusion and Settling Regimes

Adamczyk and van de Ven (1981) reported that sedi-
mentation is important in particle deposition in flow
chambers when the ratio of convective to diffusional
transport is low. The relevant form of the Peclet number
defined by Adamczyk and van de Ven (1981) is:
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Figure 7. The trajectory of a bacterium initially located 31 um above
the glass surface (y/b = —0.92) at the chamber inlet (x/L = 0) for flow
rates of 0.02 mL min™" (—), 0.2 mL min™" (---), and 2 mL min™" ((—).
The effects of diffusion have been neglected for this illustration.

where for r; is the radius of the bacterium.

Thus, for Pe>> 1, the effects of sedimentation are
small. Assuming a bacterial radius of about 0.6 pm, the
Peclet numbers for our system are 3.3 X 1074, 3.3 x
1073, and 3.3 x 1072 for fluid velocities of 0.0044 cm s™*,
0.044 cm s™!, and 0.44 cm s} (for nonmotile bacteria),
and therefore, even at the highest fluid velocity, settling
is still important (even though the attachment rate is
significantly reduced for nonmotile bacteria). We apply
this criterion to observations reported by several other
investigators. Mueller et al. (1996) performed experi-
ments in a chamber with a half-height of 0.005 cm and
fluid velocity of 2.75 cm s~'. Assuming their cells also
had a radius of 0.6 um and diffusion coefficient of 3 x
107 cm? s7!, Pe,, is equal to 12 and we expect sedi-
mentation to be unimportant. This is consistent with
their results, in that they saw differences between the
attachment rates of motile and nonmotile bacteria
(Mueller, 1996). It therefore appears that for Pe,, ap-
proximately an order of magnitude higher than 1 (i.e.,
10), sedimentation can be assumed negligible. Sjollema
et al. (1988) reported a significant amount of sedimen-
tation in experiments performed with various Strepto-
cocci strains. The conditions in their experiments were:
b=003cm u=18cms ', D, =3t06x 10 cm?
s™!, and a= 0.35 to 0.65 um. This corresponds to Pe,,
ranging between 0.021 and 0.27.

Experiments performed by O’Toole and Kolter
(1998a) measured the attachment of Pseudomonas ae-
ruginosa to PVC in a stagnant system, thus Pe,, =0. The
dominant mechanism for transport to the surface should
be settling for nonmotile strains and motility for the

motile strain (rates that were similar in magnitude in our
experiments). However, they found that nonmotile
strains (both with and without flagella) attached in
much lower numbers to the PVC even after 8 h of in-
cubation. Discrepancies between our experiments and
those performed by O’Toole and Kolter could reflect
differences in bacterial strains, surfaces tested, or ex-
perimental procedures. For example, if nonmotile cells
did not attach as strongly as motile cells, then thorough
and repeated rinsing of the surface (O’Toole and Kolter,
1998a) may have sheared off some of the nonmotile
cells.

Extension to Porous Material

We compared our results to colloid filtration theory, in
which the attachment rate of colloidal particles to
spherical collectors within a porous matrix is defined
proportional to the collector efficiency (Rajagopalan
and Tien, 1976; Yao et al., 1971). The collector efficiency
is the ratio of the number of bacteria that strike a col-
lector divided by the number of bacteria that flow to-
ward the collector, and can be described by the
following equation (Logan et al., 1995; Rajagopalan and
Tien, 1976):
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where A4, is the Happel correction factor that accounts
for the proximity of the collectors, u" is the superficial
fluid velocity, d. is the diameter of the collector, N, is a
dimensionless number that represents the contribution
of London—van der Waals attractive forces, and Ny is
the interception number, d/d., where dj, is the diameter
of a bacterium.

The terms on the right-hand side of Eq. (10) represent
the effects of diffusion, interception plus London—van
der Waals forces, and settling plus interception, respec-
tively. If we assume a collector diameter equal to the
chamber height (0.0762 cm), a Happel correction factor
of 75 (assumes a porosity [0] of 0.3; see Logan et al.
[1995] for definition of Ay), and a bacterium diameter of
1 pm, we can compare the relative importance of the
first and third terms in this equation for the conditions
of our experiments as they might apply to porous media.
For motile bacteria over the range of fluid velocities
tested in this study, the first term is always dominant,
which means bacteria primarily transport to the surface
by diffusion (this is true even if we assume a settling
velocity equal to that of nonmotile cells). For nonmotile
bacteria, the first and third terms are of the same order
of magnitude for 0.0044 cm s™' (0.007 and 0.002, re-
spectively), indicating that settling and diffusion are
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equally important. For 0.044 cm s™', the diffusional

term (0.0016) is one order of magnitude higher than the
settling term (0.00012), and at 0.44 cm s, the terms
differ by two orders of magnitude (3.4 x 10™* and
7.9 x 107°). Thus, settling is much more important at
the two lowest fluid velocities tested in this study. As-
suming a Hamaker constant of 1072 J (Logan et al.,
1995), we estimate the collector efficiencies for nonmo-
tile bacteria at 0.0044, 0.044, and 0.44 cm s™! to be 9.4 x
1073, 1.8 x 1073, and 4.5 x 1074, respectively. For motile
bacteria, collector efficiencies were calculated as 0.71,
0.15, and 0.033 at 0.0044, 0.044, and 0.44 cm s™', re-
spectively.

Therefore, according to colloid filtration theory, set-
tling and diffusion are of approximately equal impor-
tance in attachment at the two lower fluid velocities for
nonmotile cells in porous media. In our experimental
system, settling must have been more dominant than
diffusion at the low fluid velocities because we observed
that transport to the surface was approximately the
same for both motile and nonmotile species. At the
highest flow rate, the importance of settling was con-
siderably less (Fig. 5). The total attachment rate of
motile bacteria was approximately five times higher than
that of both nonmotile strains at 2.0 mL min~'. Dif-
ferences in dominant transport mechanisms between our
data and colloid filtration theory reflect the different
experimental geometries. Furthermore, because the
gravitational number is defined as the ratio of the set-
tling velocity to the fluid velocity, the importance of
settling may be masked by the much larger value of the
fluid velocity.

Comparison of Fractions Retained

The fraction of motile and nonmotile bacteria retained
on the glass surfaces was significantly different for flow
rates of 0.02 mL min~' and 0.2 mL min~!. For motile
bacteria, the fraction of bacteria retained on the surface
increased with fluid velocity (Table I). This effect was
most significant in comparing data at the two lower flow
rates. For the two nonmotile strains, the fractions re-
tained decreased with increasing flow rate. A similar
effect was found by Camesano and Logan measuring the
fraction of motile and nonmotile (with flagella) Pseu-
domonas fluorescens P17 retained in soil columns at pore
velocities ranging between 0.00065 and 0.14 cm s
(Camesano and Logan, 1998). The fraction of motile
cells retained on the soil particles increased significantly
between 6.5 x 107 and 0.0625 cm s~!, and became
relatively constant above 0.0625 cm s™'. The fraction of
nonmotile cells retained in the column decreased with
velocity under identical conditions, as predicted by col-
loid filtration theory (Yao et al., 1971). It should be
noted that Camesano and Logan (1998) defined their
fraction retained as the amount of cells that remain at-

tached to the soil particles at the end of an experiment
(attached cells/total injected cells):

B c\ 3(1-9)
FR(f_<1_C_0>_1_eXp|:_§ d(y, n

where a is the collision (or sticking) efficiency, defined as
the rate at which cells attach to a collector divided by
rate at which cells strike a collector, and L is the column
length.

This is slightly different from our definition (we di-
vided the net attached cells by the total cells that have
attached rather than by ¢,). Both definitions would give
the same trends, but results are attributed to different
physical mechanisms. Specifically, measurement of Fpg ¢
in soil columns does not differentiate between transport
and adsorption effects (1 vs. a); however, a sticking ef-
ficiency can be determined from experimental data using
Eq. (10) to calculate n and knowing all other parame-
ters. Furthermore it is assumed that cell detachment is
relatively small and is not included. Our definition of the
fraction retained also contains transport and adsorp-
tion, as well as cell detachment.

We suggest the mechanism for detachment is re-
sponsible for the differences in fractions retained be-
tween the motile and nonmotile bacteria. Specifically,
nonmotile cells primarily detached as the result of shear,
so that increasing the flow rate increased the amount of
cells that detached. For motile cells, we believe the
movement of the flagella may enable bacteria to detach
from the surface (at low flow rates) or have the reverse
effect and strengthen the attachment by more flagellar
interaction (at high flow rates). In experiments, motile
(and nonmotile) bacteria typically attached to the glass
at some point on the cell body (i.e., very few cells teth-
ered by flagella were seen). At the two higher flow rates,
we saw many cases where attached nonmotile cells (both
paralyzed and nonflagellate) moved about 15 pm in the
direction of flow during the course of the experiment
(~1.5 h). This did not happen at all for the motile cells,
which suggests that both nonmotile species were not
held to the surface as strongly as the motile bacteria.
Thus, we assume the movement of the flagella facilitated
additional attachments to anchor the cell to the surface.

We did not observe any difference in the fractions of
paralyzed and nonflagellated cells retained on the glass
surfaces for the range of fluid velocities studied. This
suggests that the presence of flagella alone does not in-
fluence initial attachment events, although they may be
important in later stages of biofilm formation. This is
similar to results reported by others (Korber et al., 1994;
Watnick and Kolter, 1999). The initial attachment rate
of nonmotile P. fluorescens to glass surfaces was the
same for both heat-treated (motile cells rendered non-
motile) and nonflagellated bacteria at a fluid velocity of
0.37 cm s~ (Korber et al., 1994). Watnick and Kolter
reported no difference in the rate of biofilm formation

ch} (11)
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between V. cholerae El Tor mutants with a paralyzed
flagellum and mutants without a flagellum at all (Wat-
nick and Kolter, 1999).

CONCLUSIONS

A technique was developed to measure the initial at-
tachment and detachment of bacteria to glass surfaces
for various fluid velocities. We performed experiments
with E. coli AW405 (motile), E. coli HCB136 (nonmotile
mutant with flagella), and E. coli HCB137 (nonmotiie
mutant without flagella) to better characterize the role
of flagella in bacterial adhesion in dynamic systems. We
report the following conclusions from this research.

The transport of motile bacteria to surfaces is domi-
nated by diffusion, whereas nonmotile bacterial trans-
port is dominated by settling at low fluid velocities, and
by Brownian diffusion at high velocities. Furthermore,
the transport of motile bacteria to surfaces by diffusion
is of the same order of magnitude as the settling of
nonmotile bacteria. Motility was therefore advanta-
geous to bacterial adhesion only at higher fluid velocities
for the conditions of these experiments. Thus, in inter-
preting experimental data it is important to discern
whether settling is a factor for the given experimental
conditions.

The presence of flagella did not appear to have an
effect on the initial attachment rate of nonmotile bac-
teria. However, the movement of the flagella enabled
attached (motile) bacteria to detach at low flow rates,
and appeared to strengthen adhesion at high flow rates.

The adhesion of bacteria to surfaces is the first stage
in biofilm formation. It is therefore necessary to un-
derstand this process to be better able to promote or
impede biofilm development in various systems. Al-
though we have emphasized the application of this work
to bioremediation, results from this research can be
applied to many fields and will enhance our under-
standing of bacterial attachment to surfaces.

The authors thank Howard Berg for the E. coli strains. We
are grateful to Jeff DiVietro and Michael Lawrence, De-
partment of Biomedical Engineering, University of Virginia,
for their design of the parallel-plate flow chamber.

NOMENCLATURE

a, bacteria half-height (cm)
Ay Happel correction factor

A, viewing area (sz)
b chamber half-height (cm)
by, bacteria half-width (cm)
c bacterial concentration (cells cm™)
Co bulk bacterial concentration (cells cm™)
d, diameter of a bacterium (cm)
d, diameter of a collector (cm)

D, diffusion or random motility coefficient (em? 57

f friction factor

Fr fraction retained, equal to J, ne/J) total

Frer fraction retained as defined by colloid filtration theory

g gravitational constant, 981 cm s>

J, bacterial flux to surface (cells cm™2 s7h)

Jy net net bacterial flux to surface (cells cm™2 s71)

Jy 1ot total bacterial flux to surface (cells cm™2 s’])

Jy ot/ total attachment rate (cms™h

k Boltzmann constant, 1.38 x 1071% g em® s72 K~!

kqy first-order adsorption rate constant (cms™h

L column length (cm)

N, number of bacteria (cells)

Pe Peclet number

Pe,, Peclet number according to Adamcyzk and van de Ven
(1981)

" radius of a spherically shaped bacterium (cm)

t time (s)
absolute temperature (K)

u average fluid velocity (ems™h

u' superficial velocity (porous media) (cm s™h

v fluid velocity (parabolic profile) (ems™h

V volume of a bacterium (em®)

Vg settling velocity (ems™h

X,y axial and transverse directions, respectively (cm)

o collision (or sticking) efficiency

v nondimensional term, equal to (I/Pe) (8x/3b)

r the gamma function, I'(4/3) = 0.89338

n collector efficiency

A settling correction factor

Ps density of a bacterium (g ecm™)

Py density of the fluid (g em™)

n fluid viscosity (gem™'s™h

0 porosity
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