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INTERACTIONS OF 1 um LATEX PARTICLES WITH
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Abstract—Fluorescently labelled latex microbeads were used to study the interaction of particles with
Pseudomonas aeruginosa biofilms in a continuous flow annular reactor. Beads were readily distinguished
and enumerated in both intact and disaggregated biofilm samples. The fraction of beads that attached
to biofilm during a 24 h period ranged from 0.001 to 0.01 and was proportional to biofilm cell carbon
and to the standard deviation of biofilm thickness. Microbeads added to biofilm of steady state thickness
(30 #m) were observed to be located throughout the entire biofilm depth in 24 h. Many of the microbeads
that attached to biofilm shortly after bacterial inoculation (thickness of 2 um) remained near the
substratum as cells grew past and covered them. Microbeads were observed near the biofilm-substratum
interface for up to 5 days after bead addition. Beads formed aggregates on biofilms, but not in bulk water.
Beads captured by biofilm remained in the reactor system longer than beads that never attached to biofilm.
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INTRODUCTION

A biofilm has been defined as a film consisting of cells
immobilized at a substratum and frequently embed-
ded in an extracellular organic polymer (EPS) matrix
of microbial origin. Biofilms may contain inorganic
particles, such as clays, silts and corrosion products,
or organic colloids, all of which are retained by the
EPS matrix. Microorganisms and EPS may them-
selves be viewed as particulate constituents of the
biofilm. Interactions between particles and biofilms
represent processes that affect biofilm structure,
chemistry and ecology significantly.

One important particle-biofilm interaction is the
capture of particles from the bulk liquid. For
example, the filamentous surface of a rotating bio-
logical contactor (RBC) biofilm entrapped particles
such as organic solids (Alleman et al., 1982). Reactor
geometry influences particle capture by biofilms be-
cause it affects the surface area available for depo-
sition of solids by gravity or interception of particles
in the bulk flow (Bouwer, 1987). Biofilm grown on
granular activated carbon (GAC) improved the cap-
ture of colloidal particles over clean GAC (Sprouse
and Rittmann, 1990). Many substrates in natural
systems exist as colloidal particles (Levine et al.,
1985). Capture of such substrates could increase
biofilm growth over that produced by soluble sub-
strates alone. Particle capture by biofilms may also
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improve the efficiency of sand filters. Capture of
suspended bacteria could introduce new species to a
biofilm.

Inorganic particles may be captured by or formed
in biofilms. Corrosion products are examples of
particles produced within a biofilm by microbially
influenced corrosion. Inorganic corrosion products
include FeS, Fe(OH),, CaCO, and elemental sulfur
(Starkey, 1985). Fe(OH), and sulfur are corrosive to
steel, and FeS is cathodic to metallic iron and in-
creases corrosion (Starkey, 1985; Tiller, 1985). Iron
tubercles form in aerobic systems due to the dissol-
ution of iron by iron oxidizing bacteria (Tiller, 1985).
Since particulate corrosion products affect the cor-
rosion process, knowledge of their location and rate
of movement is an important aspect of understanding
microbially influenced corrosion.

Inorganic particles can also be formed by chemical
precipitation. Such particles were found in biofilms
grown on swine wastes after 4-12 months of growth
(Harvey et al., 1984; Robinson et al., 1984). Energy
dispersive X-ray analyses revealed the precipitates to
be composed mostly of calcium and phosphorus. It
was assumed that the precipitates formed in the
biofilms and were not captured from the bulk liquid
because of their presence on the substratum and
surrounding some bacterial cells.

Biofilm structure and function may be altered by a
change in population dynamics caused by the capture
of microbial species new to a biofilm. The previously-
dominant species may become replaced by a species
recently attached to the film. Particle movement in
biofilms reflects competition for space by microbes,
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which may be important in biofilms (Atlas and
Bartha, 1981). Some locations, such as near the
substratum, have a special significance in population
dynamics (Wanner, 1989). Therefore, shifts in popu-
lation dynamics may be indicated by the change of
the locations occupied by microbial cells. However,
making observations on processes such as particle
movement in intact biofilm is difficult (Gujer and
Wanner, 1990).

The goal of this research was to investigate par-
ticle~biofilm interactions in a well-characterized
model system. One objective was to develop an
experimental system that allowed detailed analysis of
these interactions. A technique was required to differ-
entiate particles from bacterial cells, determine spatial
and temporal distribution particles in biofilms, and
permit quantification of particle concentrations in
biofilm and bulk water. A second objective was to
demonstrate capture and retention of micron-sized
particles by biofilm. Fluorescently-labeled latex mi-
crobeads and a monopopulation Pseudomonas aerug-
inosa biofilm were used to meet these objectives.

MATERIALS AND METHODS
Experimental system

Biofilms were grown in a rotating annular reactor (Roto-
Torque) under turbulent flow conditions. The reactor has
been described previously (Siebel and Characklis, 1991). It
consists of a stationary outer cylinder and a rotating inner
cylinder, both made of polycarbonate. The outer cylinder
has twelve removable slides set in dove-tailed grooves so
that biofilm samples can be removed periodically. The bulk
fluid in the vessel is well mixed, so the reactor can be
modeled as a continuous-flow stirred tank reactor. The
rotation rate of the inner cylinder in these experiments was
200 rpm, producing a turbulent flow regime with a Reynolds
number of 120,000 based on the annular gap width. The
wetted surface area was 0.19 m?, with a liquid volume of
5.75 x 10~*m? at 200 rpm.

Reactor inoculation and operation

The reactor, attached tubing and dilution water filters
were sterilized in an autoclave for 0.33h. Two 0.011 m’
Nalgene bottles containing concentrated mineral salts and
phosphate buffer were autoclaved for 3.3 h, after which
glucose was added to one of the bottles after filter steriliza-
tion through a 0.22 um filter. Dilution water was sterilized
by passage through two 0.2 um capsule filters (Gelman No.
12122) in series.

The flow rate through the reactor was 2.3 x 10~3m*h~!,
producing a hydraulic retention time of 0.25 h. The reactor
was partially immersed in a temperature-controlled water
bath (25 + 1°C) to maintain a constant temperature in the
system. To initiate an experiment, a sterile reactor was
inoculated with effluent from a chemostat for 12h. The
dilution rate of the chemostat was 0.12 h—, resulting in a P.
aeruginosa concentration 5-7 x 10" cells m~?, and a deliv-
ery rate of 4.2 x 10° cells h~'.

Microorganism and medium

Monopopulation biofilms of a Pseudomonas aeruginosa
stninweregrownlnallexpenments This bacterium is a
Gram-negative, motile rod-shaped chemoorganotroph
(Palleroni, 1984). It is an obligate acrobe. Bacteria were
grown aerobically on a defined mineral salts, phosphate
buffered medium (Table 1). Glucose was the limiting nutri-
ent and the sole carbon and energy source.
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Table 1. Medium composition. All con-
centrations are in gm~>. The final pH

is 6.8
Compound Concentration
Glucose 15
NH,Cl 7.2
MgSO,-7TH,0 20
(NH,)sMo,0,,-4H,0 0.001
ZnSQ,-TH,0 0.1
MnSO,-H,0 0.008
CuS0,-5H,0 0.002
Na,B,0,- 10H,0 0.001
FeSO,-2H,0 0.112
(HOCOCH,),N 0.4
CaCl,-2H,0 11.0
Na,HPO, 213
KH,PO, 204
Microbead characteristics

Microbeads (Polysciences Inc., No. 15702) were chosen to
simulate the physical characteristics of a bacterial cell. They
had the following properties: (1) a nominal diameter of
1 um; (2) a specific gravity of 1.0S; and (3) a negative surface
charge due to the incorporation of carboxyl groups during
bead manufacture. The microbeads contained a fluorescent
dye, which made them easy to distinguish under the micro-
scope. The beads were autoclaved for 0.33 h before their
addition to the reactor.

Analytical methods

Reactor cffluent (an 80 ml grab sample of 2 min duration)
and biofilm (scraped area in the range of 19.6-32.3 cm?)
were sampled at 24 h intervals. Wet biofilm thickness was
normally measured by the optical method of Bakke and
Ollsen (1986), with from S to 10 measurements made per
sample. For two samples in Experiment B-1, thickness was
measured by a volumetric displacement method (van der
Wende, 1991), which produces an average film thickness in
onec measurement with no measure of variation in film
thickness. Microbead concentrations per unit surface area
were determined from resuspended, homogenized biofilm
samples by total direct counts and converted to suspended
solids using the mean microbead diameter and specific
gravity reported by the manufacturer.

Biofilm samples from Experiments A-1, B-2 and B-3
were fixed, embedded and cross-sectioned for microscopic
examination. Polycarbonate membranes (approx. 0.028 x
0.012 m) were taped to some RotoTorque slides, After the
slides with the membrane sections were removed from the
reactor, the biofilm—membrane specimens were fixed in
2.5% glutaraldehyde, dehydrated in an ethanol series and
embedded in JB-4 Plus plastic (Polysciences Inc.). Thin
cross-sections (2.5 um) were cut with a microtome and
stained with Giemsa stain. The thin sections were examined
and photographed with an Olympus BH-2 microscope using
simultancous transmitted white and epifiuorescent light.
Distance measurements on the thin cross-sections were
made with the Olympus microscope and an American
Innovision Videometric 150 image analysis system.

While there was no indication that artifacts were intro-
duced by the protocol for the preparation of samples for
microscopy, these cannot be ruled out. Never was there
evidence of a track or tear in the sections indicating that a
bead had been displaced during sectioning. A control of
bead stability was performed in which beads were embedded
in plastic and sectioned with a microtome. The beads
appeared to be unaffected by the procedure, as judged by
microscopic examination. According to the manufacturer,
the beads are unaffected by glutaraldehyde.

Microbead aggregation in biofilm and bulk water was
assessed using the Hopkins statistic nearest-neighbor analy-
sis for clustering (Jain and Dubes, 1988). Four treated
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Table 2. Experimental protocols

Bulk liquid
Length Total bead concentration

Initiation of bead experiment during bead Fraction of

of bead addition duration addition beads which
Experiment addition* period (h) (h) (No. m™?) attached
A-1 (nascent) 0 24 144 3.9 x 10" 0.0013
A-2 (nascent) 0 24 144 8.9 x 102 0.0038
B-1 (mature) 120 24 264 3.9 x 10" 0.012
B-2 (mature) 120 24 264 2.9 x 107 0.010
B-3 (mature) 120 0.14 216 7.2 x 10" 0.100

*Hours after the end of bacterial inoculation.

samples and one no-treatment control (beads without reac-
tor effluent) were analyzed for bead aggregation in the bulk
water. Clean microbeads were mixed with RotoTorque
effluent for 0.25h (one residence time in the reactor), then
filtered on to a 0.2 ym membrane filter. The filters were
observed microscopically with u.v. light, and bead locations
were determined in a Cartesian coordinate frame with the
image analysis system. Hopkins statistics were determined
for ten fields per filter, with the ten values from each filter
being averaged. Hopkins statistics were similarly determined
for two biofilm samples. These samples were observed by
phase contrast microscopy, with coordinates determined for
a total of three fields.

RESULTS

The interaction of microbeads with biofilm was
studied in two experimental designs. Microbeads
were added to either nascent (Type A Experiments)
or mature (Type B Experiments) biofilms. Nascent
biofilms were thin (approx. 2 um) with only partial
surface coverage, while mature biofilms had reached
maximum thickness (approx. 35 um) with complete
surface coverage. The biofilm reactor was operated
for 96-120 h after the end of bead addition, during
which time the biofilm was sampled to determine the
number and distribution of beads in the biofilm.
Experimental protocols are summarized in Table 2.

Beads were added in a step up-step down pattern of
24 h duration (Experiments A-1, A-2, B-1 and B-2) or
in a 0.14 h pulse (Experiment B-3).

Microbeads added in aqueous suspension to the
reactor attached to the biofilm. The fractions of
attaching microbeads ranged from 1073 to 10! and
are reported in Table 2. The fractions were calculated
as the number of microbeads attached to biofilm at
the end of the bead addition period divided by the
number of beads pumped into the reactor. Very few
beads attached when added to a sterile reactor. The
attaching fraction in this control experiment was less
than about 1072

Individual microbeads attached to biofilm were
readily identified and distinguished from bacteria.
Section views indicate the presence of beads in the
biofilm (Fig. 1). Beads can be identified at relatively
low magnification (125x) when fluorescing, giving
sensitivity to the identification and counting process.
Counting of individual beads directly on the slides
(plan view) was not always possible because of the
presence of bead aggregates.

Microscopic examination of the thin cross-sections
from the nascent biofilm Experiment A-1 indicated
that microbeads were located near the substratum at

Fig. 1. Biofilm cross-sections from Experiment A-1. Arrowheads indicate the extent of the biofilm. The

substratum is on the left. (a) Section from 48 h after the end of bacteria inoculation. The bacteria (dark

particles) have grown over and entrapped the microbeads (light particles). (b) Section from 144 h. The
remaining microbeads were generally located near the substratum. Bar = 5 ym.

WR 27/7—B
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Fig. 2. Biofilm cross-section from 144.75h in Experiment B-2. The sample was taken 45 min after the
cessation of microbead addition. Microbeads had effectively penetrated the entire biofilm thickness.
Bar=5um.

48 and at 144 h after the end of bacterial inoculation
(Fig. 1). Microbeads were predominantly nearer to
the substratum than to the bulk water surface.
Thin sections from the mature biofilm Experiment
B-2 show microbeads located throughout the depth
of the biofilm 0.75h after the end of microbead
inoculation (Fig. 2). Most of the microbeads were
located near the biofilm—bulk water interface shortly
after bead addition. Later in the experiment, the

majority of the beads that remained in the biofilm
were near the substratum.

Thin sections from the mature biofilm Experiment
B-3 (pulse bead addition) show that beads were
associated primarily with the biofilm-bulk water in-
terface immediately after bead addition. The biofilm
surface was irregular, with pores or crevices. The
pores usually contained beads [Fig. 3(a) and (b)]. At
8.9 h after bead addition, several layers of bacteria

Fig. 3. Biofilm cross-sections from Experiment B-3. (a) At 120.05 h, microbeads are at the biofilm—bulk

water interface, including pore interfaces. Small arrowhead = bead; large arrowhead = biofilm surface.

Bar =5 um. (b) Also at 120.05 h, another view of how pores provide a conduit for particle movement

into a biofilm. (c) Microbeads are in the interior of the biofilm and not associated with an interface at

128.9 h. (d) Much of the biofilm thickness contains microbeads at 143.9 h. The dark areas in (a) and (b)
are wrinkles produced during manufacture of the cross sections.
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Fig. 4. Fractions of microbeads located at (ll) and within
3 um (1) of the biofilm-bulk water interface over the first
24 h after bead addition in Experiment B-3.

covered most of the beads [Fig. 3(c)]. Beads were
located even farther away from the biofilm-bulk
water interface as time progressed [Fig. 3(d)].

The fractions of beads at the biofilm—bulk water
interface decreased rapidly in the first 3 h after bead
addition in Experiment B-3 (Fig. 4). This decrease
continued at a lesser rate for the next 21 h. The
numbers of beads within 3 um of the biofilm-bulk
water interface decreased in a similar pattern.

Biofilm microbead concentrations decreased over
time. The progression of microbead concentrations in
Experiments A-1, A-2, B-1 and B-2 is presented in
Fig. 5. Data for Experiment B-3 are not shown, since
those concentrations are an order of magnitude
greater than the concentrations for the other exper-
iments.

Biofilm thicknesses for the nascent and mature
biofilm experiments are shown in Fig. 6. Biofilm
thickness measured at distinct points on a given
sample vary significantly, suggesting a three-dimen-
sional biofilm structure that includes pores or ridges.
A putative pore is shown in a scanning confocal laser
microscope image of a specimen from Experiment
A-2 (Fig. 7). The pore is approx. 50 um in diameter.

Bead Concentration (gSS m*2
- 888888

0 50

100

Time (h)
Fig. 5. Biofilm microbead concentrations vs time for the
nascent (M, +) and mature ([J, A) biofilm experiments.

Time after Bacteria inoculation (h)

Fig. 6. Biofilm thickness over time in the nascent and mature

biofilm experiments. The thicknesses are the mean of several

measurements. The error bars represent 1 SD of the

measurements. The two points with no standard deviations

reported represent measurements by the volumetric dis-

placement method. Experiment A-1: O; A-2: I; B-1: @,
B-2: [J; and B-3: A.

With the Hopkins statistic, a value of 0.5 represents
a random distribution of points, while values near 1.0
indicate that aggregation has occurred. The Hopkins
statistic values for all bulk liquid samples, including
the control, were approx. 0.6, with standard devi-
ations in the ten analyses per filter ranging from 0.059
to 0.14. Because the statistics are near 0.5 and
statistics for the treated samples equal that of the
control, no bead aggregation occurred in these tests.

Fig. 7. A photomicrograph taken by a scanning confocal
laser microscope of a biofilm sample taken at 142h in
Experiment A-2. A pore, representing a large variation in
biofilm thickness, is evident in the center of the image.
Microbeads were located in areas of thick and thin biofilm.
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However, the biofilm samples had Hopkins statistic
values ranging from 0.93 to 0.98. Therefore, beads
did aggregate in or on the biofilm.

DISCUSSION

Fluorescent latex microbeads have been shown to
be effective tracers for particle movement in biofilms.
They were easily differentiated from bacterial cells
when viewed under a microscope, whether or not the
beads were fluorescing. Microbead locations could be
determined in both plan and section views. Micro-
bead concentrations in biofilm were quantifiable.

Microbead attachment

The fraction of attaching microbeads was pro-
portional to the quantity of biofilm present during the
attachment period (Fig. 8). Both the amount of
biofilm present at the ends of the 24 h attachment
period and the fraction of attaching microbeads in
the nascent biofilm experiments were approximately
one order of magnitude less than in the mature
biofilm experiments (Fig. 8). This result is consistent
with the observations that microbeads (J. Bryers,
personal communication) and bacterial cells (Banks
and Bryers, 1992) attach to biofilm at higher rates
than to a clean glass surface. It also agrees with the
observations of Rittmann and Wirtel (1991), who
reported the removal of 1 um diameter milk colloids
in a fluidized bed, granular activated carbon biofilm
reactor to increase from 87.4 to 91.5% when the
amount of biofilm increased from 0.134 to 1.74 mg
cellular carbohydrate per gram of dry carbon. The
attachment fractions for beads were comparable to
the 0.03-0.06 measured for P. aeruginosa cells attach-
ing to a P. geruginosa biofilm in a RotoTorque
(Gunawan, 1991). The attachment fraction in Exper-

Biofilm Cell Concentration (gC m™2)
024

00140 008 016 0.32

0 2 4 6 8 10 12 14 16
Standard Deviation in Thickness (pm)

Fig. 8. Fraction of microbeads attached to the biofilm versus

biofilm cell carbon (l,——) and standard deviation in

thickness (A,---). The fraction that attached was directly

proportional to the amount of biomass and the variation in

thickness.
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iment B-3 (0.100) was higher than in the other mature
biofilm experiments. This could have occurred due to
attached microbeads detaching before quantification
in Experiments B-1 and B-2. Another possibility for
this difference is that the higher bead concentration
in the bulk water during bead addition in Experiment
B-3 (200 times, Table 2) resulted in greater attach-
ment or retention than occurred in the other mature
biofilm experiments.

The microbead fraction that attached to biofilm
was also proportional to the standard deviation in
biofilm thickness measurements (Fig. 8). The thick-
ness variation in the mature biofilm experiments was
greater than for the nascent biofilm experiments
(Fig. 6). A similar increase in thickness standard
deviation with biofilm age was reported by Bakke
(1986), who found that the standard deviation of
thickness measurements doubled between 50 and
300 h of growth for a P. aeruginosa film. Biofilms
consisting of other bacterial species can have stan-
dard deviations in thickness larger than the standard
deviations measured in this research (Siebel and
Characklis, 1991; Eighmy ez al., 1983; Mack et al,,
1975). A larger variation in thickness represents more
or deeper pores. Beads attached in pores may be
retained for longer periods than beads at the exposed
biofilm-bulk water surface. Beads attached in pores
may be relatively protected from hydrodynamic shear
stress, and less likely to detach than beads not in
pores. Also, cell growth can fill in the pores and bury
the beads, increasing their retention in the biofilm.

The fraction of beads which attached to biofilm
was also proportional to biofilm thickness, but was
correlated somewhat less strongly with biofilm thick-
ness that with the variables represented in Fig. 8. The
least squares correlation coefficient (r?) was 0.99 for
biofilm cell carbon, 0.97 for standard deviation in
biofilm thickness and 0.91 for biofilm thickness.
Whatever the measure, these data indicate that bead
capture and retention increases with an increasing
amount of biofilm.

Microbead distribution

The existence of pores in biofilms provides a
possible mechanism for biofilms to envelop cells and
particles. Pores were observed in the biofilms grown
in these experiments (Fig. 7). Electron microscopic
observations of biofilms and sludge granules have
shown rough surfaces with interiors penetrated by
pores. Switzenbaum and Eimstad (1987) examined
anaerobic biofilms from biological filters and
fluidized beds, and reported the films to be uneven,
containing ridges, holes and channels. Eighmy et al.
(1983) reported the existence of channels in biofilms
which markedly increased the biofilm surface area.
The bacteria in the films appeared to be aggregated
and did not reside in contiguous layers. Robinson
et al. (1984) observed biofilms from anaerobic fixed
film reactors, which contained rough and uneven
surfaces, with “volcano-like” structures penetrating
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the films. Openings and channels throughout the
films were common. Mack er al. (1975) observed
“slit-like” openings in trickling filter biofilms. Cav-
ities in bacterial aggregates have been reported
(Beeftink and Staugaard, 1986; MacLeod et al., 1990;
Bochem et al., 1982).

Deposition of particles in a random manner would
place some beads in pores. Observations of the thin
cross-sections (for example, Fig. 3) indicated that
pores filled in with bacteria, burying any particles
residing in the pores. Therefore, pores in the biofilms
were probably short-lived with their creation causing
a biofilm to capture particles and their disappearance
leading to particle retention. The presence of beads in
pores immediately after bead addition (Fig. 3) and
the decreasing fraction of beads at the biofilm—bulk
water interface (Fig. 4) indicated that bacteria cov-
ered the beads as the bacterial population increased.

Three possible explanations exist as to why the
beads aggregated in or on the biofilm. Beads attached
in pores may have been less likely to detach and,
therefore, were more likely present when the photo-
micrographs for bead spatial analysis were obtained.
This would give the appearance of aggregates having
been formed in pores. Secondly, the probability of
bead detachment may have been higher for individual
beads than for bead aggregates, so that a relatively
large amount of aggregates were present when the
photomicrographs were taken. The third reason is
that some beads aggregated on the biofilm surface
during attachment because of a high affinity between
beads. Our data are inadequate for determining
which of these hypotheses are correct.

Biofilm ecology

These experiments with microbeads simulate the
fate of quiescent microorganisms and demonstrate
the ecological difference between biofilm and the bulk
water associated with the biofilm. Quiescent micro-
organisms are microbes subsisting in a non-reproduc-
ing state brought on by nutrient starvation or other
conditions (Lewis and Gattie, 1991; Lewis, 1991).
Whereas suspended particles do not remain in the
reactor environment for more than an hour (four
hydraulic residence times), at least 10-30% of those
beads that were attached when the bead concen-
trations were first quantified remained in the biofilms
for 120 h. The large difference in particle retention
times between biofilm and the bulk water means that
particles in the biofilm have a better chance of being
subjected to differing time-variable environmental
conditions. The long retention time that can be
experienced by quiescent microorganisms in biofilms
provides a greater possibility that these microbes
attain significant activity if the environment changes
so that conditions are conducive for their replication.

Particle movement into biofilms has two other
implications for biofilm dynamics. It indicates how
anaerobic bacteria may move from oxygenated bulk
water to the lower anaerobic layer of an oxygen-
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limited biofilm. For example, sulfate-reducing bac-
teria cannot grow in aerobic conditions, but they can
be found in biofilms on the walls of pipes carrying
aerated water. They could be transported to the
anaerobic depths of the biofilm through pores in the
biofilm. Also, particle transport into biofilms pro-
vides a mechanism for colloidal substrates to move
deep into a biofilm and nourish microorganisms
there.

CONCLUSIONS

(1) Fluorescent latex microbeads attach to biofilm
and are easily identified and enumerated sep-
arately from bacteria.

Biofilms are sufficiently porous for bacterial-
sized latex particles to become entrapped in
them. Tracer particles penetrated the full
depth of a 34 um P. aeruginosa biofilm.
Microbead capture by biofilm was pro-
portional to the biofilm cell carbon concen-
tration and to the standard deviation in
biofilm thickness measurements.

Microbeads form aggregates on biofilms, but
not in the associated bulk water.

The retention time of microbeads in a biofilm
was much longer than the retention time of
suspended particles in the biofilm reactor.
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