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It is important to control biofilm cohesiveness to optimize process performance. In this study, a membrane-
aerated biofilm reactor inoculated with activated sludge was used to grow mixed-culture biofilms of different
ages and thicknesses. The cohesions, or cohesive energy levels per unit volume of biofilm, based on a
reproducible method using atomic force microscopy (F. Ahimou, M. J. Semmens, P. J. Novak, and G. Haugstad,
Appl. Environ. Microbiol. 73:2897-2904, 2007), were determined at different locations within the depths of the
biofilms. In addition, the protein and polysaccharide concentrations within the biofilm depths, as well as the
dissolved oxygen (DO) concentration profiles within the biofilms, were measured. It was found that biofilm
cohesion increased with depth but not with age. Level of biofilm cohesive energy per unit volume was strongly
correlated with biofilm polysaccharide concentration, which increased with depth in the membrane-aerated
biofilm. In a 12-day-old biofilm, DO also increased with depth and may therefore be linked to polysaccharide
production. In contrast, protein concentration was relatively constant within the biofilm and did not appear to

influence cohesion.

Biofilms are ubiquitous in nature, and they can be beneficial
or troublesome, depending upon where and how they grow.
There appears to be a consensus that the content of extracel-
lular polymeric substances (EPS) is important in biofilm cohe-
sion and biofilm adhesion to surfaces. For example, Klapper et
al. (17) used a model based on polymer viscoelastic properties
and suggested that the material properties of biofilm were
largely determined by the EPS, implying that biofilm strength
should indeed be linked to EPS quantity and composition. In
addition, a recent study by Xavier et al. (35) proposed a kinetic
model to describe biofilm detachment that was based on en-
zymatic disruption of the EPS matrix, thereby affecting biofilm
cohesiveness.

The EPS content of a biofilm can differ in quantity and
character as a result of environmental factors. Numerous en-
vironmental factors have been reported to promote EPS pro-
duction. These include high levels of oxygen (4), limited avail-
ability of nitrogen (15, 22), desiccation (25), low temperature
(16), low pH (28), and nutrient deprivation (20). Weiner et al.
(34) described several roles and functions for EPS, including
that of protection against environmental stress. In addition,
Davies et al. (8) showed that activation of a gene (algC) for
production of the exopolymer alginate was higher for Pseudo-
monas aeruginosa when attached to a Teflon mesh than for
unattached P. aeruginosa. This suggests that organisms are able
to respond to their environments and change EPS composi-
tions and therefore their adhesion abilities, based on the sur-
faces to which they attach. Multivalent cations, such as those of
calcium and magnesium, also probably play a role in the co-
hesiveness of microbial aggregates, as evaluated from studies
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of anaerobic sludge granules (12), activated sludge flocs (13),
and biofilms (6), by bridging negatively charged sites on extra-
cellular polymers to create stable intermolecular and cell-EPS
connections (21).

Despite research on EPS and, in particular, EPS involve-
ment in microbial surface interactions, the precise role of EPS
in biofilm cohesiveness is not completely understood and the
literature is contradictory on this matter. For example, Apple-
gate and Bryers (3) attributed the susceptibility to sloughing
observed in oxygen-limited biofilms to the higher EPS produc-
tion under these conditions, while Ohashi and Harada (23)
found that biofilm adhesion strength was not dependent on the
quantity of EPS present.

So far, very limited studies regarding the cohesive strength
levels of biofilms and how strength changes within a biofilm
have been performed. Biofilms are highly stratified and char-
acterized by a heterogeneous structure, not only in the com-
position and the distribution of EPS but also by defined aero-
bic/anoxic zones within the biofilm depth (5). This can affect
microbial growth rate and, potentially, EPS production (33).
The relationships between biofilm cohesiveness and properties
such as EPS composition and distribution across the biofilm
depth, although important for understanding, predicting, and
controlling biofilm adhesion and sloughing, remain unknown.

In this paper, we extracted and determined polysaccha-
ride and protein concentrations from various depths in bio-
films of different ages. The effect of these two EPS compo-
nents on the level of cohesive energy per unit volume of
biofilm, a surrogate for strength, was investigated across
biofilm depth using atomic force microscopy (AFM) (1).
These results improve our understanding of biofilm cohe-
sion and should help us design new strategies for controlling
biofilm development, such as techniques focused on weak-
ening certain portions of the EPS or controlling the oxida-
tion states of biofilms for better cohesion.
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MATERIALS AND METHODS

Membrane-aerated biofilm reactor. Biofilms were grown from activated
sludge containing a diverse community of bacteria as previously described (1).
Multiple membrane test modules were submerged at the same time in the
reactor to support the growth of the biofilms over a 12-day period. Biofilms
grown on membranes without added air were used as controls. Membranes were
removed from the bioreactor on different days to assess the impact of age on
biofilm properties.

DO profile determination. Dissolved oxygen (DO) profiles across the biofilm
were obtained using a Clark-type microelectrode (model OS-10; Unisense, Aar-
hus, Denmark). This microelectrode had a 10- to 15-pum tip diameter, a rapid
response time (<5 s), and a spatial resolution of 20 to 30 pm. The biofilm-
covered membrane was mounted horizontally, and the microelectrode was low-
ered into the biofilm by using a computer-controlled micromanipulator (Oriel
Inst., Stratford, CT) capable of advancing in 0.1-wm increments. The surface of
the membrane was detected when the DO concentration reached the saturation
DO concentration at the membrane surface (31). The DO profile was captured
on a computer using Profix 2.1 software.

Biofilm thickness measurement. Biofilm thickness was measured optically
using a traveling micromanipulator microscope (Integrated Endoscopy, Irvine,
CA) that could be moved in the x, y, and z directions. The microscope was first
focused at a fixed reference surface (such as a point on the stainless steel
manifold), and the height (4 ,) was measured. The microscope was then focused
on the top surface of the biofilm, and the corresponding distance (/) was read.
Finally, the microscope was focused on the membrane support surface (the
bottom of the biofilm) and the value (k) was also read. The two distances
traveled by the micromanipulator were determined, and the thicknesses of the
biofilms were obtained by subtraction [(hc — hp) — (hg — h,)] as described by
Cole et al. (7). The thicknesses of the biofilms were averaged from six indepen-
dent measurements.

Protein and polysaccharide extraction and quantification. Biofilms grown
over a 12-day period were removed from the bioreactor and sectioned in 200-um
slices (parallel to the membrane surface) using a combined cryostat-microtome
apparatus (Richard-Allan Scientific, Kalamazoo, MI). Each biofilm section was
transferred to a sterile microcentrifuge tube and stored separately at —20°C until
use. Biofilm samples (1.5 g) from the same age and depth groups were weighed
and split equally into three separate tubes (0.5 g/tube) for dry weight (overnight
at 103°C), protein, and polysaccharide quantification. For protein and polysac-
charide quantification, the samples were first dried by vacuum centrifugation
(Labnet, Edison, NJ), resuspended in 1 N NaOH, and heated at 80°C for 30 min
in a water bath. The samples were then centrifuged at 10,000 rpm and 4°C for 15
min. The supernatants were collected for protein and polysaccharide quantifi-
cation.

The protein content was measured using a method modified from that of
Lowry et al. (19) as described by Raunkjeer et al. (27). The method described by
Lowry et al. was followed, except that CuSO, + 5H,O and sodium tartrate solu-
tions were prepared and kept separately until the day of analysis to prevent
precipitation in the mixture. Bovine serum albumin was used as a standard. The
absorbance was measured at 750 nm.

The polysaccharide content was measured using the anthrone method (10) as
modified by Raunkjar et al. (27) to eliminate the effect of a non-anthrone-
specific color development. A correction was made by subtracting the back-
ground color without addition of the anthrone reagent; this was typically 10% of
the sample values. Glucose was used as a standard, and the absorbance was
measured at 625 nm. This provides an estimation of the concentration of hexose
sugars in a sample.

Biofilm preparation and imaging. Membrane modules were removed from the
bioreactor after each test period, and the biofilm was excavated from the top
using a scalpel and a X250-magnification microscope (Integrated Endoscopy,
Irvine, CA). Surface layers were removed until a desired biofilm thickness was
obtained. The AFM method for scanning the biofilm, measuring the volume of
displaced biofilm, and determining the friction force is described elsewhere, as is
the method for calculating the level of cohesive energy per unit volume of biofilm
(1). Briefly, a wet piece (~1 by 1 cm) of the membrane and attached biofilm was
cut and placed into a chamber (~90% humidity level) containing a saturated
NaCl solution/excess salt at room temperature. After equilibration (1 hour),
these biofilm-coated membrane samples were mounted on the AFM (PicoSPM;
Molecular Imaging) apparatus for scanning at a constant humidity (M scanner
[lateral range = 30 wm; vertical range = 7 wm]). The consecutive, nonpertur-
bative 5- by 5-wm height images, each following four raster abrasions, were
subtracted to obtain the volume of displaced biofilm. The friction force was
quantified from histograms of friction difference images, i.e., the number of
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FIG. 1. Effect of aeration and age on biofilm thickness. Error bars
represent the standard deviations of the means (n = 6).

image pixels within incremental friction force intervals. The corresponding fric-
tional-energy dissipation was summed from each set of four consecutive raster
scans and normalized by the volume of material displaced to obtain the level of
biofilm cohesive energy per unit volume.

RESULTS

As expected, the biofilm thickness increased with age over
the 12-day test period, as shown in Fig. 1. Under aerated
conditions, a thin visible biofilm layer appeared after 1 day,
compared to 4 days under nonaerated conditions. After the
12-day test period, the aerated biofilm was four times thicker
than the biofilm grown on the membrane support to which no
air was supplied.

The biofilms were excavated as described above and imaged
by AFM. Figures 2 and 3 show the AFM topographic images at
the tops of the biofilm layers before (Fig. 2) and after (Fig. 3)
abrasion with an elevated load (40 nN). The volume of biofilm
displaced after the same number of raster scans at a given load
was greater at the top of the biofilm and decreased with depth,
regardless of biofilm age. This suggests that the cohesive prop-
erties of the biofilm were not significantly affected by excavat-
ing the biofilm with the scalpel, for if the technique had mod-
ified the biofilm properties, similar abrasion responses from
each of the slice faces (regardless of the original depth in the
biofilm) should have been observed. Cohesive energy levels are
shown versus depth in Fig. 4 for biofilms of different ages.
These results indicate that under aeration, the cohesion, or
level of cohesive energy per unit volume, increased with depth.
In addition, at a given biofilm depth, no significant difference
in cohesion was found when biofilms of different ages were
compared. Biofilms grown without aeration were weak and
sloughing easily. Therefore, we were unable to measure the
cohesive energy levels for the 8- and 12-day-old nonaerated
biofilms. The lowest cohesion was obtained when the biofilm
was not aerated. This shows that the cohesion, or level of
cohesive energy per unit volume, is strongly dependent on
biofilm depth and not on biofilm age and is also strongly
influenced by aeration.

Polysaccharide and protein were extracted from biofilm
slices, and their concentrations were determined as a function
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FIG. 2. Topographic images (5 by 5 wm; contrast range, 0.8 to 2 wm) of nonabraded biofilms used as controls in cohesive energy calculation.
Images were collected from left to right (trace) at an ~0-nN applied load.

of biofilm depth and age (Table 1). Polysaccharide concentra-
tion increased with depth but not with biofilm age. Protein
concentration, in contrast, was relatively constant regardless of
biofilm depth or age. The lowest polysaccharide and protein
concentrations were obtained when the biofilm was not aer-
ated. Figure 5 shows the level of biofilm cohesive energy per
unit volume as a function of the polysaccharide and protein
concentrations and their sums and ratios. It is evident that the
level of cohesive energy per unit of biofilm volume correlates
well with both the polysaccharide concentration (R = 0.90) and
the polysaccharide to protein ratio (R = 0.92). In contrast, the
correlation with protein concentration is poor (R = 0.59).

The DO concentration was determined across the depth of
the 12-day biofilm, and the results are presented in Fig. 6. In
this case, the biofilm was 1 mm thick. A depth of 1 mm there-
fore represents the membrane surface. The base of the biofilm
in contact with the membrane surface was in equilibrium with
the air supplied to the membrane and was therefore saturated
with DO. The DO declined rapidly within the biofilm so that
only the bottom 100 to 120 wm of the biofilm was aerobic, with
the remainder of the biofilm anaerobic.

DISCUSSION

Biofilm detachment is one of the critical factors that balance
growth and plays a role in controlling the thicknesses of bio-
films. Recent attempts to mathematically elucidate the mech-
anism of biofilm detachment have highlighted the need to
measure biofilm cohesiveness (26). To our knowledge, there
are no reports available in the literature that present experi-

mental data related to the level of cohesive energy per unit
volume across the depth of a biofilm. Here, we found that
cohesion is variable within a single membrane-aerated biofilm
and increases with the biofilm depth and polysaccharide con-
tent of the EPS (Fig. 4 and 5).

The existing literature on biofilm density, EPS, and cohesion
cannot point to clear relationships between these properties.
Several investigators have profiled the depth dependence of
biofilm density and shown that biofilm density increases with
depth (5, 36). There is, however, no good reason to believe that
density and the cohesive properties of a biofilm are related.
Indeed, Ohashi et al. (24) found that biofilm tensile strength
was not well correlated with biofilm density. In addition, in-
formation on the role of EPS in biofilm cohesiveness is limited
and contradictory. Some reports indicate that EPS content is
not associated with biofilm adhesion strength (23), while others
emphasize the influence of EPS on both the structures and the
strength levels of biofilms (2, 9). These conflicting results may
be explained by the complexity of EPS, because it contains
proteins, polysaccharides, nucleic acids, and lipids, each of
which may differ in concentration and structure in biofilms
grown under different conditions, and each of which may affect
strength and cohesive/adhesive properties differently. In fact,
the role of specific EPS components in biofilm structure and
cohesion has not been clearly elucidated. Gehrke et al. (11)
reported that the lipopolysaccharide fraction of EPS appears
to be involved in attachment to solid substrates, such as pyrite
and sulfur. Hughes et al. (14) suggested that the disruption of
Enterobacter agglomerans biofilm by the bacteriophage SF153b
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FIG. 3. Topographic images (5 by 5 wm; contrast range, 0.8 to 2 pm) exhibiting a 2.5- by 2.5-pm abraded biofilm region. Images were collected

from left to right (trace) at an ~0-nN applied load force.

was a combination of EPS degradation by a specific polysac-
charide depolymerase enzyme and a subsequent cell lysis.
Our results show that the EPS concentration profile, in
terms of protein plus polysaccharide, is correlated with the
cohesive energy profile of a membrane-aerated biofilm (R =
0.78), which is consistent with previous reports that found that
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FIG. 4. Biofilm cohesive energy as a function of biofilm age and
depth. Error bars represent the standard deviations of the means (n =
4). €., cohesive energy value.

EPS affected biofilm cohesion (2, 33). Among the two main
components of EPS, polysaccharides appeared to strongly af-
fect the level of cohesive energy per unit volume of biofilm
(R = 0.90). To our knowledge, this is the first report in the
literature on the protein and polysaccharide concentration
profiles within a biofilm and the corresponding cohesive energy
profile across the depth of the same biofilm. Our results sug-
gest that the polysaccharide content of EPS and the environ-
mental factors that influence the polysaccharide content of a
biofilm play a key role in biofilm cohesion.

Several factors, such as high levels of oxygen, have been
reported to trigger the production of polysaccharides (4). We
found that polysaccharide concentration, rather than bulk EPS
concentration, followed the same general trend as DO concen-

TABLE 1. EPS composition as a function of biofilm age and depth

Biofilm Concen” (mg/g dry wt) for:

Conditi Biofilm depth
ondition age
(days) (mm) Polysaccharides ~ Proteins
Aerated biofilms 1 <0.2 52 58+7
8 0.2 27+17 210 £ 12
8 0.4 78 =8 221 =8
8 0.6 94 =8 193 =13
12 0.2 15=*5 133 £ 11
12 0.4 12£3 79+9
12 0.6 38+6 131 £ 12
12 0.8 86 = 11 1199
Nonaerated biofilms 4 <0.2 1.3 £0.6 14 =5

@ Standard deviations were obtained from three separate biofilms.
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dard deviations of the means (n = 2).

tration within our biofilms. The observation that the polysac-
charide and DO concentrations follow similar profiles is in
agreement with the conclusions of Tay et al. (32). They re-
ported that polysaccharide content increased with aeration
rates (32). Other researchers, however, have investigated less
specific effects of oxygen, such as its effect on biofilm density or
bulk EPS production, and observed conflicting results. For
example, Laspidou and Rittmann (18) modeled the density
development of biofilms and suggested that low oxygen con-
centrations slowed biofilm growth rate, giving the biofilm more
time to consolidate. In contrast, Applegate and Bryers (3)
reported that oxygen-limited biofilms exhibited high EPS pro-
duction, which in turn was associated with a high susceptibility
to sloughing events. The conflicting conclusions of these re-
searchers highlight the importance of studying not only specific
EPS components but also a well-defined biofilm property, such
as cohesiveness, as opposed to a property such as density,
which is not necessarily related to the behavior of interest
(sloughing in this case).

The fact that age did not affect biofilm cohesion in our study
is not surprising, as results of aging are most likely accounted
for by changes in polysaccharide concentration. In this study,
we investigated a membrane-aerated biofilm in which counter-
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gradients of oxygen and substrate exist (29, 30). Membrane-
aerated biofilms are complex, with regions within the biofilm
that are highly oxic and have low substrate concentrations,
regions with high substrate concentrations but no DO, and
conditions in between. As the biofilm grows, the nutrient dif-
fusion limitation increases, resulting in a decrease of the
growth rate in the active region. As a consequence, in a thick
biofilm the base will be highly aerobic but the interface with
the wastewater will be fully anaerobic. These changing growth
conditions within the biofilm may influence EPS production
and likely account for the gradients that we see in the polysac-
charide concentration. This in turn affects the cohesive energy,
resulting in surface layers of the biofilm having low polysac-
charide concentrations and low levels of cohesive energy per
unit volume. This is further illustrated by the biofilm grown
without aeration. In the nonaerated biofilm, the polysaccha-
ride concentration is very low, as is the cohesion.

Data reported in this paper should increase our ability to
control biofilm behavior. For instance, our results suggest that
to increase biofilm cohesion, high polysaccharide concentra-
tions are needed and may be encouraged with aeration. Con-
ditions for encouraging better biofilm cohesion could thus be
achieved through design and use of reactor or biofilm supports,
such as aerated-membrane supports. Such an approach could
be applied for bioremediation of hazardous wastes and indus-
trial production of enzymes, oils, and papers. In contrast, de-
privation of oxygen may decrease polysaccharide production,
which should weaken and slough unwanted biofilm. In addi-
tion, the development of biocides that specifically target poly-
saccharide linkages should result in weaker biofilms. Such ap-
proaches could have applications in the cleaning, food, and
medical industries. This work should therefore stimulate more
focused research on methodologies for enhancing or decreas-
ing biofilm cohesion.
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