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FIG. 1. Membrane vesicles in P. aeruginosa PAO1 biofilms. Micrographs of thin sections through embedded P. aeruginosa PAO1 biofilms are
shown. The biofilms were grown on a TSA plate (24 h) (a), in a drip reactor (simple salts medium [54], 0.1 ml - min~'; 7 days) (b), in the lumen
of silicone tubing (one-fifth-strength TSB, 0.1 ml - min~!; 7 days) (c), and in a flow cell (one-fifth-strength TSB, 0.1 ml - min~"'; 7 days) (d). Arrows
indicate some of the MVs present in the spaces between the cells, as well as blebbing from the surfaces of cells. Arrows accompanied by the letter
F indicate flagella. Bars, 100 nm.

1sanb Aq 020z ‘0z 18qo100 uo /6lo wse qly/:dny wouy papeojumod



VoL. 188, 2006

MEMBRANE VESICLES ARE COMPONENTS OF THE BIOFILM MATRIX 5949

TABLE 1. Dry weights of biofilm and planktonic fractions

Dry wt, g sample/g cells (actual value [g])* B/P
Isolated fraction S
Biofilm Planktonic ratio
Biofilm 1.1458 (1.1458 *+ 0.0593) NA“ NA
Cells 1(0.9064 =+ 0.0321) 1 (0.8287 = 0.0468) 1
Matrix 0.1267 (0.1148 = 0.0129) NA NA

Ultracentrifuged ~ 0.0231 (0.0209 = 0.0013) 0.0071 (0.0059 = 0.0011)  3.25
pellet

Washed pellet 0.0064 (0.0058 = 0.0025) 0.0013 (0.0011 = 0.0003) 4.92

Wash supernatant  0.0213 (0.0193 = 0.0013) 0.0050 (0.0041 = 0.0002)  4.26

“ Dry weights are the averages of six readings = standard errors of the means
and were obtained from populations of similar CFU.

b B/P ratio refers to the biofilm/planktonic dry weight ratio of the values that
have been normalized to their respective g cell weight. The B/P ratio for the two
Kdo-rich (i.e., MV-rich; washed pellet for planktonic cells and wash supernatant
for biofilm) fractions was 16.38.

¢ NA, not applicable.

planktonic pellets, since a low-speed centrifugation of the re-
suspended pellet largely reduced the presence of such contam-
inating materials from this preparation (51). Kdo values (Table
2) indicated that this enriched pellet contained a substantial
52% of the LPS present within the matrix material, and dry
weight values indicated that this pellet represented 18% (wt/
wt) of the matrix material (Table 1). TEM observations of
negative stains of the associated supernatant indicated no MVs
to be present, and it is possible that LPS may be associated
with other molecules such as polysaccharides, nucleic acids,
and proteins which, under the present conditions, did not pel-
let out. However, MVs clearly represent a major reservoir of
LPS within the matrix.

MYVs from planktonic and biofilm populations differ both
quantitatively and qualitatively. Upon isolation of the MV-
enriched pellets, it was surprising that the volume, color, and
consistency of these biofilm MV-enriched pellets contrasted
sharply with those obtained from planktonic populations (Fig.
3). The biofilm pellets were consistently larger than the plank-
tonic ones even though they were derived from parent pop-
ulations of approximately equivalent dry weight and CFU
(Table 1 and legend to Fig. 3), and were of a mid- to dark
brown color whereas the planktonic pellets were small and
black. The biofilm pellet was more gelatinous than that from
planktonic cells (more friable). Negative stains revealed that
both preparations had MVs as a major pellet constituent. To-
gether, these observations suggested both qualitative and
quantitative differences that required further investigation.

The low-speed centrifugation used to clean contaminating
materials from isolated planktonic MVs (51) was implemented

FIG. 2. Membrane vesicles were present in mechanically disrupted
P. aeruginosa PAO1 biofilm and isolated matrix material and were also
isolated following a modified MV isolation protocol. Micrographs of
negatively stained whole mounts of P. aeruginosa PAO1 biofilm and
isolated components are shown. Biofilms were grown on TSA and
mechanically disrupted (a) to observe the components. The matrix was
isolated (b), and an MV-enrichment protocol utilized for planktonic
MVs was adapted to isolate biofilm MVs from the matrix material (c).
Arrows indicate some of the MVs present. Arrows accompanied by the
letter P indicate pili or filamentous phage, those with the letter F
indicate flagella, and that with the letter A indicates pyocins/acrugi-
nocins. Bars, 100 nm.
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FIG. 3. MV-enriched ultracentrifuged pellet from planktonic and
biofilm populations. MV-enriched ultracentrifuged pellets obtained
from CFU-equivalent biofilm populations (right) were of a higher
volume and a different color and consistency (more gelatinous) than
those from corresponding planktonic populations (left). This visual
difference was supported by values for dry weights and total protein
and Kdo contents.

for both planktonic and biofilm MVs. In the case of the former,
there was an effective reduction in the presence of flagella,
pyocins, and pili as determined by TEM of negatively stained
samples (Fig. 4a). Biofilm MVs displayed an anomalous be-
havior: MVs did sediment, but the vast majority remained in
suspension and could be harvested from the supernatant
(TEM) (Fig. 4c). This behavior may be the result of either
buoyant density differences or their smaller size (Fig. 4a and
4c; see below). Furthermore, the pellet consisted of an entan-
glement of flagella, pili, pyocins, and some MVs (Fig. 4b). The
MVs that did pellet tended to have a larger diameter and were
more similar in size to the planktonic MVs. Kdo values of the
two fractions supported this observation, with more Kdo
present in the supernatant than in the pellet (Table 2). In our
hands, this sedimentation behavior was a consistent feature
only if the ultracentrifuged sample was sufficiently diluted and
resuspended to monodispersity; overloading of the sample re-
sulted in loss of separation. From this point forward, unless
otherwise indicated, work with planktonic MVs refers to MV
isolations that were pelleted and work with biofilm MVs refers
to MVs that remained in suspension. In both instances there
was loss of sample in that MVs did not totally migrate to one
or the other of the collected fractions with either population.

MYV yield comparisons were made using the main parame-
ters of dry weight and Kdo. In all instances, under the stated
growth conditions, dry weight values indicated that the biofilms
exceeded planktonic productivity (Table 1). Furthermore,
given that the biofilm MV wash fraction contained the majority
of MVs (see previous paragraph), a revised comparison of the
normalized dry weights of the MV-rich fraction from the two
populations yields a planktonic/biofilm ratio of 16.38. Kdo
values (Table 2) also indicated a higher yield for biofilm pop-
ulations, and the ratio of Kdo values (normalized to 1 X 10°
CFU) indicated that biofilms produced ca. 120 times more
MV-associated Kdo (242 ng versus 2 ng). This sevenfold dis-
crepancy between the weight and Kdo ratios (16.4 versus 121)
suggested that biofilm MVs contained more Kdo per unit
weight than did their planktonic counterparts. Kdo/protein
ratios for the planktonic and biofilm MVs also reflected a
similar trend. Planktonic MVs contained 10,650 ng Kdo/g cul-
ture protein with a corresponding 15.59 pg Kdo/mg MV pro-
tein, whereas biofilm MVs possessed 75,423 ng Kdo/g culture
protein with 109.63 pg Kdo/mg MV protein. In both instances,
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FIG. 4. Outcome of low-speed centrifugation on biofilm MVs. MV-
enriched ultracentrifuged pellets were resuspended in HEPES buffer
and centrifuged at 16,000 X g for 30 min. Planktonic-derived MVs
pelleted out (a), whereas the pellet obtained from a biofilm prepara-
tion consisted mainly of flagella, pili, and some MVs (b). The vast
majority of the MVs remained in the supernatant (c). Bars, 200 nm.

the difference between the respective ratios was sevenfold.
SDS-PAGE of Hitchcock-Brown preparations also supported
this observation (Fig. 5a), and biofilm MVs stained more in-
tensely than planktonic MVs when equivalent amounts of pro-
tein per sample were loaded. While this sevenfold difference
initially appeared odd, a possible explanation may be found
within the size distribution data for planktonic and biofilm MV
populations (Table 3). Biofilm MVs were generally smaller, as
observed by negative stains and thin sections, which may in
part also explain the sedimentation differences noted above.
The average MV diameter values obtained for biofilm and
planktonic populations were 45 and 86 nm, with corresponding
medians of 40 and 85 nm, respectively. This smaller diameter
meant that biofilm MVs have an average surface area-to-vol-
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TABLE 2. Kdo values in the various fractions isolated
from biofilms

Isolated fraction Kdo amt "
(ng per plate)
BIOfilM ... 664 + 8
IMALTIX ¢ttt 893
MV-enriched ultracentrifuged pellet 47+ 3
MV-depleted (washed) pellet 6+ =1
MV-enriched wash supernatant............ccceceeveeieirecicininnennnne. 41 %3

“ Kdo was used to assess the presence of LPS (n = 9 * standard error of the
mean). Negatively stained whole mounts and TEM observations visually sup-
ported the results obtained. The biofilm had a corresponding total CFU of
1.69 X 10" = 5.99 X 10° (n = 9 * standard error of the mean) and dry weight
of 0.06580 = 0.0030 g (n = 6 * standard error of the mean). Planktonic MVs
derived from a population with a total CFU of 3.15 X 10'* = 1.2 X 10% (n = 9
+ standard error of the mean) had a corresponding Kdo content of 7 = =1 pg
(n = 9 = standard error of the mean).

ume ratio that is approximately twice that of planktonic MVs.
This would be reflected in the higher Kdo ratio, but it does not
entirely account for the discrepancy in values and supports a
genuine difference between the two populations. Our plank-
tonic Kdo values are similar to previously published values
(i.e., 66 nmol Kdo/mg protein compared to 41 nmol Kdo/mg
protein) (51), yet the values obtained for the biofilm MVs had
an astonishing 460 nmol Kdo/mg protein. One possible expla-
nation is that this was a deliberate alteration of the Kdo/
protein ratio by the biofilm cells or that the outer membranes
from which the MVs are derived are different in planktonic
and biofilm populations. Either possibility bears a number of
interesting implications. For example, one may consider the
reactivity of the LPS molecule and the interactions that it may
mediate, the possibility of less protein being packaged into the
MYV lumen, or the chance that relatively fewer outer mem-
brane proteins occur. The latter may minimize the chances of
detection by the host immune system.

Indeed, SDS-PAGE analyses of the two MV-rich popula-
tions demonstrated that apart from the quantitative yield dif-
ferences earlier described, there were dissimilarities other than
size and centrifugal sedimentation properties (Fig. 5b). The
planktonic and biofilm MV profiles demonstrated that, al-
though there were proteins in common, there were also a few
prominent differences. For example, biofilm MVs have a
denser band at around the 55-kDa mark, which could be alka-
line protease (see below). In general, however, biofilm MVs
had less diversity in the bands present than those from plank-
tonic cells, again supporting the notion that a more limited
selection of proteins is being secreted as part of the biofilm
MYV complement. Future studies into the nature of the differ-
ent proteins would shed light onto this and perhaps reveal
some commonality in those proteins that are present.

Investigations into the functionality of biofilm MVs. Due to
the large economic expense that MV production entails to the
cell, it has long been argued (and demonstrated) that they are
not nonsensically produced. Among the diverse functions as-
cribed to planktonic MVs are their roles as a novel secretory
pathway (37, 60), the delivery of virulence factors (20, 30, 31,
34), cell-to-cell signals (42), cell aggregation (19, 25, 35), metal
immobilization and redox processes affecting minerals, inacti-
vation of antimicrobials by enzymatic degradation (e.g., B-lac-
tamases) (13) or by binding (26), the selection and destruction
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of non-self cells (40), immune-modulating substances (1, 45,
46), and (somewhat controversially) the transfer of genetic
material (17, 39, 68). All of these processes do occur within the
scope of a biofilm, and there is no apparent reason why MVs
should not participate in them. Furthermore, given that the
MVs are shed, these processes may be relayed to actively have
an effect outside of the confines of the biofilm, even at a good
distance from it.

Planktonic MVs have been reported to contain potent hy-
drolytic enzymes such as proteases and peptidoglycan hydro-
lases (34, 40). As the SDS-PAGE analyses (Fig. 5b) had sug-
gested the possibility of a protease, we performed zymogram
assays (34). Samples were prepared both in the presence and in
the absence of a reducing agent. This was essential as certain
enzymes lose their functionality or give an enhanced response
in the presence of a reducing agent (41). Proteolytic activity
was found associated with both the planktonic and biofilm
MVs (Fig. 5c¢), under both conditions. However, in both in-
stances using the same sample concentrations, biofilm MVs
demonstrated greater proteolytic activity, as denoted by the
larger zones of clearing. Under nonreducing conditions, four
bands were seen: a very diffuse band at the 20-kDa region, a
band at approximately 55 kDa, and two bands running at 80 to
90 kDa. It was noted that the R, values of some bands differed
from those run on a gel without gelatin. Under reducing con-
ditions, only one prominent band was present at approximately
55 kDa. This band is consistent with alkaline protease, as is its
behavior under reducing conditions (41). It is possible that the
diffuse 20-kDa-region band seen under nonreducing condi-
tions was PrpL (27 kDa) (53). However, the evidence remains
that biofilm MVs contained more proteolytic activity than
those from planktonic cells, an important consideration when
thinking of the roles that MVs may play in pathogenesis, re-
lease of nutrients, and perhaps surface modification. Further-
more, there are reports of proteases within the matrices of
biofilms (53), and clearly, a proportion of these reside in MVs.

In the second study, we assessed the ability of MVs to bind
antibiotics, in particular gentamicin. The binding of this cat-
ionic aminoglycoside is well studied (33) and a logical starting
point. Both planktonic and biofilm MVs were incubated with
gentamicin, and binding was assessed by immunolabeling and
TEM (Fig. 6). The micrographs clearly demonstrate that bio-
film MVs did bind gentamicin, and the label revealed the
aminoglycoside to be located at the outer and inner faces of
the membrane, as well as within the lumen. Planktonic MVs
were also shown to interact with gentamicin (data not shown).
Clearly, since gentamicin was attached to all regions of the
MVs, the antibiotic must have penetrated entirely through the
MYV, indicating strong or even disruptive bilayer interaction.
This is not surprising since highly cationic substances, such as
aminoglycoside antibiotics, can displace essential metal cations
and disrupt lipid-packing order (33). Not all MVs showed
labeling, but this is expected and was seen in other studies (34).
This could be due to a number of factors, e.g., diminished
antibody-antigen affinity due either to the antibody itself (the
manufacturer’s sheet states that binding is up to 40% of gen-
tamicin present for a radioimmunoassay) or antigen alteration
during the embedding protocol, or it could be that the bound
gentamicin was simply not accessible in the thin section. In-
deed, in our experience the consistent labeling of these small
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FIG. 5. SDS-PAGE analyses of MVs. SDS-PAGE was used to analyze both planktonic and biofilm MVs. The relative amounts of LPS and
protein were compared using silver staining (a), and protein profiles were compared using Coomassie blue staining (b). Finally, proteolytic activity
was examined using zymogram assays with 0.15% (wt/vol) gelatin as the substrate, in the absence and presence of a reducing agent (c). Arrows
indicate zones of proteolysis. Twenty micrograms of MV protein was used per well in panel a, and 40 pg of MV protein was used per well in panels
b and c.
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TABLE 3. MV diameter distributions®

Size (nm)
MV source
Range Mean = SEM Median
Biofilm (n = 4,741) 11.92-345.07 44.89 = 0.65 39.63
Planktonic (n = 1,563) 14.68-271.39 85.76 = 0.87 84.50

“ Values are the averages of three independent experiments, each comprising
three micrographs. MV diameters were estimated by measuring the diameters of
whole-mount negatively stained MV samples. Images were archived and ana-
lyzed using the iTEM program (version 5.0; Soft Imaging Systems, Germany).

vesicles was remarkably efficient considering their size and
likely exposure in thin section (7). Yet, it remains that the MVs
did bind exogenous gentamicin, and given the surface chemis-
try of M Vs, the vesicles could also bind other extraneous com-
pounds. As a general property of biofilm MVs, they could act
as decoys or “sponges” to reduce inimical agents within bio-
films before they affect cells. Since MVs are released from
biofilms, the concentration of such agents within the biofilm
would be reduced and MVs dispersed from a biofilm could
serve to bind agent prior to contact with the biofilm. This could
be another way in which biofilms are protected from antimi-
crobials. If so, it represents a simple but effective mechanism
and a route that we hope to explore in greater detail.

MYVs are also found within naturally occurring biofilms.
Laboratory-grown biofilms are very different from natural bio-
films. The former are often monocultures subjected to a con-
stant and reasonable flow of nutrients, whereas the latter are a
complex mixture of cultures that are subjected to a variable
and often harsh set of environmental conditions. It was there-
fore necessary to sample natural biofilms to ensure that MVs
were a natural trait of these systems. A number of different
environmental conditions were sampled. These included do-
mestic water drains, sewage and water treatment plants, pulp
and paper manufacturers, freshwater fish aquariums, water
storage tanks, and riverbeds. MVs were seen in all biofilms
where gram-negative bacteria were found. There was a more
discontinuous distribution of MVs than that seen in any of the
PAOL1 biofilms. This was presumably related to the distribution
of gram-negative bacteria present since MVs were shed and
found close to these regions (Fig. 7), although other factors
such as environmental conditions could play a role (30, 36, 52).
Additionally, environmental biofilms often incorporated more
extraneous material (e.g., large plant fibers, mineral grains,
large protists, etc.), effectively adding to the bulk of the biofilm.
Our laboratory has extensive experience in sampling micro-
biota growing as biofilms or flocs (especially those of marine
“whiting” events) from a number of dissimilar natural environ-
ments. We have never encountered a natural setting where
gram-negative bacteria were present that did not contain MVs.

Potential of biofilm MVs. The overall goal of our study was
to establish MVs as a bona fide component of the matrix of
gram-negative bacterial biofilms. Through our TEM studies,
we found that MVs were a definite and consistent component
of the matrix of gram-negative bacterial biofilms. Furthermore,
they were shed from the biofilms, disseminating into the ex-
ternal environment where they could serve as a source of
extracellular activity both in and ex biofilm. Under defined
conditions, we found that these exquisite structures could ac-
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count for up to 16.8% (wt/wt) of the matrix material and more
than 50% of the Kdo found within the matrix material. The
presence of these LPS-bearing structures firmly places LPS as
a matrix component and not a contaminant or procedural
artifact. Additionally, while Kdo values have been used to show
that LPS is a minor-percentage matrix component, Kdo rep-
resents only 2 to 6% of the LPS (wt/wt) of P. aeruginosa PAO1,
a fact that is often overlooked. These biofilm MVs were also
found to substantially differ from their planktonic counterparts
in terms of their physical dimensions and properties, as well as
in their chemistry. It was impossible for us to probe MVs for all
potential functions, but we have certainly indicated a few—the
packaging of virulence factors such as proteases and the bind-
ing of antibiotics.

In some of the samples, MVs were located at the substra-
tum-biofilm interface and either were deposited prior to bio-

FIG. 6. Binding of gentamicin by MVs. Shown are micrographs of
biofilm MVs that had been incubated with gentamicin prior to embed-
ding and thin sectioning, probed with a primary antibody specific for
gentamicin, and developed with a secondary gold-conjugated antibody.
Negative controls (unreacted MVs) indicated good specificity. The
location of immunolabel indicated where gentamicin interacted with
both the outer and the inner leaflets of the membranes (a, b, ¢, d, f, and
g) and could also be found within the lumen of MVs (b, c, e, and f).
Note the variety of MV sizes and how, in some instances, the size
approached the diameter of the label (10 nm; panel d, indicated by
arrow). Bars, 20 nm.
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FIG. 7. Membrane vesicles in biofilms from outside the lab. Shown are micrographs of thin sections through conventionally embedded biofilms
obtained from a domestic bathroom drain (a) and a water treatment membrane (b). Note the presence of different cell types. Arrows indicate some
of the MVs present in the spaces between the cells, as well as blebbing from the surfaces of cells (panel b, white arrows). Bars, 1,000 nm.

film development or were produced by the biofilm, i.e., cells
can alter the surface properties of the substratum either pre- or
post-biofilm formation. Planktonic MVs derived from Bacte-
roides gingivalis adhere to hydroxyapatite and facilitate the
attachment of Streptococcus sanguis (55). Other studies have
indicated that MVs can also mediate aggregation of cells (19,
35, 43). Can cells then use M Vs to influence early-stage biofilm
processes such as adhesion? It is important to recognize that

biofilms form on an enormous variety of substrata that range
from inert mineral faces to high-carbon films (e.g., cellulose
and chitin) to soft tissue surfaces (plant, mammalian, etc.);
MVs could be actively or passively altering substratum surface
properties. Alternatively, the MVs could simply be entrapped
between the substratum and the producing cells.
Substratum-associated MVs, however, account for only a
fraction of the total. In considering the size, frequency, and
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FIG. 7—Continued.

chemical nature of MVs, these occupied a substantial volume
of the biofilm. It is also important to remember that MVs are
characteristic of the producing cell and its phenotype, possess-
ing serotype-specific LPS and outer membrane proteins, which
provide a unique surface chemistry for environmental interac-
tions. Available surface molecules or intrinsic reducing activity
could affect and be affected by the redox and pH of the local
microenvironment surrounding groups of cells within the bio-
film. These very same interactions might play a role in stabi-
lizing polymers, ions, and other components of the matrix, all
contributing to the properties of a microenvironment. Close to
the producer cells, through small-scale interactions, they could

have an impact by providing sorbative or inactivating power on
extraneous agents, thereby protecting cells. Additionally, MVs
could also be capable of interacting with polymers within the
biofilm, e.g., DNA and polysaccharide, influencing their ability
for entanglement. This must alter the intrinsic properties of the
polymers through electrostatic or hydrophobic interaction and
binding. Indeed, DNA, a substantial ingredient of the matrix of
P. aeruginosa biofilms (3, 63), is a proven constituent of MVs
and can be associated with the lumen or the membrane surface
(34, 51). Accordingly, some of this matrix DNA could actually
be MV DNA. There could also be strong associations between
exogenous matrix DNA and MVs as well as other biofilm partic-
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ulates (58). It is even possible that MVs could contain enzymes
capable of altering polymers (e.g., nucleases, polysaccharases, and
epimerases). All particulates and their interactions with the ma-
trix must have a strong impact on the rheological properties of
biofilms.

Apart from the possibility of physical interaction with extra-
cellular polymers, MVs have been shown to contain active
periplasmic components, e.g., enzymes and toxins. For exam-
ple, certain strains of P. aeruginosa produce and package B-lac-
tamase into M'Vs, which can then degrade B-lactam antibiotics
(13). It is interesting that biofilms exposed to B-lactams have
an increased synthesis of B-lactamase (5, 6). In addition, Por-
phyromonas gingivalis produces MVs that bind and sequester
chlorhexidine (26). It is then possible that biofilm cells can be
induced to shed MVs with active properties that would neu-
tralize inimical agents designed to attack and destroy biofilms.

Finally, biofilm MVs appear to be independent, extracellular
extensions of the cell, which broaden the traditional bound-
aries of the cell. These boundaries include regions within the
biofilm itself and beyond its confines. In the latter context, we
could imagine a biofilm being a location from which MVs are
liberated to manifest certain properties in the broad-scale en-
vironment. These could be intrinsic chemical properties (e.g.,
those affecting geochemical conditions within a geological ho-
rizon) or active components (e.g., virulence factors) to pro-
mote a desired bioeffect. Biofilms would be much more long-
lasting durable depots for these bioactive MV particles than
planktonic cells and would be a continual source of such en-
vironmentally altering substances. Since many of the active
ingredients are encapsulated within the MVs, they would be
better protected from antagonistic external factors. Further-
more, since MVs mimic the bacterial cell surface, they would
have strong adhesive properties or (even) specific adhesions
for attachment (e.g., on certain tissue types).

In summary, there is an increased awareness of biofilms and
their abundance in nature. Hardly a month goes by without
new reports on the properties of biofilms, yet few have con-
centrated on the particulate properties of the biofilm matrix.
While our nascent understanding of the matrices of biofilms
led to the belief that these consisted primarily of exopolysac-
charides, this study, along with many others, consolidates this
as an erroneous perception. The matrix is a complex amalgam,
comprised of polymers and macromolecules, as well as partic-
ulate structures such as discarded pili and flagella. Here, in our
report, we emphasize MVs as being among the most important
because of their intrinsic surface properties and active constit-
uents. We hope this will encourage further studies of these
fascinating nanoparticles.
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