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Biofilms are composed of bacterial cells encased in a self-synthesized, extracellular polymeric matrix.
Poly-�(1,6)-N-acetyl-D-glucosamine (PNAG) is a major biofilm matrix component in phylogenetically diverse
bacteria. In this study we investigated the physical and chemical properties of the PNAG matrix in biofilms
produced in vitro by the gram-negative porcine respiratory pathogen Actinobacillus pleuropneumoniae and the
gram-positive device-associated pathogen Staphylococcus epidermidis. The effect of PNAG on bulk fluid flow was
determined by measuring the rate of fluid convection through biofilms cultured in centrifugal filter devices. The
rate of fluid convection was significantly higher in biofilms cultured in the presence of the PNAG-degrading
enzyme dispersin B than in biofilms cultured without the enzyme, indicating that PNAG decreases bulk fluid
flow. PNAG also blocked transport of the quaternary ammonium compound cetylpyridinium chloride (CPC)
through the biofilms. Binding of CPC to biofilms further impeded fluid convection and blocked transport of the
azo dye Allura red. Bioactive CPC was efficiently eluted from biofilms by treatment with 1 M sodium chloride.
Taken together, these findings suggest that CPC reacts directly with the PNAG matrix and alters its physical
and chemical properties. Our results indicate that PNAG plays an important role in controlling the physio-
logical state of biofilms and may contribute to additional biofilm-associated processes such as biocide
resistance.

Biofilms are composed of bacterial cells encased in a self-
synthesized, extracellular polymeric matrix (7). The main func-
tion of the biofilm matrix is to provide a structural framework
that holds the cells together in a mass and firmly attaches the
bacterial mass to the underlying surface. In addition to having
a structural role, the matrix provides biofilm cells with a pro-
tected microenvironment containing dissolved nutrients, se-
creted enzymes, DNA, and phages. The matrix may also con-
tribute to the increased antimicrobial resistance exhibited by
biofilm cells, either by providing a diffusion barrier or by di-
rectly binding to antimicrobial agents and preventing their
penetration into the biofilm (19).

Polysaccharides are a major matrix component in most bac-
terial biofilms (26). Poly-�(1,6)-N-acetyl-D-glucosamine (PNAG)
is an extracellular polysaccharide that mediates biofilm cohe-
sion in numerous gram-negative members of the Proteobacteria
family, including Escherichia coli, Yersinia pestis, Pseudomonas
fluorescens, Bordetella spp., Xenorhabdus nematophila, Aggre-
gatibacter actinomycetemcomitans, and Actinobacillus pleuro-
pneumoniae (4, 8, 15, 22), and in the gram-positive species
Staphylococcus aureus and Staphylococcus epidermidis (3, 17).
Specific biofilm-related functions ascribed to PNAG include
abiotic surface attachment (1), epithelial cell attachment (23,
28), intercellular adhesion (15, 17), and resistance to killing by

antibiotics, detergents, antimicrobial peptides, and mammalian
phagocytic cells (9, 10, 16, 27, 29).

In the present study we investigated the physical and chem-
ical properties of the PNAG matrix in biofilms produced by the
porcine respiratory pathogen A. pleuropneumoniae and the de-
vice-associated pathogen S. epidermidis. By using a novel cen-
trifugal filter device assay, we obtained evidence that PNAG
significantly inhibits fluid convection and solute transport
through A. pleuropneumoniae and S. epidermidis biofilms.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 1. S. epidermidis strains were passaged weekly on blood
agar. A. pleuropneumoniae strains were passaged twice weekly on Tryptic soy
agar supplemented with 6 g of yeast extract, 8 g of glucose, and 10 mg of NAD
per liter. For biofilm cultures, S. epidermidis was grown in Tryptic soy broth
(TSB) supplemented with yeast extract and glucose, and A. pleuropneumoniae
was grown in Mueller-Hinton broth (MHB) supplemented with yeast extract,
glucose, and NAD, at the concentrations stated above.

Reagents. Cetylpyridinium chloride (CPC) (hexadecylpyridinium chloride),
benzalkonium chloride (BKC) (predominantly C12 alkyl chain length), rifampin
(rifampicin), tetracycline hydrochloride, and vancomycin hydrochloride were
purchased from Sigma. Allura red dye solution (red food color; FD&C Red no.
40) was from McCormick (Sparks, MD). Dispersin B, a PNAG-degrading en-
zyme (13), was obtained from Kane Biotech (Winnipeg, Canada).

Centrifugal filter device assay. Biofilms were cultured in Microcon centrifugal
filter devices (catalog no. YM-100; Millipore). These devices consist of a poly-
carbonate sample reservoir (6.5-mm inside diameter, 15-mm height, 500-�l ca-
pacity) positioned on top of a cellulose membrane with a 100-kDa nominal
molecular mass pore size. The sample reservoir snaps into a membrane support
base and is separated from the filter by a silicone O ring. The entire sample
reservoir assembly fits inside a standard 1.5-ml microcentrifuge tube. These
devices are normally used for the concentration and desalting of macromolecular
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solutions by the use of a centrifuge. A schematic diagram of the centrifugal filter
device assay is presented in Fig. 1.

(i) Inoculation and culturing of filter devices. Inocula were prepared from
agar colonies in fresh TSB or MHB as previously described (9, 14). Aliquots of
inocula (300 �l each at 105 to 106 CFU ml�1) were transferred to the sample
reservoirs of the centrifugal filter devices. Control devices were inoculated with
sterile broth and incubated alongside the bacterium-inoculated devices. In some
experiments, media were supplemented with 20 �g of dispersin B ml�1. The
devices were incubated statically for 24 h at 37°C in air.

(ii) Measurement of volumetric flow rate of liquid through the biofilms. After
incubation, the devices were centrifuged for 3 min at 4,300 � g in a swinging
bucket rotor, and the flowthrough volume was measured. The 3-min centrifuga-
tion step was repeated two to three additional times, and the cumulative
flowthrough volume was remeasured after each centrifugation step.

(iii) Measurement of solute transport through biofilms. After incubation, the
devices were perfused with 300 �l of water by centrifugation to rinse the biofilms
and were then perfused with 300 �l of 0.03% (0.88 mM) CPC, 0.03% (0.88 mM)
BKC, 0.5% (vol/vol) Allura red dye solution, 0.75 mM rifampin, 2.8 mM tetra-
cycline, or 1.0 mM vancomycin. The concentration of the agent in the
flowthrough volume was measured as follows. For CPC, BKC, and vancomycin,
30 �l of the flowthrough volume was transferred to a well of a 96-well round-
bottom microtiter plate containing 270 �l of water. Serial 75% dilutions (225 �l
to 75 �l) were made in fresh TSB directly in adjacent wells. For a standard, 30
�l of the agent, at the same concentration used to perfuse the biofilm, was
transferred to a well containing 270 �l of water and diluted using the same
procedure. Aliquots of S. epidermidis NJ9709 cells (20 �l each at ca. 106 CFU
ml�1) were transferred to the wells, and the plate was incubated for 24 h. The
concentration of the agent in the flowthrough volume was measured by compar-
ing the MIC of the flowthrough volume to the MIC of the standard, taking into
account the dilution factor. For tetracycline, rifampin, and Allura red dye, 200 �l
of the flowthrough volume was transferred to a well of a 96-well flat-bottom
microtiter plate and the absorbance of the solution (at 440 nm for tetracycline
and 490 nm for rifampin and Allura red dye) was measured in a microplate
reader. The concentration of the agent in the flowthrough volume was calculated
by comparing the absorbance of the flowthrough volume to a standard curve
derived from known concentrations of the agent made in the same microtiter
plate.

Colony biofilm assay. A 47-mm-diameter, 0.45-�m-pore-size polyvinylidene
fluoride filter (Millipore catalog no. HVLP04700) was placed on a blood agar
plate, and a 10-�l aliquot of inoculum (ca. 106 CFU ml�1) was pipetted onto the
filter. After incubation for 18 h, a large colony of bacteria, hereinafter referred
to as a colony biofilm, formed on the surface of the membrane. A 10-�l aliquot
of 0.03% CPC was pipetted directly onto the colony biofilm. For controls, 10 �l

of CPC solution was pipetted directly onto the agar or onto a sterile area of the
filter adjacent to the colony biofilm. The CPC was allowed to absorb into the agar
for 15 min. The filter was then removed from the plate, and the agar surface was
inoculated with a lawn of S. epidermidis NJ9709 cells. After incubation for 24 h,
the diameter of the zone of inhibition was measured. To measure the diffusion
of Allura red dye through colony biofilms, the filter was removed from the blood
agar plate and transferred to a petri dish containing 2% low-gelling-temperature
agarose. A 10-�l aliquot of 0.5% Allura red dye solution was pipetted directly
onto the colony biofilm or onto a sterile area of the filter adjacent to the colony
biofilm. The dye was allowed to absorb into the agarose for 10 min. The filter was
then lifted from the plate, and a plug of agarose containing the absorbed dye was
removed from the plate by the use of a 5-mm-diameter plastic drinking straw.
The agarose plug was transferred to a well of a flat-bottom 96-well microtiter
plate, and the plate was placed on a 100°C heating block for 15 min to melt the
agarose plug. The absorbance of the dye solution was then measured at 490 nm
in a microplate reader.

Cell culture insert biofilm assay. Biofilms were cultured in polyethylene
terephthalate cell culture inserts (BD Biosciences catalog no. 353095) (6.4-mm
diameter, 0.4-�m pore size) in the wells of a 24-well microtiter plate. The insert
contained 350 �l of inoculum in fresh broth (105 to 106 CFU ml�1), and the well
contained 900 �l of sterile broth. After incubation for 24 h, the broth was
carefully aspirated from the insert and the insert was placed into a well of a fresh
24-well microtiter plate containing 900 �l of water per well. A total of 300 �l of
0.03% CPC or 0.5% Allura red dye solution was carefully pipetted onto the
biofilm, and the plate was incubated at 37°C for 24 h to allow the agent to diffuse
from the insert through the biofilm and into the microtiter plate well. The
concentration of CPC in the well was measured by a bioassay as described above.
The concentration of Allura red dye was measured by spectroscopy at 490 nm as
described above.

Scanning electron microscopy. Biofilms cultured for 24 h in centrifugal filter
devices were perfused with water, and the devices were dried for 18 h at 30°C.
The filters were removed from the devices and dried for an additional 2 h at
37°C. The top surface of the dried biofilm was examined using a LEO 982 DSM
field emission scanning electron microscope (Zeiss). Imaging was done using
1-keV electrons at a working distance of 6 mm. Secondary electrons were col-
lected using an Everhart-Thornley detector. At least two independent areas near
the center of the filter were examined in each specimen at magnifications ranging
from �2,000 to �10,00.

Statistics and reproducibility of results. All fluid convection and solute trans-
port assays were performed in duplicate. All assays were performed on at least
three separate occasions, with nearly identical results. The significance of differ-
ences between means was calculated using a Student t test. A P value of �0.05
was considered significant.

RESULTS

PNAG decreases fluid convection through S. epidermidis and
A. pleuropneumoniae biofilms. S. epidermidis and A. pleuropneu-
moniae biofilms were cultured in the sample reservoirs of Mi-
crocon centrifugal filter devices (Fig. 1). Biofilms were cultured
directly on the filter, which had a 100-kDa nominal molecular
mass pore size. This device enabled us to measure the rate of
fluid convection through the biofilm by subjecting the devices
to low-speed centrifugation and measuring the flowthrough

TABLE 1. Bacterial strains

Strain Relevant characteristic Reference

S. epidermidis NJ9709 Wild type 14
S. epidermidis 9142 Wild type 18
S. epidermidis M10 Isogenic PNAG mutant of

9142
17

A. pleuropneumoniae IA5 Wild type 15
A. pleuropneumoniae

EI1001
Isogenic PNAG mutant of IA5 9

FIG. 1. Centrifugal filter device assay. Biofilms were cultured in the sample reservoirs of Microcon centrifugal filter devices as described in
Materials and Methods. The sample reservoir is positioned on top of a filter with a 100-kDa cutoff. Inocula were transferred directly to the sample
reservoir and incubated statically for 24 h. A biofilm formed directly on the filter surface. To measure fluid convection, devices were centrifuged
for increasing amounts of time and the flowthrough volume was measured. To measure solute transport, biofilms were first perfused with water
by centrifugation to rinse the biofilm and then perfused with the agent. The concentration of the agent in the flowthrough volume was measured.
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volume after increasing amounts of time (Fig. 2). The rate of
fluid convection through S. epidermidis and A. pleuropneumo-
niae biofilms was significantly less than the rate through control
centrifugal filter devices inoculated with sterile broth (Fig. 2).
For both species, the rate of fluid convection was significantly
increased when biofilms were cultured in the presence of the
PNAG-degrading enzyme dispersin B. Biofilms formed by S.
epidermidis wild-type strain 9142 exhibited a significantly lower
fluid convection rate than biofilms formed by the S. epidermidis
PNAG mutant strain M10 (Fig. 2B). Similarly, biofilms formed
by A. pleuropneumoniae wild-type strain IA5 exhibited a sig-

nificantly lower fluid convection rate than biofilms formed by
the A. pleuropneumoniae PNAG mutant strain EI1001 (Fig.
2C). These findings indicate that PNAG decreases fluid con-
vection through both S. epidermidis and A. pleuropneumoniae
biofilms.

Figure 3 shows scanning electron micrographs of S. epider-
midis and A. pleuropneumoniae biofilms cultured in centrifugal
filter devices. Note that the biofilms had been dehydrated prior
to examination and that such imaging does not directly reflect
the original three-dimensional biofilm structure. Biofilms pro-
duced by S. epidermidis strain NJ9709 contained an ultrastruc-
turally visible extracellular material (Fig. 3A) that was absent
in NJ9709 biofilm cultured in the presence of dispersin B (Fig.
3B). These results are similar to those of previous studies
showing the presence of an extracellular fibrous material in S.
epidermidis wild-type strains that was absent in PNAG mutant
strains (29). A. pleuropneumoniae IA5 biofilms contained a
similar extracellular material (Fig. 3C) that was absent in bio-
films produced by A. pleuropneumoniae PNAG mutant strain
EI1001 (Fig. 3D). A. pleuropneumoniae IA5 biofilms cultured
in the presence of dispersin B appeared to be similar to A.
pleuropneumoniae EI1001 biofilms (data not shown). These
findings suggest that PNAG may block fluid convection by
forming a matrix that impedes water flow through the open
spaces between the biofilm cells. In addition, wild-type biofilms
cultured in the absence of dispersin B appeared wet (smooth
and glossy) after centrifugation whereas wild-type biofilms cul-
tured in the presence of dispersin B, as well as PNAG mutant
biofilms, appeared dry (textured and mat). These observations
suggest that the PNAG matrix can bind a significant amount of
water.

PNAG sequesters CPC within the biofilm matrix. S. epider-
midis NJ9709 biofilms cultured in centrifugal filter devices
were perfused with 0.03% CPC, and the concentration of CPC
in the flowthrough volume was measured (Fig. 4A). No detect-

FIG. 2. Fluid convection through 24-h-old S. epidermidis and A.
pleuropneumoniae biofilms cultured in centrifugal filter devices. De-
vices were subjected to low-speed centrifugation, and the cumulative
flowthrough volume was measured after increasing amounts of time.
Blank filters were inoculated with sterile broth and incubated along-
side the biofilm-containing filters. (A) Fluid convection through S.
epidermidis NJ9709 biofilms cultured in the absence or presence of 20
�g of dispersin B (DspB) ml�1. (B) Fluid convection through S. epi-
dermidis 9142 biofilms cultured in the absence or presence of 20 �g
ml�1 of dispersin B and through S. epidermidis M10 (PNAG mutant)
biofilms. (C) Fluid convection through A. pleuropneumoniae IA5 bio-
films cultured in the absence or presence of 20 �g of dispersin B ml�1

and through A. pleuropneumoniae EI1001 (PNAG mutant) biofilms.
Values show means and ranges of flowthrough volumes for duplicate
centrifugal filter devices.

FIG. 3. Scanning electron micrographs of S. epidermidis and A.
pleuropneumoniae biofilms cultured in centrifugal filter devices. (A and
B) S. epidermidis strain NJ9709 cultured in the absence and presence
of 20 �g of dispersin B ml�1, respectively; (C and D) A. pleuropneu-
moniae wild-type strain IA5 and PNAG mutant strain EI1001, respec-
tively. Images show an area on the top surface of the biofilm near the
center of the filter.
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able CPC was present in the flowthrough volume (limit of
detection � 0.002%). However, when biofilms were cultured in
the presence of dispersin B, or when biofilms were perfused
with dispersin B prior to perfusion with CPC, a significant
amount of CPC was present in the flowthrough volume (Fig.
4A). In contrast, the azo dye Allura red was efficiently trans-
ported through S. epidermidis NJ9709 biofilms cultured in both
the absence and the presence of dispersin B, and a prerinse
with dispersin B did not significantly increase the concentra-
tion of dye in the flowthrough volume (Fig. 4B). These finding
suggest that PNAG impedes the flow of CPC, but not of Allura
red dye, through S. epidermidis biofilms.

To confirm that CPC and Allura red dye are transported
through S. epidermidis biofilms at different rates, we measured
the transport of these agents through colony biofilms cultured

on filter disks placed on agar surfaces (Fig. 4C and D) and
through biofilms cultured in cell culture inserts in broth (Fig.
4E and F). These assays depended on absorption and diffusion
for the transport of solutes through the biofilms, which closely
resembles the mode of solute transport through natural bio-
films (25). In both assays, the rate of CPC transport was sig-
nificantly less than the rate of dye transport. These findings
confirm that the differential data obtained for transport of
CPC and Allura red dye through S. epidermidis biofilms cul-
tured in centrifugal filter devices were not the result of an
artifact due to centrifugation of the biofilm cells.

We also measured the transport of CPC through A. pleuro-
pneumoniae wild-type IA5 and PNAG mutant EI1001 biofilms
cultured in centrifugal filter devices (Fig. 5A). Like the wild-
type S. epidermidis biofilms (Fig. 4A), A. pleuropneumoniae

FIG. 4. Transport of CPC (top panels) and Allura red dye (bottom panels) through S. epidermidis NJ9709 biofilms. (A and B) Centrifugal filter
device assay. Agents were added to the chambers of filter devices and perfused through the filters by low-speed centrifugation. Values show the
concentration of the agent in the flowthrough volume (for CPC) or the absorbance of the flowthrough solution (for Allura red dye) for control
filters inoculated with sterile TSB (Blank filter), filters inoculated with NJ9709 (Biofilm), filters inoculated with NJ9709 and cultured in the
presence of 20 �g of dispersin B ml�1 (DspB in broth), and filters inoculated with NJ9709 and perfused with 20 �g of dispersin B ml�1 by
centrifugation prior to addition of the CPC (DspB in rinse). (C and D) Colony biofilm assay. For panel C, a CPC solution was pipetted directly
onto a blood agar plate (No filter), onto a sterile filter placed on the agar surface (Blank filter), or onto a colony biofilm growing on a filter (Filter �
biofilm). The CPC was allowed to absorb into the agar for 15 min, after which the filter was removed and the plate was inoculated with a lawn
of NJ9709 cells. Values show the diameter of the zone of inhibition after 24 h. For panel D, a filter containing a colony biofilm was transferred
to a petri dish containing 2% low-gelling-temperature agarose. Allura red dye was pipetted onto the agarose surface, filter, or colony biofilm as
described for panel C and allowed to absorb into the agar for 15 min. Values show the absorbance (at 490 nm) of an agarose plug containing the
diffused Allura red dye. (E and F) Cell culture insert assay. Cell culture inserts containing biofilms were rinsed, placed in a fresh microplate
containing water, and filled with CPC or Allura red dye. Values show the concentrations of CPC (E) or Allura red dye (F) that diffused into the
microplate well after 24 h. As a control, inserts inoculated with sterile TSB (Blank insert) were used. In all panels, values show means and ranges
of the results of duplicate assays.
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IA5 biofilms significantly impeded the transport of CPC, and
CPC transport was significantly increased when IA5 biofilms
were cultured in the presence of dispersin B. In addition, CPC
transport levels were significantly higher in PNAG mutant
EI1001 biofilms than in wild-type IA5 biofilms (Fig. 5A). These
findings confirm that PNAG impedes transport of CPC
through bacterial biofilms.

To investigate the mechanism of CPC binding to A. pleuro-
pneumoniae and S. epidermidis biofilms, wild-type biofilms cul-
tured in centrifugal filter devices were perfused with 0.03%
CPC, and the biofilms were then perfused with water or 1 M
NaCl. The amount of CPC in the flowthrough volume after the
water or NaCl perfusions was then measured (Fig. 5B). For
both species, 1 M NaCl caused elution of a significant amount
of bioactive CPC from the biofilm. These findings suggest that

CPC may react directly with the biofilm matrix by means of
electrostatic interactions.

Binding of CPC to S. epidermidis NJ9709 biofilms cultured in
centrifugal filter devices significantly impeded fluid convection
through the biofilms (Fig. 5C). In addition, binding of CPC to
NJ9709 biofilms cultured in centrifugal filter devices, or as
colony biofilms on agar, significantly impeded transport of
Allura red dye (Fig. 5D). These findings confirm that binding
of CPC to S. epidermidis biofilms significantly alters their po-
rosity and filtration rate.

Effect of PNAG on transport of other solutes through S.
epidermidis and A. pleuropneumoniae biofilms. We also mea-
sured the transport of various other solutes through wild-type
S. epidermidis strain NJ9709 and A. pleuropneumoniae IA5
biofilms by the use of the centrifugal filter device assay (Fig. 6).
Transport of the cationic detergent BKC was significantly
greater than transport of CPC, with only about half of the BKC
being retained by the biofilms. However, like CPC, transport of
BKC was significantly increased when biofilms were cultured in

FIG. 5. Transport of CPC and Allura red dye through A. pleuro-
pneumoniae and S. epidermidis biofilms. (A) Transport of CPC through
A. pleuropneumoniae biofilms cultured in centrifugal filter devices.
Values show the concentration of CPC in the flowthrough volume for
a control filter inoculated with sterile MHB (Blank filter), a filter
inoculated with wild-type strain IA5, a filter inoculated with PNAG
mutant strain EI1001, and a filter inoculated with IA5 and cultured in
the presence of 20 �g of dispersin B ml�1 (IA5 � DspB). (B) Elution
of CPC from A. pleuropneumoniae IA5 and S. epidermidis NJ9709
biofilms in centrifugal filter devices. Biofilms were perfused by centrif-
ugation with 0.03% CPC and then with water. The values show the
concentrations of CPC in the flowthrough volume after a third perfu-
sion with water or 1 M NaCl. (C) S. epidermidis NJ9709 biofilms
cultured in centrifugal filter devices were perfused with water or CPC,
and the rate of water convection was then measured as described for
Fig. 1. (D) Transport of Allura red dye through S. epidermidis NJ9709
biofilms cultured in centrifugal filter devices or as colony biofilms.
Biofilms were perfused with water or CPC prior to the addition of the
Allura red dye. Values show the absorbance of the flowthrough volume
(for the centrifugal filter assay) or the absorbance of an agarose plug
containing the absorbed dye (for the colony biofilm assay). In all
panels, values show means and ranges of the results of duplicate assays.

FIG. 6. Transport of solutes through S. epidermidis NJ9709 (A) and
A. pleuropneumoniae IA5 (B) biofilms cultured in centrifugal filter
devices. Biofilms were cultured in the absence or presence of dispersin
B. Percentages of flowthrough volume were calculated as follows:
(concentration of the agent that flowed through the biofilm/concen-
tration of the agent that flowed through a blank filter device) � 100.
The solutes tested were CPC, vancomycin (VAN), tetracycline (TET),
BKC, Allura red dye (RED 40), and rifampin (RIF). Values show
means and ranges of the results obtained with duplicate filter devices.
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the presence of dispersin B. The presence of dispersin B in the
culture medium also significantly increased the transport of
vancomycin and tetracycline. Rifampin was efficiently trans-
ported through both S. epidermidis and A. pleuropneumoniae
biofilms.

DISCUSSION

Our findings indicate that PNAG matrix polysaccharide sig-
nificantly alters the physical properties of bacterial biofilms.
This conclusion is based on the fact that removal of PNAG
from the biofilm matrix, either by dispersin B-mediated deg-
radation or by a chromosomal mutation in the PNAG biosyn-
thetic genes, significantly increased the hydraulic conductance
and filtration rate across the biofilm (Fig. 2). The low perme-
ability of A. pleuropneumoniae and S. epidermidis biofilms
could be due to clogging of the matrix by PNAG polymer, as
evidenced by the presence of an ultrastructurally visible extra-
cellular material (Fig. 3), or by the formation of a semiliquid or
viscous hydrogel within the matrix, as evidenced by the wet
appearance of wild-type biofilms compared to the dry appear-
ance of dispersin B-treated wild-type biofilms and PNAG mu-
tant biofilms. These low-permeability and water-resistant prop-
erties of the PNAG matrix are likely to influence the relative
effective diffusivity of solutes through the biofilms (25).

CPC is a cationic detergent that is widely used as an anti-
septic agent. CPC reacts with phospholipids in the cytoplasmic
membrane, causing membrane distortion and cell lysis due to
osmotic stress (20). Several studies have shown that biofilm
bacteria exhibit significantly increased resistance to CPC com-
pared to the resistance exhibited by planktonic cells (2, 9, 10,
30). Depolymerization of PNAG by dispersin B has been
shown to render S. epidermidis and A. actinomycetemcomitans
biofilm cells sensitive to killing by CPC (9, 10), indicating that
the PNAG matrix contributes to biofilm-mediated CPC resis-
tance. In the present study we showed that CPC binds revers-
ibly to the PNAG-containing matrix of A. pleuropneumoniae
and S. epidermidis (Fig. 4 and 5). These findings suggest that
PNAG may sequester CPC within the biofilm matrix, thereby
preventing it from contacting the biofilm cells. We were unable
to utilize dilution plating to determine whether perfusion of
biofilms with CPC killed biofilm cells cultured in centrifugal
filter devices, because mechanical disruption of perfused bio-
films alone caused a dramatic increase in CPC susceptibility
(unpublished data).

Bioactive CPC could be eluted from biofilms by treatment
with 1 M NaCl, suggesting that CPC binds to biofilms by means
of electrostatic interactions and that CPC is not significantly
altered as a result of its binding to biofilm cells or biofilm
matrix components. Since both CPC and PNAG are cationic,
however, it is possible that CPC binds to PNAG by means of its
hydrophobic tail. Another interesting possibility is that CPC
binds to double-stranded DNA. Previous studies showed that
DNA is a component of the extracellular matrix in both S.
epidermidis biofilms (24) and A. pleuropneumoniae biofilms
(unpublished data). Cationic detergents are known to bind to
and precipitate DNA (12), and detergent-DNA complexes can
be dissolved by treatment with 1 M NaCl (11). Also, cationic
detergents such as cetylpyridinium bromide and cetyl trimeth-
ylammonium bromide, both with C16 side chains, bind DNA

more efficiently than detergents with shorter side chains (21).
This may explain why CPC (C16 side chain) was retained by S.
epidermidis biofilms more efficiently than BKC (C12 side
chain). If this model is correct, then PNAG may form a stable
complex with DNA which is disrupted by dispersin B-mediated
depolymerization of PNAG. The formation of a CPC-DNA
precipitate could also account for the decreased transport of
Allura red dye through S. epidermidis biofilms that were pre-
treated with CPC (Fig. 5D).

We found that rifampin readily perfused through S. epider-
midis biofilms cultured in centrifugal filter devices (Fig. 6).
These findings are consistent with those of other studies show-
ing that rifampin diffuses through S. epidermidis biofilms cul-
tured on dialysis membranes (5) and through S. epidermidis
colony biofilms cultured on filter disks on agar (31). It is in-
teresting to note that depolymerization of PNAG by dispersin
B increased the rate of transport of vancomycin through S.
epidermidis biofilms (Fig. 5). These results suggest that vanco-
mycin may react directly with the PNAG-containing matrix.
This hypothesis is consistent with the results of previous stud-
ies showing that slime extracted from S. epidermidis, which
contains PNAG, inhibits the antimicrobial action of glycopep-
tide antibiotics, including vancomycin (6).

In conclusion, we developed a novel centrifugal filter device
assay that can be used to investigate the physical properties of
the biofilm matrix. Our findings demonstrate that the biofilm
matrix polysaccharide PNAG significantly impedes fluid con-
vection and solute transport through biofilms. Even though this
assay relies on the forced transport of water and solutes
through the biofilm by centrifugation, the results obtained
closely resembled those obtained using colony biofilm and cell
culture insert biofilm assays which rely on the more natural
processes of adsorption and diffusion for solute transport.
Therefore, the centrifugal filter device assay appears to accu-
rately measure the physical properties of the biofilm matrix.
The centrifugal filter device assay could be a useful tool for
studying the physical, chemical, and biological properties of
biofilm matrix components and for testing novel antibiofilm
agents that target, destabilize, or destroy the physical integrity
of the biofilm matrix.
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