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A new technique for the determination of local diffusion
coefficients in biofilms is described. It is based on the
microinjection of fluorescent dyes and quantitative
analysis of the subsequent plume formation using con-
focal laser microscopy. The diffusion coefficients of fluo-
rescein (MW 332), TRITC-IgG (MW 150000) and phyco-
erythrin (MW 240000) were measured in the cell clusters
and interstitial voids of a heterogeneous biofilm. The dif-
fusivities measured in the voids were close to the theo-
retical values in water. Fluorescein had the same diffu-
sivity in cell clusters, voids, and sterile medium. TRITC-
IgG did not diffuse in cell clusters, presumably due to
binding to the cell cluster matrix. After treatment of the
biofilm with bovine serum albumin, binding capacity de-
creased and the diffusion coefficient could be measured.
The diffusivity of phycoerythrin in cell clusters was im-
peded by 41%, compared to interstitial voids. From the
diffusion data of phycoerythrin it was further calculated
that the cell cluster matrix had the characteristics of a gel
with 0.6 nm thick fibers and pore diameters of 80 nm. ©
1997 John Wiley & Sons, Inc.
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INTRODUCTION

Microbial conversions in biofilms are controlled by growth
kinetics and mass transport processes. Therefore, direct de-
termination of mass transport resistances in biofilms are
necessary for the modeling of substrate conversion rates.
Furthermore, mass transport resistance has been cited fre-
quently as the cause of the reduced efficacy of antibiotics,
biocides, and antibodies to biofilm cells as compared to
suspended cells (Anwar et al., 1992; Griebe et al., 1994;
Marrie et al., 1979; Nichols et al., 1989). Conventionally,
molecular diffusion is considered the predominant mecha-
nism for solute transport in biofilms. Consequently, internal
mass transport is frequently described using a single effec-
tive diffusion coefficient (De). Numerous studies reporting
measurements of the De of various compound in biofilms
and microbial aggregates have been reviewed (Christensen
and Characklis, 1990; Libicki et al., 1988; Siegrist and
Guyer, 1985). Literature values show a wide range of varia-
tion, De being 1%–900% of the diffusion coefficient in wa-

ter (Dw), reflecting the variety of biofilms studied as well as
the different measurement methods. The De/Dw ratios for
substrates with small molecular weights, such as oxygen,
glucose, ammonium, and nitrate, in spontaneously grown
biofilms and microbial aggregates are assumed to be around
0.9 (Christensen and Characklis, 1990). Diffusion of mac-
romolecules such as DNA, dextrans, and proteins may be
more strongly impeded by biofilm matrices, resulting in
decreased De/Dw ratios. Diffusion experiments with such
molecules have been reported only for gel matrices, how-
ever, biofilms can be considered as highly hydrated gels
(Christensen and Characklis, 1990). An extensive review on
diffusion phenomena in gels is given by Westrin (1991). It
has been shown that the De/Dw of proteins diffusing through
agarose gels is inversely correlated with their molecular
weight (Arnold et al., 1985; Boyer and Hsu, 1992). This is
due to gel matrix polymers obstructing diffusion (Rodbard
and Chranbach, 1970) as well as hydrodynamic drag at the
matrix polymer-solvent interface (Brenner and Gaydos,
1977). The impeded diffusion of large molecules in gels is
strongly influenced by the microstructure of the gel matri-
ces. Consequently, information about the microstructure of
the biofilm matrix may be derived from diffusion data.
However, reversible binding of the diffusing compound to
the polymer matrix may decrease the diffusivity in gels
(Radomsky et al., 1990).
Diffusivities in biofilms have been estimated by measur-

ing transient or steady state fluxes through biofilms in dif-
fusion chambers or in uptake experiments. If the experi-
ments are performed with a nonreacting compound or with
killed biofilms, De can be calculated by fitting the measured
fluxes to a diffusion model. In the case of a reacting com-
pound, a reaction-diffusion model is required.
Recent application of confocal scanning laser microscopy

(CSLM) to biofilm research has shown that biofilms can
have a complex structure consisting of cell clusters, discrete
aggregates of microbial cells in an EPS matrix, and inter-
stitial voids, open channels connected to the bulk liquid (de
Beer et al., 1994b; Lawrence et al., 1991; Massol-Deya et
al., 1994). It was shown that in voids both convection and
diffusion can occur, although in cell clusters molecular dif-
fusion is the sole mechanism responsible for mass transport
(de Beer et al., 1994c). The average De determined in natu-
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rally grown biofilms, using the methods described above,
may comprise both diffusional and convectional transport.
This may explain why De values higher than Dw have been
reported (Libicki et al., 1988; Siegrist and Gujer, 1985). It is
possible that substances, such as biocides, antibiotics, and
antibodies, can be transported readily through biofilm voids
but cannot penetrate into the cell clusters where the bacteria
are localized. For a more complete description of mass
transport it is necessary to know the local diffusion coeffi-
cients within the biofilm (i.e., in the voids and in the cell
clusters).
Local diffusivities have been measured with the fluores-

cence recovery after photobleaching (FRAP) technique. If
FRAP is used with conventional microscopy it is suitable
for 2-D diffusion measurements (e.g., mobility of a species
in a membrane (Axelrod et al., 1976). FRAP in combination
with confocal scanning laser microscopy (CSLM) theoreti-
cally enables 3-D diffusion studies (Blonk et al., 1993).
Our goal was to measure diffusion coefficients of various

compounds in defined regions of an intact, heterogenous
biofilm and, using these data, to describe the microstructure
of the biofilm matrix. We developed a method for the mea-
surement of diffusion coefficients by analyzing the plume
formation after microinjection of fluorescent dyes. Essen-
tially, the calculations for diffusion coefficients are similar
to those necessary for FRAP. However, instead of diffusion
into an area depleted of dye, the diffusion of a dye out of an
initial spherical plume is followed. The method is straight-
forward and the numerical procedures are simpler than
those used in the FRAP method.

MATERIALS AND METHODS

Biofilm Reactor

The reactor system consisted of a polycarbonate closed
channel (0.5 cm wide, 1.0 cm deep) flow cell in a recycle
loop which also includes an aeration/mixing chamber. The
flow cell had a rectangular glass coverslip viewing port (60
× 24 mm) 15 cm from the inlet. The inlet port was tapered
in a 14° angle to minimize entrance effects. The flow cell
was connected to the support system with flexible tubing so
it could be mounted on a microscope stage. The biofilm
developed on the coverslip could be microscopically exam-
ined in situ and was accessible for specially designed ‘‘J’’
shaped micropipettes (Fig. 1) (de Beer et al., 1994c). The
reactor was initially filled with a minimal salts medium (2.2
mM KH2PO4, 4 mM K2PO4, 0.76 mM (NH4)2SO4, 4.1 ×
10−2 mM MgS4O, and 2.2 mM glucose, pH 7.0) and inocu-
lated with frozen stock cultures ofKlebsiella pneumonia,
Pseudomonas fluorescens and Pseudomonas aeruginosa.
The reactor was run in batch mode for 6 hours to allow
colonization of the coverslip and subsequently was switched
to continuous culture with a liquid residence time of 26
minutes and recycle flow rate of 4.5 mL/s (Uavg 4 9.5
cm/s). The biofilm was allowed to develop for 4–5 days

before performing the diffusion experiments. All experi-
ments were performed at 20 ± 1°C.

Confocal Microscopy

The biofilm structure was visualized using confocal micros-
copy (Bio-Rad MRC600 attached to an Olympus BH2 light
microscope, with 10X or 20X objectives (de Beer et al.,
1994b). The biofilm was slightly autofluorescent when ex-
cited at 488 nm and could be imaged without staining,
avoiding possible interference with the dyes used for diffu-
sion analysis. Image analysis was performed using the Bio-
Rad COMOS software. The void fraction (or surface cov-
erage) of the biofilm was measured using a thresholding
technique in which the threshold was adjusted manually
until the biofilm clusters were white and the surrounding
voids black. The software then returned the proportion of
black to white areas.

Microinjection Technique

The local diffusion coefficients in cell clusters and voids
were determined by injecting small volumes of fluorescent
dye. A nanoliter pump (Model A1400 World Precision In-
struments [WPI], Sarasota, FL), with a ‘‘J’’ shaped micro-
pipet was used to inject dye into the biofilm. The micropipet
was made by first pulling a glass capillary (1 mm, 1B100-4,
WPI) to a microtip of 5–10mm, and then bending it 90° at
4 mm and 45 mm from the tip to form the ‘‘J’’-shape. The
micropipet was filled with mineral oil and connected to the
pumphead. The tip was filled by dipping it into the dye
solution and running the pump in reverse. Special care was
taken to avoid the inclusion of air bubbles inside the pipet.
The pumphead with the micropipet was mounted on a mi-
cromanipulator (Model M3300R WPI) with a stepper motor
(Model 18503 Oriel, Stratford, CT) to enable positioning
with 1 mm accuracy. The tip was positioned inside a cell
cluster or void using the micromanipulator under micro-
scopic observation. Exact positioning of the tip in the focal

Figure 1. Schematic of the experimental set-up: pumphead with J-shaped
micropipet, confocal microscope lens, flow cell, and observation window
with biofilm.
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plane was performed using the CSLM. The pump rate was
set at 0.1 nl/s and the injection time was 1 second. The
pulses were delivered by positioning the tip 500mm below
the focal plane, switching the pump on, moving the micro-
pipet into the focal plane, removing it after 1 second, and
then switching off the pump. The velocity of the microma-
nipulator was 500mm/s.
To avoid convection in the reactor the recycle pumps

were turned off for a few minutes before dye injection into
the cell clusters and the voids. However, to measure the
diffusion coefficient of fluorescein in sterile medium, the
reactor had to be left overnight to obtain complete stag-
nancy. The diffusion coefficient of IgG TRITC conjugate
and phycoerythrin could not be measured in sterile medium
because the tip of the micropipet plugged in the time re-
quired to achieve complete stagnation.

Fluorecent Dyes

Three dyes were used in the experiments: 1) fluorescein
(Sigma, St. Louis, MO); 2) antimouse IgG (whole mol-
ecule) TRITC conjugate (2 g/l, Sigma, St. Louis, MO); 3)
R-phycoerythrin (4 g/l, Molecular Probes, Eugene, OR) pre-
pared as instructed in 0.1 M sodium phosphate and 0.1 M
sodium chloride.
TRITC conjugated IgG was also tested after bovine se-

rum albumin (fraction V, Sigma, St Louis MO) was added
to the reactor to achieve final concentration of 20 g/l and
allowed to incubate for 30 minutes.

Factors Influencing Fluorescence

The relationship between the dye concentration in the mini-
mal salts medium and its fluorescent intensity was measured
from CSLM images of the liquid. To avoid differences due
to light extinction with depth, the images were captured at
the same focal plane, just below the liquid/air interface
where a maximum intensity was reached. This depth was
found from sectioning through the air/liquid interface into
the liquid. The average fluorescent intensities of the full
images (768 × 512 pixels) were measured. The settings of
the CSLM were the same for all the dye concentrations
tested.
The rate of photobleaching was evaluated by subjecting a

polycarbonate membrane filter (0.2mm; Poretics, Liver-
more, CA) soaked wtih the dye to different laser intensities,
and recording the average fluorescent intensity of the full
image during 1 minute. To avoid complications, the laser
intensity during the diffusion measurements was adjusted so
that photobleaching was negligible.
The fluorescence of fluorescein in the cell clusters was

found to be less intense than in the void areas, possibly
because of quenching by EPS. To estimate the extent of EPS
quenching, the fluorescence intensity of each of the dyes
dissolved in various concentrations of kelp alginate (sodium
salt, low viscosity, Sigma A 2158, St Louis, MO) was mea-
sured. Alginate was used because it is an important con-

stituent of biofilm EPS and has been well-described in the
literature (Christensen and Characklis, 1990; Siebel and
Characklis, 1991).

Determination of Diffusion Coefficients

Sequences of images of the fluorescent plume developing
around the micropipet tip were recorded at equal time in-
tervals. The average fluorescence intensity of a 9 × 6pixel
box was recorded at a defined radial distance from the point
of origin for each of the images in the sequence. Subse-
quently, the peak time (the time between pulse delivery and
maximal fluorescent intensity) was determined. The distri-
bution of a substance diffusing from an instantaneous
spherical source in an infinite medium is described by the
equation (Crank, 1975):

Cr 4
1

2
C0 Serf a+r

2=Dt
+ erf

a − r

2=Dt
D

−
C0
r ÎDt

p
~e−~a−r!2/4Dt − e−~a+r!2/4Dt!. (1)

The diffusion coefficient can then be found by reiterative
curve fitting so that it is consistent with the measured peak
time at the known radial distance.

Estimation of Microstructure from Diffusion Data

We used the diffusion data from phycoerythrin to obtain
structural information about the cell cluster matrix. Phyco-
erythrins are light-harvesting molecules in algae and have
evolved to maximize absorbance and fluorescence, the wa-
ter-soluble proteins do not bind nonspecifically to cells
(Glazer, 1988). These properties make it an excellent com-
pound to study purely diffusional phenomena of large mol-
ecules.
If the cell cluster matrix is considered a porous solid

medium, the impedance of the matrix is determined by the
porosity and tortuosity:

De

Dw
4

e

t2
(2)

The value fore/t2 can be determined with a nonreacting,
low MW tracer, such as3H2O (Rudd et al., 1986). In this
study we used fluorescein as the tracer. It has been shown
that De/Dw in gels also depends on the MW of the diffusing
compound (Arnold et al., 1985; Boyer and Hsu, 1992). Con-
sequently, Eq. 2 does not give a general relation between
matrix structure and diffusion phenomena for both small
and large molecules. For large molecules the molecular ra-
dius of the diffusing compound and the pore size of the
matrix have to be taken into account, which is expressed in
the modified Renkin equation (Satterfield et al., 1973).
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With Eq. 3, Rp of the cell clusters was calculated from
measured diffusion data. Ra was calculated from the mea-
sured diffusion coefficient in medium using the Stokes–
Einstein relation:

DW4
kBT

6phRa
. (4)

The thickness of the polymer fibers was estimated using
Ogstens theory for hindered diffusion (Muhr and Blanshard,
1982):

De

DW
4 e−wp

0.5SRa+Rf

Rf
D
. (5)

RESULTS

The biofilms consisted of cell clusters attached to the sub-
stratum, separated by voids. The thickness of the cell clus-
ters was 150–200mm and their width was 150–300mm. The
void fraction was approximately 50%.

Factors Affecting Fluorescence

The fluorescence intensity of fluorescein in medium was not
linear with concentration (Fig. 2a), but had a maximum at
about 2 mM. Additionally, fluorescence intensity was de-
creased by alginate with a 50% reduction at a concentration
of 2% (Fig. 2b). Quenching by alginate was the same for
0.01 and 2 mM fluorescein. The optical density of the al-
ginate solutions, measured at 488, 560, and 668 nm, differed
less than 1% from water. Since the alginate concentration in
the biofilms was unknown and because of the nonlinearity
of the fluorescence intensity with the dye concentration, the
fluorescence intensity was not considered a reliable indica-
tion for the local fluorescein concentration. However, below
a concentration of 2 mM the fluorescence intensity was
positively correlated to the dye concentration. Therefore,
the peak in fluorescence intensity, at a defined radial dis-
tance from the micropipet tip, corresponded to the maxi-
mum fluorescein concentration. The fluorescence intensity
of TRITC-IgG was proportional to the concentration and no
quenching by alginate was observed (data not shown). Fluo-
rescence intensity of phycoerythrin was also proportional to
concentration, but was quenched by 75% in a 3% alginate
solution (data not shown).

Measured Diffusion Coefficients

After a pulse injection of fluorescein or phycoerythrin in the
voids or cell clusters, the fluorescent plume expanded away
from the micropipet tip. As it expanded it simultaneously
faded in intensity, due to dilution of the dye, until back-
ground levels were reached (Fig. 3). The diameter of the

initial plume was usually about 20mm, corresponding to a
volume of 3.4 × 10−2 nl. The volume of the injected dye was
at least three orders of magnitude smaller than the volume
of the cell clusters and probably had negligible effects on
the cell cluster structure. The same was observed upon in-
jection of TRITC-IgG into voids, however, in the cell clus-
ters the plume expanded only slightly and did not fade.
Consequently, peak times could not be measured. After pre-
treatment with bovine serum albumin (2%, 30 minutes) in-
jection of TRITC-IgG resulted in an expanding plume of
decreasing fluorescence intensity, similar to the observa-
tions with fluorescein and phycoerythrin. Although the fluo-
rescent intensity did not decrease to background levels, peak
times could be recorded.
An example of the observed fluorescence intensity at a

defined distance from the point of origin and the calcula-
tions using Eq. 1 is shown in Figure 4. Estimated values of
diffusion coefficients in voids, cell clusters and sterile me-
dium are presented in Table 1.
Information on the microstructure of the cell clusters was

calculated from the phycoerythrin diffusion data. The poly-
mer volume fraction (wp) was assumed to be 0.04, with a
corresponding value for the porosity of the matrix (e) of
0.96 (Christensen and Characklis, 1990). Because the fluo-
rescein diffusion was almost unaffected by the biofilm ma-
trix, the tortuosity was close to unity (1.02). The molecular

Figure 2. The fluorescence intensity (FI, expressed as FI/FI(max)) of fluo-
rescein was not linearly related to fluorescein (A) or alginate concentration
(B).
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radius of phycoerythrin was calculated, using Eq. 4, to be
5.5 nm. From these data and the De/Dw ratio of phycoery-
thrin, using Eq. 3, a pore diameter of 80 nm was calculated.
According to Eq. 5, the thickness of the polymer fibers was
0.6 nm.

Calculated Diffusion Coefficients

The theoretical diffusion coefficients of the dyes was cal-
culated for comparison with the measured values. The theo-
retical molecular diffusion coefficient of fluorescein in wa-
ter calculated with the Wilke–Chang method (Treybal,
1981) is 0.48 × 10−9 m2/s. This value is very close to our
measured values in sterile medium (0.55 × 10−9 m2/s) and
voids (0.6 × 10−9 m2/s). The measured values were also
similar to reported values at 25°C (0.5 × 10−9 m2/s (Berg,
1983; Nugent and Jain; 1984); 0.55 × 10−9 m2/s) (Rodom-
sky et al., 1990), indicating that microinjection is a reliable
technique for the determination of local diffusion coeffi-
cients.
For the larger phycoerythrin and TRITC-IgG molecules

an empirical equation was used to find the Dw (Young et al.,
1980):

DW4 8.34× 10−12S T

hMW
1⁄3D (6)

The reported average error of Eq. 6 is 19% for proteins with
MW ranging from 16,890 to 225,000 (Boyer and Hsu,
1992). The calculated Dw, according to Eq. 6, for IgG was
4.6 × 10−11 m2/s, 29% below the value measured in voids

Figure 4. Measured fluorescence intensity (m, FI, expressed as FI/
FI(max)) and calculated concentrations (−, C, expressed as C/C(max)) of
fluorescein at a radius of 140mm from the tip of the microcapillary after
dye injection. The solid vertical lines indicate the peak times for each
calculation, the numbers in the boxes represent the various values of D (×
1010 m2/s) for the various peak times.

Figure 3. The expansion and dissipation of a fluorescent plume after a pulse injection of fluorescein dye monitored with confocal microscopy. The
diffusion coefficient was calculated from the time taken for a concentration wavefront to reach a known distance from the origin. Images were taken at
the indicated times (s) after injection. Scale bar4 250mm.
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and for phycoerythrin 3.9 × 10−11m2/s, which was equal to
the measured value in voids.

DISCUSSION

Quantitative analyses of the fluorescent plumes developed
upon microinjection allowed determination of local diffu-
sion coefficients in biofilm voids and clusters.
It was not possible to give a pulse injection with a sta-

tionary pipet because of the slow response time of the
pumping system. Either the plume appeared after a few
seconds delay or dye continued to be dispensed after the
pump was switched off. Either flaw will result in underes-
timation of the diffusion coefficient. This was possibly
caused by compressability in the system; from microscopic
air bubbles in the tubing, the elasticity of the tubing, or the
dye itself. With the method using a moving pipet, while
continuously pumping dye, these problems were avoided. A
greater concern was that the movement of the microelec-
trode and the pumping of the dye may induce convection
currents in the dye and surrounding liquid resulting in the
overestimation of the diffusion coefficient. Another as-
sumption was that the dye plume was spherical but because
we observed the plume expand in one plane only, we could
not verify this. We could observe dispersion in the plane
perpendicular to the dye injection but not in the plane par-
allel with the dye injection. It is probable that effects such
as these resulted in the differences between the observed
data curve and the family of curves predicted from the dif-
fusion model shown in Figure 4. However, the calculated
diffusion coefficient for fluorescein in sterile media using
this technique was similar to the theoretical value in water
and other measured values using different techniques. Al-
though we also tried to measure the diffusion coefficients of
IgG and phycoerythrin in sterile media, for controls, we had
problems maintaining convection-free liquid. The design of
a stagnation chamber that could be viewed microscopically
and allow microelectrode access may be difficult but is
necessary to validate the technique for other dyes and more
extensive transport studies.
The method with the moving pipet was also used for the

experiments with TRITC-IgG and phycoerythrin.

The measured diffusion coefficients of fluorescein in cell
clusters and voids were very close. Therefore, it was con-
cluded that the diffusivities of nonbinding compounds with
molecular weights comparable to that of fluorescein are not
significantly decreased in cell clusters. Many nutrients, as
well as biocides and antibiotics, have molecular weights of
the same order of magnitude or less, as that of fluorescein.
This implies that the strongly reduced efficacy of antibiotics
and biocides against biofilms can not necessarily be ex-
plained by the diffusion resistance of the matrix for these
compounds as hypothesized previously (Costerton et al.,
1987). The reduced efficacy of chemical challenges to bio-
film bound cells must be due to other mechanisms, such as
binding or neutralization of the biocidal compounds in the
biofilm matrix (de Beer et al., 1994a), or physiological dif-
ferences between biofilm cells and suspended cells (Brown
et al., 1988; Eng et al., 1991; Nichols et al., 1989).
The diffusion of large molecules is impeded by the cell

cluster matrix, as indicated by the De/Dw ratio of TRITC-
IgG and phycoerythrin. The cell cluster matrix can reduce
the diffusivity of large molecules in at least two ways: (1)
by physical obstruction or (2) by molecular binding.
TRITC-IgG diffusion is much more strongly impeded than
phycoerythrin, although it is a smaller protein. The diffusion
coefficient seemed to be strongly reduced by nonspecific
binding of the TRITC-IgG with the cell cluster matrix. Ini-
tially no diffusion could be detected at all in cell clusters,
since all of the injected TRITC-IgG was apparently bound
to the cells or polysaccharide matrix. However, after expo-
sure of the biofilm to BSA, IgG did diffuse, presumably
because BSA blocked a part of the binding sites. The De/Dw

ratio of TRITC-IgG in cell clusters in BSA treated biofilms
was close to the value of 0.32 reported for mucus material
(Radomsky et al., 1990).
From Eq. 4, using the measured Dw for phycoerythrin, a

value for Ra of 5.5 nm was calculated, thus the pore diam-
eter of the cell cluster matrix must be at least 10 nm to allow
diffusion of phycoerythrin. A previous study showed that
300 nm BSA treated latex beads do not penetrate cell clus-
ters (de Beer et al., 1994b). Consequently, the pore diameter
of the cell cluster matrix is between 10 and 300 nm.

Table I. Diffusion coefficients (D) for fluorescein, TRITC-IgG, and phycoerythrin at different
locations in the biofilm.*

Dye MW Injection location D× 10−10 (m2/s) Dc/Dv

Fluorescein 332 Sterile medium 5.5 (± 0.4) —
Biofilm void 6.0 (± 0.8) —
Cell cluster 5.8 (± 1.0) 0.97

TRITC-IgG 150K Biofilm void 0.65 (± 0.07) —
Cell cluster 0 0
Cell cluster after 30
minutes exposure to
2% BSA 0.20 (± 0.03) 0.31

Phycoerythrin 240K Biofilm void 0.39 (± 0.04) —
Cell cluster 0.23 (± 0.03) 0.59

*Dc/Dv is the ratio of the measured diffusion coefficients in cell clusters and voids.
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By applying Eqs. 2–5 on the diffusion data and molecular
size of phycoerythrin a more precise description of the ma-
trix was obtained. The tortuosity in cell clusters, calculated
with Eq. 2, for phycoerythrin and fluorescein was 1.26 and
1.02, respectively. Since the matrix structure is not influ-
enced by the diffusing compounds, Eq. 2 cannot be used to
describe diffusion phenomena for both large and small mol-
ecules in cell clusters. The diffusion data of phycoerythrin
revealed that the biofilm had the characteristics of a gel with
a pore diameter of 80 nm (calculated using Eq. 4) and fibers
0.6 nm thick (calculated using Eq. 5). This suggests that
only particles smaller than 80 nm can diffuse through the
cell cluster matrix, although bigger particles, such as cells,
are entrapped. This calculated value of the biofilm matrix
pore diameter is within the limits of 11 and 300 nm as
estimated from the diameters of phycoerythrin and latex
beads. For agarose gels, a pore diameter of 300 nm and a
fiber diameter of 3–6 nm is reported (Waki et al., 1982).
The theoretical diffusivity of IgG in cell clusters was

calculated assuming the above-described gel structure that
would only physically obstruct diffusion. Using Eq. 3 and
Eq. 4, a De/Dw ratio of 0.7 was calculated. In untreated
biofilms this ratio was 0, after BSA treatment 0.7. This
shows that the IgG diffusion is influenced much more by
binding to bacterial cells and matrix polymers than by
physical obstruction, even in BSA-treated biofilms. It
should be emphasized that with the technique of microin-
jection the diffusion coefficient is measured under transient
conditions. This may be different from the diffusion of sub-
strates and products under steady state conditions, when the
rate of substrate transport into the biofilm is equal to the
conversion rate. Binding is inherently a transient process.
Only after binding has stopped (when binding is in equilib-
rium with dissociation or when all binding sites are occu-
pied) steady state is possible, during which no further bind-
ing occurs. Consequently, transient state measurements un-
derestimate the diffusion coefficients for steady state
transport if the compound can bind to the matrix (Libicki et
al., 1988).
Eqs. 3 and 5 are based on several simplifying assump-

tions and can give only a rough indication of the cell cluster
matrix microstructure. More detailed studies on transport
phenomena of compounds with different sizes, shapes, and
binding properties are needed, as well as measurements in
other types of biofilms. Such studies, combined with ex-
aminations using TEM and SEM focused on the visualiza-
tion of EPS fibers, will permit a better insight in the relation
between the biofilm microstructure and transport phenom-
ena.

CONCLUSIONS

The resistance of the biofilm cell cluster matrix to diffusion
of fluorescein, a small nonbinding molecule, is negligible.
The diffusion coefficient of phycoerythrin (MW 240000) in
cell clusters was 41% less than in biofilm voids. The mea-
sured impedance of phycoerythrin diffusivity indicates that

the microstructure of cell clusters was equivalent to a poly-
mer gel consisting of fibers, 0.6 nm thick, forming a net-
work with pores of 80 nm diameter. The reduced efficacy of
nonreactive low molecular weight antimicrobial agents on
biofilm cells may not necessarily be caused by diffusion
resistance.

The research was supported by the cooperative agreement EED-
8907039 between the National Science Foundation and Montana
State University. The authors thank James D. Bryers and Gill G.
Geesey for their valuable advise and discussions and Peg Dirckx
for providing the graphics.

NOMENCLATURE

a diameter of initial sphere m
Co initial concentration mol/m3

Cr concentration at radius r mol/m3

D diffusion coefficient m2/s
De effective diffusion coefficient m2/s
Dw diffusion coefficient in water m2/s
Dc diffusion coefficient in cell clusters m2/s
Dv diffusion coefficient in biofilm voids m2/s
kB Boltzmann constant J/K
MW molecular weight g/mol
r radius m
Ra molecular radius diffusing compound m
Rf radius polymer fiber m
Rp pore radius in polymer gel m
t time s
T temperature K
e porosity—
h viscosity Pa.s
t tortuosity—
wp polymer volume fraction—
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