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Abstract: The mobility of water in intact biofilms was
measured with pulsed field gradient nuclear magnetic
resonance (PFG-NMR) and used to characterise their dif-
fusive properties. The results obtained with several well-
defined systems, viz. pure water, agar, and agar contain-
ing inert particles or active bacteria were compared to
glucose diffusion coefficients measured with micro-
electrodes and those calculated utilising theoretical dif-
fusion models. A good correspondence was observed
indicating that PFG-NMR should also enable the mea-
surement of diffusion coefficients in heterogeneous bio-
logical systems. Diffusion coefficients of several types
of natural biofilms were measured as well and these re-
sults were related to the physical biofilm characteristics.
The values had a high accuracy and reflected the prop-
erties of a sample of ca. 100 biofilms, while non-
uniformity or non-geometrical shapes did not negatively
influence the results. The monitored PFG-NMR signal
contains supplementary information on e.g. cell fraction
or spatial organisation but quantitative analysis was not
yet possible. © 1998 John Wiley & Sons, Inc. Biotechnol Bio-
eng 60: 283–291, 1998.
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INTRODUCTION

The advantages of immobilized microorganisms compared
to suspended cells are widely acknowledged in industrial
systems. Immobilized microorganisms can be easily re-
tained in the reactor, which allows high biomass concentra-
tions, short residence times, and facilitates down-stream
processing (Karel et al., 1985). Under specific conditions,
microorganisms produce exopolymers, which allows them
to adhere to surfaces or to each other. Such spontaneously
formed biofilms are ubiquitous in nature, and applied in
industrial processes like wastewater treatment and off-gas

purification (Characklis and Marshall, 1989; Ottengraf,
1986). Artificial immobilization of microorganisms may be
achieved by encapsulation in a polymer matrix,e.g.,agar,
carrageenan, or alginate (Karel et al., 1985). These artificial
biofilms are utilised for the production of fine-chemicals
and beverages (Lommi, 1990). In both natural and artificial
biofilms, a dense structure is created in which mass transfer
is predominantly diffusive. Due to the relatively slow mass
transfer rate of substrates and products and the high volu-
metric reaction rate inside the biofilm, steep concentration
profiles develop (De Beer and Van den Heuvel, 1988). This
results in less effective, partially penetrated biofilms. There-
fore, knowledge of mass transfer properties is considered
essential for modeling, design, and scale-up of processes
utilizing biofilms.

Biofilm diffusion coefficients are usually obtained from a
steady-state flux or an accumulation rate. This requires de-
tailed knowledge of the microbial activity and an appropri-
ate reaction-diffusion model. Measurements are facilitated
if the tracer compound is not consumed. To that end, either
the biofilm has to be inactivated or a biologically inert tracer
has to be used (Libicki et al., 1988; Westrin and Axelsson,
1991). All these methods necessitate biofilms with well-
defined shapes,i.e., flat plates, cylinders, or spheres. In
practice, however, both natural and artificial biofilms are
often irregularly shaped and lack a homogeneous structure
(Beeftink and Staugaard, 1986; De Beer et al., 1994). This
hampers the measurement of effective diffusion coefficients
Deff in biofilms and, accordingly, reported values vary from
5 to 95% of the diffusion coefficient in pure water (Kitsos
et al., 1992; Libicki et al., 1988; Westrin and Axelsson,
1991).

Nuclear magnetic resonance (NMR) has been used to
investigate several microbial processes,e.g., in-vivo meta-
bolic activity (Ramos et al., 1994), heavy metal adsorption
(Nestle and Kimmich, 1996), membrane permeability (Van
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Zijl et al., 1991), and intracellular diffusion (Tanner, 1983).
Because NMR does not require well-defined shapes or ho-
mogeneous structures, this technique also seems an ideal
method to investigate the diffusional properties of entire
microbial biofilms. To this end, pulsed field gradient NMR
was used for a systematic study of a series of artificial
biofilms with well-defined properties and natural biofilms
from several sources. The results were compared to those
obtained with microelectrodes to evaluate the accuracy and
relevance of the NMR method.

Diffusion Measurements with Pulsed Gradient
Spin-Echo NMR

Some nuclei,e.g.,1H, 13C, and31P, possess a magnetic di-
pole moment. The overall magnetic moment of a sample
containing these nuclei will orient parallel to an external
magnetic field B0. When this sample is exposed to a so-
called radio frequency 90°-pulse, the overall magnetization
will be oriented in the plane perpendicular to B0. Subse-
quently, the spins return to the equilibrium state with their
moment aligned to B0 by means of spin-lattice relaxation,
characterized by a relaxation time T1. Initially, the precess-
ing spins of all nuclei in the plain perpendicular to B0 will
have an identical phase, but gradually dephasing occurs due
to spin-spin relaxation, characterized by a relaxation time
T2, and inhomogeneities of the magnetic field. Application
of a linear magnetic field gradient, instead of using a ho-
mogeneous magnetic field, enhances dephasing in a well-
defined way. The dephasing rate is monitored by inverting
the phase of each spin with a so-called 180°-pulse at a time
t after the 90°-pulse. Provided that the individual spins are
subjected to the same magnetic environment, complete re-
focusing of all phases occurs at time 2t, and a so-called echo
is generated. However, displacement of the molecules,e.g.,
due to Brownian motion, prevents complete phase-
refocusing, resulting in an attenuation of the echo ampli-
tude. The attenuation of this echo is quantitatively related to
the mean distance traveled by the molecules. More details
on theory and practice of diffusion measurements according
to this method are described elsewhere (Farrar and Becker,
1971; LeBihan, 1991; Stilbs 1987).

For a better definition of the time interval in which the
diffusion is monitored, it is advantageous to use two short
magnetic field gradient pulses and superimpose them on the
constant and homogeneous field B0. There are many varia-
tions of the basic pulse sequence, and the one applied in this
study is shown in Figure 1 (Van Dusschoten, 1996). This
specific PFG-NMR sequence monitors diffusion and T2 re-
laxation simultaneously in one set of experiments. In this
way, the signal from several fractions of water with a dis-
tinct diffusional and/or relaxation behavior,e.g.,intracellu-
lar water, may be distinguished, and enables a thorough
interpretation of the NMR-signal obtained from heteroge-
neous systems like biofilms. Furthermore, a series of so-
called spin-echoes can be generated with the 180°-pulses
after the second gradient pulse, and the amplitude of the

echo can be monitored in time (Van Dusschoten et al.,
1996).

During one set of experiments, different magnitudes of
the magnetic field gradientG are imposed, and after a time
interval tmin successive echoes with an interval of 2te are
observed. The decay of the monitored signalS(t,b) is de-
scribed by the theoretical relation:

S~t,b! = (
n=1

n

zn ? S~0,0! ? exp~−b ? Dn! ? exp~−t/T2,n! (1)

with

b 4 g2d2G2 (D − d/3)

comprising the signals from the magnetic species inn dif-
ferent physical environments. Each fractionzn is character-
ized by a diffusion coefficientDn and a relaxation timeT2,n.
The gradient factorb contains the gyromagnetic ratiog, the
magnetic field gradientG, and the duration of gradient pulse
or labeling periodd. The time D between two gradient
pulses can be regarded as the time interval in which the
mean square displacement of the nuclei is observed. The
additional 180°-pulses between the pair of pulsed field gra-
dients are imposed to diminish the influence of magnetic
field distortions and susceptibility artifacts due to the pres-
ence of aggregates, for example, on the diffusion measure-
ment (Van Dusschoten et al., 1995a). In comparison with
other sequences generally applied, a high signal-to-noise
ratio is attained. Water itself was chosen as the tracer mol-
ecule because protons have the largest gyromagnetic reso-
nance, and it is the most abundant compound in a biofilm.
The diffusional behavior of water is comparable to that of
relevant microbiological metabolites, like glucose and oxy-
gen (Tyrell and Harris, 1984).

EXPERIMENTAL

Self-Diffusion of Water

The diffusion of water was determined as a function of the
temperature to test the experimental set-up and procedure. A
0.5 mM MnCl2-solution was used to reduce the relaxation

Figure 1. The applied pulsed gradient echo sequence (Van Dusschoten,
1996). The slim rectangles show the 90° and 180° pulses in the x- or
y-plane. The curved lines represent the echoes which are observed after a
time tmin with intervals of 2te. In the periodd gradient pulses with variable
strength are applied.
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time T1 from 2 s to 50 ms, because a long T1 hinders a fast
scanning procedure. The manganese-ions disturb the local
magnetic field and accelerate the dephasing of neighboring
protons (Callaghan, 1991).

Artificial Biofilms

Spherical gels with a diameter of about 4 mm were prepared
from agar and alginate, according to Beuling et al. (1995)
and Hulst et al. (1989), respectively. The obstruction effect
of the polymer matrix was studied in gel beads containing
up to 4% w/w agar. The effect of bacteria was simulated
with inert and impermeable 0.9mm polystyrene particles.
These particles were dispersed homogeneously in the agar
matrix; their volume fraction ranged from 5 to 30% v/v. The
influence of real microorganisms was investigated in 1.5%
w/w agar containing up to 20% v/v homogeneously dis-
persed bacteria (Micrococcus luteus:ATCC 4698). The vol-
ume of these organisms was calculated assuming 250 kg
dw/m3 bacteria (Bakken and Olsen, 1983; Kubitschek et al.,
1984).

Natural Biofilms

Nitrifying biofilms were taken from different heights of a
conical fluidized bed reactor described elsewhere (De Beer
et al., 1993). Aerobic biofilms, grown on basalt carriers,
were obtained from a nitrifying/denitrifying Circox reactor
(Freijters et al., 1996). Mesophilic methanogenic granules
were obtained from three different full-scale wastewater
treatment plants: a papermill (Industriewater BV, Eerbeek,
The Netherlands), a potato processing plant (CAB, Wezep,
The Netherlands), and a citric acid production plant (ADM,
Ringaskiddy, Ireland).

Biofilm Characterization

Biofilm density, dry weight, and ash contents were analyzed
as described by Hulshoff Pol et al. (1986).

Diffusion Experiments

An NMR spectrometer (Smis, Guildford, UK) equipped
with a 0.5 T electromagnet (Bruker, Karlsruhe, Germany)
was used for the diffusion experiments. A probe with an
internal diameter of 0.03 m, and actively shielded gradients
(Doty Scientific, Columbia, USA) was fitted in the 0.14 m
gap of the magnet. Magnetic field gradients were applied up
to 375 mT/m (Van Dusschoten et al., 1995b).

A glass tube containing 10 mL of sample was placed in
the probe, and kept at 30 ± 1°C, unless specified otherwise.
The gelbeads and biofilms were submerged in a buffer so-
lution containing a small amount of dextran (MW ca. 150
kg/mole), chelated to Fe2O3 as described by Hnatowich et
al. (1983) to reduce the T2 of the external water phase, and
it was not monitored with PFG-NMR. Diffusion measure-
ments were performed by recording 2000 echoes generated

after two field gradient pulses using,d 4 5.0 ms,D 4 12.1
ms, and 2te 4 0.6 ms. The measurements were repeated 11
times with an increasing magnitude of the gradient pulses;
the repetition time was set at 6 s. In this way, a two-
dimensional data set was obtained as a function of time and
G. The signals were fitted with Eq. (1) assuming that the
sample contained only one fraction, unless mentioned oth-
erwise. The two-dimensional fitting routine was based on
the Marquardt-Levenberg algorithm (Press et al., 1989).
The signal obtained atG 4 0 was not used.

Microelectrode measurements were performed at 30 ±
0.1°C as described by Cronenberg and Van den Heuvel
(1991). A glucose microelectrode with a tip diameter of 8
mm was positioned in the center of a gelbead or aggregate
that was submerged in a 50 mM K2HPO4 buffer. The re-
sponse was monitored on a stepwise concentration change
in the well mixed bulk liquid from 0 to 2 mM glucose. This
curve was fitted with the theoretical relation given by Crank
(1975). Prior to these measurements, the immobilized mi-
croorganisms were inactivated by incubation in a 0.2% w/w
HgCl2 solution during 15 h.

The variance of the results was calculated using Student’s
t-test, and expressed as a 95% confidence interval.

RESULTS

Self-Diffusion of Water

Typical decay curves of the echo amplitude of water is
given in Figure 2. The average values for diffusion coeffi-
cients thus obtained at various temperatures are given in
Figure 3; the variance amounted to 2%. The theoretical
temperature dependency was calculated according to the
Stokes-Einstein relation (Cussler, 1976), using a molecular
radius of 1.0 nm and a viscosity of water as given by Weast
and Astle (1980). The experimental data reported by Tyrrell
and Harris (1984) are also inserted in this figure for com-

Figure 2. A typical example of an experimental two-dimensional data set
obtained from water at 30°C. One experiment consists of a series of echo
sequences with an increasing magnitude of the magnetic gradient G. After
each pulse sequence, the amplitude S of the successive echoes is moni-
tored.
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parison. Obviously, our results are in good accordance with
these other sources.

Diffusion in Artificial Biofilms

The influence of a polymer matrix on the diffusion coeffi-
cient of water was determined in gels containing up to 4%
w/w agar. Figure 4 shows that the diffusion coefficient de-
creased with the polymer contents. The results can be de-
scribed satisfactorily by the model of Mackie and Meares
(Muhr and Blanshard, 1982), which is generally applied to
describe diffusion in gels. Furthermore, the relaxation time
T2 was found to decrease from 100 to 38 ms when the agar
concentration was increased from 1.5 to 4% w/w (data not
shown). The results of all measurements with glucose mi-
croelectrodes will be treated separately at the end of this
section.

The results obtained in a 1.5% w/w agar matrix contain-
ing up to 30% v/v polystyrene particles are given in Figure
5. The diffusion coefficient of water decreased with an in-
creasing polystyrene fraction and the normalized values are
predicted satisfactorily by the relation of Fricke (1924),
which describes diffusion through dispersions of imperme-
able spheres. The relaxation time T2 of the water inside the
gelbeads was not affected by the dispersed polystyrene and
amounted to 100 ms. Variation of the time intervalD from
12.1 to 200 ms had no effect on the diffusion coefficients
obtained.

The influence of immobilized bacteria on the water mo-
bility was investigated in 1.5% w/w agar containing up to
20% v/v bacteria. From the obtained water diffusion coef-
ficients presented in Figure 6, it is clear that the effect of
bacteria is comparable to that of polystyrene particles. The
average relaxation time T2 equaled 80 ms, and was not
affected by the magnitude of the bacterial fraction within
the range measured. Further analysis of the data sets re-
vealed the existence of another water fraction with a sig-
nificantly lower T2 of about 30 ms. This fraction amounted

to ca. 15% of the detected water, and its diffusion coeffi-
cient varied from 1.36? 10−9 to 1.94? 10−9 m2/s. There was
no quantitative relation between the magnitude of the frac-
tion with the shorter T2 value and the concentration of the
bacteria. Diffusion coefficients and relaxation times of the
other fraction equaled the values obtained with a plain
monoexponential analysis, although the experimental vari-
ance of the calculated diffusion coefficient amounted to 8%.

Diffusion in Natural Biofilms

The diffusional properties of several types of natural bio-
films were determined from the experimental decay curves
using monoexponential analysis. The average values calcu-
lated from at least three such experiments are presented in
Table I, together with the experimental dry weight and ash
contents. The diffusion coefficients were normalized on Daq

Figure 4. The influence of the agar concentration on the diffusion coef-
ficients obtained with NMR (d) at 25°C, the results of the microelectrode
experiments with glucose are inserted as well (s). Solid line: model of
Mackie and Meares (Muhr & Blanshard, 1982). The measured values are
normalized with the diffusion coefficients of pure water Daq.

Figure 5. Influence of dispersed polystyrene particles on the diffusion
coefficient of water in 1.5% w/w agar obtained with PFG-NMR (d) at
25°C. The diffusion coefficients of glucose obtained with microelectrodes
are inserted as well (s). Solid line: model of Fricke (1924). The measured
values are normalized with the diffusion coefficients in a proper agar
gel Dc.

Figure 3. The influence of the temperature on the self-diffusion of water
determined with PFG-NMR (d), compared to the Stokes-Einstein relation
(solid line). The experimental values (s) reported by Tyrrell and Harris
(1984) are inserted as well.
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of pure water to obtain a temperature independent value; the
variance was less than 2%. Inactivation of the biofilms with
HgCl2 did not influence the results of the diffusion experi-
ments.

Biexponential analysis of these decay curves again re-
vealed the existence of two phases. In methanogenic gran-
ules, the dominating diffusion coefficient amounted to
1.1 ? 10−9 m2/s, while a small fraction of 10% was obtained
with a much higher value of 1.9? 10−9 m2/s. The concomi-
tant relaxation times T2 amounted to 15 and 70 ms, respec-
tively. About 60% of the detected water in aerobe biofilms
exhibited a diffusion coefficient of 2.2? 10−9 m2/s and a T2
of 200 ms. A slightly lower value of 1.7? 10−9 m2/s and a T2
of 40 ms were obtained for the remaining part.

Diffusion of Glucose Measured
with Microelectrodes

The glucose diffusion coefficients obtained from the micro-
electrode measurements in proper gels, polystyrene loaded
gels, and gels containing immobilized bacteria, are inserted
in Figures 4, 5, and 6, respectively. A good correspondence
with the PFG-NMR results is apparent. Only the natural
biofilms from the potato processing plant were sufficiently
spherical to allow supplementary microelectrode experi-
ments; the diameter of these granules averaged 2.5 mm. A
glucose diffusion coefficient of (4.8 ± 0.3)? 10−10 m2/s was
obtained at 30°C,i.e., 63% of the diffusion coefficient in
pure water (Longsworth, 1953).

DISCUSSION

The diffusion coefficients of water, obtained at various tem-
peratures, were proportional to the ratio of the temperature
T and the viscosityh, and could be described well with the
Stokes-Einstein relation (Cussler, 1976). A similar tempera-
ture dependence is observed for diffusion coefficients of
small molecules dissolved in water, while the absolute val-
ues agree well with the diffusion coefficients of water re-
ported in the literature (Tyrrell and Harris, 1984). Thus, the
self-diffusion of water is accurately measured with PFG-
NMR, and its temperature dependence shows a regular be-
havior.

The decay of the NMR signal amplitude is not only in-
fluenced by translational diffusion of the water molecules,
but also by the relaxation time T2, which is mainly deter-
mined by the molecular environment (Callaghan, 1991). In
case the signal of an ensemble of protons extinguishes
within the observation time,i.e., T2 < D, it will not contrib-
ute to the observed amplitude. This enables masking of the
liquid phase surrounding the gelbeads or biofilms by addi-
tion of ironoxide, which reduces the relaxation time T2 to
less than 1 ms. For this purpose, ironoxide was chelated to
dextran macromolecules with such a low diffusivity that it
could not penetrate gelbeads and biofilms (Lebrun and
Junter, 1993). This was confirmed by the constant signal
obtained during more than 2 h. Because this signal is di-

rectly related to the detectable amount of water, it can be
concluded that the chelated ironoxide was effectively ex-
cluded from the gelbeads and the biofilms. It should be
noted that the possibility to mask external water is restricted
to dense biofilms. Biofilms with an open structure like fun-
gal pellets contain large pores and displayed a decreasing
signal amplitude during a series of experiments (data not
shown).

The T2 of the water inside the agar matrix depended on
the polymer concentration, but was not affected by the pres-
ence of polystyrene. Apparently, gel fibers have a much
larger impact on the relaxation behavior of the labeled pro-
tons. This can be ascribed to the chemical exchange of the
protons between water and the sugar monomers of the agar
matrix (Hills et al., 1989). In comparison with agar, the
contact surface between water and the nonporous particles
is only small. Moreover, polystyrene does not possess such
exchangeable protons and, hence, its presence does not af-
fect the T2.

The NMR technique monitors the average displacement
of water molecules within a certain time intervalD. The
concomitant mean square displacement〈x2〉 of an ensemble
molecules in one direction of an infinite medium is related
to the diffusion coefficientD according to (Tyrrell and Har-
ris, 1984):

〈x2〉 4 2 ? D ? D (2)

The mobility of dissolved molecules in a continuous liquid
phase is hindered by the presence of dispersed solid ob-
structions. If the observation timeD is sufficiently short,
such that the average displacement of the molecules is com-
parable to the length-scale of the obstructions and the dis-
tance between them, the value obtained for the diffusion
coefficient will depend on the time interval applied. In this
way, it is possible to gain information regarding the length-
scale of obstructions and their average distance (Cotts,
1991). It may even be possible to get information about the

Figure 6. The influence of bacteria,i.e., Micrococcus luteus,immobi-
lized in 1.5% w/w agar on the diffusion coefficient. Results obtained with
PFG-NMR (d) at 30°C, and the results measured with a glucose micro-
electrode (s). Solid line: model of Fricke (1924). The measured values are
normalized with the diffusion coefficients in a proper agar gel Dc.
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spatial distribution of particles, ranging from monodisperse
to different types of clustered distributions. However, no
effect of the time intervalD was found down to 12.1 ms, and
the corresponding displacement of 7.7mm for a diffusion
coefficient of 2? 10−9 m2 ? s−1 obviously exceeded the typi-
cal distance between the polystyrene particles. Microscopi-
cal observations revealed that the particles were distributed
individually and homogeneously through the agar matrix.
Thus, the average distance between the particles for the 8%
v/v loading amounted to ca. 12mm, and a small increase of
the diffusion coefficient was to be expected at aD of 12.1
ms compared to the values obtained at higherD. Appar-
ently, D should be reduced more drastically to have an
appreciable effect. It should be noted that the time interval
required to observe an average displacement of 1mm in
pure water amounts to only 0.25 ms. Unfortunately, this
option was not yet available on the equipment utilized.

The presence of a fractionf of dispersed impermeable
particles affects the effective diffusivity in two ways,viz.
(1) reduction of the volume available for diffusion,i.e.,
exclusion, and (2) increase of the diffusive pathlength by
steric hindrance, usually referred to as the tortuosityt of the
material. The relation between the diffusion coefficient in
the continuous phaseDc and the effective diffusion coeffi-
cient Deff is given by (Epstein, 1989):

Deff =
~1 − f!

t2 ? Dc (3)

The square of the tortuosity is required, because dispersed
particles both increase the pathlength of diffusing mol-
ecules, and decrease the steepness of the concentration gra-
dient experienced. Effective diffusion coefficients are ob-
tained directly from steady-state fluxes monitored in a clas-
sical diffusion cell, for example. This is not so, if a
measurement is performed under transient circumstances,
e.g.,all step-response methods. Then, the diffusion coeffi-
cient is obtained from the pace at which the new equilibrium
is reached, and a so-called transient diffusion coefficient
Deff/(1−f) is obtained (Axelsson and Persson, 1988; Beul-
ing et al., 1995; Libicki et al., 1988). PFG-NMR yields this
diffusion coefficient as well, because it determines the av-

erage displacement of ensemble molecules while the mag-
nitude of this ensemble is not monitored. Consequently,
determination of the effective diffusion coefficient from
NMR-data requires further information on the porosity (1-
f) of the dispersed system. For that purpose, it should be
worthwhile to calibrate the obtained NMR signal in such a
way that the porosity of the material could be deduced di-
rectly from the signal amplitude. This has already been done
in the well-logging field (Kleinberg et al., 1992) and would
enable measurement of the transient diffusion coefficient
and the porosity with the same experimental technique. It
should be noted, however, that during the echo sequence
part of the signal may be lost between the two pulsed gra-
dients. As a consequence, the measured amplitude is only an
indication for the amount of water.

Water diffusion coefficients were obtained in model sys-
tems containing various amounts of agar and dispersed
polystyrene particles. The obstruction effect of the agar ma-
trix was described satisfactorily by the model of Mackie and
Meares (see Fig. 4), which approaches diffusion as a statis-
tical movement of small molecules through a lattice of poly-
mers. The influence of the dispersed polystyrene particles
was described well by the model of Fricke (see Fig. 5),
which idealizes diffusion in heterogeneous systems as a
well-defined macroscopical process. The presence of poly-
mer chains affects the diffusion coefficient more than the
same fraction of dispersed particles, illustrating that the
scale of the obstructions compared to the diffusing mol-
ecules plays an important role, and that this difference is
adequately monitored with NMR.

Glucose diffusion coefficients obtained independently
with microelectrodes were affected similarly by the polymer
matrix and the polystyrene particles, while water diffusion
coefficients in alginate matrices measured with NMR (data
not shown) corresponded well with normalized diffusion
coefficients of oxygen and lactose reported in the literature
(Axelsson and Persson, 1988; Hulst et al., 1989). Appar-
ently, the mobility of water is affected just as the mobility
of these other small molecules dissolved in the continuous
liquid phase. Thus, it can be concluded that water serves as
a suitable analyte for the characterization of mass transfer

Table I. Diffusion coefficients of water in several biofilms obtained from monoexponential analy-
sis of the PFG-NMR data. Physical characteristics of the biofilms are also included.

Biofilm type
D

[m2/s]
T2

[ms]
Temp
[°C]

D/Daq

[−]
Density
[kg/m3]

Dry weight
[kg/m3]

Ash
[%dw]

Nitrifyers
Height 1 1.88? 10−9 nd 26 0.85 1015 42.5 nd
Height 2 1.76? 10−9 nd 26 0.80 1018 71.8 nd

Aerobes 2.10? 10−9 192 28 0.89 1016* 45.6* 5%
Methanogenes

Paper 1.38? 10−9 20 28 0.59 1043 107.1 16%
Potato 1.42? 10−9 38 25 0.64 1046 130.6 30%
Citric acid 1.71? 10−9 62 28 0.73 1034 90.4 20%

*Experimental values were corrected for presence of the basalt carriers assuming an ash content of
5% w/w in the attached biofilm (Characklis and Marshall, 1989).

288 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 60, NO. 3, NOVEMBER 5, 1998



properties of heterogeneous media like these biofilm simu-
lating model systems.

Bacteria contain ca. 75% water, and are enclosed by a
hydrophobic semipermeable membrane (Brock and Madi-
gan, 1991). Thus, matrices that contain immobilized bacte-
ria constitute an extra aqueous phase, separated from the
water phase in the polymer matrix. Biexponential analysis
of the NMR-data obtained from agar containing immobi-
lized bacteria, indeed gave two water fractions. The T2 of
the largest fraction (80 ms) was comparable to the value for
the 1.5% w/w agar gel itself, while the other fraction ex-
hibited a much smaller T2 (30 ms). Because such a fraction
was not encountered in agar containing polystyrene, it has to
be ascribed to the presence of the bacteria, and indeed,
Monte Carlo simulations performed to test the reliability of
the fitting procedure (Van Dusschoten et al., 1996) have
shown that the signals of such different water fractions can
be separated using this specific pulse sequence. However,
the amplitude of this fraction did not correlate with the cell
loading, while both T2 and the concomitant diffusion coef-
ficients showed a large variation. This may be explained by
the permeability of the bacterial cell envelope for water
(Brock and Madigan, 1991), allowing to some extent that
water moves in and out of the cells during the measurement.
Due to this exchange, the observed fractions and relaxation
times may partly mix up and, in general, these values no
longer can be assigned to a specific fraction directly (Van
Dusschoten, 1996). Unfortunately, it is not yet possible to
obtain quantitative information on this exchange of water
from these NMR-data (Van Dusschoten et al., 1996). It may
explain, however, the observation that the magnitude of the
diffusion coefficient belonging to this small fraction corre-
sponded to an average displacement of at least 6mm, which
grossly exceeds the length-scale of the microorganism ap-
plied, i.e., 1 mm.

Diffusion coefficients obtained from monoexponential
analysis of these NMR-data corresponded well with the dif-
fusion coefficients of the largest fraction after biexponential
analysis. The fact that the diffusion coefficient obtained
with monoexponential analysis is hardly affected by the
bacterial fraction may be explained by the short time scale
of about 15 ms needed for the diffusion labeling. The ex-
change of water between the bacteria and their surroundings
during this period may be assumed negligible. Furthermore,
the slow and restricted diffusion of water present in the
bacteria (Franks and Mathias, 1982), slightly attenuates the
signal of this fraction.

The overall diffusion coefficient obtained with monoex-
ponential analysis decreased with increasing fraction of bac-
teria, just like the diffusion coefficients of glucose measured
independently with microelectrodes (Beuling et al., 1995).
Hence, in these well-defined, artificial biofilms the overall
water mobility as obtained from a monoexponential analysis
of the NMR data displays a similar behavior as the diffu-
sivity of a dissolved compound in the continuous liquid
phase of the biofilm. From this finding, it can be inferred
that monoexponential analysis enables adequate character-

ization of diffusion coefficients in these particularly active
bacterial biofilms.

The diffusion coefficients obtained with PFG-NMR in
natural biofilms were evaluated by comparing them to es-
timates based on physical biofilm characteristics. For that
purpose, dry weight and ash contents were used to calculate
the volume fractions of both bacteria and polymers. Con-
sequently, the effect of both constituents on the biofilm
diffusion coefficient is calculated with the models of Fricke,
and Mackie and Meares, respectively (Beuling, 1998). A
parity plot of the diffusion coefficients thus calculated, and
those obtained with NMR is given in Figure 7, and it can be
concluded that monoexponential analysis enables character-
ization of these natural biofilms as well. Naturally formed
biofilms are highly inhomogeneous and multifractional
analysis of the data revealed, indeed, the existence of com-
partments with different properties. Unfortunately, it is not
yet possible to relate the obtained information to the struc-
ture of the biofilm, for example, and further investigations
on this subject will be performed. The overall T2 decreased
with the dry weight content.

From all these arguments; it can be stated that the PFG-
NMR technique used for this study is a powerful tool for the
characterization of diffusional properties of natural biofilms
and has some distinct advantages. Shape, uniformity, or
even solid particles have no negative effect on the results.
Furthermore, the natural variation is averaged, because a
sample of ca. 100 biofilms is measured within a single
experiment. The most prominent advantage, however, is the
possibility to measure in living biofilms without any knowl-
edge of the microbial activity. Finally, NMR is relatively
fast and accurate: One experiment takes only 5 min and
exhibits a variance of 2%. Typical values for other tech-
niques amount to 30 min and 5%, respectively (Westrin,
1991).

Figure 7. Parity plot of the normalized diffusion coefficients obtained
with NMR (d) compared to estimates calculated with biofilm composition
and theoretical models. The value obtained with microelectrodes is inserted
as well. (s). The diffusion coefficients are normalized with the its value in
water Daq.
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CONCLUSION

PFG-NMR is a fast and elegant technique, which enables
reliable measurement of the water mobility inside complex
heterogeneous systems like natural and active biofilms. Dif-
fusion coefficients measured in both well-defined biofilms
and spontaneously grown aggregates corresponded well to
glucose diffusion coefficients determined in the same ma-
trices. The results could be fitted with appropriate diffusion
models of Mackie and Meares, and Fricke for the polymer
matrix and obstructing microorganisms, respectively. Dif-
fusion coefficients of the natural biofilms could be related to
their physical characteristics. Quantitative analysis of the
supplementary information contained in the PFG-NMR sig-
nal on cell fraction and spatial organization was not yet
possible.

This research was conducted at the large-scale NMR facility in
Wageningen (ERBCHGECT 940061). The aerobic biofilms
were provided by Carla Freijters from Paques BV, and the poly-
styrene beads were donated by Dr. Eshuis from Eindhoven Uni-
versity of Technology, both are gratefully acknowledged.

NOMENCLATURE

b gradient factor [s? m−2]
D diffusion coefficient [m2 ? s−1]
G magnetic field gradient [T? m−1]
S amplitude [−]
t time [s]
te time between the 180°-pulses [s]
tmin time interval after which the first echo is observed [s]
T temperature [K]
T1 spin-lattice relaxation time [s]
T2 spin-spin relaxation time [s]
〈x2〉 mean square displacement [m2]
z fraction [−]
D time between two gradient pulses [s]
d duration of a gradient pulse [s]
f volume fraction of the dispersed phase [−]
g gyromagnetic ratio: for protons 4.2576? 107 [s−1 ? T−1]
t tortuosity [−]
h viscosity [N? s ? m−2]

Subscripts

aq water
c continuous phase
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