Journal of Industrial Microbiology & Biotechnology (2001) 26, 43-52
© 2001 Nature Publishing Group 1367-5435/01 $17.00 C‘)

www.nature.com/jim

Use of '"H NMR to study transport processes in porous biosystems
HV As and P Lens
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The operation of bioreactors and the metabolism of microorganisms in biofilms or soil/sediment systems are strongly
dictated by the transport processes therein. Nuclear magnetic resonance (NMR) spectroscopy or magnetic resonance
imaging (MRI) allow nondestructive and noninvasive quantification and visualisation (in case of MRI) of both static
and dynamic water transport phenomena. Flow, mass transfer and transport processes can be measured by mapping
the (proton) displacement in a defined time interval directly in a so-called pulsed field gradient (PFG) experiment.
Other methods follow the local intensity in time-controlled sequential images of water or labelled molecules, or map
the effect of contrast agents. Combining transport measurements with relaxation-time information allows the
discrimination of transport processes in different environments or of different fluids, even within a single picture
element in an image of the porous biosystem under study. By proper choice of the applied NMR method, a time window
ranging from milliseconds to weeks (or longer) can be covered. In this paper, we present an overview of the principles
of NMR and MRI techniques to visualise and unravel complex, heterogeneous transport processes in porous
biological systems. Applications and limitations will be discussed, based on results obtained in (model) biofilms,
bioreactors, microbial mats and sediments. Journal of Industrial Microbiology & Biotechnology (2001) 26, 43—52.
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Introduction

Porous biosystems are ubiquitous in both natural and man-made
ecosystems, i.e., sludges or biofilms in bioreactors, soils or
sediments. Transport processes in these biological microporous
systems depend strongly on the local amount of water, the
interaction of the transport medium with the particles, and the pore
dimensions/geometry (e.g., the porosity and tortuosity ). Different
types of transport processes, e.g., diffusion, perfusion and
convection, can be distinguished in porous biosystems (Figure 1).

Substrate conversion rates in porous biosystems are strongly
dictated by the transport processes. Most bioreactor, biofilm and
soil/sediment reactions are diffusion limited, and the concentration
gradients that develop within these systems are determined by
molecular diffusivity and convection. To determine the rate-
limiting transport process and to optimise it, there is a strong
interest in the direct and noninvasive measurement of transport
processes in these complex biosystems [2,55].

A range of transport measurement methods are presently
available to determine the transport processes within porous
biosystems, including laser Doppler anemometry and X-ray
transmission or diffraction tomography [7], microsensors
[9,25], scanning confocal laser microscopy and fluorescence
recovery after photobleaching [9,39], microwave and ultrasonic
tomography [7]. The major attraction of NMR over these methods
is that it is noninvasive, so that no direct contact with the fluid is
necessary [6] and it uses naturally present labels such as 'H, 13C,
15N and 3!P. Hence, it is well suited for studies of liquids that need
to be isolated, such as those having extreme temperature, chemical
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reactivity or which are abrasive. NMR does not use ionising
radiation, in contrast to X-ray scattering flow methods. Another
special property of NMR is that flow can be detected in any
direction within the sample, in contrast to X-ray, optical and
ultrasound scattering flow methods that only measure a net flow
between the emitter and the detector.

NMR measurements allow the combined measurement of the
anatomy and spin ('H) density of a sample, simultaneously with
the transport processes. These parameters can be only partly studied
by other methods for transport studies such as tracer studies,
breakthrough curves or by computer simulations based on 3D pore -
geometry information from, e.g., X-ray computer tomography
(e.g., Ref. [16]). The development of NMR imaging (MRI) has
added a new aspect to NMR, namely image formation, resulting in
the spatially resolved measurement of all information available with
NMR in any selected part (volume, slice, etc.) of the system under
observation. Thus, MRI provides a direct approach to the relation
between the internal structure, local water (1H) density and fluid
('H of water or an organic compound) transport in a porous
biosystem [ 14,63].

In this paper, the reader is first introduced to NMR parameters
that can be used to describe transport processes, as well as to the
measurement methods to determine these parameters. Then, three
different approaches are presented to visualise and unravel
complex, heterogeneous transport processes in porous biosystems.
Their advantages and limitations will be discussed in relation to the
time window over which transport processes can be measured and
to the NMR properties of the porous biosystems.

NMR methods to study porous systems

A large number of nuclei, e.g., 'H, ¥C, 19F, 2*Na and ' P, possess
the property of spin [5]. NMR is a spectroscopic method based on
the interaction between a radio frequency (rf) magnetic field and
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Figure 1 Schematic representation of substrate concentration profiles in and around a biofilm containing microorganism, for different transport
conditions. The thickness of the hydrodynamic boundary layer will depend on the velocity and profile of the bulk liquid and on the roughness of
the biofilm surface. The concentration profile in the biofilm is also dependent on the substrate conversion rate in this film.

the magnetic moments of these spins of samples placed in a
magnetic field. The advantage is that the method is noninvasive,
selective and transparent for porous biosystems. Its disadvantage is
its inherent insensitivity. Of the NMR -measurable nuclei available
in porous biosystems in natural abundance, ' H is the most sensitive
and has by far the highest concentration. Here we focus on 'H
NMR of water molecules in biosystems. More detailed descriptions
of the basics of NMR and MRI can be found elsewhere [5,30].

NMR parameters

Excitation of spins by an rf pulse disturbs the equilibrium in the
nuclear spin system. A time-dependent rf signal is induced in the
NMR measuring probe by this nuclear spin system as it returns to
equilibrium. These NMR signals are characterised by a number of
different parameters. The amplitude 4, of the NMR signal directly
after excitation (time zero) is a direct measure for the amount of
nuclei under observation in the NMR rf coil. If the volume is known
A directly relates to the density of nuclei under observation.

Two relaxation-time constants describe the rate and manner at
which the nuclear spin system returns to equilibrium after
excitation. One time constant, the spin—lattice relaxation time 7',
describes the return to the equilibrium state in the direction of the
magnetic field. The second time constant, the spin—spin relaxation
time 7', characterises the return in the plane perpendicular to the
applied magnetic field. Both relaxation times depend on the
physical environment (pore size and geometry, adsorbing walls,
packing density). Also the chemical composition of the liquid
determines both relaxation times. Especially the presence of
paramagnetic ions (e.g., Fe, Mn and Gd) drastically changes the
T, and T, of water that is in contact with these ions, as these ions
offer a very efficient relaxation pathway. Consequently, paramag-
netic ions are applied as contrast or masking agents.

Magnetic resonance imaging (MRI)

In high-resolution NMR spectroscopy, a very homogeneous
magnet is used to reduce line broadening effects, and the NMR
signals are monitored for the whole sample. However, in magnetic
resonance imaging (MRI), the resulting signal is recorded for a
sample subdivided in a number of picture (pixels) or volume
(voxels) elements by the use of strong magnetic field gradients
applied to the sample. For sensitivity reasons, MRI is only
practically feasible for studying highly abundant nuclei, e.g., 'H,
QSNa or 31P.

The frequency of the time-dependent rf signal given off by the
nuclear spin system as it returns to equilibrium after being excited
strongly depends on the magnetic field strength felt by the spins.
When a well - defined linear magnetic field gradient is created, spins
at different positions along this gradient give off rf signals with
different frequencies. Consequently, each frequency is character-
istic for a particular position. This is the basis for NMR imaging.

For the generation of NMR images, the NMR signal after being
created has to be labelled for the respective positions by the use of
magnetic field gradients. Position labelling by magnetic field
gradients can be performed in a variety of ways (see e.g., Ref.
[5]). Depending on the actual sequence used, the position-
labelling process will take some time. In the most frequently used,
so-called 2D Fourier transformed (FT) spin—echo (SE) sequence
(2D-SE), acquisition of the signal occurs at a certain time TE
(echo time) after the excitation of the spin system. During that
time, the signal will decay according to the 7', relaxation process:

A(TE) = Ay exp(—TE/T5) (1)

The contrast or signal intensity in single SE images therefore
strongly depends on TE. To obtain a full two - dimensional image of
NxN picture elements, the sequence has to be repeated N times. If



the repetition time TR is long enough, the spin system has restored
equilibrium along the magnetic field direction: TR>3 T';. If not, the
signal amplitude does not uniquely represent the spin density in
each pixel, but depends on a combination of the spin density and the
relaxation time 7';. As a result, NMR image intensity usually
depends on a combination of these parameters, reflecting spin
density, 7', T, and diffusion behaviour. By use of multiple echo
image sequences single - parameter images of 44, T, or 7, can be
constructed [5,11,13].

Self diffusion and flow measurements

Although effects of flow and motion on the NMR signal have been
known for a long time, NMR has not been used very much for flow
and (restricted ) diffusion measurements in porous biosystems until
recently. NMR is quite capable of discriminating proton spins of
flowing and stationary water on the basis of the physical properties
of flow [5,52,48,59]. The frequency of the signal given off by
stationary spins will be constant in time, even in the presence of
magnetic field gradients. However, when spins move from one
position to another (diffusion, flow) in the presence of a magnetic
field gradient, the frequency of these spins will change in time
because of this displacement.

Diffusion and random dispersion do not result in a net
displacement for the spin ensemble, and therefore do not result in
a net frequency change, but in a broadening of the frequency
bandwidth contributing to the signal. This results in a decrease in
the signal amplitude. In contrast, net flow results in a frequency
shift of the NMR signal originating from those moving spins, and
becomes manifest as a phase shift of the NMR signal, because the
NMR signal is detected with respect to a fixed reference frequency.
This principle, applied in pulsed field gradient (PFG) NMR,
allows one to discriminate and measure flow, dispersion and
diffusion. PFG NMR flow methods have been described in detail by
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Caprihan and Fukushima [6], whereas PFG NMR techniques to
determine self-diffusion coefficients are presented by Stilbs [56]
and Le Bihan [28].

NMR parameters to characterise the porous
biosystem

The amplitude and the relaxation times 7'y and 7, are the most
commonly applied NMR parameters to characterise porous
biosystems.

In aqueous solutions, the amplitude of the !H NMR signal of
water protons is a direct measure of the amount of water present in
the sample. Thus, 'H NMR can be used to determine the hydration
state of solid wastes or sludges as a function of the drying process
[27,47]. Additional information can be obtained about the water
status of solid wastes when 'H NMR amplitude measurements are
performed spatially resolved (imaging) or combined with relaxa-
tion time or diffusion measurements (see below). However, some
care must be taken to directly relate the amplitude information to
the total amount of water in the system. Figure 2 illustrates the
decay curve in a T, measurement from pollen grains. This figure
clearly illustrates the multiexponential behaviour of the decay: a
fast initial decay of part of the magnetisation (protons of the solid
fraction and protons of “bound” water), whereas other parts decay
more slowly (more freely water). In SE imaging and PFG
measurements the first echo is detected at TE (cf. Equation 1),
which is typically in the order of a few milliseconds or more. This
can result in loss of part of the signal of the water fractions with
short T, values, which are therefore not observed in these
measurements.

The correlation between the value of the relaxation times 7'; and
T, and pore dimensions in water - saturated porous media has been
well investigated [22,24]. The relaxation times 7'y and 7', strongly
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Figure 2 Time-dependent NMR signal amplitude of water in pollen grains at two different water contents (22% and 4.5%, upper and lower
curves, respectively ) as measured after excitation of the spin system at # = 0. The duration of the excitation pulse was 3.7 um. The initial part of the
signal is the so-called free induction decay, FID. After 100 us a refocusing pulse is applied, resulting in an echo at 200 us. The refocusing pulse is
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depend on the pore size and its distribution, the type of biofilm/
biocatalyst (minerals, organic matter, content of paramagnetic
ions) and the water content. The relationship between the
relaxation times of water and its physical environment has been
utilised to characterise the porosity of soils and sediments [20]. For
a particular system, 7; values have been used successfully to
estimate the permeability of the solid matrix [18] as well as the
wettability [17]. T, measurements have also proven to be highly
correlated to the surface area and pore-size distribution [24]. T,
measurements of water in microporous biosystems can, however,
be affected by the so-called susceptibility artifacts, resulting from
the difference in magnetic permeability of air, water and solid
matrix materials, creating local distortions of the magnetic field
value, resulting in local magnetic field gradients. Due to these
susceptibility artifacts, the observed 7, values are strongly
dependent on the details of the experiment to measure 7,
relaxation, e.g., the interpulse distance or echo time TE [63].
The susceptibility effect can be minimized by the use of low
magnetic field strength and short TE values [12]. By doing so, 7,
in addition to 7, also becomes a very useful parameter to
characterise porous biosystems [31].

NMR and transport processes in porous
biosystems

Transport processes of water (or other fluids) and of molecules or
ions dissolved therein can be measured by NMR in a number of
different ways. Here we demonstrate three strategies:

— mapping the (spin) displacement in a well-defined time
interval directly based on PFG or displacement imaging

— mapping the effect of contrast agents (paramagnetic
molecules/ions) via single-parameter spin relaxation
time images or via spin relaxation time weighted images

— following the amount of spins (water) in time-
controlled sequential quantitative spin-density images

Direct transport measurements by use of pulsed
magnetic field gradients

Principle: A net unidirectional displacement R of an ensemble
of identical spins between two magnetic field gradient pulses of
duration 6 and of amplitude G, separated in time by A, in the
direction of that gradient results in a net phase shift phi; of the
NMR signal:

¢ =vGR (2)

where 7 is the gyromagnetic ratio of the observed spin. If a number
of ensembles of spins contribute to the NMR signal the observed
signal S is given by:

S ~ /p(ro) /P(?"g|ro + R, A) exp(iv6GR) d(ro + R) drg
(3)

where p(7() is the probability of finding a spin at 7 at time zero
and P(rolro+R;,A) is the conditional probability that a spin
originally at r( at time zero (the time of the first magnetic field
gradient pulse) will be at ro+R at t=A of the second pulse. The
integration is over all starting and end positions. Note from

Equation 3 that the signal is complex, consisting of a real (or in-
phase) and an imaginary (or out-of-phase) part.

From Equation 3 it is clear that a random distribution of
displacements with respect to G does not result in a net phase shifted
signal, but in a decrease of the signal amplitude. This will be the
case for, e.g., diffusion and dispersive flow perpendicular to the net
flow direction. In contrast, net flow will result in a net phase shift.

Diffusion is measured by recording the signal amplitude as a
function of gradient strength G. For free, unhindered, diffusion this
results in

A= A(TE) exp(—Db) (4)

with b=~26%G* (A —1/36), D is the (self- )diffusion coefficient
and *(TE) is the echo amplitude without gradients (cf. Equation
1). By varying A, the displacement can be followed as a
function of observation time, allowing one to trace the distance
over which the spins can displace. In this way the structure in
which the fluid flows or diffuses (pore size and geometry) can
be probed via observing effects of displacement restrictions by
impermeable walls (restricted diffusion). The behaviour of the
complex NMR signal amplitude for different types of motion is
presented in Table 1.

Flow measurements in porous biosystems by PFG can be done
in a number of ways [63], single shot at a fixed G and A value,
either localised, but nonspatially resolved within this localisation
[52], or in combination with imaging [34]. The advantage of
this strategy is the short measurement time, allowing a high time
resolution. The main disadvantage is that quantification of the
measurements in terms of flow velocity requires knowledge of
the flow profile, containing its distribution of velocity and
direction (cf. Equation 3 and Table 1). To overcome the latter
problem one can measure the signal intensity as a function of the
gradient amplitude G. It can be shown from Equation 3 that a

Table 1 PFG-SE or PFG-STE amplitude modulation factor for different
types of motion

Type of First echo First echo Ref.

motion real part imaginary part

diffusion exp(—bD) 0 [54]

plug flow cos(cv) sin(cv) [15]

laminar flow sin(cv,) 1—cos(cv,) [15]
cv, CVo

Perfusion .

plug flow™ sin(Jc|v) 0 [28]

lefv

laminar flow” Si(ev,) 0 [28]
CVp

model I1° exp( —bD’) 0 [28]

¢=1GbA, b= (76G)*(A —1/38), D'=((1)(v)) /2, with (v) the average
velocity and (1) the average distance along which spins move with constant
velocity [28].

“Distribution of equal, straight capillaries, randomly oriented with respect
to the gradient.

bCapillary flow profile, with v,, as the maximum velocity.

“The mean distance travelled by the moving spins during the interval A is
in this model longer than the mean capillary length, thus the direction of
flow changes several times during this period.



Fourier transformation of S as a function of G results in the
average propagator P (R, A), representing the probability that a
spin at any initial position is displaced by R over time A. By
dividing P (R, A) by A the flow profile is obtained directly.
This type of measurements, referred to as displacement or q-
space imaging, has been applied for flow in different porous
(bio- )systems and turns out to be very powerful [29,41,44,48—
51,53,58-62,65]. It should be noted that this full propagator
approach requires relatively strong magnetic field gradients. If
such strong gradients are not available these measurements are
limited to longer A values.

Applications: Following the pioneering work of Stejskal and
Tanner [54], PFG NMR can be used for measuring diffusion
coefficients in systems ranging from unrestricted bulk diffusion in
liquids [5,28] to the much slower motion of, for example, sorbed
molecules in zeolites [19] or restricted diffusion in porous media
or microorganisms [28]. In systems with a combination of free,
unrestricted diffusive water and water confined in microorganisms
it is possible to discriminate both in a diffusion-weighted NMR
experiment, allowing one to, e.g., assay the bacteria population in
porous media and soils [43].

Central to the understanding of diffusion-controlled mass
transfer kinetics in porous particles is the effective diffusivity
(D ¢¢r) of and in the nonflowing (““stagnant”) fluid entrained in the
intraparticle pore network of the porous biosystem. D ¢ is defined
by Fick’s first law:

J = 7Dcfde/dl', (5)

where J is the flux through the biofilm and C the solute
concentration in the liquid phase. Dy is related to the bulk
diffusivity in the free solution, D ., or the transient diffusivity, D,

by:

aq»

D(',ff = Daq (Eintra/ﬂntra) = Dsgintru (6)

with € the internal porosity of the particle and 7. the
tortuosity factor [55]. In general, D is the transport parameter
relating the diffusive flux into and out of the pores to the
morphology (geometry and topology) of the pores. D . includes
surface characteristics (e.g., roughness or chemical modification),
the pore size and its distribution, pore shape, and pore interconnec-
tivity. The diffusion coefficient measured by NMR correlates to D

[3]. Diffusion coefficients determined by NMR in both well-
defined biofilms and in spontaneously grown aggregates corre-
sponded well to glucose diffusion coefficients determined by
microsensors in the same matrices (Table 2). Thus NMR
measurements provide an easy way to determine the diffusivity of
natural biofilms [3].

The effective (or apparent) diffusivity D¢ can be calculated
from Dy if the porosity is known. PFG NMR in combination with
T, imaging has been used for single parameter imaging of the same
object: amplitude (4), the relaxation time 75, and the diffusion
coefficient (D) [68]. The amplitude image is directly related to
the proton density, i.e., the amount of protons per defined volume.
By normalising this amplitude on that of pure water, it directly
reflects the porosity if only extracellular water in the biofilm
contributes to the observed NMR amplitude. This information has
recently been used to derive fine-scale D¢ images of microbial
mats [71]. The apparent water diffusivity obtained in this way by
NMR compared well to apparent O, diffusivities measured with a
diffusivity microsensor [71].

Use of !H NMR to study transport processes in porous biosystems
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Table 2 Comparison of diffusion coefficients determined by PFG NMR
and glucose microsensors (after Bueling ef a/ [3])

Porous system D measured D ) measured by

by PFG NMR glucose microsensor

Agar beads

1.5% w/v 0.96 0.96

3% w/v 0.93 0.92

4% w/v 0.89 0.90

Agar beads (1.5% w/v) supplemented with polystyrene particles
8% (homogeneous) 0.99 0.91

8% (inhomogeneous) 0.97 0.90

15% (homogeneous) 0.88 0.87

20% (homogeneous) 0.87 0.86

20% (inhomogeneous) 0.84 0.80

Data are expressed as a relative diffusion coefficient (D), the ratio of the
measured diffusion coefficient in the beads over the diffusion coefficient in
free water at the same temperature.

The potential of 'H PFG NMR for flow characterisation,
intraparticle diffusivity and mass transfer (exchange) kinetics
between the stagnant mobile phase in porous beads and the
interparticle void space surrounding these beads has been
demonstrated by Tallarek et al [58—62]. Figure 3 presents two
average propagators Ps(R, A) obtained in these systems at two
different labelling times A. At short A value two separate peaks are
observed, one centred on zero displacement (“‘stagnant” water in
the pores of the porous bead) and one related to the flowing water
in the interparticle space. The centre position of the second peak
reflects the average flow velocity and the width of the
(interparticle) dispersion coefficient. These net flow and dispersive
flow components could be measured at time scales and displace-
ment distances ranging from the interparticle subpore to several
pore dimensions. These rather short displacements cover the
distance typical for the correlation length (in the order of the bead
diameter, which ranged from 30 to 1300 um) of these systems. In
addition, the width of the stagnant water peak allows the
determination of the intraparticle diffusivity whereas the integral
of this peak reflects the amount of water still in the particle during
time A. By measuring this amount of the stagnant water as a
function of A the mass transfer or exchange kinetics between water
in the porous particle and the surrounding flowing water is obtained
[61,62]. If the bead diameter and its distribution is known, the
combined analyses of the steady state intraparticle pore diffusion
data and the associated exchange kinetics can be used to study (the
average dimension of) external stagnant fluid layers around these
beads [62]. It will be interesting to apply this approach to biofilms
or other biosystems.

Average propagator measurements by PFG can also be
combined with imaging techniques [5]. The result is an image in
which each pixel contains a propagator. In Figure 4 this is
demonstrated for an artificial kidney or ultra filtration system,
consisting of a large number (~1000) of polysulfon fibres with an
inner diameter of 200 pm and porous walls. Figure 4A presents an
amplitude image. In Figure 4B typical average propagators are
plotted of three pixels in this image. One contains only diffusing
water (outside the capillaries), the second only flowing water
(inside a capillary) and the third a mix of both (this pixel contains
part of a capillary and part of the intercapillary space). Images can
now be constructed that present the intensity of the average
propagator per pixel at a given displacement, as indicated in the



Use of 'H NMR to study transport processes in porous biosystems
HV As and P Lens

48

030 . T o
B ' 0.006 - EI
L
025 |- a E o004 |
iy i g 0.003
= L
A - g
02 |
= L &
o g
w015k g ot
o))
8 - g oD bovv - -n
© o} :
o i e fr
go) : :
D i
o :
2
q

i
00000

L L L L
0.0025 00050 0Do?s 00100 00125
Displacement, R [m]

0.00100

0.00050

Displacement, R [m]

Figure 3 Average propagator curves for axial dispersive flow in a column packed with porous particles of 50 ym diameter (after Tallarek ez a/
[62]). (a) A =25 ms. At this time scale there is no complete exchange between water in the porous particles and the flowing water in the
interparticle space; (b) A =420 ms. Now the exchange between both water pools is nearly complete.

images. In this way the homogeneity of the flow profile and thus the
efficiency of this filtration system can be tested. Comparable
approaches can be found in studying the growth of bacterial or cell
cultures in these hollow fibre reactor, for the performance of
chromatography columns [58] and bead packings [51] and for
transport studies in plants [49].

As is evident from the results presented in Figure 4, it is possible
that different water pools or proton pools contribute to the signal,
both in imaging and in nonimaging mode measurements. A small
number of techniques is available to discriminate these water or

proton pools. Combined PFG and 7', relaxation time measurements
have been performed that allow for the discrimination of moving
protons with different relaxation behaviours, which reflects
different (physical) environments within the system [66]. In this
way, in sephadex—water systems flowing water outside the
sephadex beads and diffusing water in the beads have been
discriminated [67]. This method has also been used in imaging
mode [68]. Alternatively, PFG NMR measurements can be
combined with spectroscopy to discriminate on the basis of
chemical shift differences [56,70].

Displacement (pum)

Figure4 (A) Amplitude image of an ultrafiltration system (artificial kidney) consisting of about 1000 polysulfon fibres (inner diameter 200 pm,
permeable walls). The water outside the fibres is nonflowing, whereas in the fibres it flows. (B) Average propagator curves of three pixels of the
image presented in (A). The other images present the intensity per pixel at certain displacements, representing the amount of water that was
displaced over 0, 29, 58, 87 and 116 pum within A ( = 21.26 ms). The small dot of water beneath the kidney is a reference tube filled with water.
Parameters: field of view 20 mm, slice thickness 3 mm. Courtesy of T Scheenen, D van Dusschoten, PA de Jager and H Van As.



PFG NMR is not restricted to water transport, and has also been
applied to study transport of oily emulsions and light oil in porous
rocks [35] or sediments/sludges [45], of nonaqueous phase
liquid (NAPL) in a simulated pump-and-treat remediation
process [14] as well as water, glycerol and very immobile
components in Pseudomonas aeruginosa biofilms [70].

Time window and resolution: In general, the spatial
resolution is at the expense of the signal-to-noise ratio per pixel.
To date, a spatial resolution of up to 10 ym can be obtained for 'H
of water, thus enabling NMR microscopy of individual plant and
mammalian cells [1]. However, for most environmental applica-
tions, e.g., biofilms, sludges and soils, a spatial resolution of about
50—-100 pm is more realistic. The images in Figure 4 of the hollow
fibre reactor have an in plane spatial resolution of 200200 gm and
a thickness of the slice of 2 mm.

For a reliable determination of P¢(R, A), S has to be measured
as a function of a minimal 32 different gradient values. It is clear
that this takes time. As mentioned before, a two-dimensional SE
image consisting of NxN picture elements requires N acquisitions
to be repeated. Combining this with q-space with 64 gradient steps
results in 64xN acquisitions. Doing so is very time consuming
(several hours). Alternatively, q-space displacement imaging has
been combined with fast turbo spin—echo (TSE) imaging [49],
resulting in a N/m times faster sequence compared to a standard
NxN SE image sequence. Here m is the turbo factor, equal to the
number of echoes that can be acquired in one scan. Alternatively, an
even faster line scan sequence has been presented, in which two
slice-selective rf pulses are used to define a line in the object or
system to be measured [69]. Within this observation line the
normal one-dimensional spatial resolution can be obtained. This
results in an N times faster sequence compared to a 2D SE image
sequence, but with reduced spatial resolution in one dimension.

In PFG experiments the time window used to observe transport
phenomena equals the observation time A, which is restricted by
the relaxation times [49,52]. At low water contents, these values
can become so short that PFG-NMR can be used no longer. Then
transport has to be measured by following the water intensity in
time-controlled sequential images (see below).

flow
—

sediment (sand bed)
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Transport of contrast agents or labelled molecules

Principle: A large number of paramagnetic ions exists, which are
not directly observable by NMR, but which shorten the 7, and/or
T, of the molecules in contact with them. NMR imaging
measurements of dispersion of paramagnetic tracers in hetero-
geneous media via this relaxation dependence have been published
[26,40]. The effect of such tracer ions on the relaxation times
depends on the nature of the ion and on its (local) concentration.
To become visible the paramagnetic tracer has to affect the
observed relaxation time:

l/Tl)bs = l/ﬂnt + 1/Ttra‘(:cr (7)

where T,s represents either the observed 7'y or T, Ty the intrinsic
relaxation time value of the fluid under observation and 7' ycer the
contribution to the fluid relaxation due to the presence of the tracer
molecules. The latter term depends on the nature of the tracer and
its (local) concentration.

Image contrast differences have been used to measure transport
of these ions [37,38]. Contrast difference can be used for
quantification of transport if the water content is constant in time.
If not, a unique and real quantitative interpretation of the transport
of these ions can only be obtained by quantitative single - parameter
T, or T, images in combination with 4 o images. Via quantitative 7'
or T, and A, images, the presence, concentration and transport
behaviour of these ions (via time-controlled sequential 7y or T
and 4, images) can be visualised.

Examples of tracer molecules that can be used for this type of
study include: Mn?", Cu*>*, Fe**, and Gd* . Moreover, also metals
chelated by organic matter, e.g., Mn—EDTA? ™, Fe—dextran or Gd—
DTPA?~ can be traced. These ions and molecules can be
manufactured in a variety of sizes, e.g., Fe—dextran particles can
range from <0.01 pm to >10 pm. Thus, one can study the
behaviour of these chelated organic molecules in a porous biosystem
as a function of size, molecular weight, charge and chemical nature.

Applications: Figure 5 gives an example of the penetration of
Mn?" into a sediment. At time zero a layer of water doped with
MnCl, is placed on the top of the water-saturated sediment,

4.4 cm

time —»

Figure 5 Images demonstrating the determination of sediment flow. Water flowed with constant velocity over a sand bed, with a small hill on top
of it (upper image). In the second series of images, taken at well - defined time intervals, MnCl, is added to the water and the penetration of Mn
ions into the sand bed is observed by changes in image contrast due to changes in relaxation times of water in contact with the Mn ions. Sediment
flow is obtained in different directions by displaying the intensity profiles at different time steps in the desired direction. Courtesy of D de Beer, H

Van As, D van Dusschoten and W Kuhl.
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which contains a small hill. By applying TSE imaging and rather
short repetition times only protons with short relaxation times
appear as bright signals. After some time, Mn’>" ions have
penetrated into the upper part of the sediment, forced by the flow
around the hill, where they shorten the 7, values of water,
resulting in brighter signals. In this way the penetration profile
can be followed in time [10].

Time window and resolution: The time resolution for this
type of measurement is given by the time to acquire the data for one
image, which typically range for water from some seconds to
several minutes. The time window over which transport can be
followed is hardly limited, because the sample under study can be
measured repeatedly, over a period covering weeks or months.

Transport measurements based on time-controlled
sequential spin-density images

Principle: For reliable transport studies it is necessary to obtain
quantitative spin-density images representing A4 o (#), which are not
affected by the other parameters like the relaxation times.
Quantitative spin-density images can be obtained by use of
multiecho imaging [11,12], followed by an extrapolation of the
amplitude images to TE=0 (cf. Equation 1). In this way the
amplitude images are only influenced by the characteristics of the
sensitivity profile of the NMR rf coil [13].

Applications: Flow and transport phenomena can now be studied
by following the spin density in time by repeated imaging, resulting
in A¢(rt). This type of transport measurement is only useful in
nonstationary density situations, e.g., relatively slow re- and
dehydration and penetration processes. Figure 6 illustrates this
approach to follow solid-substrate fermentation processes of a
fungus grown on a wheat dough [36]. The fungus, which
developed on top of the dough, clearly takes up water from the
dough as reflected by the (small) decrease in 4, and increase in 1/

Ay 1/T, 1/T,

Figure 6 Amplitude (4¢), 1/7, and 1/T, images of a wheat
dough system. On top of it is a membrane. At t=0 a small
amount of mycelium suspension was added on this membrane. A
fungus developed by taking up water and glucose from the
dough. The fermentation of the dough and development of the
fungus are followed in time. Courtesy of FJ Nagel, A Rinzema
and H Van As.

T, and 1/T,. At the same time the fungus excretes a-amylase,
resulting in formation of glucose in the dough. In this system part of
the water is relaxing too fast to be observed (cf. Figure 2) and the
amplitude image therefore only represents the more mobile water
fraction. Both 1/7, and 1/T; turned out to be dependent on both
water and glucose content of the wheat dough, but in a different
way. By proper calibration, the combination of these parameters
allowed the authors to calculate the water and glucose profiles in
this system as a function of time, thus enabling the modelling of this
fermentation process [36].

Time window and resolution: The limitations and the time
window of this method is comparable to that mentioned in the
section Transport of contrast agents and labelled molecules. The
spatial resolution that can be reached strongly depends on the type
of nucleus (NMR sensitivity ) and the (local) concentration of the
molecule to be imaged [5].

Further developments and perspectives

Bioreactor analysis

MRI of water can be used to generate high resolution images of the
internal anatomy, at a theoretical spatial resolution that is less at a
low magnetic field strength than at higher fields (typically in the
order of 150x 150x 1500 pm at a magnetic field strength of 0.47 T
and 20x20x200 pm at 9.4 T, for a small coil and a total acquisition
time of about 4 min). This difference in spatial resolution is due to
the higher signal-to-noise ratio (S/N) at high magnetic fields.
Our experience is that, because of susceptibility artifacts, which
increase with B>, it can be advantageous to work at low field,
thereby sacrificing spatial resolution for geometric and functional
resolution [11].

NMR procedures, used in combination with imaging and
localised spectroscopy techniques, were shown to unravel the flow
and transport processes in porous biosystems and enable the
monitoring of growth and distribution of cells within a reactor
system. When coupling these noninvasive 'H NMR measurements
to 3P or »Na NMR, this type of NMR also allows one to
investigate metabolic heterogeneity within a reactor and can assist
in future design of bioreactor systems.

Another promising evolution is the development of portable
magnets, allowing on-site measurements of single NMR para-
meters Ao, Ty, T» [4] or even flow [64]. Thus, it has become
possible to measure directly subsurface geological formations in
situ by dedicated NMR instruments using 7, information [21].
One could also consider installing these devices at bioreactors,
continuously providing information on transport processes occur-
ring in the cell suspension or sludge or on the water content during
solid state fermentation.

A number of parameters that play a role in an MRI
experiment are temperature dependent. MR temperature imaging
methods, based on the temperature dependence of the molecular
diffusion D [19], the spin—spin relaxation time 7; [72], and
the resonance frequency of water protons [42] have been
presented. At present this NMR application is used in medicine
to monitor temperature changes in real time during tissue heating
(hyperthermia, laser surgery, focused ultrasounds) or cooling
(cryotherapy). In the context of porous biosystems, temperature
mapping can assist in the design of heat-pulsed or temperature-
phased bioreactors.



Combination with other NMR techniques

NMR studies are not restricted to water transport or water flow, but
can also be used for other proton or other nuclei (e.g., 2H or *F)
bearing molecules [33,46], e.g., by discrimination on the basis of
chemical shift differences. Vogt et a/ [70] applied this method to a
P. aeruginosa biofilm.

Solid -state NMR spectroscopy is nowadays a well -established
technique used for structure elucidation and to describe the pore
architecture, catalytic behaviour and mobility properties (like
diffusion) of zeolites [57]. Important framework elements such as
27Al, #Si and 3! P can be studied directly by NMR. Also, 1?Xe is a
suitable and sensitive isotope for probing the pore architecture of
zeolitic materials. Much of the work performed with zeolites can be
applied to other porous filtration or absorption/adsorption
materials, e.g., ion-exchange resins, peat and activated carbon. It
may be expected that this research will contribute to a better design
of bioreactors.
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