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Introduction

Intensive bioreactor systems, i.e. systems which maintain cells at relatively high
densities, have been widely used as production systems for monoclonal antibodies and
recombinan! proteins. These systems include packed and fluidized beds, in which the
cells are grown attached to the bed matrix, and spin filters, in which the cells are
retained within a filter in a conventional stirred tank system (Himmelfarb et al., 1969;
Glacken er al., 1983; Arathoon and Birch, 1986). An important and popular intensive
reactor system has been the hollow fibre bioreactor (HFBR) (Knight, 1989). Medium
pumped through the fibres exchanges nutrients and waste products with cells growing
in the extracapillary space. The principal advantages of the HFBR as a production
system, over for example more conventional stirred tank reactors, include mainte-
nance of higher cell densities, concentration and isolation of cell preducts prior to
harvest and an increased per-cell productivity. These systems are also finding use in
the burgeoning field of tissue engineering (Langer and Vacanti, 1993; Hubbell and
Langer, 1995; Langer and Vacanti, 1995). In this case they can be used to grow up
large quantities of cells for transplant, or the cell-loaded devices can themselves be
used as implanted or extra-corporeal bioartificial organs. A well-known example are
hepatocyte-loaded reactors which can be used as artificial livers (Yarmush ef af.,
1992; Jauregui er al., 1996; Kamloter al., 1996). In this case, the important advantage
of the intensive reactor is its capability to maintain a high concentration of cells, which
can be perfused with the patients blood. In the context of conventional tissue culture,
the number of cells required is encrmous. It has been suggested that liver function can
be maintained with as little as 10% of total liver mass (Kamlot e ai., 1996); however,
in a 70 kg man this 10% corresponds to ~1.5 x 10" hepatocytes.

The principal problem of intensive reactor systemns is the possibility that gradients
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of nuirients and waste products may be formed. For example, in hollow-fibre bioreactor
systems gradients can form both radiatly, where nutrient concentration declines with
distance from the fibre wall and also axially, where the concentration declines along
the length of the fibre (Chresand er al., 1988; Drury er al., 1988; Piret and Cooney,
19904a; Piret and Cooney, 1990b). This problem is particularly acute in the case of
oxygen, which has a relatively low solubility in tissue culture medium. Lack of oxygen
or anoxia can have a significant impact on reactor function. For example oxygen
tension has been shown to limit hepatocyte attachiment and subsequent spreading on a
cotlagen substrate (Rotem er al., 1994). As well as affecting cell growth, anoxia may
also significantly perturb cell metabolism. This is likely 1o be an important problem in
the case of artificial organs, such as the artificial liver, where cellular metabolism is
intimately involved in the cells” function as a surrogate organ. Poor oxygen defivery is
less likely to be a problem in reactors used as production systems, for recombinant
proteins and antibodies, eic., as the cells used in these systems, such as hybridomas,
myelomas and CHO cells, have much lower oxygen consumption rates than hepatocytes
(Peng and Palsson, 1996). For example, the oxygen uptake rate of hepatocytes is
around [.0 pmol/E0° cells/h (Rotem er af., 1992), whereas the rate measured in a
hybridoma cell line was 0.13 [lmol/10° cells/hr(Sardonini and DiBiasio, 1992). The
relationship between function in these systems i.e. the production of a protein, and the
metabolism of the cells may also be more remote. For example, in the case of a
hybridoma cell line, the specific antibedy production rate was not significantly
affected by oxygen limitation during rapid cell growth, although the viable celi
concentration was markedly reduced (Shi e al., 1993).

Productivity, however, is not the enly important issue here. Another is the quality
of the protein product in terms of its homogeneity. The pH of the growth medium and
the glucose concentration have been shown to affect the glycosylation patterns of
recombinant proteins secreted by CHO cells (Borys er al., 1993; Hayter er al., 1993).
Oxygen tension could also affect glycosylation through possible effects on glucose
consumption and reactor pH (Shi er al., 1993). Clearly, if there are gradients of these
factors in an intensive reactor, then these could increase the heterogeneity of protein
glycosylation and thus degrade the quality of the product.

In order to improve the performance of intensive bioreactors, both as artificial
organs and as production systemns, it is necessary to be able to monitor the effect of
reactor design and operation on the formation of nutrient and waste product gradients,
and the effects that these have on the metabolism of the celis. Non-invasive NMR
spectroscopy and imaging techniques have the capability fo measure nutrient and
waste product concentrations and the metabolism of the cells in specific regions of
functioning and intact intensive bioreactor systems. The purpose of this brief review
is to describe the basic principles of NMR spectroscopy and imaging, the type of
information that is obtainable using these techniques, how they have been applied to
intensive reactor systems and also how they may be applied in the future. The
application of NMR techniques to the study of bioreactor systems has been the subject
of a number of reviews (Gillies et o/., 1989; Donoghue eral., 1992; Fernandez, 1996).

The NMR experiment

A full description of the methodology is beyond the scope of this review and only the
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basic principles will be discussed here. More detailed descriptions can be found in the
following texts (Derome, 1987; Sanders and Hunter, 1987; Gadian, 1995).

Some nuclei have the property of spin and consequently possess a magnetic
moment. In the presence of an applied magnetic field these nuclei assume a number of
discrete energy levels determined by their spin quantum number. For spin 1/2 nuclei,
which includes many of the commonly studied nuclei such as'H, ¥'P, *C and '*N, there
are two allowed energy levels, in which the nuclear magnetic moments are aligned
with (the lower energy level) or against (higher energy level) the applied field. The
magnetic moments do not align exactly with the applied magnetic field but precess
around it with a frequency which is dependent on the nucleus and the strength of the
applied field (see Figure 1),

v=1vIB,
2

where v is the precessional or Larmor frequency in hertz, v is the gyromagnetic ratio
of the nucleus and B, is the strength of the applied magnetic field.

If an oscillating magnetic field is applied perpendicular to the main field, B, ata
frequency which is equal to the precessional frequency of the nuclei, i.e. is resonant
with this frequency, then transitions are induced between the two energy levels. This
is the phenomenon of nuclear magnetic resonance. When thinking about the NMR
experiment it is often convenient to consider what happens to the bulk magnetization
in the sample. As there is a slight excess of spins in the lower encrgy level, whose
magnetic moments are aligned with the field, there is a net magnetization vector which
lies along the B, field direction or z axis (see Figure 1}. The oscillating magnetic field,
which induces transitions between the two energy levels, tips this vector (M ) away

(1

a) B0

Figure 1. a) A rotating charged nucleus creates a magnetic field and is equivalent to a smail bag magnet
whaose axis is cotncident with the spin rotation axis. When placed in a strong magnetic field (B,). the nuclei
do not align exactly in the direction of the applied field but precess about it. b) The Many precessing spins
in the sample can be considered to have 2 common origin. Atequilibrium there is an excess of spins oriented
along the B ficld direction (the Jower energy fevel, see text), thus preducing anel magnetization vector, M .
which lics along the +2 axis.
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Table 1. Properties of nuclei commonly detected in NMR experiments in vivo

Nucleus  Spin quantum  Frequency al 9.4 T Natwral abundance  Relative sensitivity for equal number

number (MHz) %o of nuclei at constant field (% vs. 'H)
‘H 172 400.0 99,98 100
B 172 100.6 1.108 1.59
BN 172 40.5 1.365 0,104
WE 112 3763 100.0 833
¥Na 32 1058 100.0 9.25
tp 1/2 161.9 100.0 6.63

Data taken from (James, 19753,

from the z axis into the x,y, plane, where it can be detected by the NMR receiver coil.
This s usuaily the same coil that is used to apply the exciting or B, magnetic field.
When the BE ficld is tumed off, the magnetization in the %,y plane decays, with a time
constant T,, known as the spin—spin relaxation time, and retarns to the z axis with a
time constant T, known as the spin lattice relaxation time. The bulk magnetization,
M, can be rotated to varying degrees about the applied B, field, depending on its
strength and duration. Maximum signal wilt be obtained when M _is flipped through
90° so that it lies fully within the x,y plane. Under these circumstances the applied B,
field is referred to as a 90° pulse. The duration of the excitation pulse is typically
several psec. The decaying magnetization, which follows the pulse, induces a signal
in the receiver coil, which is digitized by the acquisition computer.

Different nuclei precess at different frequencies. The precessional frequencies of
some commeonly detected nuclet, at a field of 9.4 T, is given in Table . (Also given are
their relative sensitivities to NMR detection.) This magnetic field is one which is in
common use in high field NMR studies of intact biclogical systems, such as small
mammals, perfused organs and iselated cells. The limit on the size of sample, at this
relatively high field, is imposed by the available bore size of the magnet. The bore of
a ‘wide-bore’ 9.4 T magnet is typically 89 mn. The available bore, however, when the
magnetic field shims and gradients (for imaging) have been inserted, is much less,
typically of the order of 40 mm. Furthermore, the magnetically homogenous velume
within this space is even smaller. When making measurements on cells, onour 9.4 T
instrument, we use a sample diameter of 25 mm and measure signal from a length of
approximately 30 mm. Magnets used for clinical spectroscopy have much larger bores
(but lower field strengths).

CHEMICAL SHIFT

Fortunately for the chemist and bicchemist, each nucleus does not precess at a single
frequency but over a range of frequencies determined by its chemical or electronic
environment. For the phosphorus nucleus, in biologically relevant molecules, this
spread of frequencies is typically of the order of several kHz at a field of 9.4 T. When
the B, ficld is applied in the form of a short, high intensity pulse, it does not excite a
single frequency but a range of frequencies, the bandwidth of which is inversely
proportional to the duration of the pulse and is typically several kHz. Thus the
excitation pulse can excite the entire spectrum of resonance frequencies of a particular
nucleus present in the sample. The different frequency components of the signal
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Figure 2, (a)*P NMR spectrum of CHO-K1 cells growing in a ollow-fibre bioreactor. The cell density
in the reactor was approximately 1 x 10% cells/ml ard the spectrum tock 47 minutes to acquire. Note that the
P peak has iwo components (labelled | and 2}, indicating that there arc two components in the reactor of
differing pHs. (b) High resolution P NMR spectrum of a perchloric acid extract prepared from
approximately 1 x 10° CHO-K1 cells. The spectrum is the sum of 10 000 transients and took 14 hours to
acquire, Abbreviations: PME, phosphomonoesters; PDE, phosphodiesters; 1-, o- and f-NTP, y-, ot~ and B-
phosphates, respectivety, of nucleoside triphosphates; 8- and a-NDP, 8- and o-phosphates respectively of
nucleoside diphosphates; DPDE, diphosphodiesters, The nucleoside phosphates are predominantly ATP
and ADP.

obtained after the pulse can be deconvoluted by Fourier transformation and displayed
as a spectrum. The ¥'P spectrum shown in Figure 2a was obtained from Chinese
Hamster ovary (CHO) cells growing in a hollow fibre bioreactor. The frequency of
each resonance, which is displayed on the x axis, is characteristic for the nucleus in a
particular chemical environment. Thus the ¥'P nuclei in the three phosphates of ATP
resonate at significantly different frequencies. The frequency or chemical shift (8) of
these resonances is expressed as parts per million (ppm) of the operating frequency of
the spectrometer. For *'P at a field of 9.4 T this is 161 MHz.

6= (v - Vogte) X 10° @)

vinstr.

where v, is the operating frequency of the spectrometer and v _ — v is the

instr. f sample

difference in the resonance frequencies of a reference (see below) and the sample
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resonances. The advantage of expressing chemical shifts in this way is that they are
independent of the magnetic field strength B, and thus spectra acquired at different
field strengths can be compared directly. The amplitudes of the peaks in the spectrum
are directly proportional to the number of nuclei giving rise to them.

SENSITIVITY

For many NMR experiments, the signal acquired from a single pulse-acquire cycle is
isufficient and further cycles may be required to give adequate signal-to-noise in the
resulting spectrum or image. Although the signals add linearly with the number of
cycles, the noise adds as the square root and therefore signal-to-noise only improves
as the square root of the number of signal acquisitions, i.e. to double the signal-to-
noise the number of transients acquired must be increased by a factor of 4. Lack of
sensitivity is arguably the most important problem in applying NMR techniques to
intact biological systems. Lack of sensitivity places a limit on the concentrations of
metabolites which can be detected and also limits the spatial resolution in localized
spectroscopy and imaging experiments (see below). A frequently asked guestion is
Just how sensitive is the technique? There is no simple answer as it depends on many
factors including sample size, cell density, nucleus to be detected (see Table 1), field
strength and also the temporal resolution required. However, some idea of sensitivity,
at least for*'P NMR, can be gained from Figure 2a. This spectrum was obtained from
approximately 10° cells in a volume of 9 ml and is the sum of 2000 transients, which
took 47 minutes to acquire. The intracellular ATP concentration was about 3 mM.
Sensitivity can be improved by increasing the size of the sample and/or by using a
higher field strength. The limit on size is imposed by the volume over which the
magnetic field is homogeneous (see above). Currently, the highest field ‘wide-bore’
instrument, which is commercially available, operates at 11.7 T, which corresponds to
a proton frequency of 500 MHz.

SIGNAL QUANTITATION

Peak intensity in a spectrum is proportional to the number of nuclei giving rise to the
peak. However, this proportionality may vary between different peaks or resonances
depending on the conditions of signal acquisition. If an excitation pulse is applied
before the magnetization has had time to recover to its equilibrium position along the
z axis, following the preceding excitation pulse, then the amount of signal acquired
will be reduced. This is known as signal saturation. If the pulse repetition rate is
relatively high and the different resonances in the spectrum have different spin-lattice
relaxation times (T)), then their relative intensities in the spectrum will not be equal to
their relative concentrations. This problem can be circumvented by acquiring the
signals more slowly and thus allowing the magnetization to relax to equilibrium
between pulses. However, this requires a pulse repetition rate which is 4-5x the
longest T, in the sample. Since the T s of phosphorus nuclei in vivo can be of the order
of 1-2 seconds, this slows significantly the rate of data acquisition. Alternatively, the
T,s can be measured and the signal intensities corrected for signal saturation. Under
both these circumstances, the peak intensities can be converted into concentrations. In
the case of the *'P spectrum of CHO cells shown in Figure 2a, the concentrations of
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the phosphorus metabolites were estimated by comparing their peak arcas with that of
an external standard, methylene diphosphonate, whose resonance is well separated
from the other resonances in the spectrum (pot shown in the Figure).

RESOLUTICN

Figure 2a also illustrates another problem with NMR measarements in vive and that
is the lack of spectral resolution. Some of the peaks in this spectrum overlap, for
example the phosphomonoester (PME)} peak contains contributions from
phosphoethanolamine, phosphocholine and sugar phosphates. Spectral resolution can
be improved by increasing the strength of the B, field, which increases the frequency
separation between the resonances. Poor spectral resolution is a particular problem at
the relatively low magnetic field strengths commonly used for studies on humans
{1.5-2T). However, field strength is not the only problem. The line widths {n vivo can
be quite large and can significantly degrade spectral resolution. This is illustrated by
comparing the *'P NMR spectrum of CHO cells in Figure 2a with the P NMR
spectrum of an acid extract of the same cells shown in Figure 2b. Several factors can
contribute to the large line widths in vivo. These include binding of the observed
metabolites to paramagnetic ions and macromolecules. This significantly shortens the
T, relaxation times of the resonances from these smafl molecules, and results in
broadening of these resonances in the Fourier-transformed spectrum. Note that signals
from very large phosphorylated molecules and assemblies, such as nucleic acids and
membranes, are not observed in these spectra, as their resonances are broadened
beyond detection. However they may be observed at low magnetic field strengths
(Murphy et al.. 1989). Line widths are also increased in vivo by the magnetic
inhomogeneity of the sample.

All these factors, which increase line width, can be removed by making an extract
of the tissue. As well as increasing resolution, this has the added advantage that the
temporal restrictions on data acquisition are relaxed and therefore acquisitions can be
longer and the signal-to-noise improved. Measurements on extracts are invaluable for
assigning the resonances observed in vivo. Resonance assignment typicaily involves
acquiring spectra prior to, and following, the addition of the suspected compound to
the extract. If the resonance to be assigned is poorly resolved from other resonances in
the spectrum, then assignment might also involve pH titrations, before and after
compound addition, and treatment of the extract with an enzyme known to degrade or
specifically modify the suspected compound.

The obvious disadvantages of making measurements on tissue extracts are that the
tissue may not be readily sampled, e.g. cells in a hollow-fibre bioreactor, the
opportunity for sequential measurements on the same system is lost and important
information may be lost during the extraction procedure. In the case of P NMR, the
levels of P, in the extract frequently exceed those measured in vivo due 1o hydrolysis
of organic phosphates during the extraction procedure. There may also be
compartmentation of the metabolite, which reduces the visibility of its resonance(s) in
the spectrum acquired in vivo, but which are fully visible in a spectrum of an extract,
For example, the resonances from ADP are readily observed in *'P NMR spectra of
tissue extracts but are rarely observedin vivo. In muscle the lack of visibility is thought
to be due to its binding to actin, while in liver compartmentation within mitochondria
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may be responsible {Balaban, 1984; Murphy et af., 1988; Masson and Quistdorif,
1992). Nevertheless, the improved sensitivity and spectral resolution which can be
obtained with extracts make this a valuable approach for investigating metabolism,
especially when carried out in conjunction with experiments in wiveo.

SPIN-SPIN COUPLING

Nuclei with a magnetic moment may interact with other nuclear spins resulting in
mutual splitting of their signals into multiplets. Close inspection of the ATP resonances
in Figure 2b shows that the ATP resonances are split. The number of components into
which a signal is splitis 2ni + 1, where [ is the spin quantum number of the nucleus and
n is the number of other nuclei interacting with the nucleus. So, for phosphorus, which
is spin 1/2, the B-phosphate resonance of ATP is split into a triplet due to coupling with
both the y- and ¢t-phosphate resonances, while the v- and g-phosphate resonances are
doublets due to their coupling with the PB-phosphate resonance. The o-phosphate
resonance is also spin—spin coupled to protons on the ribose ring; however, the effects
of this coupling have been removed in this spectrum by a procedure known as spin-
decoupling. The details of this need not concern us here, suffice it to say that it can be
used to improve spectral resolution. An important feature of spin—spin coupling is that
the peak splitting is independent of the magnetic field strength.

Although spin-spin coupling is rarely observed in vivo, because of poor spectral
resolution, its observationin vitro is frequently used as an aid to resonance assignment.
Spin—spin coupling can also be exploited to enhance the detection of less sensitive
nuclei. For example, the incorporation of "*C labels into cellular metabolites can be
observed in the 'H spectrum of these metabolites as splitting of the coupled ‘H
resonances {Brindle ef /., 1982; Rothman et af., 1992). As the 'H is more sensitive to
NMR detection than *C (see Table 1), the sensitivity of *C label detection is increased
over that which would be obtained with direct detection using '*C NMR. In the case of
"H-"C spin coupling the splitting of the "H resonances is often farge enough that it can
be observed in 'H spectra acquired ir vivo. In addition to enhancing the sensitivity of
detection of the less sensitive nucleus, indirect detection via the 'H spectrum also gives
the fractional fabelling, or in radio-chemical terms the specific activity, of the labelled
metabolite. This can be very useful when analysing label fluxes in metabolic path-
ways. The lack of sensitivity of NMR detection means that, unlike with radioisotopes,
the fractional labelling with stable isctopes, such as "*C and N, must be relatively
high before the isotopes can be detected. Furthermore, the metabolite into which they
are incorporated must be present at relatively high concentrations.

Label detection is straightforward when splitting in the 'H spectrum is large but can
be a problem when the splitting is much smaller, as is the case with 'H-'*N spin
coupling. There are, however, NMR experiments or pulse sequences which convert
the splitting of the 'H resonance into modulation of its phase. The resultant changes in
amplitude of the 'H signal are readily detected. These experiments can also be nsed to
improve spectral resolution by spreading the 'H signals over two or more frequency
dimensions (see, for example, Street e al. (1993)).

NMR IMAGING AND LOCALIZED SPECTROSCOPY

Equation 1 shows tha! the frequency of a resonance is linearly dependent on the
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Figure 3. Basic principles of NMR imaging. In a uniform magnetic field there is a single 'H resonance
from the water molecules in the two spheres. 1 a Enear magactic field gradient (G) is applicd to the sample
then the resonant frequencies of the protoas will be dependent on the position of the water molecules in the
ficld gradient. The spectrum obtained by Fourier transformation is effectively a projection of the sample in
the direction of the gradient.

strength of the applied field, B . Consider two water-filled spheres (see Figure 3). If
the B, field is uniform across the sample, then the 'H spectrum will contain a single
resonance from the water protons. If, however, we apply a magnetic field gradient,
such that the B, field strength varies as a linear function of spatial position, then the
resonarnce frequency of the water protons will also vary as a tinear function of spatial
position. In other words space is frequency-encoded. Water protons in one sphere will
resonate at a different frequency to those in the other. Furthermore protons within the
spheres will resonate at different frequencies depending on their position such that the
Fourier-transformed spectrum is, in effect, a projection of the sample in the direction
of the gradient (see Figure 3). By applying the gradient in several different directions,
the resulting projections can be used to construct an image of the sample. Although the
first NMR images were acquired in this way, this technique is rarely used today.
Nevertheless, it illustrates very well the basic principles of NMR imaging. Discussion
of current methods, which is beyond the scope of this chapter, can be found in the
folowing (Pykett, 1982; Kuhn, 1990, Callaghan, 1991).

Imagine that a spectrum is required from just one of the spheres. If a magnetic field
gradient is applied across the sample, then the resonances from the molecules in one
sphere will occupy adifferent band of frequencies from those in the other sphere. If the
excitation pulse is made frequency selective, then it will also be spatially selective, and
can be used to excite the resonances in one sphere selectively. It has already been scen
that the frequency bandwidth of an excitation pulse is inversely proportional to its
duration. Therefore, by lengthening the pulse it can be made frequency and, in the
presence of a field gradient, spatially selective. Shaping the pulse amplitude can be
used to achieve more precise definition of its frequency bandwidth and thus its spatial
profile. By combining the pulses with magnetic field gradients applied in three
orthogonal directions, a volume can be specified from which signal is acquired. A
problem with acquiring spatially localized spectra is that chemical shift and spatial
position can become confused. If the resonance of nucleus A, for example, has a
significantly different chemical shift or frequency from that of nucleus B, then signal
from A will be acquired from a different volume than the signal from B. The problem
can be reduced by using larger magnetic field gradients to specify the required
volume; nevertheless it remains an important consideration.
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The aim of this brief description of the NMR techniques that can be used in vivo has
been to acquaint the novice with the potential capabilities of these methods to
mvestigate intensive bioreactor systems. What has been achieved so far is discussed in
the following.

NMR studies on intensive bioreactor systems

NMR is a tremendously versatile technique for monitoring ceilular metabolism and
physiology. This versatility stems from its capability to detect a large number of
different atomic nuclei that can be found in biological systems. These include 'H, *'P,
¥Na, YK and also non-abundant nuclei, such as “C and "*N, which can be used for
isotope labelling studies of metabolic flux. Furthermore, these measurements may be
made non-invasively in anything from isolated cells (Szwergold, 1992; Brindle et al.,
1995} perfused organs and antmals (Gadian and Radda, 1981; Koretsky and Williams,
1992) to the human being (Radda, 1986; Radda, 1992). The application of NMR to
biological systems has been thoroughly reviewed elsewhere and further extensive
discussion here would be inappropriate. However, consideration of the still relatively
few NMR studies of mammalian cell bioreactors wiil nevertheless give the reader a
good impression of the type of information that can be obtained in this and other
biological systems.

CELLULAR ENERGETICS

*'P NMR can be used to measure the cellular concentrations of ATP and P (see Figure
2a) and the intra- and extraceliular pHs from the chemical shift of the P, resonances,
if these are resolved. The concentration of free ADP is usually too low in concentration
to be detected directly. However, in cells which contain creatine kinase the free
cytosolic ADP concentration can be calculated from the observed concentrations of
phosphocreatine and ATP and the pH (Brindle e al., 1989; Brindle et al., 1995). The
technique thus provides a window on cellular energy status. Studies on skeletal muscle
have shown that increased energy demand and thus ATP hydrolysis results in cellular
acidosis, decreased phosphocreatine levels and increased ADP concentrations. Simi-
lar changes are observed in this tissue and also heart and brain it there is a deficit in
ATP production, as would result, for example, from tissue ischaemia.

HP NMR was used to monitor the stability of hybridoma cells in a simple membrane
bioreactor (Fernandez ef af.,, 1988). Decreasing dissolved oxygen concentration, by
changing the equilibrating gas mixture from 93% O, and 7% CO, to 8% O,, 85% N,
and 7% CO,, was shown to have no effect on phosphorylated metabolite levels.
However, a 30 min period of no perfusion led to splitting of the inorganic phosphate
resonance, indicating two pH compartments of substantially different pH. The lower
pH compartment was attributed to the extracellular space in the reactor, whereas the
higher pH compartment, which did not change in pH during the experiment, was
thought to be intracellular. Experiments with an immobilized cell system, showed that
superfusion of cells with medium containing either glucose or glutamine as sole
carbon source had no effect on the levels of ATP and ADP but that the level of P, was
significantly increased in cells superfused with glutamine alone (Sri-Pathmanathan et
al., 1989). It was suggested that the increased P, might stimulate glutamine utilization
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through activation of glutaminase. Hybridoma growth and productivity in a hollow-
fibre bioreactor was correlated with cellular energy status, as determined by *'P NMR
(Gillies er al., 1991). These measurements were also correlated with the medium feed
rate, oxygen tension and lactate/glucose ratio measured in the perfusate. ATP levels
were shown to be very dependent upon adequate oxygenation and maintenance of
medium pH and declined when the pH was lowered or when there were elevated
lactate concentrations. However, it was not known whether these observed changes
were due to fluctuations in the intraceffular ATP concentration or changes in cell
density. High levels of lactate were shown to decrease the transmembrane pH
gradient, as determined from splitting of the P resonance. Monoclonal antibody
productivity correlated with adequate oxygenation, as indicated by increased ATP
levels and decreased lactate/glucose ratios.

NMR techniques are being used in the development of an artificial pancreas. *'P
NMR was used to monitor the bioenergetics of recombinant insulin-secreting mouse
pituitary cells entrapped as spheroids in alginate beads (Constantinidis and Sambanis,
1995). A one-dimensional chemical shift imaging experiment was used to acquire P
NMR spectra from 0.75 cm thick slices that were orthogonal and parallel to the reactor
axis. No significant differences were observed indicating that the cells throughout the
reactor were metabolically homogeneous. The technique, however, is not sensitive
enough to pick up microscopic metabolic heterogeneity, which is expected to be
present within the beads and spheroids due to diffusional limitations. Following 40
days of perfusion there was a sharp increase in medium glucose concentration and a
concomitant deterioration in the levels of high energy phosphates as cell death
occurred.

A powerful feature of the NMR experiment is its capability, using magnetization
transfer techniques, to measure very rapid reactions with rate constants of the order of
0.1 57" This has been used in*'P NMR studiesin vivo to measure flux between P and
ATP and between ATP and phosphocreatine (Brindie, 1988b; Brindle, 1995). Al-
though the fluxes that can be measured are relatively few, the one between P.and ATP,
which in principle gives the ATP turnover rate, is probably the most important one that
can be measured in terms of cellular bioenergetics. The technique was used to measure
phosphocreatine — ATP, P, ~» ATP and ATP — ADP fluxes in immobilized human
breast cancer cells (Neeman er al., 1987). Although all kinases will catalyse
interconversion of ADP and ATP it was thought likely that adenylate kinase was
responsible for most of the observed flux. The apparent ATP synthesis rate (0.2 mM/
s) was 50x higher than the oxygen consumption rate (4 x 103 mM/s) indicating that
acrobic glycolysis was the main pathway of ATP synthesis. While lactate production
measurements indicated that this was probably true, this could not necessarily have
been deduced from the magnetization transfer measurements. In most tissues the
observed flux between P and ATP is often not due to unidirectional ATP synthesis and
subsequent hydrolysis, but rather is due predominantly to a passive exchange reaction
catalysed by the glycolytic enzymes glyceraldehyde 3-phosphate dehydrogenase and
phosphoglycerate kinase (Brindle, 1988a). Therefore, except under certain circum-
stances (Sheldon ef al., 1996), this measurement cannot be used to give direct and
non-invasive assessment of ATP turnover rate.

The applications of *P NMR to optimizing bioreactor performance, either as a
production system or as an artificial organ, can be summarized as follows. The



510 K.M. BRINDLE

technique can be used to measure cell growth, through an increase in ATP signal
intensity, and cell death. The latter results in a decrease in cellutar energy status
{increased Pi concentrations) and subsequently loss of high energy phosphate com-
pounds. The technique can also be used to monitor the adequacy of nutrient provision,
both in the reactor as a whole and in specific regions.

PHOSPHOLIPID METABOLISM

P NMR studies of tumours have often shown growth associated increases in intensity
of the phosphomonoester and phosphodiester regions of the spectrum (Radda er al.,
1991: Negendank, [992). The observed phosphomonoesters include phosphocholine
and phosphoethanolamine and the diesters include glycerophosphocholine and
glycerophosphoethanolamine. Increases in phosphomonoester levels are generally
considered to be an indicator of tumour progression and decreases as a sign of a
positive response to therapy (Ruiz-Cabello and Cohen, 1992). These changes in
phospholipid metabolism are not, however, a unique characteristic of tumour cells as
they can also be observed in other rapidly growing tissues such as the regenerating
liver and mitogen-stimulated lymphocytes (Dingleyer al., 1992; Murphyet al., 1992).
There have been numerous studies of phospholipid metabolism in cultured mamma-
lian cells in which the aim has been to elucidate the biochemistry underlying these
changes (Daly and Cohen, 1989; Ruiz-Cabello and Cohen, 1992). In the context of
intensive mamimalian cell bioreactor systems, studies of phospholipid metabolism
may be useful in assessing the proliferative capacity of the culiure. However it must
be emphasized that the correlation that has been observed between proliferation and
the levels of phosphomonester and diester compounds is not absolute {(Ruiz-Cabello
and Cohen, 1992). Some of the studies which have been carried out in intensive reactor
systems are discussed in the following.

Phosphocholine levels were shown 1o decline and phosphoethanolamine levels
increase during growth of two rat glioma cell lines in hollow fibre bioreactors (Gillies
el al., 1994). The phosphocholine levels were lower and phosphoethanolamine levels
higher in stationary phase cells as compared to log phase cells. Although this change
was not observed in a study of recombinant mouse pituitary cells (see above), where
the PC/PE ratio remained constant throughout the culture (Constantinidis and Sambanis,
1995), it has been observed in other cells (Ronen et af., 1990; Freyeret al., 1991}. The
increased phosphocholine levels in proliferating cells may be the result of increased
choline uptake and phosphorylation, or alternatively a consequence of elevated
phospholipase C activity (Daly ef al., 1987; Murphy ef «f., 1992). The origin of
phosphoethanolamine in the glioma cells was not established but may be the resule of
phospholipase activation. It has been shown that activation of phospholipases, in cells
treated with fatty acids, can result in the accumulation of phosphoethanolamine
{Gillham and Brindle, 1996). Since these fatty acids also induce the formation of
cytoplasmic lipid droplets, which are known to accumulate in rapidly growing cells,
this suggests that the appearance of phosphoethanolamine in stationary phase cells
could be the result of fatty acid uptake and consequent stimulation of phospholipases.

The effects of acidosis on phospholipid metabolism were studied in three different
mammalian cell lines growing in hollow fibre bioreactors (Galons ef «l., 1995). In all
three there was a decline in the level of phosphocholine and an increase in the
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conceniration of glycerophosphocholine. It was thought likely that this was the result
of increased phosphatidylcholine breakdown via activation of phospholipase A, and
lysophespholipase and inhibition of glycerophosphocholine phosphodiesterase activ-

ity.

CARBON METABOLISM

Administration of a "C label and subsequent detection of its redistribution amongst
cellular metabolites, using “C NMR, has been used since the earliest days of in vive
NMR to monitor carbon fluxes in metabolic pathways (Shulman er al., 1979).
Initially, these experiments were carried out with micro-organisms but today they are
also being used on human beings, most notably to study glycogen metabolism
(Shulman er al., 1995). "C NMR detection of a *C label has a number of advantages
over more traditional studies with the radioactive label, *C. The *C NMR spectrum
not only shows which metabolite is labelled but also which carbon in the metabolite
is labelled. Contrast this with radiotracer studies where first the tissue must be
extracted and the labelled metabolites chromatographically separated before count-
ing. If the position of the label in a molecule is to be determined, then the separated
metabolite will need to be further degraded and the fragments separated. When the
NMR measurements are made non-invasively they also allow serial measurements of
labelling in an intact tissue. Another advantage of NMR detection of 2 '°C label is that
the technique can detect whether adjacent carbons in a molecule are labelled, due to
mutual splitting of their resonance lines. This can be of enormous value in determining
relative fluxes in different pathways (Jeffrey eral., 1991, Szyperskiet al., 1996). Note
that the probability of adjacent carbons becoming labelled with *C is quite high as the
fractional labelling of the added substrates is also relatively high. With radioactively
labelled substrates the fractional labelling is usually very low as the sensitivity of
detection is much higher. The sensitivity of detection of the '*C label can be enhanced
to some extent if it is detected indirectly in the 'H NMR spectrum. This has the added
advantage that the fractional labelling of the molecule may also be determined (see
above). The study of carbon metabolism in intensive mammalian cell bioreactors
using "C NMR is discussed in the following.

"*C NMR was used to monitor the metabolism of [1-*C]glucose by hybridoma cells
in a simple membrane bioreactor (Fernandez er al., 1988). In addition to the signal
from glucose, signals from the methyl carbons of lactate and alanine were also
observed. A step change in the concentration of glucose from 2 mM to 10 mM resulted
in a sharp increase in the concentration of labelled lactate. The concentrations of intra-
and extracellular lactate were determined by comparing spectra from the reactor with
those of the media. The intracellular concentrations of lactate and alanine were shown
o be significantly higher than the extracellular concentrations. A similar but more
comprehensive set of experiments was carried out on hybridema cells growing in a
hollow fibre bioreactor (Mancusoer al., 1994}, The cells were serially infused with [ -
PClglucose, {2-""Clglucose and [3-PClglitamine. Measurements on the reactor, in
conjunction with off-line measurements on the medium, were used to determine the
intracellular concentrations of several metabolites and aiso the fluxes in several
metabolic pathways. The major conclusions were that flux in the pentose phosphate
pathway was very small compared to that in glycolysis, a significant amount of
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glutamine was converted to pyruvate via malate and that most of the pyruvate carbon
that enters the TCA cycle does so via pyruvate dehydrogenase. There was no
detectable flux of pyruvate carbon through pyruvate carboxylase. In these experi-
ments the intracellular volume in the reactor was determined from P NMR
measurements of the ATP concentration in the reactor and from *Na NMR measure-
ments of the intra- and extracellular sodium concentrations (see below).

NITROGEN METABOLISM

Nitrogen metabolism can be monitored in cultured cells using *N NMR. This has an
advantage over radiotracer studies in that there is no readily available radioactive
isotope, although there have been a few studies using the short-half life, positron-
emitting isotope, "N (t,,,=9.96 min}). "N NMR however is even less sensitive than *C
NMR (see Table I). Again a significant improvement in sensitivity can be effected by
detecting the N label indirectly via spin-coupled protons (Street ef af., 1993). L[2-
“Nlglutamine was added to cultures of hybridoma cells and “N-labelled alanine
detected using "N NMR measurements on concentrated supernatants (Fernandez er
al., 1988). 'H/"N NMR indirect detection experiments were used to monitor the
metabolic fate of glutamine and ammonia nitrogen in four different mammalian cell
lines (Street er al., 1993). Glutamine amine nitrogen was found predominantly in
alanine and also in aspartate and glycine. There was no detectable formation of
ammonia from this nitrogen, showing that most of the glutamate formed in the
reaction catalysed by glutaminase was subsequently transaminated, rather than oxida-
tively deaminated by glutamate dehydrogenase. The amide nitrogen of glutamine on
the other hand was converted predominantly to ammonia. Glutamine synthesis from
ammonia was only observed in cells expressing relatively high levels of glutamine
synthetase. This study was again performed on cell supematants. However the
improved sensitivity offered by indirect detection make it possible, at least in
principle, to perform these experiments on a bioreactor.

FLOW

NMR imaging experiments are frequently flow sensitive in that magnetization is
created and then detected some time later, typically afew tens of milliseconds. If a spin
moves during this time then its signal intensity in the resulting image may be altered
(see Figure 4a). The flow sensitivity of the experiment can be enhanced by the
application of appropriate magnetic field gradients during this time delay between
signal creation and detection. NMR flow imaging techniques were used to measure
flow in a cell-free hollow fibre bioreactor (Hammeref al., 1990}. As well as measuring
flow within the fibres convective or Starling flow was also measured in the
extracapillary space. It was anticipated that this type of experiment would facilitate
optimisation of bioreactor operating conditions and improve the design of these
devices. Similar flow imaging experiments were used to determine the location of cell
masses in a celi-filled hollow fibre bioreactor (Donoghue et al., 1992). Those regions
in which there was low flow were thought to contain cell mass. An obvious disadvan-
tage of this approach is that there may be regions in which flow is restricted for other
reasons but which would appear as if cell mass were present.
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CELL VOLUME

Quantitative metabolic measurements on an intensive bioreactor require an estimate
of the cell volume. A commonly used non-invasive approach has been to estimate the
volume from nutrient uptake rates. However, this assumes constant specific consump-
tion rates during the reactor run, an assumption which may not always be justified
(Mancuso er al., 1990).

The intracelluiar volume of hybridomas growing in a hollow fibre bioreactor was
estimated by using *Na NMR to measure the total sodium ion concentration in the
reactor (Mancusoer af., 1990). As the intracellular sodium ion concentration (~ 7 mM)
was much less than the extracellular concentration (158 mM), the increase in cell
volume, resulting from cell growth, could be determined from the decrease in the
sodium NMR signal from the reactor. The cell volume estimated in this way showed
good agreement with that determined from oxygen consumption measurements and
from*'P NMR measurements of nucleoside triphosphate content. The hybridoma cell
volume in a hollow fibre bioreactor has also been estimated by measuring the ratio of
intra- and extracellular sodium ion concentrations (Gillies ef al., 1991). The NMR
resonance of extracellular sodium was separated from the intracellular resonance by
adding a *shift reagent” to the extracellular space. This agent, as its name implies, shifts
the frequency of those sodium nuclei with which it comes into contact, in this case the
extracellular sodium tons. By measuring the intracellular sodinm ion concentration, in
& separale experiment outside the reactor, they were able to estimate the total
intracellular volume in the reactor, from the NMR measurements of the ratio of intra-
and extracellular sodium ion concentrations.

The intracellular volume of mammalian cells growing in HFBRs has also been
estimated by using dimethyl methylphosphonate (DMMP) as a*'P NMR probe of cell
volume (Barry e al., 1993). This small, non-toxic and uncharged molecule, which
diffuses passively across the plasma membrane, shows separate *'P resonances for the
intra- and exiracellular molecules. The lower frequency chemical shift inside the cells
is due to a reduction in hydrogen bonding between water and the DMMP. By
measuring the T, values for the intra- and extracellular resonances, the partially
saturated DMMP peaks in *'P NMR spectra of HFBRs could be corrected to give the
relative volumes of the intra- and extracellular compartments.

The lower apparent diffusion coefficient (ADC) of intraceltular water molecules
was exploited to estimate the intracellular water fraction in immobilized breast cancer
cells (van Zijt et al., 1991). In a diffusion-weighted spectroscopy experiment the
signal intensity is a function of the diffusion time and the size and duration of the
diffusion gradients. A plot of the natural logarithm of signal intensity versus size of the
diffusion gradient gave a bi-exponential plot, indicating two components of differing
ADC. The slopes of these components could be used to estimate the ADC values of the
intracellular and extraceltular water molecules and the intercepts of their asymptoles
could be used to estimate the intra- and extracelular water fractions. However this
estimate assumes that the relaxation times of intra- and extracellular water molecules
are either known or the experiments are performed under conditions such that any
differences in relaxation times can be ignored.

This diffusion-weighted spectroscopy experiment was incorporated into an imaging
pulse sequence in order to distinguish a rim of viable cells in multicellular tumour
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spheroids from a necrotic core region {Neemaner al., 1991). The water in the cells had
amuch lower ADC than the surrounding interstitial water and the water in the necrotic
core. A simnilar experiment has been used to map the growth and distribution of CHO
cells ina HFBR (Calliesef al., 1994). A conventional, non-diffusion-weighted image,
showed the distribution of the hollow fibres in the reactor but could not show where
the cells were located. However the cells were clearly visible in a diffusion-weighted
image (see Figure 4b). The assignment of the water fraction with low ADC in these
images to intracellular water was confirmed by acquiring spatially localized 'H
spectra. Regions of the reactor in which the water had a low ADC also gave 'H spectra
which contained cellular lipid signals. This experiment appears to have some potential
for monttoring the effect of bicreactor design and operation strategies on the subse-
quent celonisation and growth of cells in specific regions of the reactor. Tt should also
be capable of providing quantitative measurements of total cell volume in these
FEgIons.

OXYGEN TENSION

The spin [attice relaxation times or T s of the flucrine nuclei in some perfluorocarbons
have been shown to be linearly dependent on the dissolved oxygen concentration
(Shukiaer al., 1995). This property has been exploited to produce F NMR probes of
dissolved oxygen concentrations in vive. Intravenous injection of a perfluorocarbon
emulsion and subsequent non-invasive '*F NMR measurements have been used to
measure oxygen tension in a variety of tissues (Dardzinski and Sotak, 1994, Noth et
al., 1995). The oxygen concentration available to cells immobilized in a gel matrix
was determined by measuring the T s of fluorine nuclei in a perfluorccarbon that had
been incorporated into the gel matrix (McGoverner al., 1993). In the presence of cells
there was a substantial reduction in the dissolved oxygen concentration in the reactor.
The extracapillary space in a hollow fibre bioreactor has been loaded with a
perfluorocarbon emulsion and a YF NMRT | imaging experiment used to measure the
regional distribution of dissolved oxygen in the reactor (Williams ef al., 1997). Cell
distribution was also measured using diffusion-weighted imaging (see above} and it
showed that there was a correlation between dissolved oxygen concentration and cell
density. The cells tended to grow around the fibres and in regions in which the cell
density was high the dissolved oxygen concentration was reduced. Experiments of this
type should assist in the development of bioreactor design and operation strategies
which minimize the formation of oxygen gradients.

Conclusions

A primary aim of this brief review has been to alert the novice to the potential of NMR
techniques for monitoring the performance of intensive mammalian cell bioreactors.
Applications to the hollow-fibre have been concentrated on as this seems to have been
the most widely studied system so far. The imaging techniques for measuring medium
flow, cell distribution and oxygen tension, when coupled with localized spectroscopy
techniques for measuring regional cell metabolism, would seem to constitute a very
powerful methodological approach. In the context of artificial organs, the application
of NMR techniques appears to be particalarly attractive. The application of multi-
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nuclear NMR techniques to the study of intact biological systems, including man, over
the last 20 years means that there is wealth of data on what the NMR spectra of a
variety of tissues look like in health and disease. This database could be very useful in
assessing the performance of cells from these tissues when they are incorporated into
a bioartificial organ. For example, there have been several “C NMR studies of
gluconeogenesis and glycogen synthesis in the liverin vivo (Cohen, 1987; Shulman et
al., 1988). These same experitents could be used to assess Hver function in an
hepatocyte-based artificial liver. The potential, however, of NMR to examine
bioartificial organ performance goes beyond simple measurements on the isolated
device. Yarmush and co-workers (Foy ef al., 1994) used P NMR to assess the energy
status of hepatocytes during their isolation from the animal. In this way they were able
to optimise the liver perfusion protocol used in the isolation procedure. This approach
could be taken a step further, in the case of implanted devices, by using NMR to non-
invasively monitor the performance of the resultant device when this is subsequently
implanted in the patient. There is a precedent for this in that *P NMR has been used
to monitor the subsequent performance of implanted organs (Haug ef al., 1988). This
approach could be useful, for example, to monitor the progress of skin grafts. P NMR
could be used to monitor the metabolism of skin cells in culture {Langer and Vacanti,
1993) and following their subsequent grafting onto the patient {Bohninget al., 1996).
Although this is speculative, it nevertheless illustrates the potential of the method.
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