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Abstract

A live, in-situ metabolomics capability was developed for prokaryotic cultures under controlled growth conditions. Toward this goal,
a radiofrequency-transparent bioreactor was developed and integrated with a commercial wide-bore nuclear magnetic resonance (NMR)
imaging spectrometer and a commercial bioreactor controller. Water suppressed 1H NMR spectroscopy was used to monitor glucose and
fructose utilization and byproduct excretion by Eubacterium aggregans (an anaerobic bacterial species relevant for biofuel production)
under controlled batch and continuous culture conditions. The resulting metabolite profiles (short chain organic acids and ethanol) and
trends are consistent with existing knowledge of its metabolism. However, our study also showed that E. aggregans produces lactate end
product in significant concentrations—a result not previously reported. The advantages of live in-situ microbial metabolomics analysis
and its complementariness with functional genomics/systems biology methods are discussed.
� 2008 Elsevier Inc. All rights reserved.
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1. Introduction and background

The microbiological processing of renewable biomass
(plant matter) into biofuels and other chemicals is a prom-
ising approach to reduce our dependence upon diminishing
petrochemical feedstocks [1]. However, the development
and optimization of bioprocessing methods requires a
detailed understanding of a microbial system’s metabolic
pathways and flux rates. Metabolomics involves measuring
the metabolite composition of a biological system under
defined physiological conditions [2]. Nuclear magnetic res-
onance (NMR) spectroscopy is unique in its ability to mon-
itor in-situ metabolic flux rates [3].

Early live, in-situ microbial metabolism NMR studies
employed conventional liquid-state (test tube) NMR tech-
niques [4,5] using washed cells with minimal environment
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control. Subsequent researchers developed methods to oxy-
genate the cell suspension while in the NMR tube [6,7]
allowing for aerobic studies. Other researchers developed
flow-loop systems [8,9] to transport cells from an external
bioreactor to a modified NMR tube in the spectrometer.
These designs suffer the loss of growth control during the
long (tens of seconds) transit times, where the environment
is neither regulated nor monitored. The design of Noguchi
et al. [10] attempts to provide environment information by
monitoring an identical flow cell in a parallel flow loop.

Several NMR-compatible bioreactors have been devel-
oped [11–15]. These bioreactor-in-magnet designs allow for
NMR detection in or immediately adjacent to the reaction
vessel, thus they provide metabolism measurements under
controlled-environment conditions. Of particular note is
the membrane-cyclone NMR bioreactor [13,16], a hydrocy-
clone bioreactor promoted for its simplicity of construction
and operation [17]. Introduced [18] as an alternative to stir-
red-tank reactors operating in the sub-liter volume range,
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Nomenclature

Dilution rate influent volumetric flow rate divided by
the bioreactor culture volume (h�1)

M molarity (mol l�1)
ppm field independent NMR chemical shift scale

160 P.D. Majors et al. / Journal of Magnetic Resonance 192 (2008) 159–166
hydrocyclones are ideal for NMR because they have no mov-
ing parts—a recirculation pump provides the power for both
gas exchange and mixing functions. The Hartbrich reactor
[13] incorporates these features plus enhanced NMR sensi-
tivity of their earlier continuous-flow bioreactor [12].
Increased NMR sensitivity involves using reactor-suspen-
sion flow to constantly replenish the NMR test section with
fully-polarized spins [19], thus allowing for rapid signal aver-
aging. This allows for lower detectable metabolite concen-
trations and/or better temporal resolution.

Cyclones are passive vessels that—when injected with a
flowing suspension—generate a centrifugal flow field to
efficiently separate the suspension phases based upon their
density contrast or (for solids) particle size. Cyclones con-
sist of a cylindrical or conical vortex chamber with a tan-
gential-flow-injection inlet and concentric outlets with
characteristic geometric dimension ratios [20]. They have
been employed for solid–gas [20], solid-liquid [21], liquid–
liquid [22] and liquid–gas separations. Hydrocyclone biore-

actors function as liquid–gas separators and are highly effi-
cient due to the large density contrast [23]. Very high gas
transfer rates can be obtained by introducing the influent
gas as bubbles either upstream of the cyclone inlet [13] or
at the chamber wall [24], leading to high cell densities
and product yields [25,26].

The membrane-cyclone reactor has been applied for
metabolic studies of bacterial and yeast suspensions
[13,27,28]. These studies employed 31P (and sometimes
13C and 15N) NMR methods. These nuclei readily yield
adequate spectral resolution with modest effort due to their
large chemical shift ranges. Further, the spectra are often
less complicated than 1H NMR spectra. Phosphorus is less
ubiquitous in metabolites, and 13C and 15N measurements
usually employ selectively enriched materials due to their
low natural abundances (labeling of substrates allows for
the selective observation of their metabolic products and
largely excludes extraneous compounds). Finally, there
are typically no strong solvent background signal and
attendant signal suppression issues for these nuclei.

1H NMR is commonly employed for NMR metabolo-
mics studies—1H is nearly 100% in natural abundance,
has a high NMR sensitivity and is found in most metabo-
lites. However, 1H NMR suffers from a small chemical shift
range requiring good magnetic field uniformity and some-
what longer measurement times. Additionally, the large
(55 M) water signal must be attenuated by several orders
of magnitude in order to detect millimolar metabolite sig-
nals. Further, the resulting NMR spectra reflect the meta-
bolic complexity of the sample and require mixture-
analysis post-processing [6]. This article describes the devel-
opment and optimization of an NMR-transparent hydro-
cyclone bioreactor that is suitable for live/in-situ water-
suppressed 1H NMR metabolomics studies, and its appli-
cation to the study of anaerobic bacterial systems relevant
for bioenergy development.

2. Materials and methods

2.1. NMR bioreactor

The NMR bioreactor (Fig. 1) provides a stable, con-
trolled growth environment for microbial suspensions dur-
ing NMR measurements. It is designed to operate within a
commercial widebore superconducting magnet, thus it is
constructed from nonmagnetic Pyrex� glass and composite
materials and has a concentric cylindrical geometry. The
reactor vessel, a small sensor/sampling port manifold and
a modified peristaltic pump (Fig. 1A–C) are interconnected
with pump tubing (6.4 mm ID PharmapureTM, Saint-Gobain
Performance Plastics, Akron, OH, USA) and supported in
and atop the actively shielded 11.7 T superconducting mag-
net (Fig. 1D). The sensor manifold contains standard pH,
temperature and dissolved oxygen sensors, plus two septum
ports used for sample withdrawal and reagent injection.
Materials and dimensions were designed for autoclaving
and allow thermal expansion to temperatures exceeding
125 �C. The peristaltic pump employed an air-powered
pump drive (Masterflex L/S model 7569-00, Cole Parmer,
Vernon Hills IL USA) that was rendered compatible with
the strong magnetic field by replacing its steel casing with
an aluminum support platform. This recirculation system
provides the power for mixing and aeration, as well NMR
sensitivity enhancement [12,19].

The magnet insert is connected by an umbilical of fluid
lines and sensor cables to a mobile aluminum equipment
rack containing supporting equipment (not shown). This
includes media and waste vessels, pumps and a commercial
bioreactor controller (Fairmentec FCE 03, Bioengineering
AG, Zürich CH) containing sensor and control circuitry
for temperature, pH, pO2 and redox control. A transpar-
ent, mock NMR bore tube constructed from aluminum
and Lucite� tubing supports the bioreactor and allows
for its safe visual inspection while operating outside of
the magnet. This non-magnetic rack is rolled adjacent to
the magnet and the bioreactor/pumping system is trans-
ferred into the magnet without interrupting reactor opera-
tion. Automated bioreactor control and parameter
recording is obtained using InTouch data logging software
(Wonderware, Lake Forest CA USA) with 1-min time
resolution.
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Fig. 1. Illustration of the NMR bioreactor system. A: autoclavable Pyrex
bioreactor vessel (scale 4:1); B: sensor manifold, C: recirculation pump; D:
actively shielded widebore superconducting magnet; E: vessel lid; F:
tangential flow injector; G: reaction chamber; H: NMR test section; J:
UltemTM tube extender with bubble-deflection plate and flow bypass gate.
The arrows indicate the flow paths for the suspended culture.
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The vessel lid (Fig. 1E) employs a 55/50 standard taper
ground glass joint. It contains four ports: a 7 mm ID inter-
nally threaded glass connector with an O-ring seal as a
feedthrough for the 5 mm OD tangential fluid injector line;
a concentric 11 mm ID connector for the 10 mm OD return
line; a second 11 mm ID connector to support multiple
fluid lines (acid, base, gas and media influent lines and
media effluent line to maintain a safe fluid level); and a hose
barb for 12 mm tubing connected to a vapor condensation
tube (not shown) serves as the gas outlet. The bottom,
fluid-fed 20 mm OD cylindrical test section (Fig. 1H) effec-
tively replaces a conventional NMR sample tube.

The in-magnet bioreactor vessel (Fig. 1A) is modeled
closely after the membrane-cyclone reactor [13]. The
microbial suspension is tangentially injected into the
cylindrical reaction chamber (Fig. 1F), which provides
mixing and the efficient removal of entrained gas by cen-
trifugal force. Gas exchange is accomplished by purging
the reaction vessel with influent gas, which exchanges
with the media gases via the expanded falling film sur-
face area on the reaction vessel wall. [Purging the vessel
with N2 gas at a low flowrate was experimentally deter-
mined to yield strict anaerobic growth conditions in less
than 1 h.] The flow from the mixing chamber to the test
section is partially restricted by a impermeable plate
(Fig. 1J) with a 2.5 mm clearance at the vessel wall to
exclude gas bubbles. An adjustable flow inlet above the
plate allows for the partial bypassing of the test section,
thus decoupling the test section replenishment (NMR
optimization) flow rate from the overall flow (mixing)
rate [16]. The suspension flows into the test tube section
(Fig. 1H) where NMR measurements are performed. A
concentric, internal return tube lifts the suspension from
the test section to the sensor manifold and pump, and
is injected into the mixing chamber to complete the cir-
culation loop.

The reactor was optimized for 1H NMR spectroscopy
by: (1) integrating it with magnetic field gradient hardware
to allow gradient-assisted water suppression and other
NMR experiments employing gradients, (2) reducing the
flow rate at the test section to increase the mean fluid-
residence time to approximately one second to accommo-
date a longer NMR signal detection interval, and (3) recon-
figuring the test section (geometry and materials) to yield a
spectral line width adequate for water suppression. A
spreadsheet program was developed and used to optimize
the hydro-cyclone reaction vessel and to determine safe
operating conditions. The program input includes fluid
properties (dynamic viscosity and density), NMR proper-
ties (longest anticipated T1 and T2 spin relaxation times)
and reactor parameters (test section, reaction chamber
and tubing dimensions). Program output includes the opti-
mum flow rates (0.6–1.2 liter/min constant flowrate) and
corresponding Hagen–Poiseuille pressures, and the mini-
mum required reaction volume for optimal NMR sensitiv-
ity [12].

2.2. Cultivation experiments

Batch and continuous cultivation experiments with
bacterium Eubacterium aggregans were performed with
a bioreactor culture volume of 200 ml at 33 �C and the
pH was maintained at 7 by base (0.05 M NaOH) addi-
tion during all experiments. Prior to inoculation with
E. aggregans (20% by volume), the NMR bioreactor with
medium was adjusted to the desired growth conditions
(anaerobic, pH 7, T = 33 �C) and baseline NMR mea-
surements were performed. Subsequently, an anaerobic
inoculum of bacteria (prepared and stored under an
atmosphere of mixed 95% N2 and 5% CO2) was intro-
duced via the influent line. Measurement runs consisted
of a controlled-batch incubation with glucose (40 mM)
followed by a continuous cultivation experiment with
the same sample. The dilution rate was set at 0.14 h�1

with no cell retention for the continuous cultivation
experiments, and E. aggregans was grown with influent
media containing different concentrations of glucose (5,
40 and 20 mM) and finally fructose (20 mM; relative
starting times t = 0, 20, 27 and 50 h, respectively) as
the growth-limiting substrates. E. aggregans (DSM
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12183) was purchased from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen (Braunschweig, Ger-
many) and grown in bicarbonate-buffered, sulfide-
reduced mineral medium as described previously [29].

A separate fed-batch cultivation experiment with a high-
biomass-density of E. aggregans was performed in the
NMR bioreactor at 33 �C. The residence times of medium
and cells were decoupled by a circulation-integrated cross-
flow hollow fiber module (0.1 micron pore XamplerTM, GE
Healthcare, Piscataway, NJ, USA) inserted between the
pump and vessel inlet to achieve higher cell densities as
compared to continuous fermentations without cell reten-
tion. The working volume of the NMR bioreactor was
200 ml and the pH was not controlled. Medium adjust-
ments and baseline NMR measurements were performed
as described above. An anaerobic inoculum of bacteria
(prepared and stored under an atmosphere of mixed 95%
N2 and 5% CO2) was subsequently introduced via the influ-
ent line. The measurement run consisted of batch incuba-
tion with glucose (20 mM) obtained by injecting 4 ml 1 M
glucose into the septum port. The cells were retained in
the bioreactor and the final cell-density was 1.5 g dry
weight per liter.

2.3. NMR studies

All NMR measurements were performed using a Bruker
Avance imaging spectrometer with a 11.7 T superconduc-
ting magnet with a 89 mm diameter accessible bore operat-
ing at a Larmor frequency of 500.14 MHz for hydrogen-1.
NMR imaging hardware included a Bruker Mini0.5 XYZ
gradient probe (35 G/cm gradients) driven by 60-ampere
Bruker gradient amplifiers. Radiofrequency (RF) excita-
tion and detection were accomplished using a Bruker
Mini0.5 RF insert containing a 38 mm ID birdcage detec-
tion coil and tuned for 500 MHz. The bioreactor was care-
fully centered within the imaging gradients by performing
multidirectional NMR imaging (MRI) of the test section.
The magnetic field uniformity over the test section was cor-
rected using all first and second order terms by implement-
ing the FASTMAP [30] automated shimming procedure
with no recirculation flow.

Water-suppressed 1H NMR spectra were acquired using
the improved WATERGATE pulse sequence (W5 version,
Bruker pulse program zggpw5.ppg) [31]. This sequence
provides good phase uniformity, a wide inversion (spectral)
bandwidth and narrow solvent-suppression bandwidth to
allow detection of resonances close to that for water. Con-
secutive water-suppressed 1H NMR spectra were acquired
with 64-560 1.07-s repetitions for a time resolution of 1.1–
10 min. A 0.5 s delay was followed by the WATERGATE
W5 pulse train with 400-ls interpulse spacings resulting in
an inversion bandwidth of �5000 Hz. The duration for
rectangular RF pulses with 90-deg nutation angles was
68 ls. Water suppression employed two sets of 1-ms half-
sine gradient pulses (two bipolar pairs with 4.8 and
3.4 G/cm maximum amplitudes) applied in the Y direction,
i.e. tangential to fluid flow (Z direction) to minimize veloc-
ity-induced signal losses. The resulting NMR echo signal
was sampled with 4096 complex points over an acquisition
interval 0.511 seconds, yielding a spectral bandwidth of
8013 Hz. (Data were acquired without active magnetic field
(lock) stabilization—this was deemed acceptable as the
exceptionally stable magnet system generally shows negligi-
ble field drift over the period of weeks.) WATERGATE
W5 resulted in a water suppression factor of approximately
300. NMR data were processed using TopSpin (v. 1.3, Bru-
ker Instruments) NMR application software, by applying
5 Hz of Lorentzian line broadening, Fourier transforma-
tion, and first order phase correction. Baseline correction
was performed by applying a cubic spline fit to selected
baseline points. This procedure was automated using a
serial processing script. Chemical shifts were referenced
by (a) measuring the non-suppressed water signal and
assigning its temperature-dependent shift value [32], then
(b) internally by setting the lactate CH3 spectral line to
its known value of 1.33 ppm.

The processed spectral data were next integrated using a
predefined integration range file. The integration regions
included the formate, lactate (CH and CH3), sugar, n-buty-
rate (C2 and C3 CH2 peaks and CH3 peak), pyruvate, ace-
tate and ethanol CH3 peaks. A TopSpin automation
program was used to accumulate the experiment number,
acquisition date and time, number of scans, receiver gain,
and numerical integration value for each region into a
comma-separated-value (CSV) text file for import into a
spreadsheet program. The spectral integration values were
imported into Excel spreadsheet program (Microsoft
Corp., Redmond, WA, USA). The peak areas were subse-
quently quantified and calibrated to yield molar concentra-
tions for the respective metabolites by: (1) correcting for
intensity variation with offset frequency (determined in a
separate WATERGATE experiment by measuring the
media water-line intensity while changing the carrier fre-
quency); (2) normalizing receiver gain and number of rep-
etitions; and (3) correcting for spin count (additionally,
supervised deconvolution of overlapping spectral lines
was implemented as needed to resolve overlapping lactate
and ethanol resonances, and to separate overlapping glu-
cose-and-fructose and glucose-and-ethanol lines). Finally,
the time-resolved NMR data were synchronized and inte-
grated with the bioreactor environment log data.

The processed time series spectra were later subjected to
unsupervised principle component analysis (PCA; Amix v
3.5 software; Bruker Instruments) to provide an unbiased
identification of significant i.e. responsive metabolites.
One hundred twenty-two spectra were descretized (bucket-

ed) into 0.05 ppm increments (8.6–8.4 ppm and 4.3–
0.6 ppm which excluded the remaining water resonance).

3. Results

Batch and continuous cultivation experiments with E.

aggregans were conducted to assess NMR-bioreactor per-
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Fig. 3. Semilogarithmic plot of metabolite concentrations versus reaction
time derived from water suppressed time-series 1H NMR data for a E.

aggregans chemostat glucose-then-fructose utilization study. Approxi-
mately every twelfth time point is shown (2-h increments).

Table 1
Experimental end-product yield values for E. aggregans grown on glucose
or fructose during batch and continuous cultivation

End-product Ratio mol_Pa/mol_Sb

Batchc Run 1d Run 2e Run 3f

Formate 0.28 0.17 0 0
Pyruvate 0.03 0.03 0 0
Acetate 0.22 0.45 0.15 0.18
Lactate 0.46 0 0.26 0.35
Ethanol 0.17 0.22 0.09 0.09
n-Butyrate 0.12 0.15 0.16 0.20

a P: product.
b S: substrate.
c Determined for end of batch run t = 21.4 h (Fig. 2).
d Determined near end of first continuous run (t = 16.9 h; 5 mM glucose

starting concentration; final glucose concentration below detection levels
at t = 11.8 h; Fig. 3).

e Determined near end of second continuous run (t = 47.3 h; 20 mM
glucose starting concentration; 5.6 mM final glucose concentration).
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formance. These experiments (Figs. 2 and 3) yielded the
time-resolved consumption of substrate (glucose or fruc-
tose) and the identities and concentrations of the resulting
end products. The observed end products were lactate, ace-
tate, formate, n-butyrate, ethanol and pyruvate and are
summarized in Table 1 (the spectral-line assignment of
pyruvate is tentative and may instead correspond with suc-
cinate. Further experiments are required to positively iden-
tify this line). These products are all extracellular–
intracellular metabolites were not detected due to the low
cell densities and modest spectral resolution employed in
these studies.

Fig. 2 shows the resulting time-resolved concentrations
for the detected glucose and end-products during the batch
run. Glucose decreased from 40 to 1.3 mM after 23 h. Con-
currently, the organic acid products were seen to increase
in an approximately linear fashion, with lactate four times
more abundant than formate or acetate (Fig. 2). The con-
sumption of glucose revealed a undetected ethanol reso-
nance—unsupervised PCA analysis clearly resolved the
ethanol CH2 resonance at 3.65 ppm, which was buried
under the glucose resonances during much of the run,
and led to the identification of a shoulder of the lactate
peak (approx. 1.2 ppm) as the CH3 resonance of ethanol.

Fig. 3 shows time-resolved substrate and end-product
concentrations for a continuous 3-day NMR bioreactor
run using E. aggregans. This study immediately followed
the batch glucose-utilization study (Fig. 2). During
Run_1 (t = 0–20 h) 5 mM glucose was applied with a dilu-
tion rate of 0.14 h�1. After 11.8 h, the glucose was con-
sumed and lactate decreased to sub-millimolar values,
clearly revealing both ethanol resonances. The remaining
organic acid products remained at moderately high levels,
with acetate the highest at 2–2.5 mM. During Run_2
(t = 20–50 h) the glucose concentration was changed to
40 mM, then 20 mM glucose leading to an overall increase
in lactate, butyrate, and ethanol and a decrease in formate
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Fig. 2. Semilogarithmic plot of metabolite concentrations versus reaction
time derived from water suppressed time-series 1H NMR data for a E.

aggregans batch glucose utilization study. Approximately every sixth time
point is shown (1-h increments).

f Determined near middle of third continuous run (t = 67.7 h; 20 mM
fructose starting concentration; 7.5 mM final fructose concentration).
and pyruvate, with acetate remaining fairly constant.
Finally in Run_3 (t = 50–76 h) the substrate was switched
to 20 mM fructose at a dilution rate of 0.14 h�1, yielding
a slowly increasing lactate and/or ethanol concentration,
while the other products remained constant and unchanged
from the immediately preceding glucose run. After
switching substrates in the influent feed, the glucose con-
centration decreased to an undetectable level after approx-
imately 4 h, and fructose increased to a maximum value of
7.7 mM after approximately 8 h.

The high-biomass fed-batch cultivation experiment
resulted in the consumption of all glucose after 30.7 h
and production of similar end products as observed in
the previous batch and continuous cultivation experiments.
However all products were at or below 7 mM and the lac-
tate concentration began steadily decreasing after the glu-
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cose supply was exhausted (data not shown). Formate was
not detected at any time.

4. Discussion

The measured end product yields (mol_product mol_
substrate�1) for the different runs are given in Table 1. Glu-
cose was consumed completely during the batch incubation
(Fig. 2). During the chemostat glucose and fructose utiliza-
tion study residual carbohydrate concentrations remained
in the bioreactor (Fig. 3). The fructose concentration
attained only 38% of the feed concentration, as it was intro-
duced at a moderate dilution rate into an actively-metaboliz-
ing cell suspension, demonstrating the rapid adaptation of
the E. aggregans culture to the new substrate. These trends
are predicted based on the steady-state relationship between
the concentration of substrate in the in-flowing medium and
the dilution rate. The end products changed only slightly
with the change of substrate from glucose to fructose. E.

aggregans is known to ferment carbohydrates like glucose
and fructose to produce end-products like formate and buty-
rate (glucose), and acetate and butyrate (fructose), respec-
tively. However, our study showed that lactate is a very
important end-product (Table 1) something that was over-
looked in a previous study [33]. Having meaningful data
on the amount of substrate utilized and end-product pro-
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biomass studies. Although an internal concentration refer-
ence was not employed, the external water signal and inter-
nal n-butyrate and pyruvate signals gave consistent
intensities thus the low product concentrations are deemed
accurate.

Existing systems biology techniques which seek to com-
bine metabolomic with transcriptomic and proteomic data
(Fig. 4; solid black arrow path) involve sampling live cells
from a bioreactor, rapidly halting their metabolism (freez-

ing), then chemically extracting the metabolite contents for
detection by NMR, MS, gas chromatography, capillary
electrophoresis or high-performance liquid chromatogra-
phy analysis. Since metabolite profiles change on a second

to sub-second timescale [35,36], these profiles can be cor-
rupted during the several seconds required for sampling
and freezing. (Protein, DNA and RNA profiles change
on timescales of minutes to hours [37,38] and are more
robust to sampling.) Attempts have been made to minimize
sampling/freezing distortions [39,40]. Finally, the reaction
culture contents are incrementally diminished or diluted
with each sampling, resulting in poor efficiency.

Another approach is to draw upon the non-invasive nat-
ure of NMR to measure metabolism while inside of a func-
tioning bioreactor (Fig. 4; top right). In this systems biology

paradigm, metabolic data are collected prior to genomics/
proteomics. The advantages include: (1) accurate metabo-
lite concentrations and profiles acquired under rigorously
controlled dynamic or steady-state growth conditions; (2)
non-destructive measurements that preserve the entire sam-
ple volume for genomics and proteomics (Fig. 4; dashed
arrows); (3) improved efficiency via flow-enhancement of
NMR sensitivity; (4) ample time for long-duration, high-
information multi-dimensional NMR measurements and
stable isotope-labeling studies (since cell cultivation typi-
cally requires days or weeks of time); (5) metabolomics
data can be reliably associated with subsequent genomic
and proteomic measurements, since mRNA and proteins
are less susceptible to sampling artifacts; and (6) prior in-
situ metabolite data could be used to optimize the sampling
time for genomics/proteomics/enzyme-activity analysis,
e.g., after a perturbation such as the addition of a different
feed stock during an ethanol fermentation study.

The current NMR bioreactor provides moderate-to-
poor spectral resolution—apparently the large 20 mm
outer diameter NMR test section is too large for magnetic
field correction using the existing room temperature shim
set. Improved spectral resolution and better water suppres-
sion are likely attainable by employing a 10 mm test tube.
Figs. 2 and 3 indicate a detectable spin-concentration
threshold of 0.1 mM, which will likely improve with better
resolution and a NMR probe with a better filling factor.
More recently, we tested a electric motor recirculation
pump—the resulting flow was less pulsatile and this
reduced the scan-to-scan variability allowing for the repro-
ducible measurement of metabolite concentrations in sec-
onds. Further optimization is needed to adequately
perform high-biomass-density studies.
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