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INSTRUMENTS &
APPLICATIONS

In recent years, NMR spectroscopy has
emerged as a premier research method
for the analysis of samples of biological

relevance. Protein structure determina-
tion, analysis of drug interactions, and tissue
and cell research all benefit from the rich
information content of NMR. In particu-
lar, the information revealed in an NMR
spectrum, combined with a variety of
tools and techniques used to extract this
information, make the method useful for
the study of metabolic processes, a field that
has been called metabonomics. (Strictly
speaking, metabonomics deals with animal
or human metabolism, whereas metabolomics
deals with cell or plant metabolism).

In such studies, the researcher tries to
accomplish three main goals:
• detect the presence of certain metabolites,
• identify the metabolite, and
• determine if the metabolite can be used

to diagnose a particular condition such
as a disease.
The questions posed will determine the

specific techniques and instrumentation
required for the analysis. Similarly, the types
of sample and the available quantity will
determine the appropriate probes and
means of sample introduction.

Detection
The presence of a specific metabolite or
combination of metabolites can usually be
determined on an untreated sample such as
urine or plasma. Each metabolite will have
a specific NMR signature, and once a set
of reference samples has been measured, this
information can be stored in a database. A
program capable of mixture analysis, such
as the AMIX program from Bruker BioSpin
(www.bruker-biospin.com), can then compare
the NMR spectrum of a sample, and scan
that against the individual spectra contained
in a spectral database. A useful database
will contain not only 1-D chemical shift
data, but also 2-D information, heteronu-

clear data, and spectral patterns. Routines
that match and identify metabolites based
on 2-D NMR signal position and line
shape have proven very reliable. The aim
in the development of such techniques is
to be able to find an automatic match in
real time, so that in ambiguous cases, addi-
tional NMR experiments can be performed
immediately.

Identification
Identification of a single metabolite can
be important if one is looking for a cause
or a marker for a particular disease. In addi-
tion, metabolites that arise from the body’s
conversion of a particular drug are impor-
tant leads for toxicological and drug effi-
cacy assessments. Biological samples are,
however, rarely presented in a pure single-
metabolite composition, and thus, a sepa-
ration step precedes the NMR experiment.

LC-NMR and its variations have proven
to be a successful and accepted approach.
In these hyphenated techniques, an HPLC
separation is followed by NMR detection.
This integrated setup provides a fully auto-
mated separation step, in which the UV
detection can steer the actions of the NMR
instrument, acquiring data on relevant frac-
tions that leave the LC column. This prin-
ciple has been further refined with the
inclusion of a solid-phase extraction (SPE)
unit for sample entrapment, leading to a
higher signal-to-noise ratio for the NMR
detection. Furthermore, the resolving power
can be expanded with the addition of an
ion-trap MS detector for a completely inte-
grated LC-NMR-MS approach. Single-
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Figure 1. Using the program AMIX, researchers performed multivariate analysis on the NMR data from
infant urine samples. While the spectral characteristics of large numbers of samples cluster, outliers remain,
which identifies patients suffering from hippuric acid disorder. (Image courtesy of Bruker BioSpin.)
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metabolite identification is often a precur-
sor to follow-up studies in which one can
look for the occurrence of a particular
metabolite as a function of phenotype to
study drug efficacy or as a function of time
to follow a drug’s metabolic pathway, to
observe the progression of a disease or treat-
ment, or to produce a toxicological profile.

Diagnostics
NMR spectra of complex samples such
as biological tissues and biofluids are
composed of a large number of resonances.
In a typical sample, one would not be able
to discern and assign all of the indi-
vidual resonances to metabolites, at
least not without resorting to a suite
of multidimensional experiments to
unravel the spectroscopic informa-
tion. A different approach is to apply
statistical methods to describe the
commonalities and differences of a
large sampling of spectra. Multivari-
ate techniques, such as principal
component analysis, can be used to
classify or group samples (e.g., using
SIMCA) according to certain spec-
tral characteristics. Software packages
take large amounts of NMR data and
perform such a statistical analysis. The
aim is to find principal components
or characteristics that, when plotted,
allow “normal” samples obtained from
a pool of healthy subjects to group
together or cluster. An abnormal or diseased
subject would fall outside this classifica-
tion and become an outlier. Identification
of the characteristic that causes the sample
to be an outlier can lead to the discovery
of a biomarker. 

Statistical approaches are successfully
applied in disease screening and in toxi-
cological profiling. One example in which
NMR has proven successful as a screen-
ing technique is in newborn screening.
Typically, an infant’s urine sample is
acquired and an NMR spectrum is meas-
ured. By comparing this sample to a refer-
ence database, one is able to distinguish a
large (and increasing) number of diseases
such as inborn errors of metabolism. If the
sample is marked as an outlier after the
initial analysis, a subsequent determina-
tion is made as to the source of the abnor-
mality. If the result is ambiguous, a deci-
sion can automatically be made for a further
set of NMR experiments to identify the
specific metabolite or group of metabo-

lites that are present and that indicate a
specific disorder. 

Tissue Samples
All of the categories of questions described
above can, in principle, be queried from
a number of different sample types. Obvi-
ously, the physical handling and the NMR-
specific approaches will differ significant-
ly, depending on the sample type. Suitable
samples for the study and analysis of metab-
olism include tissues and body fluids.

Tissue samples are obtained either post-
mortem, during surgery, or through biop-

sy. A range of tissues can be studied to yield
important information on diseases. Tumor
biopsies give direct information on the
cancer cells in question, whereas metabolic
information from tissues such as liver or
kidney may indirectly point to a disease
or overall condition of the body.

Organ tissue is accessible by NMR
either through tissue extracts or by meas-
uring the tissue in its native state. In
contrast to NMR spectra obtained from
extracts, tissue samples give rise to broad
NMR lines and low resolution because
of the inhomogeneous nature of the tissues.
The reason for this is that the magnetic
field penetrating the sample traverses
sections (cells, membranes, fat, etc.) of
different magnetic susceptibility, causing
local distortions of the magnetic field,
which leads to susceptibility broadening.
By spinning the sample at a specific angle
to the magnetic field—the magic angle—
this broadening can be reduced, and a high-
resolution NMR spectrum can be obtained

from the intact tissue. This technique, known
as high-resolution magic angle spinning
(hr-MAS) NMR, is typically performed
with just 5–10 mg of tissue sample. Because
the sample is not destroyed, the NMR
results can be correlated with other indi-
cations of pathology.

When using hr-MAS NMR to obtain
information related to metabolism, one
has to keep in mind the heterogeneity of
the tissue itself. It is good practice to obtain
a few similar samples from the same organ
to assess the intersample variability of both
the total intensity and the individual

metabolite concentrations.

Body Fluids
Most metabolic profiles are obtained
from body fluids such as plasma, urine,
and cerebrospinal fluid (CSF). In cells
and tissues, the observed metabolites
are directly involved in the cellular
processes, but with body fluids, one
deals with secondary metabolites
and detoxification products that indi-
rectly reflect what is happening at
the cellular level. Body fluids are more
conveniently sampled, which not only
improves access to a greater popula-
tion for larger-scale studies, but also
eases a possible transition into a diag-
nostic technique once a specific
biomarker has been discovered.

The hardware used to measure
body fluids is dictated by the type, origin,
and quantity of the samples as well as the
specific questions to be answered in the
particular study. NMR probes are avail-
able for sample volumes from 250 µL to
less than 5 µL. For human urine samples,
a 5-mm NMR probe is ideal. Mouse and
rat urines can be adequately measured in a
3-mm probe (about 60 µL active volume),
whereas mouse CSF is better studied with
a 1-mm NMR probe. The latter probe
handles sample volumes of up to 5 µL and
results in a much higher signal-to-noise ratio
for these small samples, compared with
taking the few microliters of available sample
and diluting it to fit a 5-mm probe.

The type of study also dictates the opti-
mum magnetic field strength for the NMR
measurements. If the aim is to use multi-
variate methods to obtain statistical data,
500- to 700-MHz NMR spectrometers
are typically used. If, however, one wish-
es to identify individual metabolites, the
enhanced spectral dispersion and sensitiv-

Figure 2. The 1H-NMR spectrum of human urine determined on
a 900-MHz spectrometer. (Spectrum courtesy of Jeremy Nichol-
son, Imperial College, London.)



24 TODAY’S CHEMIST AT WORK JANUARY 2004 www.tcawonline.org

INSTRUMENTS & APPLICATIONS

ity at higher field strengths are beneficial.
For instance, one can discern up to about
9000 individual resonances in urine
spectra at 900 MHz, the highest field
currently available for NMR experiments.

For statistical analysis, a large number
of samples is required. In these studies,
throughput becomes an important factor.
The throughput reflects not only the NMR
measurements, but also the sample prepa-
ration step. If one wishes to compare indi-
vidual samples, it is necessary to account
for changes in pH, salinity, and tempera-
ture. It is therefore good practice to buffer
the urine samples and perform a pH meas-
urement before the NMR experiment. This
eliminates changes in resonance frequen-
cies due to these external factors, which
do not reflect compositional changes of
the sample. With modern robotics, the
sample preparation step and the transport
to the magnet can be fully automated.

If one decides to measure the samples
in individual NMR tubes, systems such as
the Bruker BioSpin Sample Rail can be used
in combination with an autosampler to

automatically aliquot the sample, add buffer,
perform a pH measurement, and transport
the sample to the magnet. An alternative
to individual tubes is to inject the samples
into the NMR probe. In these instances,
the NMR probe is equipped with a flow
cell. These flow-probes are available with a
variety of cell sizes to match the sample
volume. Sample preparation can again be
fully automated, and samples are usually
submitted in well plate format. The flow-
through approach results in the highest
possible throughput, and depending on the
application, experiment times of well under
1 min per sample are routinely achieved.

The Bottom Line
Current NMR instrumentation offers enor-
mous versatility to handle the widely vary-
ing and demanding samples submitted from
metabonomics studies. The introduction
of cryogenically cooled probes, hr-MAS
probes, and hyphenated techniques has
propelled the sensitivity and resolving power
of NMR to levels that make it a beneficial
part of any metabonomics effort. Applica-

tions include the discovery and subsequent
diagnosis of biomarkers, drug metabo-
lism, toxicological studies, and drug effica-
cy through phenotyping. With the ever-
expanding experimental capabilities, the
number of applications is certain to grow.

Further Reading
Dumas, M.; et al. Metabonomic Assessment of Phys-

iological Disruptions Using 1H-13C HMBC-NMR Spec-
troscopy Combined with Pattern Recognition Proce-
dures Performed on Filtered Variables. Anal. Chem.
2002, 74, 2261–2273.

Mountford, C. E.; et al. Diagnosis and Prognosis of
Breast Cancer by Magnetic Resonance Spectroscopy
of Fine-Needle Aspirates Analysed Using a Statisti-
cal Classification Strategy. Brit. J. Surg. 2001, 88,
1234–1240.

Nicholson, J. K.; et al. Metabonomics: Understanding
the Metabolic Responses of Living Systems to Patho-
Physiological Stimuli via Multivariate Statistical
Analysis of Biological NMR Spectroscopic Data.
Xenobiotica 1999, 29 (11), 1181–1189.

Spraul, M.; et al. Advancing NMR Sensitivity for LC-
NMR-MS Using a CryoFlow Probe: Application to
the Analysis of Acetaminophen Metabolites in Urine.
Anal. Chem. 2003, 75, 1536–1541.

Werner Maas is vice president of Bruker BioSpin (www.
bruker-biospin.com). ◆


