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ABSTRACT 

 

Metabolic profiling of biological samples provides important insights into multiple 

physiological and pathological processes, but is hindered by a lack of automated annotation 

and standardised methods for structure elucidation of candidate disease biomarkers. Here, 

we describe a system for identifying molecular species derived from NMR spectroscopy-

based metabolic phenotyping studies, with detailed info on sample preparation, data 

acquisition, and data modelling. We provide eight different modular workflows to be followed 
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in a recommended sequential order according to their level of difficulty. This multi-platform 

system involves the use of statistical spectroscopic tools such as STOCSY, STORM and 

RED-STORM to identify other signals in the NMR spectra relating to the same molecule. It 

also utilizes  2D-NMR spectroscopic analysis, separation and pre-concentration techniques, 

multiple hyphenated analytical platforms and data extraction from existing databases. The 

complete system, using all eight workflows, would take up to a month, as it includes 

multidimensional NMR experiments that require prolonged experiment times. However, 

easier identification cases using fewer steps would take two or three days. This approach to 

biomarker discovery is efficient, cost-effective and offers increased chemical space coverage 

of the metabolome, resulting in faster and more accurate assignment of NMR-generated 

biomarkers arising from metabolic phenotyping studies. Finally, it requires basic 

understanding of Matlab in order to perform statistical spectroscopic tools and analytical 

skills to perform Solid Phase Extraction, LC-fraction collection, LC-NMR-MS and  1D and 2D 

NMR experiments. 

  

INTRODUCTION 

Nuclear Magnetic Resonance (NMR) spectroscopy has been widely applied in metabolic 

profiling and phenotyping1-3 for over three decades. The technology allows for accurate high-

throughput screening of thousands of metabolites (small molecular species <1 kDa) present 

in a biological sample4-7 such as urine, plasma, faeces, saliva and multiple types of tissues, 

as well as food8 and plant extracts. NMR spectroscopy provides robust multi-metabolite 

fingerprints of hundreds of metabolites in many biofluids, many of which are listed in spectral 

databases, particularly for common biofluids in urine and blood.  

 

However, it is very challenging to elucidate the structure of all metabolites present in biofluid 

samples. The large number of unknown or unidentified metabolites with high dynamic 

concentration range, extensive chemical diversity and different physical properties poses a 

substantial analytical challenge. Metabolic profiling studies are often geared towards finding 

differences in the levels of metabolites that are statistically correlated with a clinical outcome, 

dietary intervention or toxic exposure when compared with a control group. The chemical 

assignment of this reduced panel of biologically-relevant metabolites is possible using 

statistical spectroscopic tools9-11, 2D-NMR spectroscopic analysis12-14, separation and pre-

concentration techniques11, various chromatographic and MS-based analytical platforms15,16 

and existing spectral databases. However, the structural elucidation of NMR resonances 

relating to unknown molecules remains a major bottleneck in metabolic profiling studies. As 

a result, many published NMR-based metabolic profiling studies still continue to include 

putatively identified metabolites and unknown features without providing unequivocal proof 
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of assignment or they simply label peaks as ‘unknown’, thereby potentially missing key 

mechanistic information. 

 

To avoid the problem of multiple entries for the same compound in databases under different 

names, a community-wide effort is underway to develop better, faster and more 

standardized metabolite identification strategies, such as implementing standard 

nomenclature for newly identified metabolites using the International Chemical Identifier 

(InChI)17. Sumner et al proposed a  four-level system18 for assigning a confidence level to 

newly identified metabolites in metabolic profiling studies: i) positively identified compounds 

(with a name, a known structure, a CAS number or an InChI identifier), ii) putatively 

annotated compounds using spectral similarity with databases but without chemical 

reference standard, iii) putatively identified chemicals within a compound class, and iv) 

unknown compounds. Wishart et al. proposed a further distinction for those metabolites: the 

“known unknowns” and the “unknown unknowns”19.  A “known unknown” corresponds to a 

metabolite that has not yet been identified in the sample of interest but that has been 

previously described in a database or in the literature, whereas, a truly novel compound, “an 

unknown unknown,” has never been described or formally identified.  

 

Commercial packages, such as Bruker’s AMIX TM software and open-source software20, 

such as COLMAR (http://spinportal.magnet.fsu.edu/), can help with identifying these ‘known 

unknowns’ and some of these software applications are capable of automatically or semi-

automatically annotating a limited number of compounds in a biological sample. However, 

even with automated annotation, the software still requires manual revision and can be 

prone to inconsistent interpretation and assignment by different individuals19. Most software 

packages and databases do not support identification of ‘unknown unknowns’, although a 

few platforms, such as AMIX, include prediction software to aid the identification of novel 

compounds. 

 

Open access databases have been created for researchers to deposit information relating to 

newly identified compounds. Most of the available databases such as the human 

metabolome database, (HMDB)21, the BioMagResBank (BMRB)22, PRIMe server,23 

COLMAR 1H(13C)-TOCCATA, and Bruker-AMIX(http://www.bruker-biospin.com/amix.html) 

contain chemical shift values, relative intensity and peak shape information for 1H-NMR  and 

often 13C-NMR data to support metabolite identification.  However, all databases contain 

inherent errors such as incorrect structures for the metabolites, incorrect names and 

incorrect assigments. This problem is compounded further by the impact that experimental 

conditions such as the pH or ionic content of the sample can have on the chemical shift of a 



 

4 
 

metabolite. Some of these databases, such as HMDB, provide complementary information, 

including mass spectrometry assignments, which can be useful for checking potential errors 

in assignments of NMR peaks.   

 

However, although there are resources available to aid assignment of candidate biomarkers, 

there is no panacea for accurate metabolite identification and there remains a clear unmet 

need for improved strategies for metabolite identification and curation for NMR spectral 

profiling. 

 

 

NMR spectroscopy for structure elucidation  

NMR spectroscopy exploits the molecular property of spin and the fact that small differences 

in the local electronic environment of a molecule will result in differences in properties such 

as chemical shifts that relate to specific chemical groups. NMR is the only spectroscopic tool 

that delivers atom-centered connectivities information, giving it a major role in molecular 

structural elucidation. It has many benefits over the other techniques currently employed in 

metabolic profiling, such as minimum sample preparation, high reproducibility and 

robustness, non-destructive nature and relative quantification without using internal 

standards24. Additionally, although it is generally less sensitive than MS-based spectroscopic 

platforms, NMR is capable of providing wide selectivity with respect to analytes and definitive 

structural information for detecting them with no restrictions on polarity, volatility, or 

chromophore content25. However, development of magnets with increased field strength, 

operating frequencies and cryogenically cooled probes are enhancing the sensitivity offered 

by NMR. Typically, NMR  requires larger volumes of samples for high-throughput profiling 

studies (0.3–0.5 mL) than some of the MS-based methods, but where high throughput is not 

a prerequisite of the study design, smaller volumes (30 μl) can be measured using microtube 

technology26. 

 

The key advantage of NMR spectroscopy in metabolic profiling lies in its exceptional  

reproducibility and ability to exploit atom-centred properties, making structural elucidation of 

chemicals relatively easy. Newer generation NMR instrumentation and technology, such as 

the IVDr standardized platform for NMR biofluid screening, allows an effective, reproducible, 

and high-throughput approach to metabolic profiling as applied to clinical diagnostics or food 

quality control.  Standardized protocols that minimize technical or experimental bias have 

been reported in the literature for urine, blood27, tissue extracts13 and NMR-based plant 

metabolite profiling analysis28. If the chemical environment (temperature, pH and ionic 

strength of the solution) is well-controlled and standardized protocols13,27 are followed 
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rigorously, comparable data sets can be generated from different laboratories. The success 

of large-cohort studies of metabolic profiling of biofluid samples with minimal batch effects 

has made NMR the first choice over other analytical techniques for large-scale population 

screening that does not require batch correction or statistical manipulation.  

 

In metabolic profiling studies, multivariate statistical analysis is typically used to interrogate 

biological spectra relating to a biological metric or class. These metrics can be continuous 

variables such as blood pressure values or relative quality of a food product, or can be 

binary classifiers such as presence/absence of a specific disease. Identification of 

metabolites or signals associated with the biological metric is often the aim of the study and 

forms the basis of biomarker discovery, although it is likely that at least a portion of the 

signals identified as being associated with a particular biological property will not be known. 

The first dataset acquired is 1D proton NMR (1H-NMR) data, which contain information that 

can be utilised in the identification of signals such as: chemical shift; multiplicity and shape of 

the signal; the homonuclear (1H-1H) coupling constants; the half band-width of the signal; 

and stability and integral of the signal (intensity ratio of the signals from the same 

compound). Although tentative assignments can be made using these spectral properties, 

they are almost never sufficient to accurately and unequivocally assign the chemical 

compounds.  

 

To access more chemical information, 2D pulse sequences can be used to disperse the 

signal into a second dimension to increase resolution and tackle the problem of feature 

overlap. Homonuclear and heteronuclear experiments-such as 1H−1H J-resolved (Jres)29-32, 
1H-1H COrrelation SpectroscopY (COSY)14, 1H-1H TOtal Correlation SpectroscopY 

(TOCSY)14,33, 1H-13C Heteronuclear Single-Quantum Coherence (HSQC) with and without 

multiplicity editing14 and 1H-13C Heteronuclear Multiple Bond-Correlation (HMBC)14 

spectroscopy are used to access information relating to coupling constants, 1H-1H correlation 

or 1H-13C correlations (Table 1).  

 

1D NMR experiments can also be used for structural elucidation. For example, selective 

TOCSY (sel-TOCSY)34 might address the feature overlap issue to facilitate signal 

assignment of coupled protons along the same unbroken network of couplings. 1D sel-

TOCSY is more specific for the resonance(s) in question from the unknown metabolite and 

takes less time than 2D TOCSY. This experiment may also provide the multiplicity of the 

resonances within the network and may match with what is observed on 1D 1H spectrum, 

but this will depend on the spinlock mixing time. Either way, the resulting multiplicity may 

indicate what type of spins are attached to the fragment from where the resonance was 
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selectively irradiated. This experiment can also be useful for tackling, to some extent, 

dynamic range issues. For instance, correlations between metabolites that are present at 

lower concentrations and whose resonances network is observed on both aromatic and 

aliphatic regions, which can be obscured on 2D TOCSY by resonances from highly 

concentrated metabolites in the same sample, such as sugars in food, urine, serum and 

plasma. By irradiating the resonance on the aromatic region, it is possible to observe the 

resonances on the aliphatic region and confirm peak assignment. We recommend running 

this experiment on sample(s) where the targeted resonance(s) are less overlapping and 

performing additional experiments in reverse direction. 

 
13C Distortionless Enhancement by Polarization Transfer (DEPT) provides information about 

the type of protonated carbons in a spectral editing fashion. This  experiment can be 

acquired after a given purification method has been applied to a targeted sample. In cases 

where there are multiple independent spectra acquired for a particular biological class or 

condition, use of the statistical correlation between signals originating from the same 

molecule may obviate the need for further spectroscopy experiments. 

 

Where the molecule cannot be identified by NMR experiments alone (e.g. due to the limited 

amount of sample available or NMR providing insufficient information to characterise 

consclusively), then hyphenated chromatograpic-mass spectrometry techniques can be used 

to facilitate the identification of unknown compounds by increasing sensitivity and simplifying 

the laborious and complex traditional sample purification methods. However, the isolation of 

compounds remains challenging when they are present in low concentrations or in complex 

biological matrices.  The development of directly coupled HPLC-NMR35, HPLC-NMR-MS16 

and LC-SPE-NMR15 approaches is targeted towards achieving unambiguous chemical 

characterization of endogenous and exogenous metabolites.  

 

 

Statistical tools to enhance molecular structural elucidation 

Statistical correlation methods can be used to investigate whether two peaks belong to the 

same molecule using spectral data already acquired, provided there are sufficient samples in 

a given biological  class to perform a correlation analysis. The ratio between peak 

intensities/integrals in 1H-NMR spectra is directly related to the chemical and molecular 

properties (number of protons of each multiplet) of a molecule. The ratios of a molecule are 

constant across all spectra, so the integral of a peak is directly related to the concentration of 

the molecule in a sample. The correlation between spectroscopic variables can be used to 

identify structure within the data, where high correlations indicate a high likelihood of two 
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peaks having the same ratio. A low correlation indicates the ratios of the peaks are different 

across different spectra and they are likely to belong to different molecules36. This type of 

analysis, which is commonly referred to as statistical spectroscopy, allows recovery of 

structural and pathway information from analysis of sequential or parallel spectroscopic 

measurements on multiple samples37. The concept that correlative structure in spectra could 

be exploited to extract chemical information was first applied to Raman and infrared 

spectra36. The use of the Pearson or Spearman correlation to identify structure in 1H-NMR 

spectra was subsequently developed by Cloarec9 et al. in 2005. Use of previously acquired 

spectral data instead of conducting further analytical experiments results in a substantial 

reduction in both cost and time. For example, an HSQC experiment on a single urine or 

plasma sample typically takes around 7-8 hours, whereas the statistical correlation will take 

in the order of seconds to minutes depending on the size of the dataset. However, statistical 

methods are no replacement for actual analytical experiments, but rather serve to guide 

analytical experiments in a targeted fashion 11. 

 

Statistical TOtal Correlation SpectroscopY (STOCSY) – One of the characteristics of 

NMR spectroscopy is that multiple peaks in an NMR spectrum can derive from the same 

molecule, and irrespective of metabolites’ concentration, they always appear in the same 

relative intensities to each other. This can be exploited by calculating the correlations 

between variables in a spectral dataset, where high correlations indicate that these variables 

(clusters of spectral data points) likely belong to the same molecule. This approach9 is 

commonly used in metabolite identification for NMR metabolic phenotyping. STOCSY gets 

its name from the TOCSY experiment, which identifies coupled spins from all protons within 

a given spin system. A TOCSY spectrum is a 2D representation of correlations between 

coupled protons within a single sample. STOCSY, on the other hand, uses multiple 1D 1H-

NMR spectra to calculate statistical correlations between all data points in the spectra, so it 

works on all spin systems of a molecule and is not affected by the distance between any two 

protons. A 2D pseudo spectrum is created that resembles a TOCSY, but shows spectrum 

correlations between all protons of a molecule (not just the coupled protons). Instead of 

calculating correlations between all data points, the 1D version of STOCSY creates a 

pseudo-spectrum that shows the correlation between a single data point (driver variable) and 

all other variables. It is equivalent to extracting the correlations of a single row/column from a 

2D STOCSY. 1D STOCSY visualizes the analysis by showing the covariance between the 

driver variable and all other variables on the y-axis as a function of the chemical shift on the 

x-axis. This pseudo spectrum resembles a real 1H-NMR spectrum in that it preserves the 

ratio between peaks and multiplets, and simultaneously indicates the sign of 

correspondence of the driver with other peaks. The (absolute) correlation of each variable 
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with the driver is then indicated using a colour scheme with a gradient to show the 

magnitude of the correlation (positive: similar ratio; close-to-zero: no relationship between 

ratios;  negative: inversely similar ratio). Variables with high correlation and possibly high 

covariance  likely belong to the same metabolite. However, where there is a degree of 

overlap of signals in a particular spectral region, statistical associations may be reduced. 

 

SubseT Optimization by Reference Matching (STORM) – Since each NMR spectrum 

consists of hundreds of peaks that can partially overlap, and will do so differentially in 

different regions of the spectra, lower correlations between variables may result if other 

chemical species confound the association. In order to reduce the effect of peak overlap, a 

subset of spectra in which the peak of interest is more clearly visible can be used instead of 

the entire data set. STORM10 uses a reference signal to evaluate which spectra contain 

signals that resemble the peak shape in the original reference signal. The reference signal is 

chosen based on prior knowledge of the potential identity of a peak. For example, the 

reference signal can be the peak shape from a pure standard of a known molecule, but more 

commonly it is observed in the data that do not overlap with other peaks in that spectrum. 

This happens when the identity of a molecule is unknown, but there is information on the 

peak shape that is of interest (e.g. a specific multiplet pattern was observed).  All spectra 

that do not contain signals that resemble the peak shape of the reference signal are 

excluded from the analysis as they would only contribute ‘noise’ to the correlation (as the 

concentration of the target metabolite is likely below the detection limit or distorted by 

overlap with other signals). Visualizing the correlations from the ‘clean’ subset in the same 

way as STOCSY gives a clearer description of structural correlations in the data set. The 

second aspect incorporated into the STORM algorithm is the use of multiple testing 

techniques to lessen the possibility of reporting false positive associations. STOCSY and 

other related methods37 such as iSTOCSY, CLASSY, SRV solely focus on ‘high’ 

correlations, which does not account for sample size, instead of focussing on significant p-

values, which do depend on the sample size. STORM uses different methods, such as the 

Bonferroni correction, to control the Family-Wise Error Rate and methods such as the Q 

statistic or Benjamini Hochberg correction to control the False Discovery Rate38,39. 

 

RED-STORM – The rationale behind STORM relies on the assumption that there are a 

number of spectra that have a clear spectral signature of the unknown metabolite. However, 

it is possible that other peaks from a metabolite appear in regions of the spectrum where 

many common metabolites have signals at the same chemical shifts. In these cases, it will 

not be possible to use STORM to identify all peaks and spin systems from a metabolite. 

Therefore, the concept behind STORM was extended to 2D NMR experiments such as 2D J-
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resolved spectroscopy. In these experiments, the pulse sequence separates peaks from the 

same multiplet along an orthogonal axis that reflects the J-couplings. STORM was adapted 

to operate on 2D J-resolved data sets, and the resulting calculation was put into a Bayesian 

framework to achieve subset selection and assess variable importance. This method was 

termed Resolution EnhanceD (RED-) STORM11 due to the extra dimension giving the 

increased resolution needed to separate overlapping peaks. 

 

Overview of our system 

Here, we describe our system for identifying both known and unknown metabolites derived 

from NMR metabolic phenotyping studies of complex biological samples (such as urine, 

serum, plasma, faeces, multiple tissue extracts, breast milk and food or plant extracts). This 

system is the result of previously published strategies that have successfully identified 

metabolites11,40-45. It includes 8 workflows based on advanced statistical and analytical 

methods that are organized according to the level of difficulty and time requirements (Figure 

1).  These workflows can also be applied to validate the identification of compounds through 

automatic annotation and to expand the list of “known unknowns” in the increasing number 

of large-scale studies that utilize a targeted analytical approach.  

In the standard approach, the samples are prepared and analysed, data are acquired (using 

1D or 2D NMR) and analysed (typically using STOCSY to begin with), and then these data 

are matched with those in the relevant databases to identify biomarkers (Figure 1A). 

Computational modelling of the NMR data is performed against a classifier (e.g. disease 

versus control) or a continuous biological response metric (e.g. body mass index [BMI] or 

serum liver enzyme level). Typically, multivariate linear projection methods (such as principal 

components analysis (PCA) or projection to latent structures discriminant analysis (PLS-DA))  

are used to generate a classification or predictive model in which the loadings or coefficients 

of the components or vectors can be identified and related to signals from molecules that are 

characteristic for a specified condition. These methods can be combined with orthogonal 

signal correction for removing/extracting46 hidden structure in the data47 Other methods of 

identifying candidate molecular signatures for a given physiological or pathological variable 

include machine learning techniques such as random forests48,49 and genetic algorithms50,51 

or clustering techniques such as K-nearest neighbour52,53 or hierarchical cluster analysis54,55. 

 

An NMR peak can be used to discriminate between two or more biological variables if– after 

performing any of the methods above – it meets both of the following requirements: (1) it is 

statistically significant after adjustment for multiple testing using either Family-Wide Error 

Rate (FWER) adjustments (e.g. Bonferroni correction) or False Discovery Rates (e.g. 
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Benjamini-Hochberg, Benjamini-Yekutieli or Storey-Tibshirani/Q-value FDRs) and (2) it is 

adjacent to a ‘significantly’ discriminatory datapoint on either side, with the same sign as 

both adjacent data points. FWER methods are too strict because they aim to prevent making 

one (or more) type-I errors, whereas FDR methods aim to control the type-I errors at a 

constant level (e.g. 5%) for the entire dataset, which is beneficial given the inherent 

correlation structure of the data. The Q-value (Storey-Tibshirani FDR) approach gives a 

direct estimate for each individual variable as to what proportion of false positive discoveries 

(type-I errors) are made for all variables that are ‘as significant or more’ (lower or equal P-

values) and it is able to deal with large numbers of true positives and some form of 

dependence (correlation) between them. Sometimes  the chemical shift and multiplicity of 

the ‘biomarker’ signal can be matched against existing databases containing structural 

information and a positive identification can be obtained without further analysis. However, to 

efficiently increase the amount of information available for matching against the database, 

we recommend performing STOCSY (Fig. 1b, workflow 1) before searching databases.  

 

Alternatively, it is possible to proceed directly to hypothesis driven methods such as STORM 

(Fi. 1c, workflow 2)   and RED-STORM  (Fig.1c, workflow 3) if the computational modelling 

of the NMR data and the information about the multiplicity of the unknown is provided, as 

this is essential to enable selection of the best subset of samples on which to perform 

STORM and RED-STORM . It is also possible to proceed directly to STORM in cases where 

the unknown signal is small or hidden in the baseline. Unless the 2D J-Res spectra have 

been previously acquired for each sample (which may not be always feasible due to time or 

financial constraints), we recommend that the user does not proceed directly to RED- 

STORM . 

Workflow 1 (STOCSY) 

Where there are sufficient spectral objects in each of the classes, STOCSY can be used to 

identify other signals in the NMR spectra relating to the same molecule. The premise of this 

approach is that datapoints from the same molecule will generally have a stronger 

correlation with each other than with those from unrelated molecules, noise or from 

molecules in the same biological pathway, which may also be correlated (but generally to a 

lesser extent). This principle does not always hold true in cases where the signal is present 

in a crowded region of the NMR spectrum where there are overlapping signals from other 

molecules. The correlation threshold is set to determine whether two correlated signals arise 

from the same molecule (structural correlation) or from molecules in shared biochemical 

pathways or subject to shared biological phenomena56,57 (mechanistic correlation). The code 



 

11 
 

for STOCSY can be found in the STORM algorithm (https://bitbucket.org/jmp111/storm/src). 

The algorithm is set up to conduct either STOCSY (workflow 1) or STORM (workflow 2). To 

generate a simple pseudo-spectrum showing correlation values (i.e. the STOCSY method), 

the STORM algorithm should be run using the command JMP_STORM (ppm,X,driver_ppm) 

where ppm_driver is a single datapoint entry for the vector with chemical shift values. Other 

software packages such as SIMCA-P and R (e.g. MWASTools package from 

Bioconductor58) also have capability for carrying out the STOCSY procedure.  

To achieve the best results, the datapoint acting as the ‘driver’ for the correlation coefficient 

should be the point in any cluster of datapoints in the coefficient plot (either regression, 

correlation or other metric) showing a high association with the class (e.g. a continuous 

measure such as BMI or binary case-control status), provided that it is bound on either side 

by at least one datapoint that is also significantly associated with class40. In most cases, the 

most significant datapoint for any given peak will be at the apex. However, if there is peak 

overlap, then this will not necessarily be the case. Sometimes the most statistically 

significant peak is partially obscured by a larger signal that shows no co-variation with the 

model classifier. 

The full set of correlated resonances identified using the STOCSY algorithm, and 

multiplicities of those signals and intensities, can then be checked against existing spectral 

databases followed by standard spiking. In cases where no correlations are found, a more 

stringent statistical workflow such as STORM (workflow 2) can be used. It is important to 

highlight that a variation on 1D STOCSY is the use of a second nucleus (e.g. 13C or 31P) to 

establish statistical connections between protons and the second nucleus59. In a study 

exploring the metabolism of fluorinated drugs, the 19F nucleus was used to simplify the 

complexity of overlapping drug-related and endogenous peaks in the proton spectra of urine 

samples of individuals after the administration of flucloxacillin60.  

Should STOCSY followed by database matching and standard spiking provide unconclusive 

results, try the alternative workflows outlined in Fig.1c (workflows 2-8). Please bear in mind 

that they are outlined according to levels of difficulty, but it is possible to change their order 

according to the type of unknown, amount of sample and resources available. More detail 

about each of these possible variants can be found below. The first two variants (workflows 

2 and 3) do not involve acquiring new data. Instead, the existing data is subjected to a 

different type of statistical spectroscopy – STORM (workflow 2) and RED-STORM (workflow 

3). 
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 Matching data to databases 

The chemical shift, multiplicity and relative intensity information is then matched against 

NMR databases of chemical standards. Open-source databases, including the human 

metabolome database (HMDB; http://www.hmdb.ca) and the Biological Magnetic Resonance 

Data Bank (BMRB; http://www.bmrb.wisc.edu), contain NMR spectra data. HMDB also 

contains mass spectra data from chemicals typically found in human biofluids. These 

databases can be searched by chemical name, formula or by chemical shift. In addition to 

open source databases, there are commercially available databases such as Chemomx 

(https://www.chenomx.com/software/libraries/) and Bruker BBIOREFCODE 

(https://www.bruker.com/products/mr/nmr/nmr-software/nmr-

software/bbiorefcode/overview.html).  

Where a ‘good’ match is found between the candidate biomarker and a database 

assignment, then the compound will be putatively identified based on spectral similarity with 

databases or putatively identified within a compound class. However, even if biofluid 

samples are stabilized by a buffer, the pH can differ due to precipitation of chemicals over 

time causing chemical shift instability.  Additionally, differences in divalent metal ion 

concentrations can incur inter-sample differences in chemical shift61, which can make 

matching by chemical shift alone unreliable. Also, it must be noted that even the largest 

databases do not comprehensively cover the breadth of molecules present in biological 

samples.  

Spiking chemical standards 

In order to positively identify the compound, the incremental spiking of authentic chemical 

standard should be carried out. In the case of identifying an unknown unknown, the name, 

structure, CAS number and or International Chemical Identifier should be deposited in a 

database. If the standards are not commercially available, or it is not feasible to synthesise 

the compound, it should remain as a putatively annotated compound or putatively identified 

within a compound class.  

Once a candidate chemical structure is identified for the unknown metabolite, the chemical 

standard is acquired and dissolved in phosphate buffer (see reagents set up and sample 

preparation sections). There are two strategies for spiking of synthetic or commercial 

standards into biological samples. The standard is made up at a specific concentration 

representative of 1.5 to 2 times the concentration of the candidate peak in the biological 

sample. An initial volume of 2.5 μl of the standard is added to the biological sample and a 1D 

NMR spectrum is acquired. This process is repeated a further 3-5 times in increments of 2.5 
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μl giving a series of NMR spectra with incremental concentrations of the candidate 

compound (Fig. 2h). If the candidate is assigned correctly, all peaks belonging to a given 

molecule should increase ‘cleanly’ in intensity in the correct relative ratio. It is possible to 

spike higher volumes but this will result in sample dilution which may affect spectral quality. 

We recommend adding a set volume of increasing concentrations of sample e.g. 2, 4, 6 

millimoles dissolved in a volume of 2.5 μl (Fig. 5 g and h).  

Where the chemical standard is not commercially available, then chemical synthesis is 

required. If this is still not possible, the compound will remain as putatively identified. If the 

compound is positively identified, we recommend that the standard spectrum and spectral 

parameters are incorporated in a spectral database.  

 

Workflow 2 (STORM) 

STORM (a statistical modification of STOCSY) should be performed in cases where 

STOCSY fails to detect other correlated signals, or where spectral overlap reduces the 

ability to detect systematic, simultaneous variation between two or more signals. By 

iteratively modelling correlation from the apex of a driver signal and subsequently reducing 

the dataset to include only those spectra with signals relating to the ‘unknown’ metabolite, a 

clearer picture of the spectral structure of that peak can be obtained10. This iterative 

approach aims to find a subset of spectra that contain the spectral signature of the 

‘unknown’ molecule. A critical aspect of this workflow is to select a good reference for the 

‘unknown’ molecule. For instance, if the pattern of positive (negative) regression coefficients 

has two local maxima (minima), but the average of the spectra only shows one peak, the 

reference should include two peaks at the exact locations of the local maxima (minima) 

instead of a spectrum that resembles the average or majority of spectra.  

A key limitation of this workflow is that local misalignments of the signal of interest (due to 

pH or variable presence of divalent metal ions) may result in a reduced spectral subset, as 

not all spectra containing the metabolite signals may be selected for particular modelling 

steps. However, locally clustering the data based on the correlation structure and selecting 

one spectrum to serve as a reference for each cluster can identify all subsets of spectra 

containing the unknown molecule of interest.  

 

The algorithm also allows for inclusion of multiple regions of interest. However, in order to 

calculate local correlations between spectra, and hence identify a subset of samples 

containing the target molecule, it requires a reference that contains at least three adjacent 

variables. Where multiple correlated signals are detected, the chemical shift, and optimally 

recovered peak shapes of the signals from the ‘unknown’ molecule can then be matched 
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against the spectral databases, followed by spiking of authentic chemical to positively 

identify the compound.  

 

Workflow 3 (RED-STORM) 

It is increasingly common to acquire a 2D J-Res spectrum of each sample directly after the 

standard 1D spectrum as this adds only a short increase in run time per sample (typically 7 

mins). Where J-Res spectra are available, a 2D extension of the STORM algorithm 

(workflow 2) can be exploited.  J-Resolved experiments provide information on the 

multiplicity of signals by adding a second dimension that represents the proton-proton 

coupling, with the added advantage that the 1D projection is a decoupled proton spectrum 

that simplifies interpretation by reducing the peak overlap62. This 2-D spectrum requires a 

relatively short acquisition time but can be limited in characterising molecules with short T2 

and by artefacts introduced by second order coupling. However, these artefacts may be 

used for identification purposes as after symmetrization along f1 they often appear in the 

middle of signals from the corresponding coupled protons within a second-order system. 

These artefacts can be observed as “stronger couplings“ than their parents in terms of Hertz 

in the second dimension. For instance, the multiplet observed at ~ 3.75 ppm from ascorbic 

acid10 (Fig. 2e) is derived from two doublet of doublets with an artefact in the middle at ~ 

4.03 ppm. Variations on the basic J-Resolved pulse sequence have been proposed for use 

in metabolic profiling30. We recommend following the J-Res workflow for subsequent 

multivariate modelling developed by Dona et al27. Where multiple correlated signals are 

detected from the J-Res spectra, the correlated peaks can be matched against a spectral 

database. If neither STORM nor RED-STORM is successful, analyse the sample using a 

different NMR method such as COSY or HSQC (workflow 4), ideally using a fresh sample.  

 

Workflow 4 (conventional 2-D NMR spectroscopic analysis) 

Conventional 2D NMR spectroscopic analysis (workflow 4) can be used to extract more 

information about molecular structure when STOCSY, STORM or RED-STORM do not 

identify a plausible metabolite. A representative sample with high concentrations of the 

unidentified metabolite is selected and measured using one or more of the pulse sequences 

below:  

i) Homonuclear correlation spectroscopy (e.g. Correlation SpectroscopY (COSY)): 

This pulse sequence allows the measurement of spin-spin coupling up to 4 bonds 

away, but mainly detects neighbouring protons63. TOtal Correlation SpectroscopY 

(TOCSY) measures spin-spin coupling of up to 6 or 7 bonds distance depending 
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on the length of the spin-lock time in the pulse sequence and displays proton-

proton couplings on the off-diagonal, allowing the connections between adjacent 

protons to be reconstructed64. The magnetization transfer is disrupted by the 

presence of heteroatoms such as oxygen or nitrogen, quaternary carbons and 

carbonyl group. 

ii) Heteronuclear spectroscopy (e.g. HSQC): In this experiment, direct coupling 

between protons and a second nucleus with spin I=1/2, usually 13C, are 

observed, using the higher sensitivity of the proton to observe the lower 

sensitivity nucleus through direct coupling65,66. The HMBC pulse sequence 

detects 1H-13C connections across multiple (typically up to four) bonds67.  

Acquisition parameters for each of these experiments are set out in Dona et al27 (standard 

1D experiment, Carr-Purcell Meiboom-Gill (CPMG), J-resolved) and in Lindon et al68   for the 

remaining 2D pulse sequences. A standard 1D spectrum of each sample should be 

reacquired prior to applying a 2D pulse sequence, as well as an additional 1D spectrum at 

the end of the series of 2D experiments to assess sample integrity, as typical 2D spectra 

take in the order of a few hours to acquire. In order to obtain good quality 2D spectra within 

an acceptable timeframe, the number of scans and experiments for the second dimension 

(also known as increments) can be selected on the basis of the signal intensity of the 

unkown resonances that can be compared to the TSP singlet. For instance, if the signal 

intensity is very small (i.e. the metabolite is diluted), it is advisable to run higher number of 

scans than increments. 

Other 2D NMR experiments that provide additional structural information include diffusion-

ordered experiments (DOSY), which capture information about molecular tumbling times and 

hence molecular mobility and size69. Information about molecular size and mobility can also 

be obtained through use of diffusion edited pulse sequences70.  2D DOSY (Difussion 

Ordered SpectrocopY) provides a 2D spectrum with chemical shift on the horizontal domain 

and diffusion coefficient (D in m2/s, normally expressed as log(D)) on the vertical dimension. 

Thus, DOSY is able to separate resonances of different metabolites in a second dimension 

according to their different D values, which depend on molecular properties such as size, 

shape, mass, charge and mobility. Accordingly, signals from the same metabolite will be 

observed on the same horizontal axis with its corresponding D value. The information 

obtained by this type of experiment is similar to that observed on chromatograms but also 

includes the NMR signals, which makes this experiment useful for confident peak 

annotations. It is worth noting that this experiment may not work for overlapping signals from 

metabolites with similar D values. For these cases, chromatography methods should be 

applied instead. However, in some other cases, DOSY is able to separate and analyse 
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molecules with the same size and structure and similar D values, such as α- and β- anomers 

of carbohydrates. As diffusion is also affected by solvent viscosity, temperature, pressure 

and convection inside the tube, these conditions should be consistent throughout the 

analysis of all samples included in a study.  

 

Once a set of correlated signals are identified, their combined structure is checked against 

existing databases or deduced de novo and a solution of the chemical standard made up in 

the same buffer as the sample is spiked into the sample. Sometimes, workflow 4 does not 

derive conclusive information because the unknown molecule is overlapped by other 

molecules or present at lower concentations than the NMR limit of detection. If this is the 

case, please proceed to workflows 5 or alternatively to 6 or 7 according to the amount of 

sample available. Workflow 5 is less time consuming and more simple than workflows 6 or 7. 

However, if not enough sample is available to conduct 5 and 6 or 5 and 7, it is recommended 

to try workflow 6 or 7 first to be able to conduct workflow 4 afterwards if neccesary. 

Workflow 5 (concentrate the sample before re-analysis) 

In many cases, the discriminatory signals for a particular biological class may be present in 

low concentrations, or the signals may be overlapped by those from other, higher 

concentration molecules, making identification difficult. When statistical correlation 

spectroscopy and standard 2D NMR techniques fail to unequivocally identify a metabolite, 

the sample should be lyophilised and reconstituted in a lower volume to increase the 

concentration of the metabolite, typically by 2-10 fold. For lyophilisation, a volume of 5-10ml 

urine or other biofluid can be dried down and reconstituted in 1ml of water 71. Then, the 

appropriate amount of the reconstituted sample should be mixed with the appropriate buffer 

(as described in PROCEDURE, sample preparation). If the lyophilised sample is 

reconstituted into a volume that is too small, it may not be possible to completely dissolve 

the dried sample or it may not be easy to tune the spectrometer due to the high ionic 

strength of the reconstituted sample.  

Moreover, the difference in concentration between the original and reconstituted sample, 

and the potential difference in sample pH after undergoing elution with acid wash and other 

solvents during a solid phase extraction process (particularly after undergoing solid phase 

extraction chromatography), can result in changes in the chemical shift and peak shape of 

the candidate unknown signal. 

The preconcetration of the unknown compound remains challenging when it is present in low 

concentrations and or in complex matrices. Often this sample concentration step is 
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performed by simple chromatographic separation workflows such as solid phase extraction 

chromatography (SPE) (Fig. 5d) or liquid-liquid extraction, which will remove other 

compounds from the sample matrix and enrich the candidate unknown. Appropriate methods 

and protocols are outlined in Lenz, 201171. Once the ‘unknown’ molecule has been 

concentrated, perform conventional 2D NMR spectroscopic analysis (worflow 4).   

 

Workflow 6 (LC-NMR-MS analysis)  

For LC-NMR-MS analysis, a biological sample or previously pre-concentrated sample is 

injected into the LC column (for example 5ml urine or other biofluid can be dried down and 

reconstituted in 500ul of either buffer or deuterium oxide). Following the method described 

by Shockor et al16, chromatographic separation of the sample will result in fractions collected 

every 29 s. Each of these fractions should be dried under a stream of nitrogen and 

reconstituted in 540 ul of water and 60 μl of the phosphate buffer for urine samples (see 

procedure 2F for LC-fraction collection  and 4B for data acquisition). This sample is then 

analysed by 1H-NMR to identify the fraction with the highest concentration of the unknown 

candidate. Once the unknown compound is isolated (Fig. 4a), further 2D NMR analysis can 

be performed on a “pure” sample (Fig. 4d) to generate further structural information that can 

be complemented by mass Spectrometry analysis as detailed in Fig. 4b,c-e.  

The challenge of this workflow is to be able to isolate the unknown signal in one or two 

fractions. Frequently, several NMR-visible peaks that belong to other compounds will be 

present in the same fraction. However, this can be solved by changing the gradient in the 

liquid chromatrography analysis and even modifying the fraction collection times in order to 

isolate the unknown compound as cleanly as possible. If there is enough sample, it is also 

possible to run the fraction again using different chromatographic columns and different 

gradients in order to improve the isolation of the uknown. Even if the unknown compound 

shares the fraction with other compounds, enhanced 2D-NMR analysis can provide better 

resolution than the original 2D-NMR analysis, as most compounds (and therefore the peak 

overlap) will be removed. 

 

Workflow 7 (LC-SPE-NMR-MS analysis) 

SPE cartridges can be employed to increase the sensitivity and quality of the NMR 

measurement over the conventional LC-NMR method. Unknown compounds are eluted from 

the SPE cartridge to the NMR flow probe using deuterated acetonitrile for initial NMR 

investigation. Then, the fraction can be recovered by flushing the sample out of the NMR 

probe head with nitrogen gas and mass spectrometry analysis can be performed on the 

recovered fraction. A detailed description of the method is set out in Godejohann et al15.  
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The main challenge of this workflow, as for the other workflows, is completely isolating the 

unknown signal. However, even if the unknown compound shares the fraction with other 

compounds, most compounds and signal overlap will be removed from the original sample. 

Therefore, enhaced 2D-NMR analysis with better resolution can be obtained. If there is a 

sufficient sample, it is possible to run the fraction containing the unknown compound using 

different SPE cartridges in order to improve the isolation. 

 

Workflow 8 (combining multiple analytical platforms) 

If the unknown compound has been isolated or almost isolated by workflows 5,6 or 7, further 

structural identification can be undertaken using one or more analytical platforms, such as 

CE-MS 7273 and GC-MS74. Previously established metabolic profiling methods can be used to 

take advantage of the strengths in separation and detection of other analytical platforms. In 

addition, the use of sample derevitization or complex formation can be useful if the molecular 

structure has partially been elucidated. Once a candidate structure is identified, it is checked 

against existing databases or deduced de novo, and spiking of the putative chemical 

standard  is conducted for confirmation of identify. 

 

Advantage and Limitations of our system 

Many of the signals derived from NMR metabolic phenotyping studies belong to molecules 

that are not present in databases. Identification of these “unknowns” is notably difficult, 

expensive and time consuming. Despite the fact that NMR spectroscopy has a long track 

record in the structure elucidation of unknown biological molecules, particularly for natural 

product research, it requires the isolation of the unknown molecule, which is a time 

consuming process and some metabolites can be modified or lose their activity during 

extraction. The combined used of hyphenated chromatographic-mass spectrometry 

techniques, such as HPLC-NMR3536,75, HPLC-NMR-MS and LC-SPE-NMR15 systems, 

facilitates the identification of unknown compounds. These methods can increase sensitivity 

and simplify the laborious and complex traditional sample purification methods but they are 

limited in cases when the unknown compound is present in low concentration. 

The integration of data generated from the same cohort of  samples by NMR and a second 

analytical platform has been used for identifying and validating candidate biomarkers 

through statistical tools such as Statistical HeterospectroscopY (SHY)76 and bidirectional 

Pearson correlations between NMR and Capillary Electrophoresis42 and NMR and Gas 

Chromatography coupled to Mass Spectrometry77. In addition to achieving greater resolution 
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at the structural level, they provide a higher level of biological information on metabolic 

pathway activity by examining the different connectivities in both the correlation and 

anticorrelation matrixes. However, further application of these hyphenated methods to 

identify ‘unknown unknowns’ is required and therefore they have not been included in our 

proposed system.  

Finally, molecular networking, whereby metabolites are mapped to biochemical pathways 

and statistically connected where relevant, has been widely employed in both the MS and 

the NMR communities to establish relevant biochemical pathways in disease-based studies 

and to add confidence to metabolite annotations based on over-representation of particular 

pathways (78,79). However, full discussion of network analysis is beyond the scope of the 

current paper and merits separate consideration, as there are numerous methods with 

multiple purposes and outcomes. 

 

EXPERIMENTAL DESIGN 

To ensure the efficiency of the protocol, it is necessary to give prior consideration to certain 

aspects of sample collection (step 1 of the Procedure), storage, preparation (step 2 of the 

Procedure) and processing (step3 of the Procedure) that vary depending on the sample 

type. For step 1 of the Procedure, the use of additives or stabilizers (e.g. EDTA) for serum 

and plasma should be avoided as these additives will generate signals, which may interfere 

with endogenous signals in both the 1H and 2D NMR spectrum. Preservatives such as boric 

acid are often added during urine sample collection to avoid bacterial contamination. Be 

aware that boric acid forms complexes with endogenous metabolites, such as citrate and α-

hydroxyisobutyrate, in the urine sample. In addition, samples with high boric acid amounts 

may not be compatible with the application of other metabolic profiling methodologies such 

as GC-MS, which is suggested as part of workflow 8 (Fig.1). Therefore, we suggest that the 

collected samples are sub-aliqoted, using appropriate containers and appropriate storage 

conditions (step 1 of the procedure) to avoid sample degradation and or contamination. If 

possible, we recommend the use of an independent aliquoted sample, with no previous 

freeze-thaw cycles, to  carry out the workflows described in Fig.1, as freeze-thaw cycles may 

affect the quality of the sample. Furthermore, preparation of urine and faecal samples (step 

2A and C of the Procedure) and processing of tissue, breastmilk and food extracts (step 3 

of the Procedure) for NMR analysis requires the addition of a phosphate buffer that 

contains a bacteriostatic agent (sodium azide) to avoid bacterial contamination during data 

acquisition (step 4A of the Procedure).  

Finally, the amount of sample available is an important limiting factor to be considered 

before applying the workflows 3 to 8 (Fig. 1) based on the amounts required for sample 
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preparation and processing (step 2 and 3 of the Procedure). Samples such as urine, 

faeces, breast milk and food samples are non invasive and therefore it is easier to collect 

sufficient volumes to perform the workflows suggested in Fig 1., whereas blood samples are 

invasive and may be difficult to obtain in infants. Tissue samples will be limited by the nature 

of the procedure and/or the size of the biopsy needle. As it is crucial to have enough sample 

available to be able to identify compounds that are in low concentration, it is necessary to 

pre-concentrate the sample prior to carrying out workflows 6 and 7 using strategies 

described as part of the worflow 5 (Fig.1) such as SPE extraction (step 2D of the 

Procedure) and/or isolation of the compounds using, for example, a LC-fraction collector-

NMR-MS (step 3F of the Procedure) as described in workflow 6.  

 

MATERIALS 

REAGENTS 

• Na2HPO4, Disodium hydrogen phosphate, 99% anhydrous, (Sigma-Aldrich 

W239901) 

• NaH2PO4, 99%, anhydrous (Sigma-Aldrich)  

• Perchloric acid (PCA), ACS reagent, 70% wt/wt (Sigma-Aldrich) 

• K2CO3, ACS reagent, Z99.0% (Sigma-Aldrich)  

•  D2O, deuterium oxide, 99 atom % D (Sigma-Aldrich 435767) 

• NaN3, Sodium azide, 99.5% (Sigma-Aldrich S2002) [Caution: sodium azide is highly 

toxic and highly reactive under certain conditions] 

• TSP, 3-trimethyl-silyl-[2,2,3,3-2H4]propionic acid, sodium salt, 98 atom % D (Sigma-

Aldrich 269913)  

• Water, HiPerSolv for HPLC, BDH (VWR International Ltd.) 

• Chloroform, AnalaR, Z99%, BDH (VWR International Ltd.) 

• Acetonitrile, NMR-Chromasolv, Z99.6%, Riedel-de-Ha¸n (Sigma-Aldrich)  
[Caution:Acetonitrile is highly flammable] 

• CDCl3, ‘100’, Z99.96 atom %D, contains 0.03 vol/vol TMS (Sigma-Aldrich)  

• Methanol-d4, 99.8% (CD3OD; Goss Scientific) 

• Methanol,Sigma-Aldrich 99.8% [Caution:Methanol is highly flammable] 

• Formic acid, Sigma-Aldrich [Caution:Formic acid is corrosive and volatile] 

• Leucine enkephalin acetate salt hydrate ,Sigma-Aldrich  or alternative lock mass 

compound according to manufacter 

• Sodium formate or alternative calibration solution according to manufacturer  

 

EQUIPMENT 
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• Typically a 600 MHz Avance III NMR spectrometer (Bruker Biospin Ltd.) or similar. 

• NMR detector-BBI 600 MHz 5-mm z-gradient probe (Bruker Biospin Ltd) and 

automated tuning and matching (ATMA) unit (Bruker Biospin Ltd) or similar; 

• SampleJet with sample cooling and preheating station 

• Topspin 3.5 software with Icon NMR (Bruker Biospin Ltd.) 

• Microplate 96 square well 2ml (Fisher Scientific UK Ltd) 

• 96 NMR 5 mm tube SampleJet boxes   

• Eppendorf tubes, 1.5 ml (VWR international) 

• (Bruker Biospin Ltd. Part No. Z105684); POM balls to seal sample tube caps (Bruker 

Biospin Ltd. Part No. Z72497) 

• Typically a Waters Acquity Ultra Performance LC system omprising a binary solvent 

manager and photodiode array detector with a Waters CTC autosampler with 100 μl 

sampling needle or similar. 

• Xevo G2 Q-TOF mass spectrometer (Waters Ltd), or similar 

• Waters Fraction Collector III or similar 

• HPLC-column 

• Solid Phase Extraction SPE system (Sigma-Aldrich), or similar 

 

BIOLOGICAL MATERIALS 

• Urine samples  

[Caution: patient’s written, informed, consent should be obtained as well as ethical 

approval according to relevant Institutional and National regulations].  

• Serum samples 
[Caution: patient’s written, informed, consent should be obtained as well as ethical 
approval according to relevant Institutional and National regulations]. 

• Plasma samples 
[Caution: patient’s written, informed, consent should be obtained as well as ethical 
approval according to relevant Institutional and National regulations].  

• Breast milk samples 
[Caution: Mother’s written, informed, consent should be obtained as well as ethical 
approval according to relevant Institutional and National regulations].  

• Tissue samples 

[Caution: patient’s written, informed, consent should be obtained as well as ethical 

approval according to relevant Institutional and National regulations]. 

• food mixtures samples 

• faecal samples 

[Caution: patient’s written, informed, consent should be obtained as well as ethical 

approval according to relevant Institutional and National regulations]. 
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REAGENT SETUP 

Phosphate buffer for urine samples: As previously described27, prepare the 7.4 pH buffer 

by dissolving  20.4 g of KH2PO4 in 80 ml of D2O. Dissolve 100 mg of TSP and 13 mg of 

NaN3 (bacteriostatic) in 6 to 10 ml of D2O. Mix both solutions very well using sonication but 

be aware that the solution might appear cloudy; this cloudiness should disappear when the 

pH is adjusted. Adjust the pH to 7.4 by adding KOH pellets. Transfer the solution to a 100 ml 

volumetric flask and adjust the volume with D2O. Shake thoroughly to mix completely, and 

recheck the pH. This volume of buffer is enough to prepare approximately 1500 samples.  

Note: This solution should preferably prepared fresh but it can be stored in the fridge 

at 4°C for a year. 

Phosphate buffer for serum or plasma samples: As previously described27, 

prepare the 7.4 pH buffer by dissolving 5.32 g of NaH2PO4 in 380 mL of water. Add 0.4 g 

of TSP and shake until the powder is dissolved, add 5 ml of 4% NaN3 aqueous 

solution and shake.  Add 100 ml of D2O, adjust the pH to 7.4 by adding 1M 

HCl/NaOH solutions and fill up the volumetric flask up to 500ml with water. This 

volume of buffer is enough to prepare approximately 1400 samples. Note: This 

solution should preferably prepared fresh but it can be stored in the fridge 4-6 oC for 

up to 12 months. 

Phosphate buffer for food, breast milk, tissue and faecal samples: As previously 

described for tissue13, food samples11,41 and faecal samples,80 prepare the pH 7.4 phosphate 

buffer by weighing 2.62 g NaH2PO4, 14.43 g Na2HPO4,  1 mM TSP and 3 mM NaN3 into a 

500 ml volumetric flask. Add 100 ml of D2O and fill up the volumetric flask up to 500ml with 

water. Shake the flask thoroughly, and leave in a sonicator at 40°C, alternated by shaking 

the flask, until the salts are dissolved. This volume buffer is enough to prepare approximately 

926 samples. Note: This solution should preferably prepared fresh but it can be stored in the 

fridge 4-6 oC for up to 12 months. 

LC–MS mobile phases: Prepare enough volume of two mobile phases prior to analysis. 

The composition of the mobile phase depends on the chromatography method to be used.  

Mobile phase A : 100% high-grade water with 0.1% formic acid or similar. 

Mobile phase B: 100% methanol with 0.1% formic acid or 100% acetonitrile with 0.1% formic 

acid. Note: This solution should preferably prepared fresh but it can be stored in the fridge 

for up to 12 months. [Caution: All solutions should be prepared in a fume hood.] 

Leucine enkephalin lock mass solution: Prepare a final concentration of 200 pg µl−1 

solution of leucine enkephalin in water:acetonitrile (50:50) and dilute appropriately for 
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positive and negative ionization modes according to the manufacturer’s specifications. Store 

solution at 4 °C until use.  

Notes: This solution should preferably be prepared fresh. Alternative compounds can be 

used for the lock mass solution. Please follow the manufacturer’s guidelines for desired 

concentration. 

Sodium formate calibration solution: Prepare a final concentration of 0.1 mg ml−1 stock 

solution of sodium formate in water. Add 1 ml of stock solution to 9 ml isopropanol to give 

0.01 mg ml−1 solution in 90% isopropanol and 10% water. Solution can be stored at 4 °C 

until use. Alternative calibration solution can be used according to manufacturer’s guidelines. 

Note: This solution should preferably be prepared fresh. Alternative compounds can be used 

for the calibration solution. Please follow the manufacturer’s guidelines for deired 

concentration. 

 

EQUIPMENT SETUP   

General NMR setup: Choose the pulse sequence according to the experiment required. 

Calibrate the instrument at a constant temperature according to the recommendation of the 

manufacturers for a given biofluid, to avoid modification of small molecules or binding to 

macromolecules or aggregation of large protein, lipid and lipoproteins. For example, it is 

usual to acquire serum/plasma spectra at 310K and urine at 300K. 

Prior to sample acquisition, calibrate the spectrometer using deuterated methanol81 (MeOD). 

Tune and match the probe, and lock to deuterated methanol automatically.  

Perform regular shimming followed by automated shimming using a tuning routine. Use a 

standard 90° proton parameter set to run an experiment with two scans using a pulse length 

of 1 μs. For all biological samples, suppress the water signal in order to avoid dynamic range 

problems. Use a typical standard 2 mM sucrose sample (containing 0.5 mM TSP, 2 mM 

NaN3 in 90% H2O:10% D2O) to check the performance of the water suppression 

functionality, which is then subsequently evaluated. For Bruker AVANCE III NMR 

spectrometers, the details of the setup can be found in Dona et al27 (standard one-

dimensional pulse sequence (noesygppr1d), CPMG (cpmgpr1d), J-Res (jresgpprqf).  For the 

COSY sequence, a typical acquisition parameter set is given in Holmes et al.82 For TOCSY 

and HSQC, see Duarte et al;83 for HMQC, see Bollard et al68; and for HMBC, see Maaheimo 

et al84.  

 

Equipment used for solid phase extraction: Condition the cartridges filled with different 

types of stationary phase (such as NH2, SCX, SAX, WCX, or WAX for ion exchange –; and 

C18, Diol, CN,or HLB for reverse phase cartridges) with a solvent prior to loading the 
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biological matrix in solution onto the column. Chose the stationary phase according to 

desirable chemical properties such as polarity (e.g. designed to specifically retain anionic 

compounds or hydrophobic compounds). Elute the biological matrix using a series of 

different solvents / solvent mixtures, taking into account the nature of the analyte, analyte 

concentration and sample volume71. 

Fraction collector set up: Connect the fraction collector to the LC system prior to analysis. 

Place the glass tubes in the tube rack. Follow manufacturer guidelines to set up the starting 

time, waiting time and frequency for fraction collection according to the LC flow rate and 

chromatographic method.   

General LC-MS set up: Install the appropriate LC column for analysis depending the type 

of sample and the nature of analytes to be separated. Prepare the mobile phases 

according to the column and the chromatographic method as described in REAGENT SET 

UP. Then prime the system and tubing, and condition the column. At the beginning of the 

analysis, carry out calibration of the mass spectrometer according to manufacturer 

guidelines. Perform additional instrument system checks if required, according to 

manufacturer guidelines.  

CA-PLS (and PLS, OSC-PLS): The code for executing the PLS, covariate-adjusted (O)PLS 

and simple orthogonal PLS/PLS-DA is provided in https://bitbucket.org/jmp111/capls/src/. 

This can be executed in a Matlab environment. 

STORM (and STOCSY): The code for executing both the STOCSY and STORM algorithms 

is in   https://bitbucket.org/jmp111/storm/src. These can be executed in a Matlab 

environment. 

RED-STORM - The code for executing the RED-STORM algorithm is provided in  

https://bitbucket.org/jmp111/redstorm/src/. This can be executed in a Matlab environment. 

PROCEDURE 

Sample Collection and storage 

 

1| Collect urine, serum, plasma, breast milk, tissue, food or faecal samples using the 
guidelines described in options A, B,C,D,E,F and G respectively. 

(A) Urine.  

(i) Collect urine ( a minimum of 600μl for 5mm NMR tubes), either spot or 24 h collection, 

into suitable containers. 

(ii) Subaliquot into labelled tubes (for example 1ml eppendorv)  
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(iii) Store at the lowest available temperature (minimum − 20 °C) until sample preparation 

(step 2).  

(B) Serum  

(i) Collect spot blood samples (5ml should provide 5 aliquots of 500μl of serum) into 

standard Gel vacutainer tubes. Preferably, blood serum should be collected into tubes with 

no additives (red cap BD vacutainer tubes or similar).  

(ii) Place the Gel tube horizontally on ice (not in ice). CRITICAL STEP:  this step is crucial to 

prevent red cell lysis and to reduce protease activity. 

(iii) Spin the vacutainer® tubes at  3,100xg for 15 min or up to clotting time at 4°C.  

(iv) Subaliquot into labelled tubes 

(v) Store at − 40 °C until sample preparation (step 2).  

 (C) Plasma  

(i) Collect spot blood samples (5ml should provide 5 aliquots of 500μl of plasma) into lithium 

heparin vacutainer tubes at  3,100xg for 15 minutes. Avoid EDTA, citrate and other added 

stabilizers, which generate additional high-intensity NMR signals that may overlap with other 

molecules in the spectrum.  

(ii)  Subaliquot into labelled tubes 

(iii) Store at − 40 °C until sample preparation (step 2).  

(D) Breast milk  

(i) Collect milk sample postfeed (at least 1ml is recommended) by manual expression into 

collection bottles. CRITICAL STEP: It is better to use a sample of hindmilk due to is 

composition (richer, thicker, higher in fats and calories), which is why we recommend 

collecting milk after a feed.  
(ii) Subaliquot into labelled tubes, for example 5ml eppendorves. 

(iii)  Immediately store at − 80 °C until sample preparation (step 2) 

(iv) Just before use (step 2), defrost samples at room temperature and vortex vigorously to 

resuspend the milk fat globules.  

  

(E) Tissue  

(i) Freeze the tissue sample rapidly after collection at − 80 °C, preferably using liquid 

nitrogen to immediately stop any enzymatic or chemical reactions. 
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(ii) Store in a freezer at − 80 °C until sample preparation (step 2).  

 

(F) Food mixtures 

(i) Use gloves to collect the raw foods or meals previously prepared.Immediately after 

collection, blend the samples using a high speed blender (preferably use a professional 

blender such as Vitamix) in order to obtain homogenous purees. 

(ii) Add water if necessary to facilitate the homogenization . The amount of water depends 

on the type of food or meal sample. For example, add 250 ml of water (equivalent to the 

volume of the water typically consumed as part of a meal) to a meal sample or just 30-50 ml 

for small meals such as porridges, or fruits. The higher the density of the food the higher the 

amount of water to be added but it is recommended to add the minimum amount as 

possible. In the case of analysing a set of samples it is adviced to add the same amount of 

water to all of your samples to make them comparable. 

(iii) Aliquot at least 1g of sample into 15 ml labelled falcon tubes  

(iv) Store immediately at -80 oC until sample preparation (step 2). 

 

(G) Fecaes 

(i) Collect one complete stool specimen in a faeces collector (such as FECOTAINER, AT 

Medical BV, The Netherlands).  

(ii) Put the stool specimen on ice or store in the fridge within 6 hours of being produced 

(iii) Homogenise stool with a sterile spatula and aliquot 300mg of stool into each tube and 

freeze the samples at -80 oC until the faecal water extraction is conducted (step 2). However, 

it is recommended to conduct if possible at collection time, the faecal water extraction from a 

representative amount (∼15 g) of homogenized stool sample, aliquoted and stored at ≤-20 

oC to avoid further freeze−thaw cycles. 

 

Sample preparation for analysis  

2| Prepare urine, blood, and faecal samples for NMR using guidelines described in options 
A, B and C respectively. Prepare tissue, breast milk samples or food samples for NMR using 
the guidelines described in option D. Prepare urine samples for solid phase extraction 
chromatography (SPE) (workflow 5) and LC-NMR-MS analysis (workflow 6)  followed by 
NMR using guidelines described in options E and F respectively. Quantities apply to Bruker 
5 mm NMR tubes. Adjust the quantities accordingly depending on different vendor 
requirements and other variations (e.g.  tube size).. 

(A) Urine sample preparation for NMR. TIMING ~ 1.5-2.5 h per 96-well plate 
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(i) Remove sample from frozen storage.  

(ii) Thaw the samples on the bench at room temperature(25°C) for 1 hour.  

(iii) Centrifuge 600 μl of urine sample at 12000g for 5 min at 4 °C.  

(iv)  Mix 540 μl of urine with 60μl of phosphate buffer (pH 7.4) in an Eppendorf.  

(v) Transfer 600 μl into 5 mm diameter NMR tube prior to analysis and proceed to Step 4.  

? TROUBLESHOOTING 

(B) Plasma and serum samples preparation for NMR. TIMING ~ 1.5-2.5 h per 96-well 
plate 

(i) Remove sample from frozen storage.  

(ii) Thaw the samples on the bench at room temperature for 1 hour.  

(iii) Centrifuge 400 μl of plasma or serum at 12000g for 5 min at 4 °C.  

(iv) Mix 400 μl of plasma or serum with 400 μl of phosphate buffer (pH 7.4) in an Eppendorf.  

(v) Transfer 600 μl into 5 mm diameter NMR tubes prior to analysis and proceed to Step 4.  

(C) Faecal water sample extraction and preparation for NMRTIMING ~ 2 days for a 
batch of 96 samples 

(i) Defrost the stool aliquot 

 (ii) Weigh a representative amount (∼15 g) of the homogenized stool sample 

(iii) mix with a 2:1 ratio of water - net weight of faecal sample (μl − mg). 

(iv) Vortex the mixture for 5 min and centrifuged at 4 °C at 18 000 g for 10 min.  

(v) Store at ≤-20 oC until analysis. 

(vi) Immediately prior to analysis,  defrost at room temperature for 1 h and  vortex the 
samples for 10 sec and centrifuge at 4 °C for 10 min at 18,000 g. 

(vii) Transfer a total of 400 μl of supernatant into a new microcentrifuge tube containing 250 
μl of the phosphate buffer (see REAGENT SET UP). 

(viii) Vortex the mixture and centrifuge for 10 sec.  

(ix) Pipette 600 μl of the mixture into 5mm NMR tubes and proceed to Step 4.   

(D) Tissue, breastmilk and food sample preparation for NMR (extraction of polar and 
lipophilic metabolites). TIMING ~ 1-1.5 days per 96-well plate 

(i) Defrost samples at room temperature and properly homogenize.  

For breast milk samples, vortex vigorously to resuspend the milk fat globules.  

For food samples, vortex vigorously to assure homogeneity of the sample. 

CRITICAL STEP The use of electric homogenizer for homogenization of frozen tissue 
samples in solvents is recommended over the use of manual grinding method with a mortar 
because it provides less inter-sample variability. According to published literature,13 the 
typical sample size is 100 mg (wet mass) although as little as 20 mg can be used. As 



 

28 
 

previously described for for breast milk44 and tissue samples13, the Folch extraction method  
requires:  

(ii) Prepare ice-cold solvents: 400 ml of methanol, 200 ml of chloroform, 100 ml of water 
(amounts calculated for 100 samples)  

(iii) For tissue samples, weigh intact frozen tissue (200 mg), then transfer into a glass vial.  

(iv) Homogenize after adding 4 ml of methanol per gram of tissue and 0.85 ml g-1 water to 
the sample. Vortex the sample, then add 2 ml g-1  chloroform to the sample and vortex 
again. 

(v) Add 2 ml g-1 chloroform and 2 ml g -1 water to the sample and vortex again.  

(vi) Leave sample on ice or in the fridge for 15 min. Centrifuge at 1,000g for 15 min at 4°C. 
The solutions should now separate into an upper methanol/water phase (with polar 
metabolites) and a lower chloroform phase (with lipophilic compounds), separated by protein 
and cellular debris. Centrifuge again if still no clear separation.  

(vii) In turn, transfer the lower layer first followed by the upper layer of each sample into 
separate glass vials. Remove the solvents from the samples using a speed vacuum 
concentrator or under a stream of nitrogen and proceed to Step 3. 

E)  SPE of urine samples . TIMING ~ 20 min per sample. 

(i) Centrifuge urine sample for 10 min at 10,000g to remove particulates (4 °C).  

(ii) Follow manufacturer’s instructions to condition and equilibrate sorbent.  

(iii) Acidify sample  according to manufacturer’s instructions. 

(iv) Load sample onto sorbent.  

(v) Wash according to manufacturer’s instructions. 

(vi) Elute according to the manufacturer’s instructions. 

(vii) Evaporate both elution samples to dryness. 

(viii) Reconstitute sample in water. 

(ix) Prepare samples into 5mm NMR tubes or  glass LC vials according to the analytical 
platform to be used85 and proceed to Step 4. 

TROUBLESHOOTING 

 

(F) LC-fraction collection of urine samples  TIMING ~ 90 min per sample. 

(i)  Follow manufacturer’s instructions to condition the LC and the column. 

(ii) Centrifuge urine sample for 10 min at 10,000g to remove particulates (4 °C).  

(iii) Lyophilize 5ml of urine sample and reconstitute in 500 μl of the original urine sample.  

(iv) Vortex, sonicate and centrifuge the sample for 20 min at 16 000 × g 

(v) Set up the LC method and the starting time, waiting time and frequency for fraction 
collection. 
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(vi) Inject the supernatant onto a HPLC column (reversed phase or similar according to the 
nature of the analyte to be separated) (7 × 2 μl) repeatedly 

(vii) Collect the fractions in individual glass tubes. 

(viii) Dry each fraction under a stream of nitrogen. 

(ix) Reconstitute the dried fraction in 600 μl of H2O water. 

(x) For NMR analysis, mix 540 μl of  the reconstituted fraction with 60 μl of NMR buffer (see 
REAGENT SET-UP). 

(xi) For LC-MS analysis, inject 50 μl of the reconstituted fraction into the LC-MS system11.  

(xii) If several NMR-visible peaks that belong to other compounds  are present in the same 
fraction, go back to step (v) and change the gradient in the LC method and follow the 
procedure. Alternatively, you can go back to step (i), install and condition a new LC column 
and follow the procedure. 

TROUBLESHOOTING 

 

OPTIONAL Additional processing of tissue, breastmilk and food extracts  

3| Process the tissue, breastmilk and food extracts for NMR acquisition using option A for 
aqueous extracts/water-soluble metabolites or option B for lipophilic extracts/lipid 
metabolites. 

(A) Preparation of aqueous extracts/water-soluble metabolites for NMR spectroscopy. 
TIMING ~ 1-1.5 h per 96-well plate 

(i) Reconstitute the polar tissue extracts in either 580 μl of NMR buffer for tissue or breast 
milk (see REAGENT SET UP) or in D2O containing TSP as a chemical shift reference (δ = 
0).  

(ii)Vortex samples and then centrifuge at 12,000g for 5 min.  

(iii) Transfer 550 μl of the supernatant into an NMR tube prior to analysis and proceed to 
Step 4. 

(B) Preparation of lipophilic extracts/lipid metabolites for NMR spectroscopy. TIMING 
~ 1-1.5 h per 96-well plate 

(i) Resuspend the lipophilic extracts in 580 ml deuterated NMR solvent (2:1 mixture of 
chloroform-d (CDCl3) containing 0.03 vol/vol TMS, and CD3OD) and then vortex. This 
method works well when running NMR experiments manually. For automated runs, we have 
found that resuspending the lipophilic tissue extracts in 580 ml deuterated CDCl3 containing 
0.03 vol/vol TMS only is robust and reliable with regard to locking and shimming.  

(ii) After centrifugation (1,000g, 5 min), transfer 550 ml of the supernatant into an NMR tube 
and proceed to Step 4. 

 

Data acquisition  

4| Acquire NMR data using option A, and LC-MS data using option B.  Set the temperature 
to 37°C, 310 K 
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(A) NMR Data acquisition. TIMING ~ 15 min per sample (from (i) to (vi))  and from 2 h 
to 2-3 days (from (i) to (vii))  

(i) Change the SampleJet mode to the 5 mm shuttle automation mode. 

(ii) ConFig. SampleJet preheating time to 1min at the appropriate temperature as previously 
described in NMR set up.  

(iii) Load sample into preheating station.  

(iv) Load sample into probe and allow the temperature to equilibrate. 

(v) Tune and match the probe using the automation routine that involves:  to set the RF 
carrier frequency offset value to the H2O resonance, to determine the water saturation 
power, to determine the 90⁰ pulse length at a given power level; to re-adjust the frequency 
offset for water signal suppression if necessary  and to update the experiments with the 
optimised parameters before submitting the run. 

 

(vi) Select suitable experimental pulse sequence for the samples as previously described in 
NMR SETUP: standard one-dimensional pulse sequence (noesygppr1d) for urine, breast 
milk, food, tissue and faecal samples; standard one-dimensional pulse sequence 
(noesygppr1d) and CPMG-presat (cpmgpr1d) for plasma and serum. 

(vii) For any type of samples, select when appropriate  J-resolved,  and diffusion-edited.The 
1D spectra are generally processed by applying a line broadening of 0.3–1 Hz and zero-
filling by a factor of 2 to give 64k frequency domain data points. 

TROUBLESHOOTING 

(B) LC-MS DATA ACQUISITION TIMING ~2 h for a 96-well plate 

(i)  Follow manufacturer’s instructions to condition the LC and the column. 

(ii) Centrifuge 96-well plate or vials at 10,000g for 5 min (4 °C). 

(ii)  Load 96-well plate or vials into autosampler and maintain at 4 °C.  

(iii) Select ESI ionization mode- positive or negative. 

(iv) Carry out the accurate mass set up by infusing appropriate concentration of leucine 
enkephalin (or alternative lockmass solution) into instrument. 

(v) Carry out the calibration setup by infusing sodium formate solution or alternative 
calibration solution into the instrument. 

(vi) Follow setup procedures: Ion counts must be below 200 counts per second in continuum 
mode for the accurate mass and calibration setup (Capillary voltage and cone voltage will be 
adjusted until criteria are filled manually or automatically according to manufacturer options). 
A measure of the ‘fit’ of the calibration line to the experimental data is given in the error of 
the residual. As a general rule, the residual (in mDa) for each individual calibration point 
should be < 0.5 mDa.  

(vii) Select suitable gradient according to the sample and the method. 

TROUBLESHOOTING 
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TIMING 

Workflows 1 and 2  

These workflows are based on computational/statistical calculations that require only a few 

seconds depending on computer power. 

Workflows 3 and 4  

Procedure step 1 (A, B), sample preparation for urine, serum or plasma takes 1.5–2.5 h per 

96-well plate. Sample preparation can be automated and it takes 1–3 h27 to prepare a batch 

of 96 samples depending on the type of preparation robot. 

Procedure step 1(C), sample preparation from frozen faecal sample it requires 2 days to 

prepare a batch of 96 samples (including the weight of the sample, the extraction and the 

adition of the buffer)80.  

Procedure step 1 (D), food and tissue samples require a longer time due to the sample 

homogenization, solvent  extraction process and solvent evaporation, and take 1-1.5 days 

per 96 well plate8,41. 

Procedure step 3 (A), for the NMR experiments, a throughput of around 78 serum/plasma 

samples per day can be achieved if a complete set of three experiments such as 1D 1H-

NMR, 1D CPMG, 2D J-RES (NOESY_presat pulse sequence, J-resolved sequence, Carr-

Purcell-Meiboom-Gill (CPMG) spin-echo sequence)27 is applied. 150 urine, faecal, food and 

tissue samples can be measured per day when performing a set of two experiments 

(NOESY_presat pulse sequence and J-resolved sequence)27. For the 2D-NMR experiments, 

the time varies according to the type of experiment: 2D long1H-1H J-RES (2 h per sample), 
1H-13C HSQC (2-3 days per sample), 1H-13C HMBC (2-3 days per sample),  1H-1H COSY (10-

12 h per sample), 1H-1H TOCSY (1 day per sample) (Table 1) . 

 

Workflow 5  

Procedure step 2 (E), It requires approximately 20 min per sample to perform SPE 

experiments depending on the type of cartridge and its requirements. 

Liquid-liquid extraction requires 15-30 min per sample but depends on the type of solvents 

use. For example, the Folch procedure86 takes 15-20 min per sample. 

Freeze drying experiments take 12-24 h  per sample depending on the amount of sample to 

be dried. 

Procedure step 2 (E,F),It requires approximately 2-10 days, depending on the abundance 

of the metabolite in the sample to ensure enough quantitative material to acquire good NMR 

experiments.  

 

Workflow 6 

It requires approximately 1h per sample including sample preparation 
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Workflow 7 

It requires approximately 2-3h per sample including sample preparation  

 

Workflow 8 

GC-MS metabolic profiling analysis requires 12-24 hours for sample derivatization and 30-40  

min for sample analysis. 

CE-MS metabolic profiling analysis requires 5 min for sample preparation and 20-25 min for 

sample analysis. 

 

TROUBLESHOOTING 

Troubleshooting advice is summarised in Table 2. 
 
 
 
 
 
 
 
TABLE 1 | Summary of 1D and 2D NMR experiments for acquiring metabolic profiling data 
and metabolite identification. 
Experiment Aim of the experiment Timing Notes 
1D 1H-NMR  
(NOESY_presat 
pulse 
sequence) 

To acquire metabolic 
profiles  

As part of the 
routine for 
metabolic profiling 
analysis: 
• 96 amples 
can be measured 
within 24 h, when 
running a NOESY-
presat and JRes 
(∼15 min per 
sample). 
• 72 samples 
can be measured 
within 24 h when 
running a 
NOESYpresat, 
CPMG, and JRES 
(∼19 min per 
sample). 
• Longer 
acquisition of 2D 1H-
1H J-RES  will 
require around 2 h 
per sample. 
 

The first experiment 
to apply in metabolic 
profiling analysis to 
urine, blood, faeces, 
breast milk and 
tissue samples. 
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1D CPMG 
(Carr-Purcell-
Meiboom-Gill 
(CPMG) spin-
echo sequence) 

To acquire metabolic 
profiles  

As above At times, it might be 
appropriate to use 
the CPMG-presat 
sequence for water-
soluble metabolites 
to attenuate the NMR 
signals of any 
remaining proteins. 

1H−1H J-
resolved (JRes) 

To assess the values of 
J couplings (Hz), and 
the multiplicity of the 
signals by tackling the 
problem of feature 
overlap. 

As above If possible, it is 
recommended to 
acquire 2D J-Res 
spectra just after the 
1D 1H-NMR or 1D 
CPMG experiments 
in order to be able to 
perform RED-
STORM. 
  

1H-1H 
COrrelation 
SpectroscopY 
(COSY) 

With this experiment is 
possible to see short 
range correlations (2-3JH-

H) by measuring of spin-
spin coupling up to 4 
bonds away, but mainly 
detects neighbouring 
protons.  

It depends on the 
sample concentration 
but requires ∼10-12 
h per sample. 
 

 
 

1H-1H TOtal 
Correlation 
SpectroscopY 
(TOCSY) 

With this experiment is 
possible to see the 
homonuclear long-range 
correlations. (2-nJH-H) by 
measuring spin-spin 
coupling of up to 6 or 7 
bonds distance 
depending on the length 
of the spin-lock time in 
the pulse sequence and 
displays proton-proton 
couplings on the off-
diagonal allowing the 
connections between 
adjacent protons to be 
reconstructed 

It depends on the 
sample concentration 
but requires ∼24 h 
per sample 

. 
 
 

1H-13C 
Heteronuclear 
Single-
Quantum 
Coherence 
(HSQC) 

With this experiment is 
possible to see direct 
coupling between 
protons and a second 
nucleus with spin I=1/2, 
usually 13C.  

It depends on the 
sample concentration 
but requires ∼2-3 
days per sample. 
 

 

1H-13C 
Heteronuclear 
Multiple Bond-
Correlation 
(HMBC) 

Heteronuclear long-
range correlations. The 
HMBC pulse sequence 
detects 1H-13C 
connections across 
multiple, typically up to 

It depends on the 
sample concentration 
but requires ∼1day 
per sample. 
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four, bonds. With this 
experiment is possible 
to see quaternary 
carbons including 
carbonyl and ipso 
carbons. 

 
 
TABLE 2 | Troubleshooting table 
Procedure 
Step 

Problem Possible reason Solution 

Serum sample 
collection, step 
1B 

Incompletely clo
tted sample 
after spinning 
the vacutainer 
tubes for 15 
minutes. 

Sample requires 
longer time to clot 

Spin the 
vacutainer 
tubes up to 
clotting time at 
4°C 

Breast milk 
sample 
preparation,step 
1D 

The defrosted 
breast milk 
sample is split in 
two layers 

Lack of sample 
homogeneity  

Vortexe 
vigorously to 
resuspend the 
milk fat 
globules 

NMR data 
acquisition, step 
4A 

Automatic 
locking failure  
 

Buffer is missing 
 

Repeat sample 
preparation, 
mixing the right 
sample volume 
with the buffer 
 

 Baseline rolling 
(‘wiggles’) after 
pre-
concentrating 
the sample 
 

Sample 
concentration has 
increased too much 
in relation to the 
original sample 
 

Select 
automatic 
receiver gain 
adjustment 

 Water 
presaturation 
failure 
 

Sample 
concentration is too 
low 
 

Pre-
concentrate the 
sample or  
recalibrate 
water 
suppression  
 

 Peak shift 
and/or shape is 
similar but not 
identical to 
those suggested 
in data tables or 
does not 
precisely 
overlay with a 
spectrum of the 
standard 
compound 

Changes in pH can 
impact on peak 
position and pH can 
alter over time even 
when buffered due 
to precipitation of 
compounds  

Readust pH 
and rerun 
and/or spike in 
a low 
concentration 
of the outative 
metabolite 
 

SPE data Steady stream Sample was loaded Load proper 
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acquisition, step 
4B 

when loading 
the sample 

too fast flow rate 
(follow 
manufacture 
instructions) 

 Poor Recovery Too much sample 
was loaded on the 
cartridge size 
 
Too strong wash 
step 
 
 
 
Too weak elution 
 
 
 
Cartridge dried out 
 

Reduce 
sample load or 
use more 
sorbent 
 
 
Optimize wash 
step (follow 
manufacture 
instructions) 
 
Optimize 
elution step 
(follow 
manufacture 
instructions) 
 
Use a new 
cartridge and 
start loading 
the sample 
when there is 
still a thin layer 
of water above 
the sorbent 

 Sorbent was 
overloaded 

High content of 
salts or organic 
matter in the matrix 

Reduce 
sample load or 
use more 
sorbent 
 

LC-NMR-MS 
data acquisition, 
step 4C 

Poor MS 
resolution 
 
 

Sample  was 
overloaded into the 
MS systems 

Inject smaller 
amount of 
sample in the 
mass 
spectrometer. 
 
Use an efficient 
postcolumn 
splitter to divert 
a small portion 
of the flow into 
the mass 
spectrometer if 
you are using 
an inline LC-
NMR-MS 
system 
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LC-MS data 
acquisition, step 
4D 

High 
Backpressure 

Particulate matter 
from sample may 
have caused a 
blockage in: 
a) column 
b)capillary or tubing 
of MS source  
c) capillary tubing 
of LC 
d) LC injection 
system 
 

 
 
 
Replace 
column 
Replace MS 
source tubing 
or capillary 
Replace LC  
tubing 
Replace LC 
injection tubing  

 Few or absence 
of peaks 

Failed injection 
 
Needle blockage 
 
Sample 
concentration too 
low 

Flush needle 
Reinject 
sample 
Replace 
needle 
 
Repeat sample 
preparation 
Concentrate 
sample 

 Poor 
chromatographi
c peak shape  

Column 
contamination or 
degradation 
 
 
Overloading of 
sample 

Clean or 
replace column 
 
 
Dilute sample 
or improve 
sample 
preparation

 Drop in baseline Ion suppression, 
perhaps due to high 
salt levels in 
sample 

Improve 
sample 
preparation 
with salt 
removal 
 
Optimize 
chromatograph
ic gradient to 
minimize 
coelution of 
peaks if 
possible 

 Carry-over Selected wash 
solvents may not 
be appropriated 
 
Too high injection 
volume 
 
 
 
Lack of 
chromatography 

Choose 
suitable wash 
solvents 
 
Optimize 
injection 
volume and 
concentration 
of components 
in the sample 
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optimization Optimize 
chromatograph
ic gradient 

 Loss of 
sensitivity 

Matrix suppression 
 
Poor recovery 

Improve 
sample 
preparation 
with salt-
removal 

 Unsteady beam Capillary/sample 
cone voltages not 
optimal 
 
Capillary is 
protruding too far 
from end of probe 
 
Probe is too far into 
source 
Liquid 
chromatography 
(LC) solvent flow is 
not correct/steady  
 
Solvents have not 
been adequately 
degassed 
 
Desolvation/nebuliz
er gas flow is not 
steady  
 
 
Desolvation 
temperature is not 
set correctly for 
liquid flow rate used

Tune sample 
cone and 
capillary 
 
 
Change length 
of capillary 
protruding from 
probe 
 
Move probe 
away from 
source 
 
 
 
 
Degas solvent, 
reset and 
remeasure the 
flow rate 
 
Check and 
adjust nitrogen 
supply 
pressure 
Check manual 
for guidelines 
 
Check and 
adjust 
desolvation 
temperature 
Check manual 
for guidelines 

 Loss of 
sensitivity 

Ion source is dirty 
 
 
 
 
Matrix suppression 
 
 
 
 
Component failure 

Clean the 
source 
according to 
manufacturer 
guidelines 
 
Improve 
sample 
preparation 
such as salt-
removal. 
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of MS system  
 
Arrange 
engineer visit 

 High chemical 
or 
electronic noise 
levels 

Signal threshold set 
too low  
 
Detector damaged 
and producing 
micro discharges 

 
Reduce 
detector 
voltage 
 
Arrange 
engineer visit 

 

 

 

 

 

 

 

 

 

 

 
 

ANTICIPATED RESULTS 

We present here a system for NMR-based identification of metabolites in biofluids and 

extracted biological samples based on various statistical and analytical resources . 

An exemplification of the use of the workflows presented in Fig.1 is given for the 
identification of various metabolites. For example, the identification of ascorbic acid (Fig.2a-
g) in urine 1H-NMR spectra from participants who were characterised by high BMI 10 was 
achived after combining workflows 1,2 and 4. Unconclusive results were obtained after 
performing STOCSY (workflow 1, Fig.2a-c) and therefore STORM (workflow 2, Fig.2d) was 
conducted on a subset of only 33 out of 1,880 spectra to reveal a correlation between the 
unknown signal and two multiplet signals δ 4.03 (ddd) of chiral CH and δ 3.74 (m) of 
CHH’OH], possibly belonging to the same molecule tentatively identified as ascorbic acid. 
This assignment was subsequently confirmed using a collection of 2D NMR experiments 
(Workflow 4) to measure the sample containing the highest signal intensity such as: 2D-Jres 
(Fig. 2e) that confirmed the  multiplicity of the signals at δ 4.03 (ddd) and 3.74 (m), 1H−1H 
TOCSY (Fig. 2f) that showed structural correlation between δ 4.03, 3.74, and 4.52 (d) and 
an 1H−13C HSQC pulse sequence (Fig. 2g) applied on the urine sample and the ascorbic 
standard. Finally, structural elucidation of the compound was confirmed by spiking of the 
urine samples with higher volumes of the same ascorbic acid pure solution (Fig. 2h).  

A different approach was taken based on the workflows 1,2,4 and 5 presented in Fig. 1 to 

successfully identify of N1-Methyl-2-pyridone-5-carboxamide (2PY) and N1-Methyl-4-

pyridone-5-carboxamide (4 PY) in urine of C57BL/6 mice (Fig. 3a-h). Urinary 1H NMR 
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spectrum were acquired and modelled using OPLS-DA. The unknown NMR peaks at 6.66, 

6.69, 7.83, 7.97 and 8.32 ppm were found positively correlated with High Fatfed mice in the 

OPLS-DA loadings plot (Fig. 3a). The signal at 6.66 ppm was selected as a driver to conduct 

STOCSY (workflow 1) analysis which showed several peaks significantly correlated with the 

peak at 6.66 ppm (Fig. 3b). However, the application of 2D-NMR experiments (Workflow 4) 

showed incomplete assignment of the unknown or potential unknowns with cross-correlation 

peaks at δ= 6.66-7.97 ppm and δ=6.69-7.83 ppm (Fig. 3c). Therefore, Solid Phase 

Extraction (workflow 5) was performed to isolate the unknown signals. As a result, the 

signals of the unknown were isolated and observed on the spectral overlay of the pooled 

urine after elution (25% MeOH 75% HCl 0.1 M) on C18 cartridge (in red) and the standard 

1D 1H NMR spectrum of intact pool urine  (in blue) (Fig. 3d) . A catalogue of 2D-NMR 

experiments were performed on the first elution that contains the isolated signals. Cross 

correlation peaks at δ=6.66-7.97 1H-1H ppm, δ= 7.97-8.32 1H-1H ppm, δ= 6.69-7.83 1H-1H 

ppm, δ= 7.83-8.54 1H-1H ppm were observed on the zoom of 2D 1H-1H COSY spectrum (Fig. 

3e) between 6 and 9 ppm of the C18 column fraction of pooled urine. Moreover, cross 

correlation peaks at δ= 6.66-120.7 ppm, δ=6.69-123 1H-13C ppm,  7.83-130 1H-13C ppm, δ= 

7.97-142 1H-13C ppm, δ=8.32-144.5 1H-13C ppm, δ= 8.54-149.29 1H-13C ppm were observed 

on the zoom of 2D 13C-1H HSQC spectrum between δ= 6 and 9 ppm of the C18 column 

fraction of pooled urine (Fig. 3f). Finally, standards were spikied by adding repeatedly the 

same volume (2 μl) of pure 4PY solution at 2mM and 3mM in the C18 column fraction of 

pooled urine (Fig. 3g) and (2 μl) of pure 2PY solution at 2mM and 3mM in the C18 column 

fraction of pooled urine (Fig. 3h). 

 

Finally, another strategy was taken for the identification of the dietary biomarker of onion 
intake 10 (Fig. 4a-c, Fig. 5a-e). Samples were acquired by 1H NMR analysis and the 
spectrum showed a characteristic multiplet associated with onion intake during an in-patient 
crossed-over controlled clinical trial (Fig. 4a). STORM (workflow 2, Fig.4b) was conducted 
and revealed 3 spectral peaks related to the same multiplet. As a result of performing RED-
STORM (workflow 3, Fig. 4c) two more multiplets were identified in the J-resolved 
pseudospectrum. LC-NMR-MS (workflow 6)  was then conducted on the urine sample with 
the highest amount of the unknown that needed to be lyophilized overnight and reconstituted 
in 500 μl of the original urine sample and then injected in the LC column. Every 29 s one 
fraction was collected, dried and analysed by 1H-NMR. As a result, the unknown metabolite 
was isolated in one of the fractions (Fig. 5a). 50 μl of the fraction containing the unknown 
metabolite was also analysed by reverse-phase LC-MS. The LC-MS (positive mode) 
chromatogram (Fig. 5b) and the corresponding total ion chromatogram of the fraction (Fig. 
5c)  revealed C8H13NO4S as likely elemental composition. Furthermore, 2D-NMR analysis 
(workflow 4) was performed on the fraction containing the unknown which allowed to finally 
elucidate the NMR signals and chemical shifts  (Fig. 5d) and the “unknown unknown” was 
identified as N-acetyl-S—1-Z-propenyl-cysteine-sulfoxide (NAcSPCSO) (Fig.5e). 
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We anticipate that routine implementation of this system in metabolic profiling studies will 

enhance biological interpretation of pre-clinical, clinical, epidemiological and nutritional 

studies and will allow broad coverage of the metabolome and consequently provide deeper 

insight into mechanistic pathways underlying disease aetiology. The adoption of improved 

metabolite identification workflows will result in increased population of spectral standards 

databases, which will enable researchers within the field to make more comprehensive 

assingments in a shorter timeframe. Improved annotation and correlation of accurately 

identified molecules associated with specific physiological or pathological conditions will also 

improve the generation of reliable biomarker panels for human, animal and plant diseases. 
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Fig. 1 | Overview of our system  for metabolite identification based on a combination 

of analytical and statistal workflows. 

This protocol describes eight different workflows to be followed in a recommended 

sequential order according to level of difficulty to identify molecular species from NMR-based 

metabolic phenotyping studies. This multiplatform strategy is based on statistical 

spectroscopic tools, 2D-NMR spectroscopic analysis, separation and pre-concentration 

techniques, multiple analytical platforms and existing databases.  

a, Summary of the overall metabolic profiling workflow that comprises sample preparation, 

1H-NMR data acquisition, data modelling and assessment of biomarkers to be structurally 

elucidated.  

b, The standard approach (workflow 1) uses STOCSY followed by database matching and 

spiking of commercial standards. 

c, Alternative approaches (workflows 2-8) can be followed if the standard approach fails or 

the method is not appropriate (e.g. in the cases which no correlations were found, there is a 

degree of overlap of signals, the unknown is in low concentration or the information provided 

is insufficient). A Dotted line indicates the possibility of altering the recommended sequential 

order of the workflows according to accessibility to data previously acquired and cost and 

time efficiency criteria.The first two variants require existing data from different types of 

statistical spectroscopy – STORM (workflow 2) and RED-STORM (workflow 3). This can be 

followed by applying traditional 2D NMR pulse sequences (workflow 4) to extract more 

information about molecular structure, perform physical concentration or separation of the 

‘unknown’ molecule before re-analysis using lyophilisation, SPE, liquid-liquid extraction 

(workflow 5), LC-NMR-MS (workflow 6) or LC-SPE-NMR-MS (workflow 7). 

Positive identification of the unknown metabolite should be performed by spiking authentic 

chemical standards into the biosample. In the case of identifying an ‘unknown unknown’ 

compound, the name, structure, CAS number and or International Chemical Identifier should 

be deposited in a database. If the standards are not commercially available, or it is not 

feasible to synthesis the compound, it will remain as a putatively annotated compound or 

putatively identified within a compound class.  
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Fig. 2 | Data from the metabolome-wide assocaton (MWA) study of human urine 

samples (analysed by 1D NMR, STOCSY, STORM, 2D NMR and spiking of standard) from 

the INTERMAP epidemiological study.  

a, Unknown metabolites linked to BMI: Expanded region δ 4.05 to 4.00 from the median 

600 MHz 1H-NMR spectrum of urine from 1880 non-diabetic U.S. INTERMAP participants, 

shows in green significant positive associations with BMI. b-c, Workflow 1: Unclear results 

obtained after performing STOCSY of the most significant signals δ 4.04 and 4.02. d, 

Workflow 2: STORM revealed a correlation between the unknown signal and two multiplet 

signals δ 4.03 (ddd) of chiral CH and δ 3.74 (m) of CHH’OH], possibly belonging to the same 

molecule. e-g, Workflow 4: Results from a series of 2D-NMR expermients performed on the 
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urine sample with the highest amount of unknown metabolite. This result contributed to the 

structural elucidation of the unknown metabolite by enhancing the information acquired in 

Workflow 2. e, Workflow 4: Untilted JRES spectrum of the region from δ 4.75 to δ 3.63, 

shows the multiplicity of the signals at δ 4.03 (ddd) and 3.74 (m). f, Workflow 4: 1H−1H 

TOCSY spectrum (δ 4.75 to 3.63) shows structural correlation between δ 4.03, 3.74, and 

4.52 (d). g, Workflow 4: 1H−13C HSQC spectra (F1, δ 87.5 to 32.5; F2, δ 4.75 to 3.63) of 

(red) urine sample overlapping with the 1H−13C HSQC spectra of (blue) ascorbic acid 

standard. h, Spiking of standard: Structural elucidation of the compound is confirmed by 

spiking of the urine samples with higher volumes of the same ascorbic acid pure solution. 

The figure shows a zoomed region of the 1H-NMR spectra of spike-in experiments of 

ascorbic acid in the urine sample with the multiplicity shown underneath. The urine sample 

spectrum is shown in red, and spectra with added 0.95 and 1.42 μmol of 1mmol ascorbic 

acid are shown in green and blue, respectively. Key: d, doublet; ddd, doublet of doublets of 

doublets; m, multiplet.  

The human data shown in this figure belong to a study approved by the London–Brent 

Research Ethics Committee and performed in accordance with the Declaration of Helsinki 

(13/LO/0078). Figure adapted from Posma et al. 10 

 

Fig. 3 | Strategies for the identification of N1-Methyl-2-pyridone-5-carboxamide (2 PY) 

and N1-Methyl-4-pyridone-5-carboxamide (4 PY) in urine of C57BL/6 mice. Flow 

diagram outlining the process applied (analysed by 1D NMR, STOCSY, 2D NMR, SPE, 

2D NMR and spiking of standard) from based on Fig.1 to conduct the metabolite 

identification 

a, OPLS-DA loadings plot indicating the unknown NMR peaks at 6.66, 6.69, 7.83, 7.97 and 

8.32 ppm  positively correlated with High Fatfed mice. 

b, Workflow 1: STOCSY analysis shows several peaks significantly correlated with the 

driving peak at 6.66 ppm. c, Workflow 4: the application of 2D-NMR experiments shows 

incomplete assignment of the unknown or unknowns. Zoom of 2D 1H-1H COSY spectrum 

between δ= 6 and 9 ppm of pooled urine sample showing cross-correlation peaks at δ= 

6.66-7.97 ppm and δ=6.69-7.83 ppm. d, Workflow 5: Solid Phase Extraction (SPE) is 

performed to isolate the unknown signals. The Spectral overlay of standard 1D 1H NMR 

spectrum of intact pool urine  (in blue) and pooled urine after elution (25% MeOH 75% HCl 

0.1 M) on C18 cartridge (in red) showing the isolated signals. e-f, Workflow 4: a catalogue of 

2D-NMR experiments are performed on the first elution that contains the isolated signals. e, 

Zoom of 2D 1H-1H COSY spectrum between 6 and 9 ppm of the C18 column fraction of 

pooled urine shows cross correlation peaks at δ=6.66-7.97 1H-1H ppm, δ= 7.97-8.32 1H-1H 
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ppm, δ= 6.69-7.83 1H-1H ppm, δ= 7.83-8.54 1H-1H ppm. f, Zoom of 2D 13C-1H HSQC 

spectrum between δ= 6 and 9 ppm of the C18 column fraction of pooled urine shows cross 

correlation peaks at δ= 6.66-120.7 ppm, δ=6.69-123 1H-13C ppm,  7.83-130 1H-13C ppm, δ= 

7.97-142 1H-13C ppm, δ=8.32-144.5 1H-13C ppm, δ= 8.54-149.29 1H-13C ppm. g-h, Spiking of 

the standards by adding repeatedly the same volume (2 μl) of two standard solutions of 

different concentrations. g, Spiking of pure 4PY solution at 2mM and 3mM in the C18 

column fraction of pooled urine. h, Spiking of pure 2PY solution at 2mM and 3mM in the C18 

column fraction of pooled urine. 

The animal data show in this figure belongs to a study conducted according to local animal 

welfare policy and approved by Swiss governmental veterinary offices (authorization number 

VD-2231) 

  

Fig. 4 | Statistical Spectroscopic strategies for the identification of an “unknown 

unknown” molecule in human urine: N-acetyl-S-(1Z)-propenyl-cysteine-sulfoxide 

(NAcSPCSO), biomarker of onion intake a,  

Flow diagram outlining the process applied (analysed by 1D NMR, STORM, RED-

STORM, LC-NMR-MS, 2D NMR and spiking of standard) based on Fig.1 to conduct the 

metabolite identification. a, Section of 600 MHz 1H-NMR spectrum shows a characteristic 

multiplet associated with onion intake of one volunteer during an in-patient crossed-over 

controlled clinical trial. b, Workflow 2: STORM analysis shows 3 spectral peaks related to 

tentative multiplet. c, Workflow 3: application of RED-STORM identifies two more multiplets 

compared to STORM that are highlighted in red in the J-resolved pseudospectrum. The 

human data show in this figure belongs to a study approved by the London–Brent Research 

Ethics Committee and performed in accordance with the Declaration of Helsinki 

(13/LO/0078).  Adapted from Posma et al. 10. 

 

 

 

 

 

 

Fig. 5 | LC-NMR-MS strategies for the identification of an “unknown unknown” 

molecule in human urine: N-acetyl-S-(1Z)-propenyl-cysteine-sulfoxide (NAcSPCSO), 

biomarker of onion intake , Workflow 6: LC-NMR-MS, the urine sample with the highest 

amount of the unknown is lyophilized overnight and reconstituted in 500 μl of the original 

urine sample and then injected in the LC column. Every 29 s one fraction is collected, dried 
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and prepared to be analysed by 1H-NMR.  a, 1H NMR spectrum of the fraction with the 

highest concentration of the unknown metabolite, with multiplets assigned and integrals 

calculated. b, Total ion chromatogram of the fraction containing the unknown metabolite 

after LC-MS analysis. c,  The LC-MS (positive mode) chromatogram  showing the 

C8H13NO4S as likely elemental composition. d, Workflow 4: 2D-NMR analysis performed on 

the fraction containing the unknown. The table  shows the identification of the NMR signals 

and chemical shifts of the unknown. e, Chemical structure of the “unknown unknown”: N-

acetyl-S--1-Z-propenyl-cysteine-sulfoxide (NAcSPCSO). The human data show in this figure 

belongs to a study approved by the London–Brent Research Ethics Committee and done in 

accordance with the Declaration of Helsinki (13/LO/0078).  Adapted from Posma et al. 10. 
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CODE AND SOFTWARE AVAILABILITY 

CA-PLS (and PLS, OSC-PLS): The code for executing the PLS, covariate-adjusted (O)PLS and simple 

orthogonal PLS/PLS-DA is provided in https://bitbucket.org/jmp111/capls/src/. This can be 

executed in a Matlab environment. 
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STORM (and STOCSY): The code for executing both the STOCSY and STORM algorithms is in   

https://bitbucket.org/jmp111/storm/src. These can be executed in a Matlab environment. 

RED-STORM - The code for executing the RED-STORM algorithm is provided in  

https://bitbucket.org/jmp111/redstorm/src/. This can be executed in a Matlab environment. 
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