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Abstract
Metabolomics is regarded as a new approach for studying the composition of cells, tissues, or even the entire set of metabolic molecules in vivo after Genomics and Proteomics. Recently, there have been several papers analyzing specific metabolites
in different body fluids by liquid or gas chromatography–mass spectrometry (LC-MS or GC-MS), nuclear magnetic resonance
(NMR), and other ways. These diverse sets of metabolites may be potential as specific biomarkers for body fluid identification.
This report summarized the research related to body fluid metabolites in published papers, and also reported the current MS and
NMR papers, which were the current established analytical techniques for metabolome analyses of body fluids. Furthermore, the
potential of these technologies for being applied to forensic body fluid differentiation was evaluated in this report.
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Introduction
Biological evidence plays an important role in
crime scene reconstruction. Not only DNA, but also the
sources of body fluids can lead the direction of a criminal
investigation. Forensic scientists detect key components
in body fluids by targeted testing, including presumptive
catalytic color tests, immunoassays, specific enzyme
activity assay methods, crystal tests, and spectroscopy
analyses [1-3]. With methods mentioned above, except
for blood and semen, we can still only primarily infer
the classes of these fluids not to confirm the sources.
Moreover, if samples are mixed, it is also very difficult to
identify each body fluid.
Currently, scientists are trying to find novel
techniques in order to improve sensitivity and specificity,
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and to reduce the amounts used of the samples of body
fluids in the identification, such as Raman spectroscopy,
epigenetic analyses, proteomic analyses, and other
techniques [1,4-9]. Currently, metabolic-related
researches focus on the applications in medical biology
and clinical diagnoses, further research on forensic
applications of body fluid identification is needed [10-12].
This review provides the comprehensive and current
overview of the feasibility of metabolic analyses for
body fluid identification by mass spectrometry (MS) and
nuclear magnetic resonance (NMR) for different aspects
of identification.

Metabolomics
The concept of metabolic profiling was first
proposed by Williams et al., attempting to find metabolic
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patterns that are distinctive for alcoholics and connecting
to the preliminary studies of schizophrenic individuals
[13]. With the well-developed techniques, we already
could understand the significance of alleles in the genome,
and searched the changes in individual expression for
transcripts or protein concentration in transcriptome or
proteome [14]. For further information, a metabolomics
analysis can directly reflect the activity of the metabolic
system, and the quantity and quality of the metabolites can
be treated as the ultimate reply of biological networks to
genetic or environmental changes [15,16].
Metabolites, small (<1,500 Da) compounds present in
a cell or organism, which take part in metabolic reactions
have much greater variability in their composition of atoms
and subgroups than the linear coding sequences for genes or
proteins [16,17]. Therefore, different tissues have their own
metabolic fingerprints providing tissue-specific profiles that
offer valuable information for identifying the sources of
the unknown body fluids [18-20]. Additionally, until 1998,
the term, metabolome, a complete set of small-molecule
chemicals, was first suggested by Oliver et al. while
performing functional analysis on yeast [21].
With different analytical approaches for metabolites,
they can solve various key problems. First, targeted
analyses are mainly used for screening purposes and
providing clarity by confirming a specific hypothesis
with absolute quantification. Second, metabolite
profiling focuses on a specific known metabolite for
investigating a selected biochemical pathway. Third, a
comprehensive analysis of total metabolites that reveals
the metabolome of the biological system of interest is
called ‘metabolomics’. These approaches must include
strategies to identify unknown metabolites and lead to
models of theoretical biochemical networks. Furthermore,
there is another method called metabolic fingerprinting,
which is a rapid classification of samples by their origins
or their biological relevance [22]. A rough workflow of
metabolic studies is summarized in Fig. 1 [15].

Untargeted

Semi-targeted

targeted

Metabolomics
Metabolites profiling
Metabolic fingerprinting
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Identification &
biomarker discovery
Pathway investigation
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statistical analysis

Fig. 1 General framework of different workflows
available for metabolome studies [15].

Because of the rapid development of the metabolome,
the requirement of metabolite identification is also
raised; therefore, in 2005, METLIN, a metabolite
database based on Fourier transform mass spectrometry
(FTMS), tandem mass spectrometry (MS/MS), and
liquid chromatography–mass spectrometry (LC-MS)
analysis results, established to accelerate metabolite
identification by providing known information from
multiple related sources, now collects about one million
molecules ranging from lipids, steroids, small peptides,
carbohydrates, toxicants, and so on [23].
Moreover, the Human Metabolome Project
completed another database, the Human Metabolome
Database (HMDB), a comprehensive, webaccessible metabolomics database, and brought
together quantitative data for extensive endogenous
human metabolites from MS and NMR in 2007 [24].
However, the database has only collected and displayed
metabolites found in various body fluids, including
urine, serum, cerebral spinal fluid (CSF), saliva, feces,
and sweat. There are still some other kinds of body fluid
sources waiting to be confirmed.
So far, there are lots of devices and technologies
available to analyze metabolites, including
radioimmunoassay (RIA) [25], NMR [26-28], spectrometry
[29-31], thin layer chromatography (TLC) [32],
capillary electrophoresis (CE) or other chromatographic
techniques coupled with MS [33-37], and even the
recently developed complementary metal oxide
semiconductor (CMOS)-chip [38] and nanopores
[39]. Among them, the most widely used applications
for metabolic analyses are NMR and MS. Table 1
summarized the features of several perspectives of NMR
and MS. NMR can simultaneously measure the quantity
and identify molecules in samples; however, you can
only semi-quantify with the standard samples to get the
concentration relatively with MS [15]. Additionally,
one can directly use intact samples with little or even
without any chemical treatments in NMR. In other
words, it requires fewer sample preparation steps
and there is easy recovery of the samples. However,
some challenges such as larger sample volume, lower
sensitivity, more interference peaks, are needed to
be conquered [28]. In contrast, MS provides superior
sensitivity and resolution, it is commonly used for
semi-targeted or untargeted metabolomics [29]. Both
techniques offer the online spectral databases available
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for comparing and identifying the experimental data
[40-43]. Complementarily, the mass spectrometer can
also combine with separation techniques to simplify
the complexity of metabolic profiling and make the
identification of individual metabolites easier [44].
Despite NMR offers high reproducibility and sample
recovery, MS with broader metabolites coverage and
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high sensitivity can detect more signals with minimal
volume of samples. Therefore, researchers can choose
proper analytical approaches depending on their purpose
of the experiments. However, there are also some
researchers using both techniques to do the analysis and
compare the data with each technique, trying to get the
maximum recovery of metabolites [26,36,37].

Table 1 A comparison of NMR and MS for metabolite analyses.

Characteristics

Nuclear magnetic resonance

Mass spectrometry

Metabolite coverage

narrow

broad

Sensitivity

low

high

Sample recovery

noninvasive

destructive

Reproducibility

very high

moderate

Selectivity

mostly nonselective analysis

targeted and untargeted

Pretreatment

minimal

demanded

Quantification

concentration level

semi-quantification

Databases

HMDB, BMRB

HMDB, METLIN

The Metabolome Analysis of Body Fluids by NMR
NMR detects molecular features by measuring the
resonance in magnetic fields of the atomic nuclear spin
that reveals the chemical environment of the compound
and its molecular structure. Although we can directly
analyze the sample without any pretreatment or only
after dissolution and digestion, to improve the underrated
metabolites’ signal intensities, several chemical
treatments below can be performed.
(1) Protein precipitation:
Both the existence of high molecular weight
molecules and binding of the proteins can affect
the quantification and the broadening of the NMR
signals. In order to solve the problem, researchers
usually precipitate the proteins by several organic
solvents [27,28]. However, although we can
efficiently increase the resolution of the signals,
these treatments might alter the real spectra.
(2) Lyophilization:
Residual solvents appear in NMR analyses
and may let the compounds in samples interact with
the buffers or lead cross-contamination. Therefore,
after chemical treatments, removing the solvents by

drying and extending the storage of the samples is
necessary. On the contrast, part of the compounds
possibly evaporates during processing and not able
to be shown in the spectra [26].
(3) Filtration:
Instead of using chemical pretreatment, more
and more scientists decide to use filters with different
cut-offs of molecular weights. In recent study, it
showed the approach can appraise the nitrogenous
bases and nucleosides in serum samples [26].

The Metabolome Analysis of Body Fluids by MS
MS is a method where ionized samples are
classified by their mass-to-charge ratio through magnetic
and electric fields. Combined with chromatographic
separation, matrix effects and ionization suppression
can be reduced, isomers can be separated, and
comprehensive data valuable for metabolite annotation
can also be provided [30]. Gas chromatography with
mass spectrometry (GC-MS) is more suitable for low
molecular weight and volatile metabolites. Moreover,
most GC-MS devices are equipped with electron
ionization (EI) and the energy of ionizing electrons are
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usually set at the standard value of 70 eV, so the databases

modes differ significantly with devices and no standard

of GC-MS are very reliable, and researchers can identify

retention index has been established, which leads to

the spectra by comparing the signal peaks [47]. On the

difficulties in identifying compounds in the LC-MS data

other hand, liquid chromatography (LC) can be applied

and arranging a standard database [29]. An integrated

for nonvolatile and polar metabolites which compose the

comparison of these two chromatographic separations is

largest proportion of body fluids. However, the ionization

shown as Table 2.

Table 2 A comparison between GC-MS and LC-MS for metabolite analyses a.

a The

GC-MS

LC-MS

Metabolites

Volatile, nonpolar

Nonvolatile, polar

Resolution

High

Low

Reproducibility

Low

High

Standard database

Yes (70 eV)

No

Mobile phase

Noble gas, N2

Water, MeOH, ACN

table was extracted and reorganized from the reference [29].

Nevertheless, before injecting the samples to GCMS or LC-MS, there are some sample preparations that
should be done. Variable metabolite extractions lead to
different recoveries of metabolites. Simple modifications,
including temperature alteration, protein precipitation
with several solvents, and even sample washing will
affect the detection of the metabolites [48]. Several
common methods are listed below:
(1) Quenching and washing:
A review suggested that the common
metabolism inactivation is usually to be carried out
by modification of temperature and pH value [49].
In addition, washing is an efficient way to remove
the uninterested metabolites, and also may increase
the signal to noise ratio [50].
(2) Protein removal:
Organic solvent-based protein precipitation
(PPT) followed by ultrafiltration is the most
prevalent method for removing proteins [51].
Compared to inorganic solvents, organic ones
are more suitable for denaturing those interfering
proteins. Not only can the organic solvents
simultaneously extract hydrophilic and hydrophobic
compounds, but they also inhibit the interactions

between metabolites and proteins in order to
improve metabolite coverage and reproducibility.
However, the method might cause the loss of some
metabolites because of co-precipitation or poor
solubility [52]. Until now, many researchers have
already studied and compared the effect of different
procedures in terms of protein removal efficiency,
and the metabolite coverage and precision for MS
analysis [53,54].
(3) Liquid-liquid extraction (LLE):
LLE separates polar and non-polar metabolites
into two fractions (aqueous and organic) [55]. In
fact, LLE is now mainly used to remove lipids [52].
Based on the reported experiments, chloroform and
methanol mixed extraction can recover the broadest
lipid classes [56,57]. Recently, scientists found that
the methyl tert-butyl ether (MTBE) can also provide
the same or even better recovery, and with less harm
to human beings [58]. In 2012, Jasmina et al. have
reported that with a chloroform: methanol: water
mixture (15:59:26) is the most optimal extractive
solvent [59].
The pretreatment could also affect the quality of
the analysis, so setting the instrument parameters plays
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an important role. In chromatography, the resolution is
the key feature to examine the efficiency of separation.
However, the principle of separation will occur
according to the differences of sample components’
rate of movement through the balance between the
mobile and stationary phases. The mobile phase is either
liquid or gas that moves along with the analytes, while
stationary phase is solid or gel that analytes are separated
in during the passage of balancing [60]. Nevertheless,
many elements may influence the separating efficiency
including plate numbers, capacity factor, and separation
factor. Plate theory is usually used to quantify the
column efficiency. By changing the column length and
flow rate, the number of plates can be increased and
improve the resolution of the chromatography [60,61].
Capacity factor (K) stands for the time that the analytes
spend in the stationary phase. By means of changing the
amounts and types of organic modifiers added, it can
alter the polarity and regulate the affinity of the mobile
phases. In general, the best resolution is achieved as the
K value ranges from 1 to 5 [61,62]. Separation factor (α)
is the ability to chemically distinguish different sample
components. Many factors can be used to improve the
selectivity, including the pH values of mobile phases,
types of stationary phases, column temperature, and
so on [61,63]. Furthermore, the flow rate, column
diameter, and gradient elution are also the elements that
are associated with the resolution of chromatographic
separation [64, 65].

The following MS can be equipped with GC or
LC for increasing the analysis efficacy of separation or
broadening the sample suitability, including matrix-assisted
laser desorption ionization (MALDI) [66,67], quadrupole
[68-70], ion traps [71], and time of flight (TOF) [72].
Metabolites Detected in Different Kinds of Body Fluids
Body fluid identification is always a topic worth
exploring for many forensic scientists. Many primary
catalytic tests and confirmatory tests are developed for
analyzing body fluids as crime scene evidence; however,
there are some false positive or negative results that mislead
the direction of the reconstruction of scenes. Fortunately,
since 2009, the year the human proteome project started,
many scientists have performed proteomic analyses and
discovered several specific protein markers in different body
fluids [73-75].
As a next step beyond proteins, Table 3 integrated
published papers of metabolites that can be detected in
different kinds of body fluids by NMR and MS. Based
on the published researches, although there are a few
metabolic analyses of body fluids, there are still some
sources of body fluids lack of data, such as menstrual
blood, and so on. In addition, most of the recent papers
only focus on the screening of the biomarkers in body
fluids for several diets or illness, such as Parkinson’s
disease [10] or dementia patients [82] for clinical or
biological usages, and the profiling of single body fluid
source. Suitable systems for the body fluid identification
on forensic applications are still under development.

Table 3 The metabolome research applied to body fluids by MS and NMR.

Mass spectrometry a
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Nuclear Magnetic Resonance a

Urine

Luan et al. [10]
Boizard et al. [37]
Huang et al. [71]
Zhou et al. [72]
Bouatra et al. [45]

Venous Blood

Gupta et al. [26]
Liu et al. [33]
Alshammari et al. [52]
Want et al. [54]
Sana et al. [55]
Huang et al. [71]
Yang et al. [74]

Gupta et al. [26]
Nagana Gowda et al. [27]
Shanaiah et al. [28]
Stringer et al. [76]
Nagana Gowda et al. [77]
Kromke et al. [78]
Tiziani et al. [79]

Sweat

NA

Kutyshenko et al. [80]

Shanaiah et al. [28]
Bouatra et al. [45]
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Mass spectrometry a

Nuclear Magnetic Resonance a

Saliva

Wang et al. [12]
Yang et al. [74]
Dame et al. [46]

Dame et al. [46]

Semen

Chen et al. [34]
Paiva et al. [35]
Yang et al. [74]

Paiva et al. [35]

Menstrual Blood

NA

NA

Vaginal Fluid

NA

Vitali et al. [81]

Figueira et al. [82]

NA, no related papers were found.

Conclusions
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