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1. Introduction to amino acids
1.1. Amino acid structure and classification

Amino acids are a class of organic compounds containing a primary
amine (-NH,) or secondary amine (-NH), a carboxyl (-COOH) group,
along with a variable side chain (Fig. 1). An amino acid with a sec-
ondary amine such as proline is sometimes referred to as an imino acid,
however this terminology has become redundant [1].

Despite being called acids, amino acids are amphoteric due to the
functional groups being able to donate or accept a proton. This also
means that amino acids, under certain conditions (such as at physio-
logical pH) are capable of becoming zwitterions and are perhaps the
most common example of zwitterions in literature [2]. Amino acids can
be further categorised into subgroups according to different criteria in-
cluding polarity, chirality, biological function, and the position of the
amine group in the side chain [3-6]. The position of the amine func-
tional group on the side chain, separates amino acids into alpha (a-),
beta (B-), gamma (y-), delta (5-) and so on amino acids [4] (Fig. 2).

Based on chirality, amino acids can be divided into dextrorotatory
(D) or levorotatory (L) enantiomers (Fig. 2); this results from the spa-
tial arrangement of the atoms within the amino acid, and despite hav-
ing almost identical structures, the enantiomers can have different bi-
ological functions [7,8]. Absolute configuration (R or S) is rarely used
in amino acid nomenclature since most L-amino acids are in an S con-
figuration. There are a few exceptions however, where an L-amino acid
is in an R configuration depending on the side chain (e.g. L-cysteine is
in an R configuration [9]). Amino acids can also be characterised on
polarity and pH due to the variation in the side chain groups. Amino
acids with amines in their side chain with high enough pKa's to ac-
cept a proton in a neutral/physiological pH environment can be cate-
gorised as basic amino acids. Similarly, acidic amino acids are amino
acids with carboxyl groups in their side chain with low enough pKa's to
allow them to donate a proton at neutral/physiological pH [6]. While
typically considered small polar molecules, amino acids can also be cat-
egorised based on their polarity, where they are divided into non-polar
(hydrophobic) or polar (hydrophilic) [6]. Other categorisation schemes
based on side chain variation include aromatic amino acids,
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which have an aromatic ring in their side chain, aliphatic amino acids
which have a straight side chain composed of carbon (with the exception
of methionine which is sometimes classified as aliphatic), and branched
chain amino acids, which have an aliphatic straight side chain with a
branched carbon (Fig. 2) [4,6].

Biological function and dietary requirement are also used to clas-
sify amino acids. The major biological role for amino acids is their use
in the synthesis of proteins, however, not all amino acids are used in
protein synthesis. There are total of 22 protein amino acids (21 in eu-
karyotes, 22 in prokaryotes) which are genetically coded for ribosomal
protein synthesis [10]. All protein amino acids are a-amino acids and L
enantiomers (excluding glycine, which does not have enantiomers) but
are mixed when it comes to polarity and pH. Protein amino acids can
further be broken up into two categories, essential and non-essential
amino acids, however, this is species specific. Essential amino acids are
required by an organism to function correctly but are not synthesised
by that organism and are thus required to be supplied from external
sources. Non-essential amino acids are the opposite, being synthesised
by the organism and not requiring external sources [3].

The number of amino acids used in protein synthesis is greatly ex-
ceeded by the number of non-protein amino acids present in nature.
Non-protein amino acids (or non-canonical amino acids) are amino acids
that are not encoded for in protein synthesis. There are estimated to be
more than 500 non-protein amino acids, some of which are naturally oc-
curring and are produced by a wide array of organisms for a multitude
of purposes (see Section 1.2). Others have been engineered for biotech-
nological applications [11,12] and some result from chemical modifica-
tion of protein amino acids through processes such as oxidation [13].
Despite being called non-protein amino acids, it is important to note
that due to their ability to mimic protein amino acids some can be mis-
takenly incorporated into peptides and proteins through ribosomal pro-
tein synthesis [14,15], or through special mechanisms such as non-ri-
bosomal peptide synthesis [16]. As all protein amino acids are L enan-
tiomers, D-amino acids can also be categorised as non-protein amino
acids. Post-translational modification of amino acid residues in proteins
and peptides can result in additional amino acid residues in polypep-
tide chains, which, despite not being present as free amino acids ini-
tially, upon hydrolysis they can be released and will be analysed in a
post-translationally modified form [17].

As might be expected, there is a lot of overlap with these classifica-
tions since the criteria for each is completely independent, and thus, the
choice of classification scheme is typically based on the field of research.
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Fig. 1. General structure of a-amino acids with the R-group representing the variable side
chain.

1.2. Importance of amino acids in research

Amino acids are sometimes referred to as the building blocks of life
due to their important role in ribosomal protein synthesis. However
their functions in biology are much more diverse [6]. Only 22 amino
acids are used as building blocks of protein and many of these pro-
tein amino acids have secondary metabolic roles such as the role of
methionine in cholesterol metabolism [18], glutamine's maintenance of
pH homeostasis in the liver [19] and proline's role in modulating mi-
tochondrial function [20]. Both non-protein and protein amino acids
play important roles in human and animal metabolism; one of their
most important roles is their function as neurotransmitters, examples
include gamma-aminobutyric acid (GABA), glutamine and D-serine as
GABA and N-methyl-D-aspartate (NMDA) receptors [21,22]. In addi-
tion, many are metabolic intermediates that are converted to other sig-
nalling molecules such as hormones [6]. Thus, because of these roles,
amino acid levels in clinical samples can give indications of health sta-
tus and can be used for the identification of diseases such as phenylke-
tonuria [23]. Both non-protein and protein amino acids have been used
as therapeutic agents. Levodopa (L-dopa) is a non-protein amino acid
and a precursor to the neurotransmitter dopamine that is currently used
for the symptomatic treatment of Parkinson's disease. L-dopa is used
instead of dopamine as it is able to cross the blood brain barrier via
amino acid transporters [14]. Other examples of potential therapeu-
tic uses of amino acids include the use of L-theanine in schizophrenia
[24] and L-serine as a treatment for motor neuron disease [25] and
its possible protective role against a cyanobacterial neurotoxin [26].

Amino acids have also been engineered for biotechnological application,
typically for use in therapeutic peptides [27].

One of the biggest areas of interest for amino acids is in dietary stud-
ies [28]. Amino acids are frequently sold as fitness supplements. These
supplements can contain protein amino acids, sometimes selected pro-
tein amino acids most commonly the branched chain amino acids, and
even some non-protein amino acids like norvaline [29]. The amino acid
composition of animal feed is of huge importance to the agricultural in-
dustry to ensure that livestock receive the correct mixture of essential
and non-essential amino acids for optimum growth and development
[28].

Many non-protein amino acids produced by bacteria, algae and
plants are known to evoke either acute or chronic toxic effects on other
organisms [30,31]. The ability to synthesise these amino acids is be-
lieved to have evolved for allelopathy or aposematism. Acute toxicity of
some of these non-protein amino acids like domoic acid have been asso-
ciated with documented cases of sickness and fatalities in humans [32],
whereas chronic toxicity caused by beta-methylamino-L-alanine (BMAA)
and azetidine-2-carboxylic acid (Aze) are hypothesised to play a role in
the epidemiology of certain diseases such as motor neuron disease and
multiple sclerosis [33,34]. The analysis of non-protein amino acids can
be complicated by the presence of isomers with similar physicochemi-
cal properties that are also present in the same sample matrices [35].
BMAA analysis, for example, is complicated by the presence of 3 iso-
mers that can be produced by the same cyanobacterial species and are
thus found together in environmental samples [35]. While this can be
also be problematic for protein amino acids with proteogenic isomers
such as leucine and isoleucine, it is more problematic with samples that
contain a mixture of both non-protein and protein amino acids. These
issues highlight the importance of the application of suitable analyti-
cal techniques to ensure correct identification. Due to this wide array of
functions and importance to different fields of science, analysis of amino
acids has become common practice in laboratories around the world.
However, there are multiple methods of analysis available and each has
advantages and disadvantages depending on the specific application.

1.3. Analysis of amino acids

Amino acids can be either free or protein or peptide-bound within
samples. Free amino acids are amino acids that are in their native struc-
ture, while protein-bound amino acids are present in the polypeptide
chain of peptides or proteins and are released via enzymatic diges-
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Fig. 2. Schematic diagrams of amino acids showing: (A) Alpha (a), beta (f), gamma (y) and delta (8) amino acids. (B) a comparison of amino acid enantiomers, D (left) and L (right). (C)
from left to right, Phenylalanine, Alanine and Leucine, as examples of an aromatic, aliphatic straight chained and aliphatic branched chained amino acids.
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tion [17] or chemical hydrolysis [36]. In some cases, amino acids re-
leased by hydrolysis could appear to be present within the polypeptide
chain but might be strongly attached to a protein side chain [37].

Amino acids are often extracted from complex biological matrices
containing multiple amino acids and often a variety of different metabo-
lites, thus, some form of separation has to be applied before detec-
tion. Chromatographic separation methods are commonly used prior to
amino acid analysis and these include thin-layer chromatography (TLC),
liquid chromatography (LC) (including high performance liquid chro-
matography (HPLC) and ultra-high performance liquid chromatography
(UHPLQ)) and gas chromatography (GC). Non-chromatographic separa-
tion methods have also been used but less often, with the most promi-
nent being capillary electrophoresis (CE). Detection methods include
mass spectrometry (MS) and spectrophotometric detectors such as ultra-
violet (UV), visible light (Vis) or fluorescence detection (FLD) [38,39].
There are two common approaches to analysing amino acids; they can
either be identified in their native form, or in a derivatised form where
chemical groups are added to assist in analysis [38]. Derivatisation
can be carried out before (pre-column derivatisation) or after the chro-
matography prior to detection (post-column derivatisation) [38]. Chro-
matographic analysis of amino acids is complicated due to their polar
nature requiring alternative chromatographic separation methods, most
not being able to absorb light or have native fluorescence and being of
low molecular weight. Derivatisation alleviates many of these issues.

TLC was traditionally used for the separation of native amino acids,
requiring ninhydrin derivatisation for visualisation [39]. Aromatic
amino acids can be detected using spectrophotometers, however, the re-
maining amino acids do not have the ability to absorb UV/Visible light
nor have the capacity to fluoresce. Thus, when analysed via chromatog-
raphy with spectrophotometric detection, most amino acids require de-
rivatisation to make them detectable, with this being carried out either
pre- or post-separation [38]. Unlike LC or GC, CE coupled with spec-
trophotometry doesn't require derivatisation to detect amino acids when
the correct electrolyte solution is applied and a mix of direct and indi-
rect absorbance detection is used, however derivatisation is still com-
monly applied [40,41]. Amino acid analysers (AAA) are another instru-
ment used to analyse amino acids. These systems utilise ion-exchange
liquid chromatography for separation with post-column derivatisation
and spectrophotometric detection and quantification. Spectrophotomet-
ric detectors require complete chromatographic separation of analytes
and this often require long run times.

Mass spectrometry has several advantages over spectrophotometry
including higher sensitivity, selectivity, and throughput [42,43]. Fur-
ther to this, tandem mass spectrometry adds another level of improve-
ment in analyte identification through the fragmentation of molecules,
resulting in higher specificity and reproducibility [42]. Spectrophotom-
etry is unable to differentiate amino acids solely on detector signal
thus strict chromatographic separation is essential to ensure the cor-
rect identification and quantification. Mass spectrometry, however, only
requires amino acids of the same mass (constitutional isomers) to be
baseline separated since overlap of amino acids with different masses
does not affect qualification and quantification. Amino acid analysis
via GC-MS and LC-MS yield comparable results but the use of LC-MS
is more widespread then GC-MS due to GC-MS requiring more sample
clean up steps prior to analysis [38,43]. Liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) detection of amino acids for tar-
geted and untargeted applications is preferred, especially with the rise
in fields such as metabolomics. However, LC-MS/MS analysis of amino
acids provides its own challenges due to their small size and zwitteri-
onic nature. These challenges complicate all steps of method develop-
ment from the extraction of the analytes, chromatographic separation,
and MS detection. Depending on the purpose of the analysis these three
factors might require special consideration. This tutorial review aims

to be a guide and to provide an overview for scientists with an interest
in amino acid analysis via LC-MS/MS. We outline the challenges and po-
tential solutions associated with the three key steps in method develop-
ment: sample preparation; chromatographic separation; and detection.
Finally, we highlight current limitations and where these analyses may
take us in the future.

2. Sample preparation

Amino acids are analysed in a variety of matrices including biologi-
cal samples such as plant and animal tissues, microbial and cell cultures
or clinical samples such as cerebrospinal fluid and plasma as well as en-
vironmental samples such as soils, sediments and marine and fresh wa-
ter. The sample preparation will depend on the matrix and requires a
number of considerations including accounting for extraction efficiency,
extraction methods, hydrolysis of protein bound amino acids, and sam-
ple clean-up. For a general schematic of the steps involved in amino acid
extraction, see Fig. 3.

2.1. Selection of internal standard

Selection of an appropriate internal standard (ISTD) is important as
it can account for analyte loss during sample preparation and analy-
sis (Fig. 3). ISTD addition before the sample extraction will account for
losses during sample preparation if equilibration is achieved. ISTD ad-
dition after sample preparation normalises the analysis, accounting for
changes in analyte behaviour due to matrix effects and alterations in
instrument sensitivity and can be used for intra-run normalisation. Ad-
dition of an ISTD is essential for derivatisation, extraction or clean-up
methods that might exacerbate analyte loss. Amino acid ISTDs are typ-
ically stable isotope labelled (SIL), using a deuterium or 13C-containing
analogue of the amino acid to be analysed. Non-protein amino acids
such as norvaline and norleucine have also been used as ISTDs for pro-
tein amino acid methods [44]. While it is ideal to have an ISTD for every
protein and non-protein amino acid analyte, a lack of commercial avail-
ability leads to custom orders that can be expensive and, as some amino
acid analysis methods can consist of 20 or more analytes, it is not feasi-
ble to have an ISTD for every amino acid in these methods. Thus, most
methods compromise, utilising one or a select few ISTDs to account for
all amino acids being detected in the method [44].

2.2. Extraction of free amino acids and fraction separation

The method used to extract amino acids will be dependent on the
matrix. Extraction of free amino acids in aqueous samples is relatively
straightforward, solid phase extraction (SPE) is commonly applied for
extraction and preconcentration [45] (see Section 2.3). Solid samples
may be processed and weighed and the wet or dry weight used for nor-
malisation, however wet samples are often freeze-dried to remove this
variable when calculating concentrations of the analytes per mass of
sample. The first step in extraction protocols for many biological sam-
ples is cell lysis, with some matrices such as tissue requiring homogeni-
sation prior to lysis. Lysis is typically performed via physical methods
including freeze/thaw cycles, physical disruption and sonication. Cell
lysis is followed by the precipitation of proteins out of solution which
will split the sample into two fractions; free amino acids in solution
and protein-bound amino acids in the precipitate. The cell lysis can take
place in the solvents used for protein precipitation and may include
acids such as trichloroacetic acid (TCA) and perchloric acid (PCA), or
organic solvents such as acetone, methanol and acetonitrile. While acid
precipitation typically provides the best amino acid recoveries, some
organic solvents such as acetone will precipitate out more molecules
than TCA including some small peptides. Sedgwick and colleagues pro-
vided a good summary of recovery rates from a simple sample ma-
trix (plasma) and data on how protein concentrations can affect amino
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acid extraction with particular solvents [46]. TCA is the most commonly
used solvent, however multiple washes with different solvents may in-
crease extraction efficiencies. Mixes of acids and organic solvents have
also been used such as 10% (w/v) TCA in 90% acetone to utilise the
benefits of both solutions in one step.

Metabolomic analyses typically encompass analytes able to solubilise
in polar solvents, including amino acids. These methods can be simple
methanol extractions or elaborate phase separation extractions such as
the Matyash method (Methyl tert-butyl ether (MTBE)/methanol/water)
that fractionate the sample into a polar (methanol/water) and non-polar
(MTBE) phases [47]. However, to our knowledge, no studies have re-
ported recovery rates with these extraction methods and thus it is uncer-
tain how much loss may be incurred. An alternative extraction method
for free amino acids from solid samples is supercritical fluid extraction
(SFE) [48].

Regardless of the extraction method employed, once extracted, sam-
ples are usually dried then reconstituted in a low concentration of hy-
drochloric acid (HCD) (typically 10-100 mM). The solubilised amino
acids can be further diluted into LC compatible solvents if being
analysed in their native form, or solvents that are compatible with the
selected derivatisation method. It is important when analysing native
amino acids containing a thiol group (-SH) such as cysteine, to include
a reducing agent such as dithiothreitol (DTT) to ensure no disulphide
bonding will occur thus preventing dimer formation.
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2.3. Solid phase extraction (SPE)

Solid phase extraction (SPE) may be used to isolate amino acids from
matrices, providing a sample clean-up step and a means of analyte pre-
concentration [45]. SPE makes use of a solid adsorbent to either ad-
sorb compounds of interest separating them from matrix compounds
that may interfere with analysis, or by removing undesired components
for analysis allowing the compounds of interest to pass through, with
the former more commonly used in amino acid studies [45,49-51]. SPE
can be carried out at a number of points throughout the extraction pro-
cedure as shown in Fig. 3. Reverse phase SPE may be used [49] but was
reported to have poor retention of the more polar amino acids, and poor
selectivity to allow for adequate sample clean-up [50]. The most com-
monly employed form of SPE used for amino acids is ion-exchange SPE
[45,50,51]. Being zwitterionic, both cation and anion exchange SPE can
be used to selectively bind amino acids. For most sample matrices SPE
is optional, though it can greatly improve the quality of a sample when
utilised for clean-up thus improving the overall analytical outcomes.

2.4. Hydrolysis of protein-bound amino acids
Hydrolysis is required to release amino acids from the peptide chains

of the proteins. Depending on the application, the protein-bound frac-
tion may be omitted from analysis, analysed separately, or com-
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Fig. 3. Schematic representation of a standard amino acid analysis workflow, the introduction of an internal standard (ISTD) to the samples are denoted at each step with their effect

correction.
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bined with the free fraction for total amino acid quantification. It is
generally assumed that the amino acids released from the protein frac-
tion by hydrolysis are all amino acids that were incorporated into the
polypeptide chain, however several studies into non-protein amino acids
question if all amino acids released by hydrolysis were part of the pro-
tein backbone or if some could have been covalently bonded to an
amino acid side chain [37]. Hydrolysis is typically performed at tem-
peratures ranging from 110°C to 170°C with a highly concentrated acid
such as 6 M HCI either in vapour or liquid form. A low oxygen envi-
ronment is necessary for hydrolysis to prevent oxidation, thus it is often
carried out under a vacuum or in the presence of an inert gas such as ni-
trogen or argon. Hydrolysis is often time consuming, taking 16-24 h to
complete, however microwave irradiation has been shown to decrease
these times to as little as 10 min [52]. Despite acid hydrolysis being the
most commonly used method of hydrolysis, there is no single method
that will completely cleave all peptide bonds in a sample to single amino
acids completely and quantitatively. Some amino acids require the ad-
dition of reducing agents for complete hydrolysis, while others require
longer hydrolysis times. For a more in-depth summation of different pro-
tein hydrolysis options, the reader is directed to the chapter ‘Hydrolysis
of Samples for Amino Acid Analysis’ by Davidson which discusses the
advantages and disadvantages of a range of hydrolysis methods includ-
ing acid hydrolysis, alkaline hydrolysis and microwave irradiation [53].
Certain amino acids require modified conditions to prevent losses dur-
ing the hydrolysis process, for example the addition of phenol will pro-
tect tyrosine residues from oxidation during acid hydrolysis and shorten-
ing hydrolysis times is required to preserve phosphorylated amino acids
[46]. A less common method of amino acid release is enzymatic diges-
tion of proteins by a protease [17]. Enzymatic digestion is rarely used as
it is a more costly and complicated procedure with evidence suggesting
amino acid contamination from the enzymes is possible due to self di-
gestion [54]. Even with the use of a protease that cleaves at a wide array
of amino acid residues, such as proteinase K, it typically doesn't result in
complete hydrolysis and therefore multiple proteases are required [55].
Post-hydrolysis, samples are dried and dissolved in the same solvents as
their free fraction counterparts in preparation for analysis or derivatisa-
tion.

2.5. Additional clean-up methods

The initial protein precipitation step should separate large biomole-
cules such as proteins, lipids, DNA and RNA from free amino acids, how-
ever small molecules including other metabolites, peptides and salts,
which could interfere with analysis are often still present. The hydrol-
ysed protein fraction might also contain other large biomolecules which
have co-precipitated with the proteins such as polysaccharides in bac-
terial samples as well as insoluble molecules present after lysis such as
components of the cell wall in plant samples. Further sample clean-up is
not essential, especially if using targeted MS methods, however it may
reduce the background signal or ion suppression during analysis, im-
proving identification and quantification. The presence of these small
molecules is an important factor in column and instrument maintenance
as they may reduce the life of the column and dirty the MS interface.
Filtration is an important final processing step for amino acid samples
to remove any particulates. Inclusion of a guard column during LC-MS/
MS will also further protect the column. Other clean-up methods include
SPE [45,49-51], see Section 2.3 for more details on this technique. Of-
fline HPLC fraction collection can also be employed [56]. These can be
used to isolate amino acids from the sample, removing the other small
molecules present and resulting in a cleaner sample for analysis.

3. Considerations for chromatographic separation

The choice of column for chromatographic separation of amino acids
depends on whether the amino acids samples are in the native or de-
rivatised form. Here we provide an overview outlining some chromato-
graphic options and the most commonly used derivatisation methods for
amino acids. The different forms of chromatography applied to amino
acid studies are summarised in Table 1.

3.1. Analysis of underivatised amino acids

Analysis of native amino acids has the advantage of reducing the
number of sample preparation steps and thereby reducing losses and
analytical errors. However, native amino acid analysis via LC-MS/MS
is problematic due to physiochemical properties of amino acids such

Table 1
Summary of types of LC used in amino acid analysis by LC-MS/MS outlining main advan-
tages and disadvantages.

Type of LC Advantages Disadvantages Section
Ion-exchange Allows amino Decrease in sensitivity 3.1.1
chromatography acids to be due to ion suppression
analysed in their from high buffer
native state. concentration.
Ion-pairing Allows amino Decrease in sensitivity 3.1.2
chromatography acids to be due to ion suppression
analysed in their from high buffer
native state. concentration.
Hydrophilic Allows amino Incorrect 3.1.3
interaction acids to be implementation results
liquid analysed in their in poor peak shape,
chromatography  native state. separation efficiency,
and reproducibility.
Requires specific
knowledge for
troubleshooting.
Decrease in sensitivity
due to ion suppression
from high buffer
concentration.
Aqueous normal Allows amino Limited studies on 3.1.4
phase acids to be effectiveness.
chromatography analysed in their
native state.
Uses low buffer
concentrations.
Reverse phase More sensitive Requires derivatisation. 3.2,3.3
than native Additional sample
analysis due to preparation time
derivatisation. required for
Ease in derivatisation.
troubleshooting. Additional cost of
Use of chiral reagents.
derivatisation A large range of
agents allow derivatisation agents to
enantiomer select from.
separation.
Chiral column Allows Potential overlap 3.3.1
chromatography enantiomer between enantiomers
separation. and stereoisomers.
Can be carried out  Long run times.
with or without Expensive columns.
derivatisation.
Two- Allows Disadvantages from the 3.3.23.3.1.1
dimensional enantiomer types of LC chosen
(2D) liquid separation. remain.
chromatography Can be carried out ~ Requires specific

with or without
derivatisation.

knowledge for
troubleshooting.
Requires two columns,
specific LC set-up and
two compatible LC
types.
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as small size and high polarity which result in long method develop-
ment periods and potentially reduced MS sensitivity due to the high
level of noise associated with their mass range. As a result, the majority
of LC-MS/MS methods use derivatised methods. Here we describe the
four types of liquid chromatography that can be coupled to a mass spec-
trometer to analyse native amino acids that take advantage of their na-
tive physiochemical properties.

3.1.1. Ion-exchange chromatography (IC)

Ion exchange chromatography (IC) takes advantage of the ionic
properties of amino acids. Being amphoteric, under certain pH condi-
tions amino acids can exist as zwitterions, cations or anions. As a re-
sult, both cation and anion exchange chromatography can be applied,
however the former is more frequently used for separating amino acids.
Amino acid analysers (AAA) use cation exchange chromatography with
post-column ninhydrin derivatisation for spectrophotometric detection.
IC separates via ionic interactions, with the stationary phase consisting
of a matrix with oppositely charged ions to that of the analytes. The
stationary phase is first conditioned with a low concentration solution
containing ions with the same charge as the analytes prior to the sam-
ple being loaded. Once the sample is loaded, the analytes will displace
the mobile phase ions and bind to the stationary phase through stronger
ionic interactions. A change in pH of the mobile phase or an increase in
the concentration of an ionic buffer will elute the analytes from the col-
umn. A shift in pH changes the charge state of the analytes, preventing
them from interacting with the stationary phase, while increasing the
concentration of the ionic buffer allows the ions in solution to out-com-
pete and displace the analytes for interaction with the stationary phase.
The choice of buffered salts in the mobile phase requires careful selec-
tion and optimisation as they can affect ionisation in the mass spec-
trometer and must be volatile. IC-MS has yet to be applied to amino
acid studies however, its potential was demonstrated in a metabolomics
proof of concept study [57].

3.1.2. Ion-pairing chromatography (IPC)

Ion-pairing chromatography (IPC) is another form of chromatogra-
phy that takes advantage of the ionic properties of amino acids. IPC is
a variant of reverse phase chromatography that uses non-polar station-
ary phases, typically C8 or C18, and a polar mobile phase. Generally,
the highly polar amino acids show greater interactions with the mobile
phase compared to the stationary phase and are not retained on the
column. Retention is promoted via the addition of ion-paring agents to
the mobile phase that allow the formation of an amino acid-ion-pair-
ing agent complex that is then able to interact with the stationary phase
[58]. Ion-pairing agents chosen must contain the opposite charge to the
analyte to allow for the complex formation, and a hydrophobic group for
interaction with the stationary phase. Ion-pairing agents used for amino
acids in IPC-MS have included acids such as pentadecafluorooctanoic
acid [58], or bases such as diisopropylethylamine [59]. A major disad-
vantage of IPC-MS is a reduction in limits of detection as a consequence
of ion-suppression in the mass spectrometer source due to the ion-pair-
ing reagents.

3.1.3. Hydrophilic interaction liquid chromatography (HILIC)

Hydrophilic interaction liquid chromatography (HILIC) is the most
common form of chromatography used for analysing native amino acids.
HILIC utilises a polar stationary phase with mobile phase conditions
consisting of a non-polar solvent with a low amount of water. A parti-
tion is formed between the two mobile phase components, with a wa-
ter layer being formed on the stationary phase. The hydrophilic in-
teractions between this water layer and polar compounds allows for
their retention. Thus, starting conditions for HILIC require some water
to be present to allow for the formation of this water layer. Water is
the strong eluent in HILIC chromatography and is increased during em-

ployment of gradient conditions. Hydrophilic partitioning is not the sole
interaction that defines retention of analytes, with electrostatic interac-
tions also playing an important role. For a complete overview on HILIC,
Buszewsk and Noga [60] provide a comprehensive introduction to this
technique. Common HILIC stationary phases used for the analysis of
amino acids include amide, silica, and zwitterionic functional groups
such as sulfobetaine. Acetonitrile (ACN) is the most common organic sol-
vent used for amino acid separation with HILIC methods since methanol
(MeOH) is typically too polar to allow for the phase partition and for-
mation of the water layer on the stationary phase required to allow for
adequate HILIC retention, however mobile phase selection is dependent
on the stationary phase.

Method development and analysis can be problematic with HILIC
with poor peak shape, separation efficiency, and reproducibility
[60,61]. Higher flow rates may decrease peak width, however HILIC
specific knowledge is often required with pH being one of the most im-
portant factors to consider with peak shape and retention heavily de-
pendent on the pH and the buffer used [62]. Ammonium formate is the
most commonly used buffer, typically at a concentration of 5-30 mM
with the pH adjusted between pH 3 and pH 6 with the addition of formic
acid, however some methods elect to use only formic acid [63]. Basic
pH conditions are less often used but can also be employed with the use
of certain high pH tolerant columns. Basic buffers include ammonium
acetate at concentrations up to 30 mM and pH values ranging from 8
to 9 buffered with ammonium hydroxide. When preparing buffers such
as ammonium formate, some water is required in the organic solvent to
allow the buffer to completely solubilise in the organic solvent. There-
fore, the majority of HILIC methods will have a low percentage of water
in the organic solvent and/or a low percentage of organic in the aque-
ous solvent. There is no universal buffer or buffer combination that will
work ideally for all amino acids and thus, a lot of method development
is required to determine what pH and buffer concentration are most ap-
propriate for the amino acids being analysed on a particular column.
Depending on the stationary phase, some acidic or basic amino acids
may have poor peak shape if not under ideal pH conditions, this can be
seen with aspartic acid typically requiring a low pH (~3) for good peak
shape. Another important consideration is the effect of the buffer and
the pH on the ionisation of amino acids in the mass spectrometer as high
buffer concentrations can lead to ion suppression. This usually leads to
a compromise between ideal chromatography conditions and sufficient
ion intensity in the mass spectrometer. Some methods use differing addi-
tives/buffers in each of the selected solvents to get sufficient chromato-
graphic separation without sacrificing intensity in the mass spectrome-
ter. One example of this is seen in Chen et al. [64] where the aqueous
solvent is 0.1% formic acid, while the organic ACN has no additive.

The solvent used to reconstitute the sample following sample prepa-
ration may also contribute to poor peak shape with highly aqueous so-
lutions often resulting in wide and/or double peaks [65]. The chosen
sample diluent may present some difficulty for amino acids that are in-
soluble at high concentrations of organic solutions due to their polar
properties. Ideally, samples should be reconstituted in the mobile phase
starting conditions or a solution with an equivalent organic to aque-
ous ratio that may yield better ion intensities in the mass spectrome-
ter. An example of this is methods opting for reconstitution of samples
in MeOH instead of ACN to increase ionisation in the mass spectrome-
ter despite ACN being used in the mobile phase. Greco and Letzel [62]
and Heaton and McCalley [65] provide useful guides for troubleshoot-
ing HILIC methods.

3.1.4. Aqueous normal phase chromatography (ANP)

Aqueous normal phase chromatography (ANP) is a variant of nor-
mal phase chromatography that can be seen as an alternative to HILIC.
ANP is used to separate both polar and non-polar compounds by em-
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ploying similar stationary phases and mobile phases to HILIC, however
unlike HILIC it typically uses low concentrations of buffers. Thus, the
high buffer concentrations that can result in ion suppression in MS that
are common in many HILIC methods are absent. Currently, ANP has
only been used for amino acid analysis via LC-MS/MS in one study by
Hellmuth et al. [66] with the employment of a silica hydride-based sta-
tionary phase.

3.2. Derivatisation and analysis of derivatised amino acids

Derivatisation is employed to change the physicochemical properties
of an analyte and make it more suited to the analytical technique. Due
to the complexity of analysing amino acids in their native state, derivati-
sation allows for a reduction in both time spent on method development
and sample analysis with the drawback of increased sample preparation
time. Currently all forms of derivatisation for LC-MS/MS are pre-col-
umn, with no post-column methods reported at the time of writing. Dur-
ing derivatisation, the desired derivatisation agent (or tag) reacts with
either the amine or carboxyl group of the amino acids or in some cases,
both. While most amino acids will only have one additional functional
group following derivatisation, those with additional amines or carboxyl
groups in their side chain may gain multiple tags. It is important to al-
low the derivatisation reaction to go to completion because if the reac-
tion is incomplete not all amino acids in a sample will be completely
derivatised, which can result in multiple species for those amino acids
with multiple reaction sites.

The addition of large carbon-based functional groups shifts the polar-
ity of amino acids and allows them to interact with reverse phase liquid
chromatography stationary phases. Reverse phase utilises non-polar sta-
tionary phases and polar mobile phases to retain and separate analytes
based on their physical and chemical properties. C18 columns are the
most common choice of stationary phase, however C8 columns have also
been used [67], with the mobile phase containing combinations of water
and either MeOH or ACN. Acidic buffers such as ammonium formate and
formic acid are used at a pH range of 2.5-7. Basic buffers have been used
sparingly with one study using ammonium bicarbonate at pH 9.5 [68].
Beyond changing the physicochemical properties of the amino acids to
allow for reverse-phase chromatographic separation, derivatisation in-
creases the overall sensitivity through increasing the size of the precur-
sor and product ions, moving them away from the low-mass ‘noise’ re-
gion typical in electrospray mass spectrometry, and thus derivatisation
methods on average have lower limits of detection when compared to
HILIC methods [69,70]. However, there are multiple types of derivati-
sation reagents each with their own advantages and disadvantages that
are sold by a variety of vendors, complicating selection for those new to
the field.

3.2.1. 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC)
derivatisation

6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC), sold as
AccQ-Tag by Waters, will react with primary and secondary amines
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(Fig. 4) and will give an additional mass of 170 Da for each AQC mole-
cule added to the amino acid. When analysed by tandem mass spectrom-
etry, all AQC derivatised amino acids will have a common fragment ion
of the AQC tag (171 m/z) and a fragment of the amino acid's original
mass. The protocol for ACQ derivatisation is quick and straight forward
with preparation of reagents taking a maximum time of 15 min, with
the following reaction taking approximately 10 min. The reaction can
be carried out in an auto sampler vial with an insert and is ready for in-
jection when the reaction is complete. There are no additional clean-up
methods included in the Waters AccQ-tag kit. While no evaporation is
required, the manufactures instructions do require a 1 in 10 dilution
of the sample in the reagents which may be problematic for low abun-
dance analytes. AQC derivatised amino acids are relativity stable for up
to 3 weeks at room temperature in the dark, allowing samples to be pre-
pared in advance rather than on the day of analysis [61].

3.2.2. Propyl chloroformate (PCF) derivatisation

Propyl chloroformate (PCF) will react with both primary and sec-
ondary amines and the carboxyl group of the amino acid (Fig. 5). Each
addition from this derivatisation agent at an amine group will add 86 Da
while each addition at the carboxyl group will add 42 Da to the amino
acid mass. PCF is also used for amino acid analysis via GC-MS [71].
PCF derivatisation kits are sold by Phenomenex as EZ:faast™. These kits
come with an additional SPE sorbent tip for sample clean up and thus re-
sults in a cleaner sample at the cost of increasing the duration of sample
preparation. The PCF derivatisation protocol requires additional time
and more steps when compared to other methods, the reagents are more
toxic, and the sample requires evaporation to remove volatile reagents
before reconstitution in HPLC compatible solvents. However, the bene-
fit of the additional clean up may be essential for some matrices. As the
PCF derivatisation protocol is more hands on, especially if the SPE clean
up is applied, total derivatisation time is highly variable and dependant
on the analysts. These samples are stable for one day when stored at
room temperature, however, stability is increased when stored at 4°C,
with the longest time reported being two days [72]. Thus, for runs with
a high number of samples, it is suggested to lower the temperature of
the autosampler if possible.

3.2.3. 9-fluorenylmethyloxycarbonyl chloride (Fmoc) derivatisation
9-fluorenylmethyloxycarbonyl chloride (Fmoc) reacts with both pri-
mary and secondary amines (Fig. 6). The derivatisation protocol is rel-
atively simple and quick (approximately 20 min). The Fmoc reaction
adds 222 Da to the amino acid per reaction site. Fmoc derivatisation
has been reported to potentially form multiple reaction species for a sin-
gle amino acid and can have a loss of 25-50% for certain amino acids
due to some being partly extracted into the organic phase [73]. Fmoc
is stable at room temperature for at least three days [74] with no in-
formation on whether lower temperatures increase the stability of the
sample, however, standards for Fmoc amino acids can be purchased for
testing the derivatisation efficacy and are recommended to be refriger-
ated for a longer shelf life. Jambor and Molnar-Perl (2006) [73] dis-

+ ZHCI + CO,

=]

Fig. 5. Example of Propyl chloroformate derivatisation reaction with an amino acid containing both a primary amine and a carboxyl group.
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Fig. 6. Example of Fmoc derivatisation reaction with a primary amino acid.

cuss the issues associated with the method and how to optimise derivati-
sation conditions. Fmoc reagents and standards can be purchased from
Sigma-Aldrich and Thermo Fisher Scientific.

3.2.4. Isobaric tags for relative and absolute quantitation (iTRAQ) and
tandem mass tags (TMT)

Isobaric tags for relative and absolute quantitation (iTRAQ) and tan-
dem mass tags (TMT) are techniques that were originally developed for
proteomics that have been adapted for use as a type of amino acid de-
rivatisation. While both function identically, iTRAQ has been used in
more amino acid studies then TMT. iTRAQ and TMT (collectively re-
ferred to as tags) will react with primary or secondary amines on an
amino acid, however there are two TMT variants that have yet to be
applied to amino acid studies, with one that reacts to carboxyl groups
and the other to sulfhydryl groups. Tags are sold in multiple kits and the
mass added depends on what kit is purchased. iTRAQ will add an addi-
tional 144 Da when purchased in the 4plex (Fig. 7) and an additional
304 Da for the 8plex (structure currently not disclosed) [75].

There are currently multiple TMT kits available that react with
amines available, however, all but one share identical structures and
mass, adding 229 Da to each reaction site (Fig. 8), with only the 16plex
(titled TMTpro) having a different structure, adding 304 Da per reaction
side (Fig. 9).

The tags themselves are divided into three regions, a reporter ion,
balance group and amine specific reactive group. Balance and reporter
ion groups can differ between kits, with the structure of the amine spe-
cific reaction group staying the same for all amine-reactant variants of
TMT and iTRAQ. Within the kit, while tags are isobaric in mass and
structure, there is variation between carbon 12 and 13 and nitrogen 14
and 15 atoms in the reporter ion and balancer groups amongst reagents
for both TMT and iTRAQ, with iTRAQ also having variation between
oxygen isotopes on the balancer group. These tags intended use is to
spike a sample with standards that have been derivatised with differ-
ent isotopically labelled reagent so that quantification can be based on
the ratio between the known standards and the unknown samples [71].
Larger plexed kits can be used to include a complete standard curve
in a sample for quantification. Tagged amino acids can still be quanti-

r"“’\n’ﬁ >—« —

fied from an external calibration curve by derivatising the samples and
standards with the same reagent.

The derivatisation protocol is simple, but the reaction between the
amino acids and reagents is longer than the other conventional derivati-
sation methods (30 min). Sample preparation time is further extended
as the samples are typically dried and reconstituted in the solution con-
taining the different isotopically labelled standards. iTRAQ is sold by
SCIEX and Sigma-Aldrich with SCIEX also selling aTRAQ, a variation of
the 4plex iTRAQ whose sole intended use is amino acid analysis. Com-
pared to the 4plex kit, aTRAQ only includes two reagent tags [76]. TMT
is sold exclusively by Thermo Fisher Scientific. A disadvantage for some
of the reagents is that the small difference in reporter masses requires
the usage of high resolution MS such as an Orbitrap or quadrupole time
of flight (QTOF) spectrophotometer. However, tags that are significantly
different in mass (such as those included in aTRAQ with a difference of
8 Da), can be differentiated using less selective instruments such as a
triple quadrupole MS. One of the most significant disadvantages of these
methods is the cost associated with purchasing the reagents, as they are
typically twice the price of other derivatisation kits. However, this cost
can be offset by the lessened requirement of instrument time if the abil-
ity to use an internal standard curve is utilised.

3.2.5. Comparison studies and alternative derivatisation methods

Currently, no single study compares all of the common derivatisa-
tion methods, however, there are some that do make some comparisons
or compare them to alternative methods [69,70,74]. These studies typ-
ically agree that HILIC-MS/MS and amino acid analysers are less sensi-
tive than the derivatisation methods. GC-MS methods are mostly com-
parable but may struggle with the analysis of specific amino acids. The
best derivatisation method is most likely related to the sample matrix,
and the particular amino acids that are being analysed.

Alternative types of amino acid derivatisation have been used for
LC-MS/MS; however, these are rarer than the methods described above.
Advantages and disadvantages of these methods are listed in Table 2.
Some have been developed specifically for LC-MS but have yet to be-
come commercially available. Others do not come in a kit and re-
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Fig. 7. Example of 4plex iTRAQ derivatisation reaction with a primary amino acid.
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Fig. 8. Example of TMT derivatisation reaction with a primary amino acid.
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Fig. 9. Example of 16plex TMT derivatisation reaction with a primary amino acid.
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Table 2

Some of the less common derivatisation methods used in LC-MS/MS outlining main advan-
tages and disadvantages. Chemical names and abbreviations are as follows 2,5-dioxopyrro-
lidin-1-yl Ntri(pyrrolidino)phosphoranylideneamino carbamate (FOSF), p-N,N,N-trimethy-
lammonioanilyl N’-hydroxysuccinimidyl carbamate iodide (TAHS), dibenzyl ethyl
ethoxymethylene malonate (DBEMM), o-phthalaldehyde (OPA), dibenzyl ethoxymethyl-
ene malonate (DEEMM), 5-(DimethylAmino)Naphthalene-1-SulfonYL chloride (DNS) and
4-Fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F)/7-Chloro-4-nitrobenzoxadiazole (NBD-CI).

Reaction

Derivatisation site Advantages Disadvantages

Butanol [74] Carboxyl Doesn't interfere with the Poor reverse phase
protonation of the amine. retention.
Small mass increase.
TAHS [78] Amine Designed specifically for Requires reagent
MS analysis. synthesis.
Poor
chromatographic
separation.
DEEMM Amine Detectable by UV. Long reaction time
[77,79] (50 min).
No kit available only
individual reagents.
DBEMM [80] Amine Designed specifically for Requires reagent
MS analysis. synthesis.
High ionisation efficiency.
DNS [77] Amine Fluorescent. Low stability.
Simple derivatisation
protocol.
OPA [81] Amine Detectable by UV. Low stability.
FOSF [77] Amine Designed specifically for Requires reagent
MS analysis. synthesis.
Poor
chromatographic
separation.
NBD-F/Cl Amine Fast derivatisation time No kit available only
[82] (5 min). individual reagents.

quire individual standards to be purchased, and a few are predominantly
used for alternative detection techniques like spectrophotometry and are
rarely used for LC-MS/MS. Interestingly, while not used as extensively,
comparisons with the standard derivatisation methods yield comparable
results [74,77].

3.3. Chiral analysis

Chiral analysis of amino acids is often overlooked, with most native
and derivatised chromatographic methods opting not to separate enan-
tiomers. While D-amino acids are typically in lower abundance in most
sample types than their L counterparts [8], there is increasing inter-
est in the analysis of D-amino acids due to their wide array of impor-
tant biological functions (see Section 1). Chiral separation in some re-
search fields, such as determining the nutritional information of some
food products or identification of certain genetic diseases, is becoming a
necessity. A recent review by Bastings et al. [83] highlights some of the
physiological processes of D-amino acids and their implications in dif-
ferent diseases, with a focus on cancer. However, unlike standard amino
acid analysis, options for chiral analysis are more limited; mostly due
to the need for specialist column types or derivatisation methods that,
while designed for enantiomer separation, may not be the most efficient
or straight-forward methods available for amino acid analysis.

3.3.1. Chiral column chromatography (CCC)

Chiral column chromatography (CCC) utilises columns packed with
chiral stationary phases (CSPs) for the separation of enantiomers. A CSP
is composed of a single enantiomer of a chiral molecule and can be
packed into a wide array of different chromatography columns includ-

ing GC and LC columns. With the stationary phase being comprised of a
single enantiomer, enantiomers of the same amino acid passing through
the column will have slightly different interactions with the station-
ary phase, allowing their chromatographic separation. These columns
are manufactured for use in differing variants of LC, including reverse
phase, normal phase, and ion exchange. While several chiral columns
with different CSPs have been shown to be capable of amino acid enan-
tiomer separation in LC [84], only some of these phases are MS compat-
ible. This is due to solvents that are not suitable for MS being required to
separate enantiomers, for example hexane in normal phase chromatog-
raphy [85]. Stationary phases that have been used to separate native
amino acid enantiomers in LC-MS include, teicoplanin [86] and crown
ether [87] which have the ability to separate out up to 18 [87] and
19 [85] enantiomers respectively in a single run. CCC can also be ap-
plied to derivatised amino acids under reverse phase conditions with
chiral stationary phases including tert-butyl carbamate modified quinine
and quinidine [88]. However, these studies are limited, with the use of
chiral derivatisation agents being preferred due to higher sensitivity by
MS and better cost efficiency. Common reverse phase and HILIC mobile
phases may be used dependent on the CSP, with organic solvents includ-
ing MeOH, ACN, ethanol, or mixes of the three, used alongside an aque-
ous phase. The aqueous phase may use acidic buffers such as formic acid
and trifluoroacetic acid to assist in ionisation [86,87]. Basic buffers are
used sparingly with one study utilising ammonium acetate [88].

CCC of native amino acids is similar to HILIC due to the necessary
high organic content of the mobile phase, however, the mechanism be-
hind the retention is distinct [87]. Isocratic methods are often preferred
since gradients may result in the loss of enantiomer separation. CCC
has several shortcomings which prevent it from being used more com-
monly. Methods that use high organic content have been reported to
have similar issues to HILIC including peak distortion and long equili-
bration times [87]. Many factors need to be considered upon selection
of a column, as there is not a specific phase that will sufficiently sepa-
rate all amino acid enantiomers. Column selection needs to be based on
which CSP will separate the amino acid/s enantiomers of interest. Ad-
ditionally, long method development periods are typically required to
test which mobile phase combinations, selected buffers and column oven
temperatures will allow enantiomer separation for all the compounds
of interest [87]. While one set of conditions may be ideal for particu-
lar amino acid enantiomers, it may not be ideal for others [86]. Amino
acids with constitutional isomers add a further level of complication
to the analyses. Their analysis is difficult using standard chromatogra-
phy since the number of isomers requiring separation has doubled [86].
However, focusing on one pair of enantiomers can simplify this. Multiple
studies have shown the potential to separate a large number of amino
acid enantiomers, with Desai and Armstrong separating 19 amino acid
enantiomers [85]. These methods typically fail to separate at least one
pair of desired enantiomers [86,87] or have overlap between constitu-
tional isomers and their enantiomers [85]. As with other underivatised
methods, native CCC will also be less sensitive relative to derivatised
methods [89]. Another shortcoming of CCC is the higher cost of the col-
umn in comparison to traditional LC columns.
3.3.1.1. Two-dimensional (2D) liquid chromatography Two-dimensional
LC (2D-LC) is a technique that takes advantage of orthogonal separa-
tion mechanisms by utilising two columns to increase resolution be-
tween peaks that are typically difficult to resolve by one-dimensional
LC (1D-LQC). Inline 2D-LC is typically performed in one of two ways;
the first and most straightforward involves all of the eluate from the
first column entering the second column; the second method involves
selection of a peak or part of a peak through “heart-cutting”, and this
fraction is then sent through to the second column. Amino acid analy-
sis by 2D-LC allows the separation of individual amino acids in the
first dimension followed by enantiomers in the second. 2D-LC has been
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used sparingly for the analysis of derivatised amino acid enantiomers,
typically through the employment of a C18 column in the first dimen-
sion followed by a CCC in the second [90,91]. Native amino acid analy-
sis has not been conducted, however, is theoretically possible with the
use of a traditional LC variant, such as HILIC, in the first dimension
followed by CCC in the second. The benefit of using 2D-LC is the abil-
ity to utilise the strengths of two different forms of LC in a single run.
This can overcome the shortcomings of some forms of chromatography
such as CCC which may struggle with the separation of the amino acid
constitutional isomers [85]. However, the individual problems associ-
ated with each form of chromatography or column will transition to
2D-LC. Implementation of 2D-LC is more complicated than 1D-LC, re-
quiring increased complexity to the instrument set up and some 2D-LC
specific knowledge for method development. Phase incompatibility, re-
duced sensitivity and increased analysis time can all occur with 2D-LC
[92]. Increased cost can also be associated with 2D-LC with the need to
purchase more than one column, and if using the heart-cutting method,
multiple pumps. 2D-LC also increases the analysis time compared to
1D-LC [91]. For more information about the forms of 2D-LC and their
benefits and shortcomings the reader is directed to Pirok et al. [92].

3.3.2. Chiral derivatisation agents (CDA)

Due to small differences in the physiochemical properties of amino
acid enantiomers, several derivatisation methods have been developed
to amplify these differences using agents collectively known as chiral de-
rivatisation agents (CDA). The assurance of enantiomeric purity (>99%)
of derivatisation reagents is essential when performing these forms of
derivatisation as impurities may give false positives [93,94]. Another
essential requirement for a CDA is that the derivatisation process will
not lead to racemisation [95]. Once derivatised, as with the other con-
ventional forms of derivatisation, reverse phase liquid chromatography
is the separation method of choice. For an overview of reverse phase
chromatography including commonly used buffers and solvents used in
derivatised amino acid analysis, see Section 3.2. While specific types
of derivatisation have been developed for chiral analysis, standard de-
rivatisation methods such as ACQ have been utilised with CCC (see Sec-
tion 3.3.1) to allow for enantiomer separation of amino acids [88].
3.3.2.1. Marfey's reagent/(1-fluoro-2-4-dinitrophenyl-5-L-alanine amide)
(FDAA) 1-fluoro-2-4-dinitrophenyl-5-L-alanine amide (FDAA), more
commonly referred to as Marfey's reagent, can react with primary and
secondary amines (Fig. 10), phenols, and thiols [94,96], adding 252 Da
to the amino acid for each tag. Some amino acids such, as asparagine,
will only react with one tag despite having more than one amine
in their structure [97], while others will react with one tag

per potential site such as lysine which receives two tags [97]. This dif-
ference in tagging can occur for multiple reasons including steric hin-
drance or interference from nearby chemical groups inhibiting the de-
rivatisation reaction and has been reported in multiple studies [94].
This typically results in the amine closest to alpha carbon being the only
site for derivatisation in multiple amine containing amino acids. Due to
this, prediction of the mass increase from derivatisation is more com-
plicated than in standard methods.The derivatisation reagent is synthe-
sised from two precursors, 1,5-difluoro-2,4-dinitrobenzene (DFDNB) and
L-alanine amide [94]. When an L-amino acid reacts with the reagent,
intermolecular hydrogen bonding occurs between the hydrogen in the
carboxyl group of the derivatised L-amino acid and the carbonyl group
of the L-alanine-amide (Fig. 10). If a D-amino acid reacts with the
reagent, the hydrogen bonding is absent leading to a gap and no inter-
actions between the two groups. This gap reduces the polarity of the D
amino acid derivatives, resulting in the D-amino acid derivatives hav-
ing stronger interactions with reverse phase columns. Resulting in the
D-amino acid derivatives retaining longer than their L-counterparts and
allowing for chromatographic separation of enantiomers [94]. Origi-
nally this derivatisation method was developed for a amino acids, how-
ever, the separation of § amino acids enantiomers has also been re-
ported [98]. While the derivatisation procedure is simple, the reaction
time for Marfey's reagent is longer than most derivatisation methods,
with reaction times reported ranging from 90 min [98] to overnight
[97] for completion. For some amino acids these long reaction times
are essential, even in excess of the reagent, for even partial derivati-
sation. Derivatives will be stable for up to a week at ambient temper-
ature or up to a month if frozen [99].The biggest limitation of Mar-
fey's reagent is the potential occurrence of multiple derivative species
for certain amino acids [98]. Some amino acids including lysine and
histidine, may simultaneously form both a single tagged derivative and
a multi-tagged derivative for each enantiomer. This will increase the
number of compounds requiring monitoring and separation in a method,
while also reducing the concentration of these amino acids in a sam-
ple. This is due to one amino acid enantiomer being split into two
forms, effectively raising the limit of detection for these derivatives.
This and other derivatisation issues can be alleviated by the inclusion
of an ISTD for normalisation or modifying the reaction conditions, such
as adding excess reagent, increasing temperatures, lengthening reaction
times, increasing the rate of reaction via the inclusion of dimethylsul-
foxide (DMSO) or utilisation of microwave-assisted derivatisation [98].
However, these conditions may lead to racemisation or the decomposi-
tion of Marfey's reagent [98]. Marfey's reagent is available for purchase
from both Sigma-Aldrich and Thermo Fisher Scientific. While Marfey's
reagent is synthesised with DFDNB and L-alanine amide, multiple vari-
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Fig. 10. Marfey's reagent derivatisation reaction with primary D and L amino acids.
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ants have been synthesised and their use reported in the literature. Re-
placing the L-alanine amide with alternative amino acid amides has had
varying degrees of success [98]. One of the more well-known and widely
used alternatives is 1-fluoro-2-4-dinitrophenyl-5-L-valinamide (FDVA)
which is also available for purchase. These variants are not limited to
only L-enantiomer amino acid amides as with Marfey's reagent with
D-alanine amide having also been used in some studies (D-FDAA or
D-Marfey's reagent) [100]. For a more in-depth overview of this de-
rivatisation technique and its variants, the reader is directed to two re-
views written by Bhushan and Briickner [94,98].

3.3.2.2. 1-(9-fluorenyD)-ethyl chloroformate (FLEC) 1-(9-fluorenyl)-ethyl
chloroformate (FLEC) primarily reacts with primary and secondary
amines (Fig. 11) however, under alternative reaction conditions can re-
act with hydroxyl groups [93]. The hydroxyl derivatives have yet to be
utilised in amino acid analysis. FLEC derivatisation will add 236 Da to
each site of derivatisation. LC-MS studies using FLEC report a common
fragment ion of 193 m/z for all FLEC derivatised molecules [101]. Struc-
turally, FLEC is quite similar to FMOC with the only difference being the
methyl group on the acyl moiety. As FMOC is non-chiral, the introduc-
tion of this methyl group allows for chirality of the molecule. This chiral-
ity contributes to its ability to resolve enantiomers in LC and CE, while
also splitting FLEC into two alternative forms, (+)-FLEC and (—)-FLEC
(Fig. 12). While both forms have been used for amino acid derivati-
sation (+)-FLEC is more commonly used. Retention of enantiomeric
species on reverse phase columns is dependent on which variant is used.
(+)-FLEC will increase the retention of L-Amino acids [102], with the
opposite occurring if (—)-FLEC is employed. The reported times required
for FLEC derivatisation are highly variable, with some studies stopping
the reaction after 2-5 min [103,104] while other studies allow the re-
action to proceed for an hour [105]. FLEC derivatives are stable for 5
days at room temperature and a month if frozen [106,107]. The biggest
disadvantage of FLEC is the long chromatographic methods required
for separation [93]. Some methods have analysis times of more than
100 min [93], however, Moldovan et al. [105] separated 18 out of the
19 protein amino acids tested within 30 min via employment of a C18
column with a diphenyl stationary phase. Both variants of FLEC are
commercially available for purchase. For more information about FLEC
and its applications which extend beyond amino acid analysis it is sug-
gested to read Moldovan et al. [93].

3.3.2.3. N-(4-Nitrophenoxycarbonyl)-L-phenylalanine 2-methoxyethyl ester
((S)-NIFE) N-(4-Nitrophenoxycarbonyl)-L-phenylalanine
2-methoxyethyl ester ((S)-NIFE) will react with primary and secondary
amines, phenols and thiols (Fig. 13) with each tag adding 249 Da to the
amino acid. As with FDAA, its reaction with multiple amines (primary
or secondary) is conditional (see Section 3.3.3.1) thus, the prediction
of the derivatised mass is more complicated compared to other de-
rivatisation methods. Like FLEC, (S)-NIFE is a chiral molecule, which
contributes to its ability to separate enantiomers [96]. However un-
like FLEC, the enantiomer of (S)-NIFE has yet to be used for enan-
tiomer separation. (S)-NIFE derivatised L-amino acids will elute be-
fore (S)-NIFE derivatised D-amino acids [96]. MS methods analysing
(S)-NIFE derivatives have reported the occurrence of two common frag-
ment ions, 224 m/z and 120 m/z [108]. (S)-NIFE derivatisation time is
short, taking only 15-20 min and derivatised samples are stable for up
to up to 9 days [68] with refrigeration increasing storage times to sev-
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eral weeks [109]. The major drawback of (S)-NIFE derivatisation is
shared with FDAA in that it has the potential to form multiple species
for some amino acids. Like FDAA, excess reagent will largely elevate this
problem however aromatic amino acids with a phenol group such as ty-
rosine will form multiple derivative species even in the presence of ex-
cess of the derivatising agent and thus may need to be accounted for
with an ISTD [95]. SNIFE derivatives where shown to be twice as sen-
sitive in an MS when compared to their Marfey's reagent counterparts
however had poorer enantiomer separation for certain amino acids [96].
(S)-NIFE is sold by Cayman Chemical and Santa Cruz Biotechnology.
3.3.2.4. Alternative chiral derivatisation agents Marfey's reagent, FLEC
and (S)-NIFE are the most common CDAs used in chiral amino acid
analysis however there are other CDAs that have been developed and
employed in a limited number of studies. These other CDAs were mostly
used in older LC-UV studies, and include 2,3,4,6-tetra-O-acetyl-$-d-glu-
copyranosyl isothiocyanate (GITC), and O-phthaldialdehyde and
N-isobutyryl-L-cysteine (OPA/IBLC). GITC will only react with primary
amines (Fig. 14) and gives an additional mass of 389 Da. Reported re-
action times have a high variance between studies ranging from 10 min
[96] to 60 min [110]. Separation of enantiomers with GITC has been
reported to be less effective when compared to the more commonly used
Marfey's reagent [96]. Its greatest disadvantage is the instability of the
derivatives produced, degrading within 24 h and its inability to react
with certain amino acids due to steric hindrance [96]. OPA/IBLC will
only react with primary amines (Fig. 15) and will add 289 Da to the
amino acid. The derivatisation reaction for OPA/IBLC is straightforward,
only taking 20 min. OPA/IBLC is a combination of two reagents, OPA
and IBLC, paired together to allow for enantiomer separation. Multiple
forms of this derivatisation exist such as the D enantiomers (OPA/IBDC)
and alternatives that replace the IBLC with other compounds such as
N-acetyl-L-cysteine (NAC) (OPA/NAC) [103]. As GITC and all alterna-
tive forms of OPA/IBLC only react with primary amines, amino acids
with secondary amines will not be derivatised. One study overcame this
via first derivatising with OPA/NAC and then with FLEC to ensure the
derivatisation of both primary and secondary amine containing amino
acids [102]. For both methods, generally the L-amino acid derivatives
will elute before their D-amino acid counterparts in reverse phase chro-
matography [96]. A comparison study by Hess et al. [96] compared
FDAA, (S)-NIFE, GITC and OPA/IBLC in LC-MS found that GITC and
OPA/IBLC was four times more sensitive then FDAA and two times more
sensitive then (S)-NIFE.

4. Choosing the correct detector
4.1. Overview

Mass spectrometry (MS) is a powerful analytical technique that is
used to measure the mass-to-charge ratio (m/z) of ions, thus giving
mass and structural information on the analyte being detected. It has
an advantage over the spectrophotometric detectors previously used for
amino acid analysis that were unable to differentiate molecules and re-
lied on strict chromatographic separation to allow retention times to
be compared to standards. Chromatographic separation is less problem-
atic with MS detectors since the m/z resolving power can differentiate
between co-eluting species unless they are constitutional isomers, such
as leucine and isoleucine or enantiomers [111]. To increase specificity
and overcome the low mass resolution of quadrupole analysers, tan-
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Fig. 11. FLEC derivatisation reaction with a primary amino acid.
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Fig. 12. The two enantiomers of FLEC.

dem mass spectrometry (MS/MS) has mostly replaced traditional
non-fragmentation MS. MS/MS fragments the analytes allowing for the
detection of either the fragments or both the intact and fragment mass
of the analyte/s. This fragmentation of molecules is achieved via colli-
sion-induced dissociation (CID) which occurs in the collision cell of the
MS, however the exact type of CID employed depends on the model of
the MS [112].

While most amino acids will fragment uniquely, some structurally
similar amino acids may produce common fragment ions, for a compre-
hensive study on a-amino acid fragmentation by CID the reader is di-
rected to Zhang et al. [113] or Rogalewicz et al. [114]. LC-MS/MS uses
a combination of retention time and fragmentation to provide a robust
technique for the identification and quantification of small molecules.
Historically, amino acid analysis by MS and MS/MS has been trouble-
some due to low ionisation efficiency and a tendency to fragment in the
source (in-source fragmentation). Thus, there are multiple factors that
need to be taken into account when determining the correct mass spec-
trometer and conditions to be applied to amino acid analysis.

The first consideration that needs to be made is what type of ionisa-
tion source will be used to ionise the amino acids. Multiple mass spec-

trometry ionisation processes have been applied to amino acids in-
cluding electron ionisation (EI), chemical ionisation (CI), microwave-in-
duced plasma ionisation (MIPI), electrospray ionisation (ESI) and atmos-
pheric pressure chemical ionisation (APCI) [115,116]. EI and CI are
typically reserved for GC-MS studies [116]. MIPI was applied to native
amino acids in a single study [115] whereas ESI and APCI have been
applied to native and derivatised amino acids in numerous LC-MS/MS
studies [69,117,118]. There are no universal MS parameters for native
or derivatised amino acids. Due to structural variation, each amino acid
will have different optimal parameters, thus, most methods compromise
and use parameters that, while not being optimal for individual amino
acids, will sufficiently ionise all amino acids being analysed. There is a
lot to consider when optimising a method or selecting the type of ion
source or instrument that is best suited for the particular amino acid
analysis. Automated optimisation can be utilised with the use of stan-
dards to shorted the method development time. However, as some auto-
mated programs do not optimise all MS parameters, some manual opti-
misation may still need to be performed. This function is dependent on
the MS model and vendor.

4.2. Native amino acid analysis

The analysis of native amino acids while requiring less sample prepa-
ration, is more labour intensive when it comes to optimising parame-
ters for maximal signal in the mass spectrometer. Amino acids are con-
sidered fragile analytes, and thus in-source fragmentation is a common
problem that many analysts can encounter in initial method develop-
ment and this, coupled with low ionisation efficiencies, means that mass
spectrometry optimisation is essential for native amino acid analysis. It
is crucial to start optimisation with highly concentrated standards (rec-
ommended concentration range from 0.5 pg/ml to 1 pg/mL) as the de-
fault parameters for some mass spectrometers may not be able to detect
low levels of standards.
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Fig. 14. GITC derivatisation reaction with a primary amino acid.
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Fig. 15. OPA/IBLC derivatisation reaction with a primary amino acid.
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ESI is the most widely used ionisation method for native amino acid
studies [51,119-123], with APCI being employed in fewer of stud-
ies [117,124]. Comparisons between the two show mixed results as to
which one is better suited to amino acid analysis [117,124], resulting
in most methods continuing to use the more common ESI. One ion-pair-
ing study utilised MIPI ionisation and made a comparison to ESI. Amino
acid intensities in general were higher in MIPI however individual re-
sults varied for each amino acid analysed and for which ion-pairing
agent was used [115]. Being zwitterionic, amino acids can be analysed
in both positive and negative mode. The majority of studies use pos-
itive mode when analysing amino acids with only a small number of
metabolic studies demonstrating the potential for analysis in untargeted
negative mode [125] and one vendor technical note demonstrating its
applications in targeted mass spectrometry [126]. Several metabolomic
studies have detected amino acids in negative mode, however the ma-
jority state that intensities for amino acids and metabolites are generally
higher in positive mode [127,128].

There are inconsistencies in the literature in source conditions used
for amino acid analysis. Many state that native amino acids prefer
weaker or softer source conditions; meaning conditions that are con-
sidered lower than the default parameters (i.e. lower voltages, tem-
peratures etc.). These weaker conditions are employed to prevent or
lessen in-source fragmentation [51,119,120]. However, an equal num-
ber of methods use moderate source conditions with a comparable ef-
fect [121-123]. Source conditions vary heavily with temperatures rang-
ing from 150°C to 300°C and capillary voltages ranging from 0.8 Kv to
5.5 Kv demonstrating that source conditions need to be developed on a
case by case basis, as different mass spectrometer models will require
different settings for optimal amino acid intensities. Therefore, the opti-
mal parameters from one machine may not be transferable to another.

Though source conditions are important to increase native amino
acid intensities, equally important parameters include those responsible
for the transfer of amino acids through the mass spectrometer. These can
include other voltages or parameters applied after the capillary that are
responsible for correct transmission of ions, since it is not uncommon
for these parameters to cause in-source fragmentation. An example of
this can be seen in most methods using the Agilent QTOF-MS with the
fragmentor voltage. The fragmentor voltage is the voltage applied in-be-
tween the capillary and skimmer, and in many amino acid methods this
is lowered to allow for better transmission of amino acid ions [51,129].
While this is only one example, it highlights that some higher energy
systems may fail to detect amino acids without first lowering or soften-
ing of ion transmission conditions.

Buffers play an important role in both the chromatographic retention
of analytes and analyte ionisation in the MS. As with source parameters
there is no universal buffer for all amino acids, and while a buffer might
increase an amino acid's ionisation it might not provide the chromato-
graphic separation the analyst requires. Thus, depending on the study,
the composition of the buffer may not be chosen for its effectiveness in
ionisation but might be selected during the development of the chro-
matography. This is especially apparent when separating isomers, and
generally requires a compromise on buffer conditions that yield ideal
suitable chromatographic separation as well as sufficient MS intensity.
For methods that don't require strict chromatographic separation like
those with few non-isobaric amino acids, buffers can instead be chosen
for ionisation merit.

4.3. Derivatised amino acid analysis

Compared to native amino acid analysis, derivatised amino acid
analysis requires substantially less MS method development. Deriva-
tised amino acids are usually analysed by ESI since the benefits of
APCI and MIPI don't apply to the less polar compounds, however there
are derivatising agents specifically designed for APCI such as p-N,N,N-

trimethylammonioanilyl N’-hydroxysuccinimidyl carbamate iodide
(TAHS) [118]. Both positive and negative mode have been utilised for
derivatised amino acid analysis. Similar to native amino acid methods,
positive mode is employed more frequently [61,70,130]. One study
utilising dibenzyl ethyl ethoxymethylene malonate (DBEMM), o-phtha-
laldehyde (OPA), dibenzyl ethoxymethylene malonate (DEEMM) de-
rivatisation suggested that negative mode may help with minimizing
matrix effects due to a reduction in background noise [118]. Many de-
fault MS profiles will readily detect derivatised amino acids, neverthe-
less, optimisation will greatly improve sensitivity. Optimised derivati-
sation methods greatly surpass optimised native methods with regard
to limits of detection, limits of quantification and linearity. Like native
amino acids, published derivatisation methods use a large variety of
in source conditions with no clear trends to report [61,70,130], even
among the same derivatisation methods [61,131]. Therefore, as with
native amino acid analysis, source conditions should also be selected on
a case by case basis, depending on what MS and derivatisation method
are being employed.

4.4. Targeted analysis

If the goal is to analyse individual or a selection of known amino
acids, targeted analysis will yield the best results. Targeted analysis has
most frequently been applied to toxic non-protein amino acid monitor-
ing [132] or for detection of the protein amino acids [133]. The ideal
MS/MS for targeted analysis is a triple quadrupole mass spectrometer.
Triple quadrupole mass spectrometers (TQMS) specialise in selected re-
action monitoring (SRM), alternatively referred to as multiple reaction
monitoring (MRM). SRM will only monitor specific pre-defined ion tran-
sitions to the exclusion of all other ions. This means that SRMs are
highly specific and sensitive, offering the lowest limits of detection avail-
able. While SRMs are not unique to TQMS, they are best suited due
to the added ion filtering from the third quadrupole. To increase con-
fidence in identification multiple SRM transitions (the combination of
quadrupole 1 (Q1) and quadrupole 3 (Q3) masses being monitored) can
be established for each amino acid [132], however some methods opt to
only have one SRM for each amino acid. A common trend that is seen in
many derivatisation methods is only setting up one SRM for each amino
acid, with the fragment selected being the fragment corresponding to
the derivatisation tag as its usually the most intense [61,130]. To in-
crease the number of available ion transitions, it is essential to carry out
instrument optimisation of the intact mass before setting up SRMs. This
is especially important to allow for the maximum number of potential
fragments to be observed for native amino acids which have a low ioni-
sation efficiency. This may be essential to analyse isobaric amino acids,
as identification of a unique fragment ion can greatly boost the confi-
dence in identification.

Another factor that needs to be taken into consideration is the dwell
times for all the monitored transitions, especially for methods that ac-
quire a large number over a short period of time. Dwell time is the
time taken to acquire a specific SRM transition. In general, higher dwell
times improve sensitivity per transition by increasing the number of
ions that reach the detector, however this may reduce the number of
data points across a chromatographic elution peak. The reduction in
data points becomes especially problematic if switching between multi-
ple SRMs as it may lead to poor peak shape. Poor peak shape will af-
fect integration leading to irreproducible quantification and may also
decrease sensitivity as the signal-to-noise is also affected. This can be
resolved by decreasing the number of SRM transitions monitored over
a set time by further optimisation of the chromatography and/or by
scheduling SRMs to be monitored during the specific time window
when the analyte is eluting from the column rather than over the en-
tire run. Instruments that are capable of parallel reaction monitoring
(PRM) such as the quadruple Orbitrap and QTOF do not have this is-
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sue. Whereas a SRM transition monitors one fragment, PRM will moni-
tor all fragments from a selected parent mass, and thus has an advantage
over SRMs as it can monitor more fragments from an individual amino
acid without increasing the workload of the instrument [134].

4.5. Untargeted analysis

The rise in ‘omics’ fields such as metabolomics will see rapid growth
in the untargeted analysis of amino acids to obtain more information
from a sample. Untargeted approaches are utilised to their fullest when
the analyst wishes to acquire more information than just a select num-
ber of amino acids. When conducting untargeted analysis high resolu-
tion mass spectrometers (HRMSs) are employed, typically a QTOF or
a quadrupole Orbitrap mass spectrometer. Some fragments for smaller
amino acids such as glycine may be undetectable with a quadrupole Or-
bitrap mass spectrometer due to their mass range not going low enough,
this is not an issue for derivatised amino acids. A Fourier-transform ion
cyclotron resonance mass spectrometer (FT-ICR-MS) is also applicable
however has largely been replaced by Orbitraps and has only been used
in a limited number of studies [135,136]. The advantages and disad-
vantages of untargeted analysis are the inverse of targeted analysis; it
allows for the expanded acquisition of information in a sample that in-
cludes the amino acids, with a trade-off in decreased sensitivity since the
increase in ions transmitted will result in higher noise.

HRMS can be operated in two different modes for the acquisition
of fragmentation data; data-dependent acquisition (DDA) and data-inde-
pendent acquisition (DIA) [137,138]. DDA will select a fixed number of
precursor ions (typically the most abundant ions in a spectra, referred
to as top N) to fragment individually and sequentially, with small isola-
tion windows of typically = 0.5 Da on the selected precursor ion, thus
giving information about what fragment ions originate from what pre-
cursor ion. The method of DIA varies between the types of HRMSs and
the vendors who supply them. DDA is often not appropriate for under-
ivatised amino acids as they may not represent the most abundant ions
in the sample matrix. This issue can be alleviated with further clean-up
of a sample with techniques such as SPE, or by including the m/z of the
desired amino acid/s in an inclusion list. Alternatively, the mass range
can be limited to only include the amino acid masses [51]. However,
the limiting of the mass range hinders the greatest strength of untar-
geted analysis which is the acquisition of non-amino acid data. DDA can
be used for derivatised amino acids which have increased ionisation ef-
ficiency and intensities in the mass spectrometer. Care is still required
as other molecules, such as peptides or other metabolites, can also react
with the derivatisation tags and therefore have increased ionisation/in-
tensities.

DIA can overcome these issues and is potentially the better of the
two approaches for amino acid analysis due to all ions being fragmented
regardless of signal intensities, thus acquiring amino acid fragmentation
while not sacrificing the acquisition of data pertaining to other mole-
cules. However, being a relatively new technique many older MS models
are unable to perform DIA. As the main benefit of untargeted acquisition
methods is to acquire more data than just that of the amino acids in a
sample, one alternative for untargeted amino acid methods is to utilise
metabolomics methods. A comparison study by Klepacki et al. (2016)
[139] highlights how a metabolomic method compares to a traditional
targeted amino acid method showing that there are inconsistencies be-
tween the two with the metabolomic method being inferior to the tar-
geted amino acid method since it is unable to detect select amino acids
or separate them from the noise.

5. Limitations and future directions
5.1. Limitations

The potential applications for amino acid analysis via LC-MS/MS are
quite broad, however some current limitations have prevented the tech-
nique from being utilised to its highest potential. The biggest hurdle to
furthering the application of LC-MS/MS to amino acid analysis is the
need for a straightforward and highly sensitive method for amino acid
derivatisation. While native analysis is possible, it currently has inferior
sensitivity compared to derivatised analysis and requires a higher level
of expertise. Derivatisation is more user-friendly but involves increased
sample preparation time and increased cost, with most derivatisation
reagents sold as expensive kits. Another limitation and oversight in the
field is enantiomer analysis. Currently most methods do not discriminate
between enantiomers, potentially reporting them as the same molecule.
Some studies do separate enantiomers using chromatography, typically
through the employment of specific techniques (See Section 3.3 2.4),
however, this is far from the common practice. Analysing both D and
L amino acids is becoming increasingly important as D-amino acids are
shown to have crucial biological roles (see Section 1.2) [140].

5.2. Alternative chromatography options

One of the major drawbacks of native amino acid analysis is the dif-
ficulty in developing sensitive and reliable chromatography. Alternative
chromatographic techniques may both shorten analysis time, simplify
sample preparation or optimisation, and avoid issues that plague tradi-
tional chromatography. There has been a growing interest in supercrit-
ical fluid chromatography (SFC) as an alternative method to HILIC. Su-
percritical fluids are substances (most commonly CO5) that at a certain
temperature and pressure reach a critical point where a distinction be-
tween gases and liquids is non-existent. SFC has several advantages over
traditional chromatography including increased flow rates, more effec-
tive separation, especially of chiral molecules, and a reduction in matrix
effects [141], however due to the extremely non-polar nature of CO
the analysis of polar molecules may be difficult. The addition of small
percentages of organic modifiers to the supercritical fluid however can
alleviate this to some extent.

Wolrab et al. [124] demonstrated the potential of SFC-MS/MS for
the analysis of the protein amino acids, however, serine and glycine
could not be detected, which may indicate that this technique might
not be easily applicable to all amino acids. Further development of cur-
rently underutilised chromatographic techniques coupled to MS, such
as chiral column chromatography (CCC), ion exchange chromatography
(IC) and aqueous normal phase chromatography (ANP), have the poten-
tial to yield better results than the native amino acid chromatographic
methods currently used in LC-MS/MS. CCC has shown promise in sep-
arating enantiomers, while the low buffer concentration of ANP may
make it a suitable alternative to replace the more popular HILIC that
generally uses high buffer concentrations that can lead to ion suppres-
sion [66]. Development of non-chromatographic separation techniques
might also be a viable alternative to those currently used as capillary
electrophoresis (CE) has shown great potential in the separation of enan-
tiomers [142]. A combination of different techniques may also yield
improved results. Raimbault et al. [143] combined SFC and HPLC (re-
ferred to as unified chromatography) with a CSP to achieve enantios-
electivity for 16 of the protein amino acids. This method required fur-
ther improvement as they were unable to detect cysteine, could not
separate stereoisomers and reported poor peak shape for some amino
acids. However, a later study by Raimbault et al. [144] using the same
unified chromatography and stationary phase which didn’t focus on
enantiomer separation improved the poor peak shape and the separa-
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tion of stereoisomers by broadening the gradient and using methanesul-
fonic acid (MSA) as a mobile phase additive.

5.3. Advancements in mass spectrometry (Ion mobility spectrometry-MS/
MS)

Further advancement in MS technology and capabilities is another
avenue that might overcome the current limitations of amino acid analy-
sis by LC-MS/MS. An increased interest in metabolomics has resulted in
the development of new mass spectrometers designed with small mol-
ecule analysis in mind, and thus could potentially reduce the time re-
quired to optimise acquisition methods for amino acids. Differing enan-
tiomers and constitutional isomers are problematic using current MS
methods unless specific chromatography is used to separate these com-
pounds. Ion mobility spectrometry (IMS) coupled to MS is becoming
a common technique that adds an extra dimension of separation to
LC-MS/MS methods. Four main variants of IMS are used with MS, these
being traveling wave ion mobility spectrometry (TWIMS), drift-time
ion mobility spectrometry (DTIMS), trapped ion mobility spectrometry
(TIMS) and differential mobility spectrometry (DMS) (otherwise known
as field asymmetric-waveform ion-mobility spectrometry (FAIMS)).
TWIMS measures the movement of an ion through a gas filled cell that
has a direct current (DC) and radio-frequency (RF) voltages applied to
a series of ring electrodes throughout which causes these ions to travel
in a wave. Similarly, DTIMS measures ion drift through a gas filled
tube without an applied voltage. TIMS measures the mobility of ions in-
versely to that of DTIMS and TWIMS; instead of ions traveling through
a gas filled cell, the ions are held in place with the gas moving though
the cell. DTIMS, TWIMS and TIMS measure the mobility of ions by a col-
lision cross-section (CCS) value. DMS does not give a CCS value as the
RF field distorts the ion conformation. DMS utilises static DC and asym-
metric RF waveforms applied between two electrodes; the ion will then
move toward one of the electrodes. By changing the DC voltage (com-
pensation voltage or CV), an ion will travel between the two electrodes
to the detector. Only ions with a specific mobility will pass through to
the detector filtering out other ions. Thus, unlike DTIMS and TWIMS
which transmits all ions, DMS only transmits desired ions resulting in a
lower sensitivity compared to the other two IMS variants and is there-
fore usually reserved for targeted studies.

In principle, enantiomers and constitutional isomers have the same
mass and will have almost identical retention time and fragmentation
patterns in traditional LC-MS/MS. In IMS however their ion mobility
may be different, thus adding another layer of separation and qualifica-
tion to the analysis without the need for extensive chromatography op-
timisation. However, mobility values aren't fixed and certain parameters
such as the voltages applied, the carrier gas in the IMS cell and gas mod-
ifiers (low organic solvents) can be modified to improve the separation
of similar compounds [145].

The majority of IMS-MS/MS analyses of native amino acids have
employed DMS. DMS was able to successfully separate isoleucine and
leucine [146], and a more recent investigation of 20 of the protein
amino acids demonstrated its use in targeted amino acid analysis by
adding CV as a third criteria for identification for more accurate qual-
ification [147]. TWIMS has also been used in native amino acid stud-
ies, with Jones et al. [148] reporting multiple CCS values for each of
the 20 protein amino acids tested under different carrier gas and volt-
age conditions. While constitutional isomer separation has been demon-
strated, there has been a lack of studies on the use of IMS for the analy-
sis of amino acid enantiomers. A study by Dwivedi et al. utilised a chi-
ral modifier to demonstrate limited enantiomeric separation of several
amino acids [149]. There have also been multiple studies which have
used the formation of amino acid-metal-chiral reference complexes to
increase the separation of differing enantiomers in TWIMS [150,151

1. Studies on the use of IMS for the analysis of derivatised amino acids
are scarce, with one report on (S)-NIFE derivatised amino acid analy-
sis via LC-TWIMS-MS/MS [68]. Another TWIMS study utilised FMOC in
conjunction with the complexes mentioned above and found that while
there was slight enantiomer differentiation, it was not increased com-
pared to the corresponding native amino acid results of the same study
[150]. FLEC derivatisation with TIMS was able to achieve partial to
complete separation for seventeen of the twenty one amino acids exam-
ined [152]. IMS is increasingly being sold as an add-on by many MS
Vendors, with some MS models having inbuilt IMS capabilities.

5.4. Applications of amino acid analysis by LC-MS/MS

Currently, amino acid analysis via LC-MS/MS is primarily a tool for
research; however, there is excellent potential in applying it to clinical
and environmental testing applications. Amino acid analysis via LC-MS/
MS is becoming more prevalent in environmental testing laboratories
with the increase in discovery of toxic non-protein amino acids. The
best method for the detection of several toxic amino acids is LC-MS/
MS [70,153]. If regulations for levels of toxic amino acids in the en-
vironment come into force, there will be an increased need to analyse
them with the most accurate and sensitive method available. In addi-
tion, LC-MS/MS also has great potential in diagnostic applications in a
clinical setting. Currently, its biggest role is its use in the detection of
inborn errors of metabolism (IEM); genetically inherited diseases that
cause irregularities to the body's metabolism. One example of an IEM di-
agnosed with LC-MS/MS amino acid analysis is phenylketonuria (PKU),
which is asymptomatic at birth but if left untreated can lead to a mul-
titude of disabilities. As PKU results in a decrease in the metabolism of
phenylalanine, newborn screening programs utilise amino acid analy-
sis via LC-MS/MS to detect the condition early so treatment can be ap-
plied to the newborn as soon as possible allowing the individual to have
a normal healthy life if a strict diet is maintained continuously [23].
This demonstrates the potential of amino acid analysis via LC-MS/MS
in a clinical setting however currently LC-MS/MS still has many issues
to overcome before becoming common practice in a clinical setting.
An overview of why LC-MS isn't more widely utilised in the clinic and
its current limitations is provided by Vogeser and Seger (2010) [154].
Amino acid analysis is an important component of metabolomics how-
ever metabolomics is still an emerging field compared to other omics
fields [155]. While metabolomic methods currently are inferior at de-
tecting amino acids compared to amino acid specific methods, further
developments in metabolomics may one day render amino acid specific
methods obsolete.

6. Concluding statements

LC-MS/MS is a powerful technique for the analysis of amino acids
however it is limited by the most sensitive methods requiring sample
derivatisation, and the limited options that allow the analysis of amino
acid enantiomers. While native amino acid analysis can be achieved, it
requires substantially more method development and lacks the sensitiv-
ity of derivatisation methods. Studies showing the importance of chiral
analysis have been increasing, having importance to a large array of dif-
ferent fields. However, like native amino acid analysis, chiral analysis
is riddled with complications typically being more costly and requiring
specific resources and knowledge to allow for the successful analysis of
amino acid enantiomers. However, with the rise in interest in small mol-
ecule quantification and the development/application of new or under-
used technologies, these issues may soon no longer be limiting factors
and will further push the applications of amino acid analysis via LC-MS/
MS into more widespread applications.
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