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1. INTRODUCTION

Liquid chromatography (LC) is one of the most widespread analytical techni-
ques, it allows to separate the analytes from potential interferents and from each
other. When it is coupled with mass spectrometry (MS), it becomes a powerful
technique, that permits not only the separation but also the identification and
quantification of the analytes at very low concentration levels.

Due to the vast diversity of analytes and matrices, LC-MS is susceptible to
several factors. The retention of the analytes on the stationary phase must be
such that it allows a good separation, while at the same time, they should be
easily ionizable in the ionization source. It is often difficult to simultaneous-
ly meet both conditions. Added to these phenomena, the matrix effect — sup-
pression/enhancement of analyte’s ionization by co-eluting compounds — is one
of the biggest disadvantages that affect LC-MS analysis. There are different
approaches to overcome this problem. One of them is the derivatization of the
analytes. Its role is not only to improve chromatographic retention, but also to
increase the ionization efficiency which is translated into low limits of detection
(LoD) and quantification (LoQ). Better retention (less co-eluting substances)
together with better ionization efficiency (reducing the effect of co-eluters on
ionization) both lead to reducing matrix effects.

Among different substances that are analyzed in reversed-phase liquid
chromatography (RP-LC), amino acids are among the most challenging analy-
tes. Because of their high polarity, the direct analysis in RP- LC is problematic
due to low retention. Despite being highly polar, their ionization efficiencies in
the electrospray source are low.

Because of the nature of the current derivatization reagents, the analysis of
their derivatives has been carried out mainly in positive ionization mode,
leaving the negative ionization mode aside.

The aim of this work is to show some of the benefits of the negative ioni-
zation mode in LC-MS/MS analysis of amino compounds, focusing on amino
acids: Different derivatization, both commercial and newly developed, were
used for the analysis of amino acids in different drinks. Both positive and nega-
tive modes, as well as their combination were used.



2. LITERATURE REVIEW

2.1 LC-MS/MS

Liquid chromatography (LC) had its origins around 1940 and 1950 [1], [2], it
has grown and developed by leaps and bounds during the last decades, to be-
come one the most popular analytical techniques around the globe. One of the
reasons of its popularity is the fact that, it can be used with several detectors
such as UV, fluorescence, refractive index, conductivity, just to name a few.
However, when it is coupled to mass spectrometry (MS) it becomes one of the
most powerful techniques that allows to detect and quantify a highly diverse
range of substances at low trace levels in a vast variety of samples. To illustrate
its usefulness, searching articles published during the last five years (2018-
2022) that contain the term “LC-MS” or “liquid chromatography tandem mass
spectrometry” on their title, the Web of science search engine returns more than
6000 results. This shows the popularity as well as the utility and versatility of
this technique, in disciplines ranging from toxicology, veterinary sciences,
medicine legal, to analytical chemistry.

Among the different ionization sources used in LC-MS, electrospray ioni-
zation (ESI), developed by John Fenn in the 80’s [3], is currently the most com-
monly used. It enables soft ionization that allows to convert the dissolved ana-
lyte into the gas phase without modifying its molecular structure [4]. Another
advantage of ESI over other soft ionization sources such as APPI and APCI are
the low limits of detection that can be reached as well as higher S/N ratios [5].

Tandem mass spectrometry (MS/MS) was developed to increase the speci-
ficity of the analysis even further once the chromatographic separation has been
reached. There are several mass analyzers to perform MS/MS analysis, for
example quadrupole-time of flight (Q-ToF), ion trap or triple quadrupole
(QgQ). In this work, MS/MS analysis were performed using triple quadrupole
instruments since they allow to improve the signal-to-noise ratio (S/N) [6], the
reproducibility and achieve lower detection and quantification limits compared
to the single quadrupole mass spectrometer.

As stated by its name, QqQ consists of a series of three quadrupoles. The
first one works as a mass filter that allows the passage of the ions (so-called pre-
cursor or parent ions) of interest, discarding all other ions produced in the ioni-
zation source. In the second quadrupole (collision cell), the precursor ions are
given additional kinetic energy by applying an electrical potential and then they
collide with a neutral gas (N,, He or Ar). Finally, after fragmentation, ions are
directed to the third quadrupole where they are scanned depending on the
selected scan mode (product ion, precursor ion, neutral loss, MRM, etc.). Figure
1 illustrates the functioning of QqQ.
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Figure 1. Example of fragmentation in a triple quadrupole instrument.

2.2 Amino acid analysis

Amino acids (AAs) are well known substances, there are several hundreds of
them in the nature. The 20 proteinogenic amino acids are the “building blocks”
for synthesizing the proteins and are genetically encoded in the DNA. The
remaining amino acids are called non-proteinogenic amino acids and they also
have important roles in different processes in the living beings. As examples,
gamma aminobutyric acid (GABA) acts as neurotransmitter [7]; L-homo-
cysteine is found in the blood and depending on its levels, has been associated
to heart diseases [8], [9]; L-3,4-dihidroxyphenylalanine (L-DOPA) and L-
Canavanine are used by some plants as toxins against predators [10], [11].
Figure 2 presents the structures amino acids used in this project.

The determination of AAs is very important, due to their vast variety of
applications. For example: in the pharmaceutical industry, AAs are used as in-
gredients in some formulations to improve their properties [12], [13]; in the
medical field they are used as diagnosis tool to identify metabolic disorders
[14]; in food industry despite being essential nutrients, amino acids are used as
foods additives, e.g. glutamic acid salts (sodium, potassium, etc.) [15]. Amino
acids can be used as markers to prevent adulteration [16] or to determine geo-
graphical origin of certain foods [17], [18]. The intake of amino acids as effi-
ciency training enhancers for athletes has also been studied [19], [20].

Depending on the structure of amino acids, they can be classified in alipha-
tic, aromatic (Phe and Tyr), imino (Pro and Hyp), and heterocyclic (Trp and
His) amino acids. Another classification is based on their polarities: those with
non-polar side-chains (Gly, Ala, Val, Leu, Ile, Met, Phe, Trp and Pro), with
polar chains (Ser, Thr, Tyr, Asn, Gln) as well as amino acids with charged side
chains (Asp, Glu, His, Lys, Arg).

The fact that amino acids contain a basic amino group as well as an acidic
carboxylic group in the same molecule makes difficult their direct analysis using
LC-MS. Due to their high polarities, their retention on the stationary phase is poor
and besides the retention issue, just as problematic is the typically poor ionization
efficiency they have [21] To overcome this problem, derivatization is frequently
applied to improve their chromatographic behavior as well as their detection
which is translated into obtaining better and more reliable results.
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Figure 2. Structure of the amino acids used in this work. Inside blue box, non-proteino-
genic amino acids.

2.3 Derivatization reagents for amino acids in LC and LC-MS

There are several examples (Figure 3) of derivatization reagents that have been
used in the analysis of amines and amino acids, such as o-Phthalaldehyde (OPA)
[22]; ninhydrin [23], phenylisothiocyanate (PITC) [24], [25], 6-aminoquinolyl-N-
hydroxy-succinimidyl carbamate (AQC) [26], [27], diethyl ethoxymethylen-
emalonate (DEEMM) [28], [29], 5-(dimethylamino)naphthalene-1-sulfonyl chlo-
ride (Dansyl-Cl) [30], etc.

These reagents were originally meant to be used with UV-Vis or fluore-
scence detection, and a few of them have been successfully used with ESI-MS
detection, for example, Dansyl-Cl [31], AQC [27] and DEEMM [29], [32].
Dansyl-Cl and AQC work well in positive ionization mode since they contain
nitrogen that acts as protonation center.
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Figure 3. Structures of derivatization reagents used for the analysis of amino com-
pounds.

However, those derivatization reagents are not free from disadvantages. For
example, OPA is not able to react with secondary amines [33] (therefore, pro-
line and hydroxyproline cannot be analyzed) and its derivatives are not very
stable [34]. In case of DEEMM, its main concern is the fact that it requires 24 h
to react completely with proline [29]. Ninhydrin color yield is affected by the
presence of more than one amino group, lysine or other diamino acids, must
have one of their amino groups acetylated to produce normal color yield [35].In
case of Dansyl-Cl, pH control is very important since high pH favors the
conversion of Dansyl-Cl to dansyl sulfonic acid which affect the derivatization
yield because this conversion competes with the derivatization reaction, additio-
nally, if a large excess of Dansyl-Cl is present, it can react with the derivatized
amino acids, producing several side products [30]. The separation of AQC deri-
vatives depends to a great extent on the column temperature and pH of the
eluent [36], in addition, AQC-tryptophan derivative shows a low response to
fluorometric detection and AQC-cysteine derivative is poorly detected [27].

In the last decades, due to the increasing use of mass spectrometric detectors,
new derivatization reagents designed specifically for LC-ESI-MS/MS (Figure
4) have been developed, including p-N,N,N-trimethylammonioanilyl N'-hydro-
xysuccinimidyl carbamate iodide (TAHS) [37], [38], (5-N-succinimidoxy-5-
oxopentyl)triphenylphosphonium bromide (SPTPP) [39], [40], 3-aminopyridyl-
N-hydroxysuccinimidyl carbamate (APDS) [41] and dibenzyl ethoxymethylene
malonate (DBEEMM) that was developed in our research group [42].

13
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Figure 4. Derivatization reagents synthesized for LC-MS/MS.

From these reagents, TAHS and SPTPP are permanently charged positively
which improves their ionization efficiency and allows to reach a very high
sensitivity (lower limits of detection), however, because of being permanently
charged and therefore highly polar, the separation of TAHS derivatives in
reversed phase LC is difficult [41]. Since TAHS and SPTPP are positively
charged, their use is restricted to positive ESI.

Usually LC-MS analysis is done in positive ionization mode leaving nega-
tive ionization aside, because most of the analytes ionize well in ESI(+), how-
ever, compounds present in the matrix, can also ionize affecting the analysis by
suppressing or enhancing the signals of the analytes [43]-[46]. In addition, the
formation of adducts is more common in positive than in negative mode [47].
For example, it has been reported that sodium adducts can fragment poorly in
MS [48]. Thus, negative ion mode might be convenient in some cases since it
can produce spectra with less background noise [49] and it is less affected to
matrix effects [50], [51].

For negative ESI, the derivatization reagents should fulfill the condition of
incorporating groups that facilitate the ionization, such as sulfonic or carboxylic
acid groups. For example, Ns-MOK-B-Pro-OSu (2,5-dioxopyrrolidin-1-yl(4-
(((2-nitrophenyl)sulfonyl)oxy)-6-(3-oxomorpholino)quinoline-2-carbonyl)-
pyrrolidine-3-carboxylate), whose derivatives can be detected in negative mode
because they produce the nosylate moiety fragment (202 m/z) [52]. However,
since amino acids themselves contain the carboxylic acid moiety, the previous
condition is not mandatory, and simpler reagents such as Fmoc-ClI (9-fluorenyl-
methoxycarbonyl chloride), have been used to analyze amino acids in negative
mode [48].

In this work, besides DEEMM, two more derivatization reagents (Figure 5)
were investigated, Azobenzene N-hydroxysuccinimidyl carbamate (named in
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this work as “AzoB”, because of azobenzene), that was previously studied by
Strydom using LC-UV in 1996 [53], and AzoC, (4-(phenylazo)benzoic acid N-
succinimidyl ester), whose use was restricted mainly to photochemistry [54],
[55], but their application to LC-MS/MS analysis, was never been explored
before.

carbamate
AzoB @@ O

o}

o
[0} N
Same Azobenzene ©

skeleton

pzoC O

ester

Figure 5. Structures of AzoB and AzoC, their similarities and differences are presented.

2.4 Identity confirmation in LC-MS

Misidentifying compounds is one of the most critical errors during a chemical
analysis, therefore the correct identification of analytes is very important to
provide reliable results. In LC, the first step that tentatively allows to identify a
compound is the comparison of the retention time of the peak of the analyte in a
standard solution against the peak in the sample solution. However, finding two
different substances sharing the same retention time is not a rare situation.
Therefore, just matching retention time is not a statement strong enough to en-
sure that peak in sample solution corresponds to the analyte. It is where tandem
MS outshines other detectors used in LC. First, MS allows identifying the
analyte because of the mass to charge ratio (m/z) of its ionized form (precursor
ion), and, to go one step further, by its fragmentation pattern, i.e. the product
ions formed upon fragmentation.

Among the different validation guidelines applicable to identity confirmation
of analytes, there are two that address LC-MS/MS in particular: SANTE/11312/
2021 [56] and 2021/808 (that replaced 2002/657/EC) [57]. The former es-
tablishes that to carry out a quantitative analysis using LC-MS/MS and ensure
the identity of the analyte accurately, a minimum of two product ions have to be
obtained for each analyte [56] the so-called quantifier and qualifier (or iden-
tifier) ions. The quantifier ion is the one that produces the peak with the

15



maximum height or area, this ion is used to estimate the concentration of the
analyte from the calibration curve. While the qualifier ion is used as an addi-
tional information source to confirm the identity of the analyte.

The 2021/808 guideline has a stricter system of identification points that
depends on the type of the analyte. In case of analysis of authorized substances,
which have an established maximum residue limit at least 4 identification points
must be obtained, while for unauthorized or prohibited substances, 5 points are
required, for example using LC-MS/MS where 2 product ions are recorded, 5
points are obtained (1 point from LC separation, 1 point from precursor ion and
1.5 from each of the two different product ions) [57].

Quantifier and qualifier ions are typically obtained from the same ionization
mode, nonetheless, there are cases in which one polarity does not provide
enough transitions. In paper I, an alternative approach is presented, the usage
of transitions obtained in positive mode as quantifier transitions and transitions
in negative mode as qualifier transitions. The evaluation was carried out ac-
cording to the SANTE/11312/2021 and 2021/808 guidelines.
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3. EXPERIMENTAL

3.1 Chemicals and preparation of standard solutions

Standard solutions of amino acids (paper I to III) and biogenic amines (paper II)
were prepared as stated in their respective manuscripts, in all cases LC-MS
grade chemicals were used unless expressed otherwise.

3.2 Samples and sample preparation

Beer samples (Paper I): 15 beer samples were purchased from local grocery
stores; the beers were classified in two main groups mass-produced and hand-
crafted beers. The first group included local (Estonian) as well as other European
brands while second group was merely formed by Estonian handcrafted beers.

For sample treatment, a simple approach was followed, beers were degasi-
fied by sonication for 20 minutes, samples were diluted using 0.1 mol L™ HCI
containing 30% MeOH. Typical dilution factors ranged from 1:100 up to
1:1000. HCI1 was used as preserving agent to protect analytes from degradation
as well as to keep amino acids in their protonated forms.

Kali and juice samples (Papers II and III): Four samples of Kali as well
as tomato juice were purchased from local grocery stores, while watermelon
juice was freshly prepared in the lab. Samples of Kali were sonicated for 15 min,
after that, they were filtered and diluted 25 times with 0.1 mol L™ HCI. Water-
melon and tomato juices were centrifuged for 10 min at 7500 rpm, 1 mL of
filtered supernatant of each juice was diluted with hydrochloric acid (dilutions
factors ranged from 100 to 2000).

3.3 Derivatization procedures

DEEMM (Paper I): 250 uL of sample or standard solution were placed into a
vial. 875 uL of borate buffer (0.75 mol L™, pH 9) and 375 uL of DEEMM
solution (1:50 in MeOH) were added. Vials were vortexed for 1 minute and kept
protected from direct light at room temperature. Analysis was performed 24 h
after the derivatization. Before injecting, derivatized samples, were filtered
through regenerated cellulose syringe filters with pore size of 0.2 pm. Deri-
vatization reaction is presented in Figure 6.

OEt
OEt
o (¢}
o
HN —_— - : 4+ EtOH
on * - borate buffer EtO HN
o oEt 0.75M, pH 9
R o OH
o
o

DEEMM Amino acid

Amino acid derivative

Figure 6. Reaction between amino acids and DEEMM.
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AzoB and AzoC (Papers II and III): 90 pL of 0.5 mol L™ borate buffer (pH 9)
were pipetted into a 2 mL Eppendorf microtube, 40 pL of sample (or standard)
solution were added and the vial was vortexed for 30 seconds. Thereafter 70 pL
(120 pL in case of AzoC) of the derivatization reagent solution were added
(2000 pg mL™" in MeCN). This mixture was vortexed for 30 s and then heated at
50 °C for 5 min. After this, vials were let to rest for 5 min, followed by the
addition of 400 pL (350 pL in case of AzoC) of 0.2% acetic acid in a mixture
MeCN-water (1:1 v/v) to quench the reaction. Before being injected into LC-
MS, derivatized samples were filtered through regenerated cellulose syringe
filters pore size of 0.2 um. Derivatization reactions are shown in Figure 7 for
AzoB and Figure 8 for AzoC.

@ QL i
N
I vo
Borate buffer ! o H * )
@)k s O
50 C,’5 min vy ?

Amino acid AzoB Amino acid derivative N-hydroxysuccinimide

Figure 7. Derivatization of amino acids with AzoB to form disubstituted ureas.

A i ~A" o oy
on * o +
Borate buffer :\(U\
R OH
b 50 C 5 m|n o °

Amino acid AzoC Amino acid derivative N-hydroxysuccinimide

Figure 8. Derivatization reaction of amino acids with AzoC to produce amides.

3.4 LC-ESI-MS/MS analysis

In this work three different instruments were used. One with single quadrupole
mass and the other two with triple quadrupole (QqQ) mass analyzer. The opera-
tional parameters are presented below:

Single quadrupole instrument for ionization efficiency measurements: Shi-
madzu Nexera X2 UHPLC coupled to LCMS-2020 mass spectrometer. Inter-
face temperature 350 °C, desolvation line (DL) temperature 290 °C, DL voltage
0 V, heat block temperature 350 °C, drying gas flow 20 L min "'. Eluent flow
rate 0.2 mL min™.

Triple quadrupole (QqQ) instrument in paper I: LC-ESI-MS/MS system,
Agilent 1290 UHPLC coupled to Agilent 6495 Triple Quad LC/MS with Jet
Stream ion source. Nebulizer gas pressure 40 psi, drying gas (N,) flow rate 11 L
min~' and temperature 235 °C, sheath gas temperature 400 °C and flow rate 12
L min', capillary voltage 3500 V for both ionization modes, nozzle voltage for

18



positive mode 500 V and -1500 V for negative mode. iFunnel parameters: High
pressure RF for both modes 130 V, low pressure RF for positive mode 60 V and
80 V for negative mode.

Triple quadrupole instrument in papers Il and III: LC-ESI-MS/MS system,
Agilent 1260 UHPLC coupled to Agilent 6460 Triple Quad LC/MS with Jet
Stream ion source. MS parameters: Drying gas (N,) temperature: 350 °C and flow
rate: 13 L min™'; Nebulizer pressure: 40 psi; Sheath gas temperature: 350 °C and
flow rate: 12 L min™". Capillary voltage for both polarities: 3500 V and Nozzle
Voltage:1000 V for both polarities.

Table 1 presents the different chromatographic methods used in this work.

Table 2 presents the retention times and MS parameters for DEEMM amino
acid derivatives.

Table 3 presents the retention times, molecular weights, and MS parameters
for AzoB amino acid derivatives.

Table 4 presents the retention times, molecular weights, and MS parameters
for AzoC amino acid derivatives.
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4. RESULTS AND DISCUSSION

All studied derivatization reagents (DEEMM, AzoB and AzoC) can be used
both in positive and negative ionization mode. However, the transition patterns
for DEEMM and AzoC derivatives in negative mode are more complex than
their counterparts in positive mode. This contrasts with the amino acid deri-
vatives of AzoB that have well defined fragmentation patterns in both ionization
modes. This phenomenon will be explained in more detail in section 4.1.3.

4.1 Method development

To obtain reliable results from an analytical method involving derivatization,
there are two main factors to be considered. Firstly, the derivatization process
needs to be optimized and validated. Secondly, the different LC-ESI-MS para-
meters need to be properly evaluated and optimized to reach the highest sensiti-
vity. Therefore, before carrying out the analysis of samples, the chromato-
graphic separation, derivatization yield, ion source and mass spectrometric para-
meters were evaluated and optimized.

4.1.1 Optimization of derivatization procedures

DEEMM derivatization has been carried out in our research group before [29],
[58] and its derivatization procedure was optimized already. However, in case
of AzoB and AzoC (Paper II and III) because their use as derivatization
reagents for LC-ESI-MS/MS is new, their derivatization procedures needed to
be optimized.

Optimization of AzoB and AzoC derivatization: Samples and standard solu-
tions were initially diluted in 0.1 mol L™ HCI. Therefore, all amino acids were
in the solution in their protonated forms and were unable to react with the
derivatization reagents. Thus, a basic medium was required. Different derivati-
zation reaction conditions were tested (buffer concentration, reaction time and
effect of temperature) to observe their impact on the peak area of the derivatives
of AzoB, once this optimization was carried out, it was found that same con-
ditions were also suitable for derivatization with AzoC. Borate buffer con-
centration ranged from 0.25 to 0.75 mol L™ (all of them kept at pH 9), while
derivatization was carried out at room temperature (20 °C) and at 50 °C;
reaction times were set to 5, 15 and 30 minutes. Optimal derivatization pro-
cedure for both reagents is summarized in experimental section 3.3.

AzoB and AzoC derivatives of Gly, Pro and Phe were synthesized speci-
fically for evaluating the yield of derivatization, those amino acids were
selected based on their structures: glycine is the simplest amino acid, it was
expected it would react faster than more complex molecules, such as proline
(secondary amine) or phenylalanine (possibly affected by steric effect). To
avoid any influence of matrix effect, the synthesis was done in solution without
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any matrix, yields were assessed using LC with UV detector. The observed deri-
vatization yields were close to 100 % for the three AzoB derivatives. With
AzoC the derivatization of glycine was close to 100% but for proline and
phenylalanine the yield was less than 90%.

4.1.2 Optimization of chromatographic analysis

Theoretically, when dynamic multiple reaction monitoring (AIMRM) is used,
given that specific transitions are used, a perfect chromatographic separation is
no longer required. However, usually samples contain other substances that can
coelute with the analytes causing signal suppression or enhancement. Therefore,
to minimize the impact of this phenomenon it is still important to achieve a
good chromatographic separation.

In case of DEEMM (paper 1) the usage of formic acid and acetonitrile with
the traditional C18 column provided enough separation with only few over-
lapping peaks. In the case of AzoB derivatives (paper II and III) methanol as the
organic eluent component and a biphenyl column offered a better separation of
peaks than the C18 stationary phase (Figure 9).

x103 | Chromatogram of Azo-B amino acids derivatives in C18 column.
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x103 Chromatogram of Azo-B amino acids derivatives in biphenyl column.
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Figure 9. Comparison of AzoB derivatives behavior in C18 column (top) and biphenyl
column (bottom) under the same gradient conditions; same derivatives share same color
to make comparison easier.
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Because of the similarity between AzoB and AzoC structure (azobenzene moie-
ty), the derivatives of both derivatization reagents have comparable chromato-
graphic behavior; however, in the case of AzoC derivatives, leucine and iso-
leucine are only partly coeluting, unlike AzoB derivative where they elute
together (Figure 10).

«104 |AzoB «104 | AzoC
. lle+Leu 18 lle
25
Leu
25 225
2
o 2 @ 175
§ % 1.5
SR o 125 NorLeu
1
! 0.75
NorLeu :
0.5 0.5
0.25
0 0
8.5 9 9.5 8.5 9 9.5
Retention time (min) Retention time (min)

Figure 10. Comparison of the behavior of AzoB and AzoC leucine and isoleucine
derivatives.

4.1.3 MS behavior (Papers | and Il)

When new derivatization reagents are used in LC-MS analysis, part of the
method development includes the study of the fragmentation patterns of the
derivatives, to choose the transitions that provide the most intense signals which
is translated into reaching the highest sensitivity.

Fragmentation of DEEMM derivatives

DEEMM has been used to derivatized amines [59] and amino acids [60], [61] in
the past, in case of LC-MS, its derivatives have been studied mainly in positive
mode and their fragmentation patterns are well defined. The fragmentation in-
volves the loss of a molecule of ethanol (EtOH) from the precursor ion formed
by protonation, [M+H]" — [M+H-46]", even though a second molecule of
ethanol could be released, when product ion scan was performed over individual
amino acid derivatives, product ions in the form [M+H-92]" were not observed
(Figure 11).
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Figure 11. Product Ion Scan mass spectra for DEEMM derivatives of Alanine (top) and
Leucine (bottom), only the transition [M+H]" — [M+H-46]" is observed at low
collision energy voltages in both cases.

Previous studies [58], [61] with negative ionization mode of DEEMM deriva-
tives of amino acids have proposed two main transitions, the first one is the
decarboxylation of the deprotonated derivative [M-H]T — [M-H-44] and the
subsequent loss of ethanol (46 u) to form the ion [M-H-90]". However, when
product ion scans were carried out with individual derivatives, it was discovered
that the most intense transitions are actually determined by the structure of the
amino acid. For His, Gly, Glu, Pro and Trp derivatives, the extra loss of 46 u
(EtOH) was observed, causing product ions of [M-H-90] . Serine and threonine
derivatives, after decarboxylation, lost a water molecule to form the product
ions [M-H-62] (Figure 12, top for serine). Arg and GABA derivatives had an
extra loss of 42 u to create a product ion of [M-H-86] (Figure 12, bottom for
GABA). Finally, for B-Ala derivative product ion was [M-H-72]". Therefore, in
case of negative ionization mode of DEEMM derivatives of amino acids, a
more complex fragmentation process is involved.
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Figure 12. Product ion scan mass spectra of DEEMM derivatives of serine (top) and
GABA (bottom) recorded in negative ion mode.

As expected, the loss of two molecules of ethanol from the decarboxylated ion,
was not visible in product ion scan studies. Figure 13 illustrates the transitions
and the fragmentation sites for DEEMM amino acid derivatives.

HBC

f [M+H]* = [M+H-46]*
Positive lonization mode

HO
HaC ‘ Wi/ \HJ\
o’
[M-H] > [M-H-44]

‘ foIIowed by further rearrangements

Negative lonzation mode

Figure 13. Main fragmentation patterns for DEEMM amino acid derivatives.
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AzoB derivatives are disubstituted ureas, and their main fragmentation in
positive ion mode is [M+H]™ — 224 m/z (C¢Hs-N=N-C4H,-NHCO)" with loss
of neutral AA that corresponds to the rupture of the ureido bond, this path has
been observed in derivatization reagents that also produce disubstituted ureas
such as AQC [27], [62], [63] and TAHS [37], [38]. Even though Arg and Trp
derivatives also present the main pattern, the transitions [M+H]" — 201 m/z
(C7sH3N4O3)" and [M+H]" — 188 m/z (C;;H;(NO,)" respectively, produced
more intense peaks.

Besides the previously listed transitions, other fragmentation patterns such as
[M+H]" — [AA+H]" and [M+H]" — 198 m/z (C¢Hs-N=N-CsH,;-NH3)" were
identified in product ion scan of amino acid derivatives, but those are not com-
mon for all amino acid derivatives, for example it is almost absent in product
ion scan of proline and hydroxyproline derivatives (Figure 14). In the case of
lysine and ornithine, AzoB is able to react with both amino groups to produce
disubstituted derivatives.

x104 |+ESI Product lon: CID@15.0 (355.00 -> **) AzoB-Hydroxyproline

22 224.10

2 [AA+H]*
18 131.90
1.6
14 131 u (neutral AA)
1.2

1 223 u
0.8 IM+H]*
06 355.10
04 198.10
0.2 )

A

110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360

Figure 14. Positive ESI mode product ion scan mass spectrum of AzoB hydroxyproline
derivative, fragment ion 198 m/z is very weak compared to all other fragments.

Figure 15 summarizes the way AzoB derivatives fragment when the analysis is
performed in positive ionization mode.
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Figure 15. Different fragments observed in AzoB amino acid derivatives when analysis
is carried out in positive mode.

In negative electrospray ionization mode, AzoB amino acid derivatives did not
show a decarboxylation step as seen with DEEMM derivatives. The dominant
fragmentation goes via neutral loss of CsHs-N=N-CcH,-NCO (223 u) to produce
deprotonated amino acids: [M-H]” — [AA-H] in most of the cases.

Amino acid derivatives of Gly, Leu, Met, Orn, Phe, B-Ala, Val, Tyr, Trp;
additionally showed the transition [M-H]” — [AA+26] (where 26 corresponds
to conversion of amino group to isocyanate). For the previously mentioned
amino acids, this latter transition produced weaker signals, except with glycine
derivative, therefore it was used for glycine quantification.

Figure 16 shows the two main transitions for AzoB derivatives in negative
mode, contrary to the positive mode, the fragmentation of deprotonated deri-
vatives does not produce a big variety of product ions.
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Figure 16. Fragmentation of AzoB amino acid derivatives in negative ionization mode.

It is important to highlight that, when amino acid derivatives were studied with
product ion scan mode, the same neutral loss (223 u) was identified in both
polarities. To evaluate the repeatability of this behavior, a group of non-
proteinogenic amino acids (L-Citrulline, L-Theanine, 5-aminovaleric acid, 2-
aminobutyric acid, and 3-aminobutyric acid) was derivatized with AzoB and
product ion scan was performed over the respective derivatives. Figure 17 pre-
sents the product ion mass spectra for 5-aminovaleric acid (5-AVA) derivative
in both polarities. In positive mode, besides protonated derivative (341 m/z), the
fragments 224 m/z, 198 m/z, 118 m/z [S-AVA+H]" and 100 m/z [S-AVA-NH;]"
are present, while in negative mode, alongside deprotonated derivative
(339 m/z), fragments 196 m/z, and 116 m/z [5-AVA-H] appeared.

All the non-proteinogenic amino acids derivatives behave the same way as
the derivatives of proteinogenic amino acids when product ion scan was
performed. Therefore, Neutral Loss Scan (NLS) set to 223 u in both ionization
modes can be used to find and confirm the presence of amino acids (both,
proteinogenic and non-proteinogenic).
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Figure 17. Product ion scan mass spectra for AzoB-5-AVA (5-aminovaleric acid), in
positive (top) and negative (bottom), in both cases the loss of 223 Da is visible.

To illustrate the usefulness of AzoB, diluted watermelon juice was derivatized
and analyzed by NLS (set to 223 u) in both polarities, alongside studied amino
acids group, citrulline was also identified (Figure 18).
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Figure 18. Neutral Loss Scan chromatogram of derivatized watermelon juice, besides
the main amino acids analyzed, citrulline, was also identified with NLS in both pola-
rities.
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To study the applicability of AzoB to compounds other than amino acids, a
group of biogenic amines (BA’s) that included tyramine, tryptamine, histamine,
phenylethylamine, dopamine, spermidine, agmatine and serotonin was deriva-
tized and analyzed. Despite of forming disubstituted ureas like amino acid deri-
vatives, the product ion scan of biogenic amines derivatives showed that for
monosubstituted derivatives their main fragmentation in positive mode was
[M+H]" — 198 m/z (C¢Hs-N=N-C4H,-NH3)" instead of 224 m/z, and [M-H] —
196 m/z (C¢Hs-N=N-C¢H4s-NH)™ in negative mode. The difference between
precursor and product ion corresponded to the amine Molecular Mass + 26, e.g.
in Figure 19, for phenethyl amine derivative (344 g mol"), the calculated
difference is 147 (121, molecular mass of phenethylamine +26).

x10 4 |+ESI Product lon: CID@10.0 (345.00 -> **) Phenethylamine
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[M+H]

o
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Figure 19. Product ion scan mass spectra of AzoB derivative of phenethyl amine in
both ionization modes, the same difference between parent and daughter ions is 147 u.

While for disubstituted derivatives, besides the fragment 196 m/z, the main
transition involved the loss of 197 Da (C¢Hs-N=N-CsH4-NH,) as it can be seen
in Figure 20 for spermidine derivative.
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Figure 20. Product ion scan mass spectra for spermidine (diamine) derivative recorded
in negative mode.

Because of this not uniform comportment, NLS analysis of amines derivatized
with AzoB is less convenient and non-targeted analysis practically impossible.
As an alternative, precursor ion scan can be performed since all biogenic amines
(even disubstituted ones) produce the fragment ion 198 m/z (+ESI) or 196 m/z
(-ESI). Therefore, AzoB provides several options to allow the identification of
amino compounds in non-targeted analysis either by Neutral Loss Scan or by
Precursor lon Scan. It also makes possible the differentiation between amines
with and without carboxylic acid groups, contrary to AQC where all amino
compounds produce the same fragment, [171 m/z] when analyzed in positive
ESI [27], [64].

Fragmentation of AzoC derivatives

Differently from AzoB derivatives, AzoC derivatives are amides. In positive
mode, all studied derivatives (AA’s and BA’s) followed the transition [M+H]"
— 209 m/z (C¢Hs-N=N-C¢H4-C=0)" +AA (or BA). Figure 21 shows the mass
spectra for a biogenic amine (tyramine, TyrNH,, top) as well as an amino acid
(proline, bottom) recorded in positive mode.

On the contrary, fragmentation in negative ionization mode, showed a much
more complex behavior, similar to the one observed for DEEMM derivatives in
the same polarity. For the amino acid derivatives of His, Gln, Lys, and Orn, the
dominant fragmentation was the decarboxylation of the deprotonated derivative
[M-H]” — [M-H-CO,]” (M-H-44), while for the rest, after the loss of CO,,
several rearrangements were identified, for example, Pro (Figure 22), HyPro,
Asp, Gly, Ala and Met, had the transition [M-H]™ — [M-H-72]" (M-H-CO,-28);
or Ser and Thr whose fragmentation pattern was [M-H]” — [M-H-62]" (M-H-
COz-Hzo), etc.
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Figure 21. Product ion scan mass spectra of AzoC-TyrNH, derivative (top) and AzoC-
Pro (bottom), in positive ion mode.
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Figure 22. Product ion scan mass spectrum of AzoC derivative of proline in negative ion
mode, unlike AzoB, AzoC derivatives have a more complicated fragmentation pattern.
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4.1.4 Side reactions affecting derivatization ability

Because of basic media used during the derivatization process, several side re-
actions affecting the derivatization capability of AzoB and AzoC were iden-
tified. First, the alkaline hydrolysis of the succinimide ring (Figure 23 for
AzoB), producing an hydroxamate ester that is an isomer of AzoB (or AzoC)
aspartic acid derivative. This side reaction has been reported before for succi-
nimidyl carbonates [65]-[67], succinimide as well as other cyclic imides [68]
under alkaline conditions.

oI T
Aspartic acid derivative (356 g mol™")

N O~y
P Sy
° H,0
AzoB Hydroxamate ester (356 g mol™)

Figure 23. Alkaline hydrolysis over succinimide ring of AzoB. The aspartic acid deri-
vative is shown to make easier the comparison with the hydroxamate ester (hydrolysis
product).

In case of AzoB, the hydroxamate ester, elutes next to aspartic acid derivative,
which could interfere when determining this amino acid in positive mode, as it
also follows the transition 357m/z — 224 m/z. However, if negative ionization
mode is used, the observed transition is 355 m/z — 132 m/z is unique for the
aspartic acid derivative (Figure 24).

Standard solution Blank Sample

"0 AzoB-Asp ” : Hydg)sﬁzlrrnate - AzoB-Asp

4| Positive mode Positive mode os | Positive mode

Hydroxamate
ester

X 3
06 | Negative mode Hydroxamate o8 , Negative mode
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48 49 5 5152 53 54 55 56 57 58 59 6 61 62 4549 5 5152 8354 55 68 87 58 89 6 61 62 48 49 5 51 52 53 54 55 56 57 58 59 6 61 62
ounts vs. Acquisition Time (min) ounts vs. Acquisition Time (min) Counts vs. Acquisition Time (min)

Figure 24. Comparison of chromatograms for AzoB-Asp in standard solution (left),
blank (center) and sample (right); when positive mode is used (purple) hydroxamate
ester is visible in all cases, contrary to negative ion mode (orange) that only shows
aspartic acid derivative in standard and sample solutions.
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While for AzoC, both peaks (aspartic and hydroxamate ester) are separated
enough to avoid any interference, another problem arose, under the alkaline
conditions used for the derivatization, the hydroxamate ester undergoes a Los-
sen rearrangement that generates free f-alanine which reacts with AzoC to pro-
duce its derivative in high yield, mechanism of this reaction is presented in
Figure 25.

©\Tl < @\n
\©\(O\N ‘/?w E— ) h L
AzoC 5 @-MO
O> OH

AN _y ;
o

o

o o]
. 0 /N/© HOJ\/\u
o + N —_—) |N|
N.
o
B-alanine ¢ AzoC B-alanine derivative \©

Figure 25. Mechanism of the alkaline hydrolysis of AzoC that leads to the production
of free B-alanine which reacts with a second molecule of AzoC generating B-alanine
derivative.

The production p-alanine from the hydrolysis of the N-hydroxysuccinimide ring
in alkaline media has been reported for other reagents, such as FMOC-Osu (9-
Fluorenylmethyl-succinimidyl carbonate) in peptide synthesis [67] where not
only B-alanine is produced but also a series of byproducts related to this amino
acid.

Since the AzoC derivatives of both - and a-alanine elute one after the other,
the excess of B-alanine derivative strongly affects the quantification of a-alanine
in positive mode. Figure 26 shows the peak of AzoC-B-Ala (in orange) that
appears both in the blank as well as in a standard solution of a-alanine. In posi-
tive ionization mode, peak size of AzoC-a-Ala (in pink) is very small compared
to the peak of AzoC-B-Ala. In negative mode, this problem can be avoided
because of the used transitions, however, B-alanine cannot be quantified using
AzoC.
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Figure 26. Chromatogram of AzoC solutions: blank in positive mode (left) standard
solution only containing a-alanine in positive mode (center) and negative mode (right).

Succinimide ring in AzoC was not only the target of hydrolysis but also alcoho-
lysis reaction (Figure 27), as it has been reported for other compounds con-
taining succinimide in their structures [69], [70].

N o —_— N
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w \©\(N\ O)k/\”/(j\ o,
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o [e] ]
AzoC methanolysis product (355 g mol‘1)

Figure 27. Methanolysis of AzoC.

At early stages of the study with these derivatization reagents, samples and
standard solutions were diluted in the same way as stated in paper | (using in
0.1 mol L' HCI containing 30% MeOH), but it was later discovered the pre-
sence of a very intense peak that seemed to be glutamic acid derivative (because
of its identical retention time and fragmentation in positive mode) in all deri-
vatized solutions including the blank, this peak was confirmed to be the metha-
nolysis product since it disappeared when MeOH was removed from the solvent
used in sample preparation step (Figure 28). AzoB did not show this pheno-
menon.
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Figure 28. Chromatogram of blank solution derivatized with AzoC before and after re-
moving MeOH from sample preparation step.

4.1.5 Stability of the derivatives

Another important factor to be evaluated is the stability of the derivatives, in
case of DEEMM, previous studies have showed that its derivatives are stable
after 24 h but must be analyzed before 48 h to obtain reliable results [29]. In
case of AzoB, this parameter was tested by derivatizing a solution having all
analyzed amino acids, and injecting it into the UPLC system, this vial was kept
at room temperature, after 24 h it was re-injected. Amino acid derivatives sig-
nals were affected differently. For example, Arg signal was close to constant
(decreased less than 5%) while the signal of disubstituted amino acid deriva-
tives (Lys and Orn) decreased by around 20% with respect to their original
values. The signals of His, Gln, Asn, Ser, Gly, Asp, Thr, a-ala, GABA, Tyr,
Met, and Trp derivatives reduced between 5% and 10%. The rest of the amino
acid derivatives signals decreased from 10% to 14%.

4.2 Method Validation (Papers | and Il)

To confirm the fitness for purpose of an analytical method, several characteris-
tics such as repeatability, reproducibility, linearity, limits of detection (LoD),
limits of quantification (LoQ), etc., must be evaluated.

4.2.1 Repeatability

Repeatability of the system was evaluated by injecting six consecutive times a
solution containing all derivatized analytes at two concentration levels. At the
lowest level, the relative standard deviation (RSD) was lower than 16% (n = 6

39



for each derivatization reagent), while at highest level, RSD ranged from 0.8 to
8% (n = 6 for each derivatization reagent), and sample preparation repeatability
was between 0.4 and 9%.

4.2.2 Linearity

Linearity and linear range were estimated for each derivatization reagent, for
DEEMM the linear range was from 1 to 130 parts per billion (ppb) for each
derivative having r* values > 0.99, while for AzoB and AzoC methods were
linear in the range 6.7 — 1333 nmol L™, r* > 0.993 for AzoB derivatives and r* >
0.984 for AzoC derivatives, exceptions were AzoC-a-Ala in positive mode and
AzoC-Tyr in negative mode, because those derivatives were affected by side
reactions or did not provided a stable signal.
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Figure 29. Calibration curves of histidine DEEMM (left), AzoB (center) and AzoC
(right) derivatives in positive (a) and negative (b) ionization mode.

In Figure 29, the calibration curves of histidine derivative for the studied deriva-
tization reagents are shown in both polarities, to make their evaluation easier
(DEEMM derivative concentration was converted from ppb to nanomolar). Sin-
ce calibration curves for DEEMM derivatives were recorded on a different
instrument, DEEMM, AzoB and AzoC slopes cannot be directly compared, but
the general trend is recognizable, slopes in positive (a) mode are higher than in
negative (b) mode.
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Figure 30. Comparison of peak intensity of AzoB-histidine in positive (left) and nega-
tive (right) ionization mode obtained from the analysis of the same solution.

It is well known that positive ionization mode produces more intense signals
that negative mode, for example, when analyzing AzoB-His in both ionization
modes, the peak size in positive mode is almost twice than in negative mode
(Figure 30), however, the results obtained when -ESI was used, are comparable
to their counterparts in positive mode.

4.2.3 Estimation of LoD and LoQ

Limits of detection (LoD) and limits of quantification (LoQ) were estimated
using equation 1 and equation 2 for each amino acid derivative from the para-
meters of their respective calibration curves (standard deviation of the residuals,
oyx; and slope, S) the estimation was performed for the calibration curves
recorded in both ionization modes:

Eq.1
LoQ = ——= Eq.2

LoD values, taking into consideration both polarities, ranged (in fmol on
column) from 4.1 to 29.7 for DEEMM, for AzoB, from 3.2 up to 58.3 and,
finally for AzoC, between 5.9 and 53.3.

From table 5, LoQ values obtained in negative mode, are almost always
comparable to their counterparts in positive mode, even though the chosen
eluents favor formation of positively charged ions. In positive ionization mode,
AzoB offered the lowest LoQ values for 12 amino acids, compared to 8 and 3,
from DEEMM and AzoC respectively, while in negative mode, the order is
switched, 13 amino acids had the lowest LoQ when DEEMM was used, in the
second place, was AzoB with 9 and finally AzoC that only provided the best
LoQ for GABA.
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Table 5. LoQ values (fmol on column) of amino acid derivatives of the studied derivati-
zation reagents in both positive and negative ion mode.

Amino acid AzoB AzoC DEEMM
derivative Pos Neg Pos Neg Pos Neg
His 36 46 41 91 16 19
Arg 16 31 46 41 14 22
HyPro 16 22 33 68 -*
Asn 31 28 26 71 31 31
Gln 22 38 23 114 38 42
Ser 149 194 178 177 98 99
Gly 94 171 131 125 58 53
Asp 23 45 58 78 43 63
Glu 19 38 45 76 54 62
Thr 26 62 42 120 70 38
B-Ala 57 132 --° 99 41
a-ala 43 65 ¢ 106 69 51
GABA 30 147 46 59 32 63
Pro 40 28 71 83 33 48
Tyr 13 25 20 -1 22 26
Val 25 43 49 53 48 31
Met 29 21 58 59 30 16
Leu 58 43 54 66 40 41
Ile - 29 42 37 36
Trp 15 11 41 29 14 14
Phe 11 16 26 47 16 15
Om 45 74 48 57 38 31
Lys 48 26 29 34 32 33

*Not included in the analysis

"Peak affected by side products

“Not possible to be estimated in positive mode
Not possible to be estimated in negative mode
‘Leucine and isoleucine were determined together.

4.2.4 Accuracy and recovery

Accuracy was evaluated by recovery (paper I and II) and by using a certified
reference material (CRM) of amino acids (paper 1I). For DEEMM derivatives,
recovery ranged from 93 to 112% throughout three different spiked concentra-
tion levels, while for AzoB derivatives recovery ranged between 93% and 108%
(RSD < 9%, n=6) and for AzoC from 92% up to 118% (RSD < 12%, n = 6).

The accuracy obtained by the analysis of CRM ranged from 91% to 104%,
(RSD < 6%, n = 6) in case of AzoB derivatives and 92% to 106%, (RSD < 7%,
n = 3) for AzoC derivatives. In general, it is possible to say that all methods
were accurate.
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4.2.5 Evaluation of Matrix effect (Paper I)

To evaluate the impact of ME in the determination of amino acids in the ana-
lyzed beers, the slopes obtained with standard addition for four samples were
compared against the calibration curve acquired with external calibration using
equation 3.

WME = S0Bestdadd y 100y, Eq.3

Slopegxt.cal.

If the ratio of slopes is 100% it can be stated that there is no matrix effect, for
values smaller than 100% signal suppression is observed and for values higher
than 100% signal has been enhanced, however, when the ratios are very close to
100% it is almost impossible to define what is the effect impacting the signal.

For practical purposes, the effect is classified as suppression if the ratio of
slopes is smaller than 95%, while if %ME is bigger than 105% it is considered
as enhancement.

In positive mode, both phenomena (signal suppression and enhancement)
were observed, the ratios for suppression ranged from 6 to 23% while ratios for
enhancement from 6 up to 24%. In negative mode, on the contrary, signal sup-
pression was vaguely seen in the analyzed samples. However, signal enhance-
ment was the main matrix effect observed, the ratios had an average increase of
7%. Only one atypical value was observed in one sample (39% of enhancement
for glutamic acid). As reported before, it is well known that positive ionization
mode can be strongly affected by ME, while the negative ionization mode has
shown to be less affected by ME [71].

Ratios of slopes for analyzed amino acids in beers are displayed in table 6,
for signal suppression, cells are colored in red, while for signal enhancement
green color is used.
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Table 6. Ratio of slopes obtained with standard addition against external calibration for
selected beer samples.

Amino acid | Ratio of slopes in positive mode | Ratio of slopes in negative mode

S7 S10 S13 S14 S7 S10 S13 S14

HIS 104% | 111% | 107% | 102% | 103% | 106% | 107% | 100%
ARG 104% | 106% | 105% | 106% | 91% 99% | 102% | 104%
ASN 95% | 96% | 103% | 98% 100% | 103% | 102% | 101%
GLN 94% | 101% | 101% | 99% 108% | 103% | 100% | 102%
SER 94% | 98% | 105% | 98% 107% | 100% | 102% | 100%
ASP 90% | 100% | 102% | 102% | 106% | 93% | 102% | 103%
GLY 85% | 103% | 98% | 104% | 104% | 98% | 102% | 101%
GLU 109% | 100% | 103% | 103% | 139% | 101% | 105% | 101%
THR 98% | 104% | 99% | 105% | 103% | 104% | 103% | 102%

B-ALA 95% | 99% | 101% | 77% 105% | 103% | 102% | 102%
GABA 80% | 94% | 102% | 97% 105% | 104% | 99% | 106%
a-ALA 88% | 100% | 100% | 103% | 108% | 107% | 102% | 104%

Pro 101% | 99% | 105% | 96% 109% | 101% | 95% | 98%
TYR 82% | 101% | 97% | 100% | 100% | 102% | 103% | 102%
MET 107% | 104% | 103% | 109% | 103% | 98% | 102% | 103%
VAL 93% | 100% | 103% | 99% 104% | 104% | 106% | 102%
TRP 85% | 98% | 103% | 99% 106% | 100% | 105% | 101%
ORN 92% | 96% | 100% | 103% | 101% | 99% | 103% | 101%
PHE 84% | 100% | 98% | 101% | 106% | 101% | 102% | 101%
ILE 103% | 105% | 109% | 101% | 97% 99% | 107% | 103%
LEU 96% | 94% | 112% | 101% | 106% | 104% | 104% | 103%
LYS 124% | 116% | 121% | 105% | 104% | 101% | 100% | 102%

4.3 lonization efficiency (Paper Il)

One important parameter to be evaluated, when new derivatization reagents are
being studied, is their ionization efficiency (IEff), for this purpose, AzoB and
AzoC derivatives of Gly, Pro and Phe were synthesized in-house, those amino
acids were chosen because they encompass primary amines (Gly and Phe),
secondary amines (Pro), and hydrophobic aromatic (Phe).

Since absolute ionization efficiency is affected by several factors such as ion
source geometry, its cleanliness as well as eluent composition, it is difficult to
measure absolute IEff directly. One way to overcome this problem is to measure
the relative ionization efficiency (RIE), which is the ratio of absolute IEff
values of the compounds, where the IEff value of the compound of interest (M;)
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is measured against a reference compound (M,) by dividing the slopes [72] of
their calibration curves according to equation 4.

M, __ slope(My)
RIE( /Mz) " slope(M,) Eq. 4

To simplify the evaluation of the RIE of the different derivatives, logarithmic
scale is used (log/FE) as it allows to compare the obtained values with the data
from our research group [72].

Single solutions of the different pure derivatives of AzoB and AzoC were
prepared in a mixture of 0.1% aqueous formic acid and acetonitrile (20:80 v/v)
at the same concentration range used in the determination of amino acids in
samples. The calibration curves were obtained and compared against FMOC-
Phe (log/E 2.67) in positive mode.

Table 7. LoglE values as well as LoQ values of the studied compounds.

Compound 10g/E 4gainst FMOC-Phe LoQ#imol on column (pOsitive mode)
AzoB-Phe 0.98 11
AzoB-Pro 0.73 40
AzoB-Gly 0.67 94
AzoC-Phe 0.59 26
AzoC-Pro 0.56 71
AzoC-Gly 0.03 131

Table 7 presents the log/E values for the different amino acid derivatives. Since
IEff has impact on LoD and LoQ values, it is expected that the compound with
the lowest LoQ value has a high ionization efficiency, for example AzoB-Phe
has the highest log/E value, 0.98, and the lowest limit of quantification, 11 fmol
on column.

Since one of the goals of derivatization is improve the ionization efficiency
of analytes, based on the previously reported data [72], the log/E values of the
derivatives are higher than the underivatized amino acids as it can be seen from
Figure 31.
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Figure 31. Comparison of logIE of underivatized amino acids and their derivatives.

4.4 Utility of negative ionization mode as identity
confirmation tool (Paper Ill)

Since AzoB derivatives showed a good performance in both ionization modes,
the application of negative transitions to provide qualifier ions was explored.
Identity confirmation is performed by the comparison of ratios of quantifier/
qualifier from samples against the ones obtained from standard solutions, these
ratios are calculated using the equations 5 and 6:

peak area_calibrantpegative mode

lon ratiocqipration = Eq.5

peak area_calibrantyesitive mode

, peak area_samplenegative mode
lon ratioggmpie =

Eq. 6

peak area_samplepositive mode

To calculate the ion ratios, a set of eleven calibrant solutions as well as the
samples were prepared and measured as stated in experimental section. Because
of the software used to perform the quantitative analysis did not allow to use
qualifier ions from a different polarity, the ion ratios had to be calculated using
Microsoft Excel spreadsheet software.

To assess the compliance of the calculated ion ratios with the validation
guidelines, equation 7 was used and the results were compared against the limits
established by the guidelines. SANTE/11313/2021 determines the tolerance
(maximum relative difference) as + 30%, [56], while guideline 2021/808 sets it
to £ 40% [57] irrespective of the qualifier/quantifier ratio (originally in paper
I, results were evaluated according to the criteria set by 2002/657/EC, but
since this guideline was updated, in this work, results were re-evaluated ac-
cording to the new legislation).
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Ionratioggmple—I0n ratiocaiipration

% Relative dif ference = X100 Eq.7

lon ratiocalibration

The results of the calculations of relative differences of ion ratios for the amino
acid derivatives in the samples are presented in table 8. Derivatives can be
categorized in 3 groups according to their reference ion ratio (from calibration):
amino acid derivatives whose qualifier/quantifier ratios are smaller than 0.1
(Arg, Ser, a-Ala, B-Ala, GABA); derivatives with a reference ion ratio higher
than 0.5 (His, HyPro, Asn, Gln, Pro, Orn, Lys) and the major group that contain
amino acids derivatives with ratios around 0.2. It must be highlighted that no
correlation between the qualifier/quantifier ratio and amino acid content was
found. To illustrate this point, in tomato juice, GABA is the second most abun-
dant amino acid (782,6 mg L) and the reference value for this derivative is the
lowest among all derivatives (0.02) and its relative difference to the reference
ion ratio is -5%, while in watermelon juice, GABA’s concentration is around 8
times lower (101.9 mg L) and the relative difference from the reference ion
ratio is 8%.
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4.5 Amino acid profiles of analyzed samples

In food and beverages, the presence of free amino acids along other chemical
compounds, affects their organoleptic properties such as smell, taste, etc. For
example, it has been reported that Gly and L-Ala show sweetness, L-Phe, L-
Tyr, L-Val, and L-Ile exhibit a bitter flavor while Glu and Asp are sour, but as
sodium salts they produce the umami flavor [73], [74].

4.5.1 Free amino acids in beers (Paper )

As expected, for fermented beverages, proline was found to be the most abun-
dant amino acid (concentration range: 190 — 1130 ppm), since it is not con-
sumed during the fermentation step [75], [76]. GABA, a-alanine, tyrosine, argi-
nine, and asparagine were found in high concentration, while amino acids such
as threonine, methionine, B-alanine, and ornithine were not detected/quantified
in most of the samples.

Samples were analyzed on different dates over a period of one year and no
decrease in the amino acid content were not found.

Table 9 presents the results of the determination of free amino acid content
in both positive and negative ionization mode for the 15 analyzed samples. Va-
lues obtained in both polarities are similar to each other.
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4.5.2 Free amino acids in kali and juices (Paper Il)

Similar to beers, the content of proline in kali was the highest among all amino
acids with a concentration ranging from 5 to 9 mg L. Arg, Asn, Thr, a-Ala,
GABA, Tyr, Val, Leu/lle, and Phe were present in two of the four analyzed
samples. Aspartic acid besides proline, was found in all Kali samples. The con-
tent of His, HyPro, Gln, B-Ala, Trp, Orn and Lys was too low to be detectable in
the samples.

About the juices, HyPro was not detected in any of them; The content of
arginine, glutamine, aspartic, glutamic acid, and GABA was high in watermelon
juice. As expected, in tomato juice very high content of glutamic acid was
determined. Amino acids such as GABA, Asp, Phe, Ser, Asn and Thr were
found in concentrations higher than 100 mg L™'. In general, low concentration of
glycine, B-alanine, methionine was found in juices.

Results obtained with AzoB (table 10) agree with the values found with
AzoC (table 11), except for AzoC-a-ala since it was not possible to quantify it
in positive mode and AzoC-B-ala was not determined because of interference by
side products (section 4.1.4).
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5. SUMMARY

Derivatization of analytes is one way to improve their retention in the stationary
phase of reversed-phase liquid chromatography, and it also helps to increase
their ionization efficiency, which ultimately leads to obtain better and more reli-
able results. In the present study, three derivatization reagents, DEEMM, AzoB,
and AzoC, were evaluated for the determination of free amino acids in different
matrices.

The work focused on the determination of derivatized analytes using an
electrospray ion source (ESI) in negative ionization mode. The results were
compared with the ESI in positive mode, which has been predominantly used so
far. Although in negative ion mode, signals have a lower intensity, it was shown
that the use of negative mode transitions also provides very similar results in
terms of the limit of detection (LoD) compared to the positive mode. In some
cases, the LoD values in the negative mode were even lower than in the positive
mode. Although matrix effects affect both polarities, the negative mode was less
affected by matrix effects. In the negative ionization mode, depending on the
derivatization reagent, the fragmentation patterns can be influenced by the
structure of the amino acid as it was shown for DEEMM and AzoC derivatives.

The possibility of using transitions in the negative ion mode to confirm the
identity of the analytes when a quantitative transition was recorded in the
positive mode was investigated. The method was tested by analyzing the amino
acid content of different beverages and it was found that this approach meets the
requirements set by both the SANTE/11312/2021 and 2021/808 guidelines.

From the studied derivatization reagents, AzoB showed to be the best option
for non-targeted (derivatization targeted) analysis, since it can distinguish amino
compounds from other types of analytes. It can go even one step further by
differentiating amino acids from other amino compounds based on their frag-
mentation patterns.
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SUMMARY IN ESTONIAN

Derivatiseerivad reagendid negatiivse reziimi
elektropihustuse LC-MS analudusil

Analiiiitide derivatiseerimine on iiks vdimalus nende retentsiooni parandamiseks
poordfaas-vedelikkromatograafia statsionaarses faasis, samuti aitab see suuren-
dada analiiiitide ionisatsiooniefektiivsust, mis kokkuvodttes viib paremate ja
usaldusviirsemate tulemusteni. Kéesolevas uuringus hinnati kolme derivatisee-
rimisreaktiivi, DEEMM, AzoB ja AzoC, vabade aminohapete médaramiseks eri-
nevates maatriksites.

Too6s keskenduti derivatiseeritud analiiiitide médaramisele kasutades elektro-
pihustuse ioonallikat (ESI) negatiivsete ioonide reziimis. Tulemusi vorreldi seni
valdavalt kasutatava positiivsete ioonide ESI reziimiga. Kuigi negatiivsete
ioonide reziimis on signaalid madalama intensiivsusega, néidati, et negatiivse
reziimi iileminekute kasutamine annab positiivse reziimiga vorreldes viga sar-
naseid tulemusi ka avastamispiiri (LoD) osas. Monel juhul olid negatiivse rezii-
mi LoD véértused isegi madalamad kui positiivses reziimis. Kuigi maatriksi-
efektid mojutavad ioniseerumist molema polaarsuse korral, oli negatiivne re-
ziim maatriksiefektidest vihem mdjutatud. Negatiivsete ioonide reziimis v3ib
soltuvalt derivatiseerimisreagendist fragmenteerumismustreid mojutada amino-
happe struktuur nagu seda ndidati DEEMM-i ja AzoC derivaatide puhul.

Uuriti voimalust kasutada negatiivsete ioonide reziimi iileminekuid analiiii-
tide samasuse kinnitamiseks, kui kvantitatiivne tileminek oli registreeritud posi-
tiivses reziimis. Meetodit testiti erinevate jookide aminohappete sisalduse ana-
liisimisel ja leiti, et see ldhenemisviis vastab nii SANTE/11312/2021 kui ka
2021/808 suunistega kehtestatud nduetele.

Uuritud derivatiseerimisreagentidest pakkus AzoB Parimat voimalust amino-
ithendite mitte-sihitud (derivatiseerimine-sihitud) analiilisiks. See voimaldab
tuvastada aminoiithendeid suure hulga teiste ainete seast. Lisaks on AzoB-deri-
vaatide fragmenteerumismustri abil vdimalik eristada aminohappeid muudest
amiinidest.
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