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1 Introduction

In addition to the 20 L-amino acids universally distributed as
protein constituents in living organisms, there are hundreds
of other amino acids (amino and imino acids or related deri-
vatives) of non-protein origin. Hunt [1] defined non-protein
amino acids as those amino acids that are not found in pro-
tein main chain either for lack of a specific transfer RNA and
codon triplet or because they do not arise from protein amino
acids by post-translational modification. That is, all those
amino acidic compounds which are not the coded protein
amino acids (glycine, alanine, valine, leucine, isoleucine,
serine, threonine, asparagine, glutamine, phenylalanine,
cysteine, methionine, aspartic acid, glutamic acid, tyrosine,
proline, tryptophan, histidine, lysine, and arginine) or post-
translationally formed (lanthionine, cystine, cystathionine)
[2], can be considered as non-protein amino acids.
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Non-protein amino acids in foods mainly exist as prod-
ucts formed during food processing [3], as metabolic inter-
mediates that may occur in animal tissues [4], or as addi-
tives used to increase the functional properties of food-
stuffs. Their presence in foods can give interesting
information on their quality and safety. Some examples in
which the determination of non-protein amino acids in
foods presents a high interest include those cases in which
these compounds have positive effects on health (i.e. ther-
apeutical effects of taurine [5]), are of indicative value for the
detection of adulterations (i.e. &-N-2-furoylmethyl-i-lysine
(furosine) in milks and milk products [3]), they cause a de-
crease in the nutritional value of the food through the reac-
tion with a proteic amino acid (i.e. formation of cross-link-
ing lysinoalanine [6]) or even have toxic properties [7, 8] (i.e.
neurotoxicity of domoic acid [9]). All these reasons justify
the need of development of analytical methodologies
enabling the determination of non-protein amino acids in
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foods.

CE is a powerful separation technique increasingly used
in last years in the field of food analysis due to its high effi-
ciency, resolution, versatility and low amount of reagents and
samples required [4, 10]. These interesting characteristics
have promoted the publication of some reviews devoted to
describe the possibilities of CE in the analysis of food com-
ponents such as proteic amino acids or proteins [11, 12]. In
this sense, CE has been considered a developing technology
for the analysis of amino acids in foods and food proteins
and as a very interesting complementary technique to HPLC

GABA, y-aminobutyric
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(the most used chromatographic technique in amino acid
analysis in foods) where collaborative testing methodologies
are needed. Moreover, since CE provides better resolution
than HPLC, it is useful for the separation and/or rapid
screening of low levels of amino acids from components of
different chemistries in complex food matrixes during a sin-
gle analysis [4]. However, a review devoted to the application
of CE to non-protein amino acids analysis in foods has never
been reported and thus has been the aim of this article. In
order to describe the analytical methodologies developed by
CE for the determination of non-protein amino acids in
foods, these non-protein amino acids have been classified
according to their structure. CE conditions employed, sam-
ple treatment, complexity of separations achieved, and sam-
ples analyzed are detailed. In addition, the application of
microchip electrophoresis to the determination of non-pro-
tein amino acids in foodstuffs is also reported.

2 Determination of non-protein amino
acids in foods by CE

Table 1 summarizes the non-protein amino acids deter-
mined in foods using CE. They have been classified in dif-
ferent groups according to their structure and following a
criterion based on the classification established by Hunt [1].
The name and structure of the different amino acids investi-
gated as well as CE separation conditions, compounds sepa-
rated from the amino acid studied, LODs achieved, sample
treatment and samples analyzed are given in this table.

Non-protein amino acids have mainly been determined
by CE using two different separation modes: (i) CZE where a
separation buffer without or with additives is used and the
separation is based on the different electrophoretic mobili-
ties of analytes at a certain pH, and (ii) EKC where a pseu-
dophase (a micellar system, i.e. a surfactant at a concentra-
tion higher than its critical micelle concentration, usually
SDS, and/or CD) is added to the electrolytic solution to per-
form the separation of non-protein amino acids in complex
matrices (such as fishes, meats, vegetables, legumes, etc.) or
their chiral separation based on the different interaction of
amino acids with a chiral pseudophase.

As shown in Table1, UV absorption detection has
mainly been used in the analysis of non-protein amino
acids by CE in spite of the absence of strong chromophore
groups in many of them (i.e. seleno and sulfur amino acids,
aliphatic amino acids, cyloalkane amino acids and hydroxyl
amino acids). This has been possible due to the use of dif-
ferent derivatization strategies with adequate probes and in
most cases selecting low UV detection wavelength. Other
detection systems employed have been LIF, ESI-MS, induc-
tively coupled plasma MS (ICP-MS), and electrochemical
detection. In the case of LIF detection, a previous derivati-
zation step was necessary to provide fluorescent groups.
Derivatization was also employed when using ESI-MS in
order to obtain larger molecules providing better detection
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sensitivity for the amino acids studied. ICP-MS and electro-
chemical detection enabled to avoid previous derivatization
steps.

Samples analyzed comprise beverages, seeds, vegetables
and plants, food supplements, eggs, meats, fishes, and nuts.
Usually, after the extraction of non-protein amino acids, a
physical treatment (centrifugation, filtration) of samples has
been performed. Moreover, protein hydrolysis has been
employed in some cases such as (i) the determination of
selenomethionine in yeast, and (ii) when the separation of
non-protein amino acids from protein amino acids was per-
formed (i.e., lysinoalanine in duck eggs, aromatic or iso-
xazolinone amino acids in seeds or heterocycle amino acids
in seeds, dried milk, fishes, meats, vegetables, and nuts).

In addition to these general aspects related with the
determination of non-protein amino acids by CE, a more
detailed description of the interest of their determination in
food samples and of the CE methodology developed for each
group of non-protein amino acids will be performed herein.

2.1 Seleno amino acids

The selective qualitative and quantitative determination of
particular species of selenium, including selenoamino acids,
is vital in order to understand selenium’s metabolism and
significance in biology, toxicology, clinical chemistry and
nutrition [36]. At high concentrations, selenium is toxic,
causing problems such as dermatitis, fatigue and hair loss.
However, human nutritional studies have shown that appro-
priate doses of supplemental selenium enhance cellular
defense against oxidative damage and may prevent certain
types of cancer [13].

CE methods developed for the determination of seleno-
amino acids were devoted to the analysis of selenomethio-
nine in selenized yeast, nutrition supplements, and human
milk, and selenocystine in human milk.

With respect to the determination of selenomethionine,
the chiral speciation of this non-protein amino acid in sele-
nized yeast has been performed by CE with UV and ICP-MS
detection under aquiral conditions through the derivatiza-
tion of the two enantiomers of selenomethionine with the
Marfey’s reagent (1-fluoro-2,4-dinitrophenyl-5-1-alanine
amide) to form diastereomers that were separated by CZE
using 30 mM ammonium phosphate buffer at pH 3.3. Sele-
nized yeast was enzymatically hydrolyzed with proteinase K
prior to its analysis by UV and ICP-MS detection. Under
these conditions, the identification of selenomethionine
enantiomers (LOD ~ 1 x 10 M for UV detection at 214 nm
and ~ 7 x 107 M for ICP-MS detection) in the sample was
performed using pure L-selenomethionine standard. Due to
the selectivity of ICP-MS detection, where only selenium
species are detected, electropherograms obtained for the
selenized yeast were simpler than those observed by UV
detection. It is important to remark that racemization due to
sample preparation and derivatization steps was not
observed although other peaks at longer migration times
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soindole (CBI) derivatives); TMBD, N,N,N',N'-tetramethyl-1,3-butanediamine; HP-o-CD, 2-hydroxypropyl-o-CD; HP-y-CD, 2-hydroxypropyl-y-CD; HEC, hydroxyethylcellulose; HPMC,

hydroxypropylmethylcellulose; DEEMM, diethyl ethoxymethylenemalonate; CTAB, cetyltrimethylammonium bromide; glycine (Gly), alanine (Ala), valine (Val), leucine (Leu), iso-
leucine (lle), serine (Ser), threonine (Thr), asparagine (Asn), glutamine (GIn), phenylalanine (Phe), cysteine (Cys), methionine (Met), aspartic acid (Asp), glutamic acid (Glu), tyrosine

(Tyr), proline (Pro), tryptophan (Trp), histidine (His), lysine (lys), and arginine (Arg).
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were observed and preliminarily attributed to selenized
dipeptides and tripeptides formed during hydrolysis (see
Fig. 1) [13]. On the other hand, the separation of arsenic
(arsenite, arsenate, monomethylarsonic acid, dimethyl-
arsinic acid) and selenium species (selenate, selenite, sele-
nocystine, selenomethionine and selenocystamine) was
achieved by CZE when 15 mM phosphate buffer at pH 10.6
was used. These species were separated with negative
separation voltage polarity in a capillary coated with poly-
(diallydimethylammonium chloride). Using direct UV
detection at very low wavelengths (195 and 200 nm) in a
capillary of 75 pm of ID and with normal stacking, LODs for
standard samples were ~1 x 10~ M (expressed as selenium).
This method was applied to the determination of seleno-
methionine in a selenium nutrition supplement. Due to the
high concentration of inorganic ions, proteins, amino acids,
food additives and sugar in this sample, cleanup (C18 car-
tridge) and dilution steps were necessary [14].

Different CZE methods for the separation of the two
non-protein amino acids selenomethionine and selenocys-
tine from other selenized molecules of similar relative mo-
lecular mass (glutathione and selenocystamine) and nearly
equal mobility have been developed [15]. These methods
have been used to identify and quantify low concentrated
selenoamino acids in human milk. The comparison among
migration times obtained by these methods was necessary
for the identification of the seleno amino acids because
migration times were different from sample to sample due to
the different ionic strengths and compositions of samples. In
this work, only selenocystine was clearly identified in breast
milk.

An on-line hyphenation of CE, using CZE or CIEF
separation modes, with ICP-MS detection was applied to se-
lenium speciation of six selenium species (Se(IV), Se(VI),
selenium carrying glutathione, selenocystamine and the two

—— Spiked sample - 500 ppb
(sarmphe diluted 1:2)

=== Unspiked selanized yeast
sample, no dilution

828 signal (counts)
g g 8 5 8 8 B

2 4 ] 8 10 12 14 16 18

Time (min}

Figure 1. Electropherograms of a selenized yeast sample (enzy-
matically hydrolyzed with proteinase K) analyzed by CE-ICP-MS.
Electrophoretic conditions: fused-silica capillary with a total
length of 50 cm and 75 um id; separation buffer, 30 mM phos-
phate (pH 3.3); separation temperature, 23°C; applied voltage,
—25kV; sampling depth: 4.5 mm. ICP-MS detection (MicroMist
nebulizer). Peak identification: 1, selenite; 2, L-selenomethionine;
3, p-selenomethionine; other peaks are unknown and probably
due to selenized dipeptides and tripeptides. Reprinted from [13],
with permission.
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seleno amino acids selenomethionine and selenocystine).
The CZE method using an alkaline background electrolyte
(10 mM sodium carbonate buffer adjusted to pH 11.5 with
potassium hydroxide) separating the different species
according to their different mobilities (charge to size ratio).
The CIEF method used sodium hydroxide as the catholyte at
the capillary inlet and phosphoric acid as the anolyte at the
capillary outlet/nebulizer (pH range from 2 to 10) and the
separation was produced according to the individual pI of the
selenium species in the pH gradient generated after voltage
application. Both coupling methods were very sensitive and
highly resolving. However, LODs were slightly lower for
CIEF-ICP-MS than for CZE-ICP-MS (see Table 1), due to
higher sample intake and increased resolution of CIEF-ICP-
MS, while the CZE-ICP-MS method showed advantage in
the number of species analyzed, six selenium species,
including two inorganic ones. The two methods were applied
separately to the analysis of human milk samples, being
selenocystine the only non-protein amino acid found in
samples submitted to a tenfold preconcentration step [16].

2.2 Sulfur amino acids

Taurine is the only sulfur amino acid analyzed in foods by
CE. This compound is present in tissues in its free form and
acts as physiological (i.e. maintenance of excitatory activity in
muscle) and as a therapeutical (i.e. treatment of congestive
heart failure) agent. However, the capacity for endogenous
biosynthesis of taurine is insufficient being essential its
assimilation from a dietary source [5].

A CZE method using 50 mM borate buffer at pH 9.2 was
used for the determination of taurine in different foods. Due
to the low sensitivity of UV or fluorescence detection of this
non-protein amino acid (see its structure in Table 1), electro-
chemical detection with a carbon-disk as working electrode
was used achieving LODs of ~ 10”7 M [5]. Figure 2 shows the
typical electropherograms obtained for a Chinese medicinal
herb (Lycium barbarum L. capsules), a health beverage (Lipo-
vitan), and a milk powder using the CZE method developed.
The authors concluded that, in terms of accuracy, sensitivity
and reproducibility, the developed method was a useful tool
to quantitate taurine in traditional Chinese medicines and
beverages.

2.3 Aliphatic monoaminomonocarboxylic amino
acids

In this section, three aliphatic amino acids possessing one
amino group and one carboxylic group are included. Another
important characteristic of the three amino acids included in
this group is that they are not a-amino acids.
v-Aminobutyric acid (usually abbreviated as GABA) is a
non-protein amino acid that together with other 14 protein
amino acids forms a group of 15 amino acids responsible for
more than 90% of the amino acidic content in vinegars [17]
and orange juices [18, 19]. Its separation from other protein

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Electrophoresis 2007, 28, 4031-4045

.

i i e s A
4 & £ 12 14 6 k1 w1z M 4 & ] I:}I l‘l 14
t, / min to,/ min L/ min

Figure 2. Electropherograms of three food samples containing
taurine (peak 1) obtained by CE with electrochemical detection.
(A) Lycium barbarum L. capsules; (B) Lipovitan, and (C) milk
powder. Electrophoretic conditions: fused-silica capillary with a
total length of 70 cm and 25 pum id; separation buffer, 50 mM
borate (pH 9.2); applied voltage, 30 kV; electrokinetic injection,
20 kV for 8 s. Electrochemical detection with a working electrode
potential of 1.05 V. Reprinted from [5], with permission.

amino acids has been performed using an EKC system with
SDS micelles and B-cyclodextrin (B-CD) (100 mM borate
buffer at pH 9.5, 30 mM SDS, 20 mM B-CD). The use of this
cyclodextrin (chiral selector) enabled the separation of the
enantiomers of protein amino acids and was effective to
separate them from GABA. To achieve the sensitive detection
of GABA under these conditions (LODs in the nM range),
derivatization with FITC prior to LIF detection was per-
formed [17, 18]. Moreover, ESI-MS detection was also
employed for a less sensitive detection (LODs in the uM
range) of this non-protein amino acid and other protein
amino acids, after derivatization with FITC, in orange juices
[19] when an EKC system with a volatile buffer and a low
concentration of the non-volatile B-CD was used. In addition,
GABA (together with the protein amino acids r-arginine and
L-aspartic acid) has been considered as an important param-
eter (its corrected peak area) for the characterization of
orange juices (concentrated and pasteurized juices and nec-
tars) [18].

Glycine betaine, named also trimethylglycine or betaine,
is a quaternary ammonium non-protein amino acid with a
widespread distribution in plants that has extensively been
investigated since many plants accumulate it in response to
environmental stress (such as salinity, high and low tem-
peratures, etc.). In fact, glycine betaine is involved in osmotic
adjustment, confers enzyme protection, and increases
membrane stability under stress conditions. A CZE method
based on the use of an 80 mM phosphate buffer at pH 3.0
was used to determine this compound in plant samples col-
lected from high-salinity areas in North China and West
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Australia (i.e. spinach) [20]. Prior to the CE injection, the
amino acid was converted into their phenacyl ester to obtain
a positive charged compound that at low pH migrates faster
than other negative and neutral sample compounds which
could interfere. The presence of glycine betaine in a leaf
extract of a halophyte, Suaeda glauca, collected in a saline
area in China showed that the interference caused by other
amino acid esters in the determination of 1 mM glycine be-
taine ester was negligible.

Finally, carnitine is a quaternary ammonium non-protein
amino acid that participates in bioenergetic processes aiding
the transformation of fats into energy, in the control of the
mitochondrial acyl-CoA/CoA ratio, peroxisomal oxidation of
fatty acids, and the production of ketone bodies. A deficiency
of carnitine is known to have major deleterious effects on the
central nervous system. It can be synthesized in the liver and
kidney of adult people (from the protein amino acids lysine
and methionine) or taken up in foods (meat, milk and vege-
tables). This amino acid has been analyzed in several food
supplements by capillary isotachophoresis (cITP) with con-
ductimetric detection and CZE with direct and indirect UV
detection. cITP was achieved on an electrophoretic analyzer,
CZE with direct detection was performed on a CE instru-
ment, and CZE with indirect detection was carried out on
both instruments. Since results obtained were similar by the
above-mentioned methods, the comparison of them required
to take into account the difficulty of sample preparation,
instrumentation and automatic injection. The disadvantage
of cITP and CZE with indirect UV detection performed on
the electrophoretic analyzer was the impossibility of auto-
matic injection. On the other hand, derivatization with
FMOC was necessary for CZE with direct UV detection,
which is not practical when analyzing series of samples.
However, derivatization has the advantage of removing all
interfering proteins and peptides. Finally, CZE with indirect
UV detection achieved on the CE instrument was a practical
option for simplicity and automation. This method consisted
of a buffer with 5 mM Tris and 7 mM phosphoric acid con-
taining 0.5 mM quinine as absorbing probe allowing LODs
of ~ 2 x 107 M. It was applied to determine carnitine in four
different food supplements [21]. The results obtained by the
CE methods for several manufactory samples with different
concentrations of 1-carnitine were compared with those
obtained when using a validated HPLC method. Statistical
differences among electrophoretic methods and HPLC were
not found and the authors concluded that the CE analysis
was faster, consumed less solvents and total running costs
were lower than in HPLC [21].

2.4 Aliphatic amino acids with nitrogen in the side
chain

The aliphatic non-protein amino acids containing nitrogen
in the side chain are grouped in this section. The two amino
acids included are o-amino acids with one (theanine) or two
(Iysinoalanine) asymmetric carbon atoms.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Theanine is a major component in tea related with its
quality because it shows high correlation with the price of
green tea. It has been separated from other tea catechins,
caffeine, gallic acid and ascorbic acid by micellar EKC using
25 mM phosphate buffer (pH 7.0) containing 100 mM SDS
and 6% methanol (for dried tea leaf and black tea samples) or
5% methanol (for bottled tea samples). This method together
with direct UV detection at 200 nm enabled the detection up
to 2x107° M of theanine [22]. In addition, a CZE method
using borax at pH 8.0 has also been used for the simulta-
neous separation of major components (theanine, catechins,
caffeine, and ascorbic acid) in green tea infusions [23]. On
the other hand, a cITP method using a conductivity detector
was developed for the analysis of 1-theanine in tea and food
supplements. The leading electrolyte consisted of 0.01 M
hydrochloric acid containing 0.02mM TRIS and 0.05%
hydroxyethylcellulose (pH 8.1), and the terminating electro-
lyte was 0.01 mM pr-valine with barium hydroxide (pH 10).
After extraction with boiling water, theanine concentrations
determined by this method ranged from 0.6 to 0.9% (m/m)
in green tea (four different samples) and were about 90%
(m/m) in food supplements (three samples) [24].

Lysinoalanine is a cross-linking amino acid formed in the
reaction of lysine with dehydroalanine residues. It is indi-
gestible by proteases and its formation implies a loss of
lysine in proteins decreasing its nutritional value [6]. This
non-protein amino acid has been determined in Pidan, a
popular alkali-treated duck egg in Taiwan, and the relation-
ship between the formation of lysinoalanine and the degra-
dation of cysteine, serine, and threonine at various alkali-
treating stages was investigated. A micellar EKC method
using 250 mM borate buffer (pH 9.5) with 200 mM SDS and
75 mM B-CD and UV detection at 254 nm was used for the
separation of this non-protein amino acid from most protein
amino acids (see Table 1) [6]. Results obtained in this work
indicated that the formation of lysinoalanine in albumen in
the first stage of the pickling process was due to the speedy
increase in the pH and the abundant formation of dehy-
droalanine from cysteine whereas the formation of lysino-
alanine in the later pickling period was related much more to
the alkali treating time than to the pH factor.

In recent years, a growing interest in chemical miniatur-
ization led to research and development of new methods and
instrumentation on a microchip. Electrophoresis on micro-
chips (usually named as chip or microchip electrophoresis)
is a promising technology since it offers an easy integration
of many steps including sample preparation, derivatization,
and coupling of several separation procedures together [37,
38]. In addition, the use of microchips instead conventional
CE systems leads to reduced analysis times. However, up to
now very few applications to food samples have been per-
formed by microchip electrophoresis. In fact, only one work
where non-protein amino acids were determined in food
samples by microchip electrophoresis has been reported in
literature up to date. In this work, a plastic microchip with
fluorescence detection was used to determine both non-pro-
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tein (theanine) and protein amino acids (arginine and gluta-
mine) in green tea [39]. The CE method used 5 mM phos-
phate buffer at pH 5.5 containing 0.05 mM SDS, and the
derivatization of samples was carried out with 4-fluoro-7-
nitro-2,1,3-benzoxadiazole. Amino acid analysis was
improved by removing polyphenols (catechins) using a poly-
vinylpolypyrrolidone pretreatment. Figure 3 shows the elec-
tropherogram corresponding to the separation of the amino
acids theanine, arginine and glutamine found in Japanese
green tea. Although arginine was not completely separated
from unknown peaks, the separation of theanine and gluta-
mine was good within 2 min [39].
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Figure 3. Electropherogram of Japanese green tea obtained
using microchip electrophoresis with fluorescence detection. A
polymethyl methacrylate (PMMA) microchip (85 mm x50 mm)
with three simple cross-channels of 100 pm width and 30 um
deep (detection point at 31 mm) was used; separation buffer,
5 mM phosphate (pH 5.5) containing 0.05 mM SDS; applied volt-
age, 1.7 kV; sample injection: 100 V for 60 s. Fluorescence detec-
tion: 460-490 nm (excitation wavelength) and 515 nm (emission
wavelength). Reprinted from [39], with permission.

2.5 Phenyl amino acids

Among non-protein amino acids with a phenyl group in
their structure, only the L-enantiomer of 3,4-dihydroxy-
phenylalanine (Levodopa or L-DOPA) has been analyzed
under achiral conditions by CE in food samples. Levodopa
is the precursor required by the brain to produce dopamine,
a neurotransmitter (chemical messenger in the nervous
system), thus it is used in the treatment of Parkinson dis-
ease [25]. However, auto-oxidation of levodopa generates
toxic metabolites, such as free radicals, semi-quinones and
quinones. In vitro, levodopa is a powerful toxin that is lethal
to the culture of neurons, and a few animal studies have
shown that levodopa can also be toxic [40]. Levodopa was

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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first isolated about one century ago from fruit of broad bean
[41] and has been found in minute quantity in some beans
[42].

A 35 mM phosphate buffer at pH 4.55 was used in the
CZE method developed for the determination of levodopa in
broad bean and lentil seeds. Under these conditions, and
employing UV detection (210 nm), a LOD of ~ 3x 10°M
was obtained [25]. Figure 4 shows the electropherograms
obtained for the extracts of both samples using the described
CZE method. A peak for levodopa was identified through the
increase observed in the peak area after adding the standard
of levodopa in the sample solution.
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Figure 4. Electropherograms of levodopa from broad bean (A)
and lentil seed (B) sample solutions employing CE with UV
detection. Electrophoretic conditions: fused-silica capillary with a
total length of 47 cm (effective length of 40 cm) and 75 um ID;
separation buffer, 35 mM phosphate (pH 4.55); separation tem-
perature, 30°C; applied voltage, 17.5 kV; hydrodynamic injection
(3447.4 Pa for 3 s). UV detection at 210 nm. Reprinted from [25],
with permission.

2.6 Isoxazolinone amino acids

Isoxazolinone are N,O-heterocyclic natural compounds with
high sensitivity to UV radiation and alkaline conditions. The
amino acids included in this section are: 2-carboxymethyl-3-
isoxazolin-5-one, B-(isoxazolin-5-on-2-yl)-alanine, y-glutamyl-
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B-(isoxazolin-5-on-2-yl)-alanine,  2-(y-glutamylaminoethyl)-
isoxazolin-5-one, and 2-(3-amino-3-carboxypropyl)isoxazolin-
5-one. These compounds are present in legumes and seed-
lings, and especially in the seedlings of some Lathyrus species
their concentration can be very high. They are biochemical
precursors of a group of toxic metabolites present in some
Lathyrus species and responsible for human diseases (i.e.
neurotathysrism). Some of them have physiological activity
on isolated neurones or cloned neuronal receptors or are of
ecological importance [26, 27].

A CZE method using 25 mM phosphate buffer contain-
ing 8% 1-propanol at pH 7.5 was used to determine the five
above-mentioned isoxazoline compounds in seedlings. This
method allowed LOD ranging from 1x10™ to 3x10° M
[27]. Figure 5 shows the electropherograms of isoxazoline
compounds in seedling extracts of grass pea (Lathyrus sati-
vus) and of sweet pea (Lathyrus odoratus) using UV detection
at 254 nm. Concentrations obtained by CE were in good
agreement with those obtained by HPLC.

2.7 Heterocycle amino acids

The non-protein amino acids containing a heterocycle group
in the side chain are grouped in this section. The amino
acids included here contain different heterocycles such as
furane in furosine, pyrrolidine in domoic acid and pyro-
glutamic acid, and pyrrole in e-N-pyrrolylnorleucine (see
structure in Table 1).

Furosine is a non-protein amino acid formed from
lysine, which is produced in milk and dairy products by the
Maillard reaction (one of the most important reactions
occurring in processed food during processing, sanitizing,
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packing and storage). Because furosine is formed during
the acid hydrolysis of &-N-2-fructosylysine, its determination
can be used to evaluate the extent of the Maillard reaction
and the level of nutritionally unavailable lysine in processed
food [28]. Furosine has been analyzed in dried milk and
dairy products hydrolyzed with hydrochloric acid, by CZE
with UV detection at 280 nm. This method consisted of
20 mM phosphoric acid buffer containing 60 mM
N,N,N’N’-tetramethyl-1,3-butanediamine, and allowed an
LOD of ~ 2 x 107 M. This additive was used to avoid inter-
actions of furosine with the capillary wall and to modulate
its migration behavior by controlling the EOF [28]. More-
over, a previous method for the determination of furosine
[29] has been improved for greater accuracy and sensitivity
using a 3-(N-morpholino)-2-hydroxypropanesulfonic acid
solution at pH 7.0 as running buffer together with an
extended-path-length capillary enabled to obtain a CZE
method whose repeatability and sensitivity fulfilled the
requirements stated in the EU and Italian regulations for
furosine determination in pasteurized milk and Mozzarella
cheese. The data obtained when analyzing 48 different food
samples including heat-treated milk, cheeses, and durum
wheat products were comparable with those obtained by an
HPLC method and proved to be accurate for furosine values
up to at least 400 mg per 100 g protein [30].

Domoic acid is a neurotoxic tricarboxylic acid related to
glutamic acid, which causes amnesic shellfish poisoning. In
mammals, including human beings, it acts as a neurotoxin,
causing short-term memory loss, brain damage, and death in
severe cases [9]. A sensitive on-line coupled cITP-CZE meth-
od with UV detection at 242 nm has been developed to
determine domoic acid in shellfish samples and food sup-
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Figure 5. Electropherograms of isoxazoline compounds in 3-day-old seedlings of Lathyrus sativus (A) and Lathyrus odoratus (B) analyzed
by CZE with UV detection. Electrophoretic conditions: coated fused-silica capillary with a total length of 60 cm (effective length of 52.6 cm)
and 75 um id; separation buffer, 256 mM phosphate containing 8% 1-propanol (pH 7.5); separation temperature, 30°C; applied voltage,
22.5 kV; hydrostatic injection of 10s. UV detection at 254 nm. BIP, B-(isoxazolin-5-on-2-yl)-propionitrile; ACI, 2-(3-amino-3-carboxy-
propyl)isoxazolin-5-one; BIA, B-(isoxazolin-5-on-2-yl)-alanine; y-glu-BIA, y-glutamyl-B-(isoxazolin-5-on-2-yl)-alanine; CMI, 2-carboxy-
methyl-3-isoxazolin-5-one; IS, internal standard. Reprinted from [27], with permission.
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plements containing algae extract. The conditions for cITP-
CZE analysis are detailed in Table 1, and enabled an LOD of
~4.8x10° M [9].

e-N-Pyrrolylnorleucine is a product of the reaction be-
tween the lipid peroxidation product 4,5-(E)-epoxy-2-(E)-hep-
tanol and the g-amino group of lysine [43]. This amino acid
seems to be a normal component of many fresh food prod-
ucts, in which it may act as a natural antioxidant. In addition,
the &-N-pyrrolylnorleucine/lysine ratio was directly corre-
lated with lipid and iron contents and inversely correlated
with the protein content in food [31]. A micellar EKC method
based on the use of 100 mM borate buffer at pH 8.4 con-
taining 100 mM SDS was employed to determine this com-
pound in 22 different fresh food products hydrolyzed in basic
conditions (5 fishes, 3 meats, 10 vegetables, and 4 nuts). To
make easy the separation from other amino acids and the UV
detection (280 nm), derivatization with diethyl ethoxy-
methylenemalonate prior to CE injection was performed.
Figure 6 shows the electropherograms obtained for three
different foods: salmon, spinach, and walnut where peaks
corresponding to &-N-pyrrolylnorleucine, arginine, and
lysine are marked [31].

The pyroglutamic acid content of coffee could provide it
with some central activities previously associated with caf-
feine, such as improved attention and enhanced cognition by
modulating dopamine and adenosine central functions. In
fact, pyroglutamate is known to have a number of remark-
able cognitive enhancing effects [32, 33]. It has been sepa-
rated from other 16 short-chain organic acids (i.e. oxalic, for-
mic, fumaric, mesaconic, succinic, maleic, malic, isocitric,
citric, acetic, citraconic, glycolic, propionic, lactic, furanoic,
and quinic acids) by CE with direct UV detection at 200 nm
in coffee samples of different origins and with different
treatments [32]. The method consisted of 500 mM phosphate
buffer (pH 6.25) containing 0.5 mM CTAB, and allowed an
LOD of ~ 1.2x 10™* M in these samples. The organic acid
profiles obtained for the samples showed important differ-
ences depending on industrial treatment of coffee. Moreover,
pyroglutamate content was considerably higher in the lyo-
philized coffee than in the roasted one and the authors at-
tributed these results to some stage of the industrial process
[32]. On the other hand, an MEKC method using 50 mM
borate buffer (pH 9.5) with 130 mM SDS, and using UV
detection at 200 nm was also developed for the simultaneous
determination of caffeine and pyroglutamate in ten soluble
coffees acquired in the market. This method enabled LODs
of ~6.9x 107 M. The coffees with the highest content in
pyroglutamate (with or without caffeine) were preliminarily
tested for sedative/stimulant properties and cognition
enhancing effects in mice [33].

2.8 Cycloalkane amino acids
The 1-aminocyclopropane-1-carboxylic acid is a disubstituted

cyclic amino acid, and it is the only cycloalkane amino acid
that has been analyzed by CE in food samples. This amino
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Figure 6. Electropherograms corresponding to the separation of
g-N-pyrrolylnorleucine (Pnl), arginine (Arg), lysine (Lys), and
internal standard (IS) in (A) salmon, (B) spinach, and (C) walnut
by CE with UV detection after basic hydrolysis and derivatization
with diethyl ethoxymethylenemalonate. Electrophoretic condi-
tions: uncoated fused-silica capillary with a total length of 50 cm
and 75 um id; separation buffer, 100 mM borate (pH 8.4), 100 mM
SDS; temperature, 30°C; applied voltage, 30 kV; hydrodynamic
injection (2 s). UV detection at 280 nm. Reprinted from [31], with
permission.
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acid plays an important role in the biosynthesis of ethylene,
which is associated with many physiological processes in
higher plants, including fruit ripening, senescence, and
abscission of plant organs. In fact, 1-aminocyclopropane-1-
carboxylic acid was identified as an important immediate
precursor of ethylene [34]. For this reason, the quantitative
analysis of this non-protein amino acid is of interest in
higher plants and their fruits.

The separation of 16 common protein amino acids (see
Table 1) and 1-aminocyclopropane-1-carboxylic acid in apple
extracts was performed by an EKC method with a running
buffer of 20 mM borate (pH 9.35), 40 mM SDS and 10 mM
Brij 35 and employed LIF detection. Since the molecular
structure of this non-protein amino acid does not have a
fluorophore group, a derivatization with 3-(2-furoyl)quino-
line-2-carboxaldehyde prior to LIF detection was necessary
[34]. Figure 7 shows the electropherograms obtained for
apple extracts using different extraction solvents with or
without wounding treatment (this treatment is performed by
nicking the apple with blade and then keeping the wounded
apple at room temperature for 24 h). As it can be seen, the
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content of 1-aminocyclopropane-1-carboxylic acid in apple is
higher when employing an acid extraction with wounding
treatment. This figure shows that the treatment of the sam-
ple is an important parameter since the efficiency of sample
extraction can be affected by different solvents and can be
improved under wounding treatment of apples. The mass
LOD of 1-aminocyclopropane-1-carboxylic acid was 50 amol
or 1x10® M in terms of concentration. It is important to
mention that the high sensitivity and selectivity of the meth-
od enabled the direct determination of this non-protein
amino acid in crude extracts without further purification and
concentration [34].

2.9 Hydroxyl amino acids

Hydroxyproline differs from proline in the presence of a hy-
droxyl group attached to the y-carbon. This non-protein
amino acid is a major component of the protein collagen. It
helps to provide stability to the triple-helical structure of col-
lagen by forming hydrogen bonds.
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Figure 7. Electropherograms of 1-aminocyclopropane-1-carboxylic acid (ACC) in apple extracts by CE with LIF detection, using aqueous
methanol (80%, v/v) without wounding treatment (A), using aqueous methanol (80%, v/v) with wounding treatment (B), using 5% sulfo-
salicylic acid without wounding treatment (C), and using 5% sulfosalicylic acid with wounding treatment (D). Electrophoretic conditions:
uncoated fused-silica capillary with a total length of 65 cm (effective length of 50 cm) and 50 um id; separation buffer, 20 mM borate
(pH 9.35), 40 mM SDS and 10 mM Brij 35; temperature, 25°C; applied voltage, 25 kV; hydrodynamic injection (50 mbar for 5 s). LIF detection:
488 nm (excitation), 560 nm (emission). Reprinted from [34], with permission.
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The separation of hydroxyproline from 16 protein amino
acids (indicated in Table 1) was performed using a MEKC
method based on the use of 20 mM borax containing 125 mM
SDS with UV detection at 214 nm. Before UV detection, a pre-
concentration step of samples after derivatization with dansyl
chloride (DNS) was necessary due to the low concentration of
DNS-amino acids in the mixture [35]. The separation of the
hydrolysis product of DNS (dansyl sulfonic acid) and DNS-
hydroxyproline from corn seed flour using the MEKC method
was achieved. It was observed that the concentration of SDS
was an important parameter to avoid the coelution of the deri-
vatization agent with the derivatized hydroxyproline.

3 Concluding remarks

This review is the first one reporting all the articles published
in relation to the determination of non-protein amino acids
in foods by CE. Since non-protein amino acids can be related
with the quality and security of foods, their determination in
these samples presents a high interest.

Determination of non-protein amino acids by CE in foods
was usually performed using CZE and EKC modes. Detection
systems employed include direct and indirect UV absorption,
fluorescence, electrochemical, and atomic and molecular MS.
The most used were optical detectors, mainly UV absorption
detection, which required a previous step of derivatization due
to the low UV absorptivity of most non-protein amino acids.
Derivatization was also employed when using molecular MS
detection, in order to increase the molecular mass of the ana-
lytes to be determined. Although electrochemical detection
did not require derivatization, it was very scarcely used.

CE analytical methodologies with adequate sensitivity
and selectivity were developed showing the big potential of
this technique for the analysis of a great number of non-
protein amino acids in a considerable variety of samples of
different complexity including beverages, seeds, vegetables
and plants, food supplements, yeast, eggs, meats, fishes, and
nuts. In fact, some problems in the food area not previously
solved by other analytical separation techniques were solved
by CE. Thus, for some of the non-protein amino acids inclu-
ded in this review, CE methodologies proposed are the only
existing methodologies. As example, as far as we know, no
HPLC methods were developed for the determination of
taurine, glycine betaine, 3,4-dihydroxyphenylalanine, pyro-
glutamic acid and all the isoxazolinone amino acids included
in Table 1. On the other hand, for those amino acids for
which previous HPLC methodologies were recommended,
CE was successful in the development of complementary
methodologies that could be useful in carrying out colla-
borative testing needed in the food area.
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