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Abstract Changes in free amino acids content and its
potential racemization in ready-to-eat foods treated with
E-beam irradiation between 1 and 8 kGy for sanitation
purposes were studied. A simple heart cut two-dimensional
high performance liquid chromatographic method (LC–LC)
for the simultaneous enantiomeric determination of three
pairs of amino acids used as markers (tyrosine, phenylalanine,
and tryptophan) is presented. The proposed method involves
the use of two chromatographs in an LC–LC achiral–chiral
coupling. Amino acids and their decomposition products were
firstly separated in a primary column (C18) using a mixture of
ammonium acetate buffer (20 mM, pH 6) (94%) and
methanol (6%) as the mobile phase. Then, a portion of each
peak was transferred by heart cutting through a switching
valve to a teicoplanin-chiral column. Methanol (90%)/water
(10%) was used as the mobile phase. Ultraviolet detection
was at 260 nm. Detection limits were between 0.16 and
3 mg L−1 for each enantiomer. Recoveries were in the range
79–98%. The LC–LC method combined with the proposed
sample extraction procedure is suitable for complex samples;
it involves an online cleanup, and it prevents degradation of
protein, racemization of L-enantiomers, and degradation of
tryptophan. Under these conditions, D-amino acids were not
found in any of the analyzed samples at detection levels of
the proposed method.
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Abbreviations
aa Amino acid
CSP Chiral stationary phase
e.e Enantiomeric excess
ER1/2 Enantiomeric ratio
HPLC High performance liquid chromatography
LC Liquid chromatography
LC–LC Heart cut two-dimensional high performance

liquid chromatography
ODS Octadecyl silane
SD Standard deviation
TEAA Triethylamine acetate

Introduction

Changes in the world population habits have produced an
increase in the manufacture of a great variety of ready-to-
eat (RTE) foods of both vegetable and animal origin.
Consumption of RTE is becoming more and more frequent,
and the food industry provides a vast variety of products,
including pre-packed and precooked foods in individual or
family-size packages with very different presentations.
Preparation of these products involves processing operations
and further manipulations such as cutting, slicing, dosing, and
packing, in which a variety of pathogenic microorganisms
from the environment, mechanical equipment, tools used,
handlers, etc., can reach the food, thus increasing contamina-
tion risks; therefore, it is necessary to eliminate this potential
contamination in order to enhance RTE shelf life and ensure
that they are microbiologically safe [1].

E-beam irradiation involves direct exposure of the RTE
foods to E-beam rays. It is a very effective process in
killing many of the common microbial pathogens including
Escherichia coli O157:H7, Listeria monocytogenes, Salmo-
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nella spp., and Vibrio spp., among others, that are
significant contributors to foodborne illness [1–3]. The
major advantage of E-beam irradiation is that RTE can be
processed after sealing in its final packaging form,
minimizing the possibility of recontamination following
this treatment [4]. Application of ionizing radiation to RTE
was approved at the beginning of the 1980s. Several
extensive exams of toxicological and other data by
regulatory and health organizations, including Health
Canada (2003), Food and Drug Administration (1986),
Codex Alimentarius Commission (CAC, 1983), European
Commission’s Scientific Committee on Food (2003), and
Word Health Organization (1981), have determined that
food irradiated up to 10 kGy is safe. More recently, the
CAC (2003) slightly revised its General Standard for
Irradiated Foods, stating that the maximum absorbed dose
delivered to a food should not exceed 10 kGy, except when
necessary to achieve a legal technological purpose [5].

However, according to some authors, this treatment may
produce changes in food sensory properties that negatively
affect consumer acceptance (color and appearance [6], or
aroma and flavor [7, 8]) or promote the formation of
secondary chemical compounds [9] due to the linkage
breakages of the excited molecules or ions and their reactions
with neighboring molecules, giving rise to a reaction cascade.
The overall process is known as “radiolysis”. The major
components of foods, such as proteins, as well as minor
components such as free amino acids, can be chemically
altered to some extent after irradiation [4]. Some authors
suggest that amino acids do not seem to be altered
significantly by ionizing radiation [10, 11] but, on the other
hand, free amino acids may be sensitive to radiation [12],
and some of them can be used as markers to detect irradiated
foods. In food containing phenylalanine, the formation of o-,
m-, and p-tyrosine is observed, their yield being proportional
to the absorbed radiation dose [13]. Tryptophan (Trp) is one
of the most reactive amino acids and, due to its importance
as an essential amino acid, the effect of irradiation on it has
been investigated intensively. The OH-Trp isomers 4, 5, 6,
and 7-OH-Trp have been suggested to be formed in
irradiated food with high protein content [14, 15].

On the other hand, free amino acids enantiomers could
be sensitive to potential racemization in several processes;
for instance, the presence of D-amino acids in foods is
related with some treatments such as extrusion, heating
[16], and some biological processes including bacterial and
yeast action or ripening [17, 18]. The D-amino acids ratio
(D/L) in foodstuffs is an indicator of the quality and
nutritional value; an increase of their levels means a decrease
in the food quality. Consequently, there is a continuous need to
investigate the effect of the ionizing irradiation on the
racemization of the free amino acids in E-beam irradiated
foodstuffs [19].

Several analytical methods have been used for the
quantitative determination of L- and D-amino acids,
including capillary electrophoresis [20] and enzymatic assays
[21]. Nowadays, chromatographic and electromigration
methods seem to be the most popular techniques applied in
this field. High performance liquid chromatography (HPLC)
is generally preferred over gas chromatography [22] for
chiral analysis of nonvolatile compounds, because HPLC can
be used without derivatization. Chiral HPLC analysis of
amino acids can be carried out either by indirect methods
using numerous derivatization reagents [23] such as o-
phthaldialdehyde and the chiral reagent N-acetyl-L-cysteine,
or by direct methods using several chiral stationary phases
such as covalently immobilized quinine t-butylcarbamate
chiral stationary phases [24], quinine and quinidine carba-
mates immobilized onto porous silica [25], as well as chiral
stationary phases based on immobilized network polymers
derived from L-tartaric acid [26], crown ether stationary
phases [27], or Pirkle type enantioselective columns [28].
The use of direct analysis methods prevents the possibility of
racemization that some author gives to the derivatization
process [23, 29]. Macrocyclic antibiotics [30], in particular
teicoplanin, teicoplanin aglicon, vancomycin, and ristocetin
A, have been extensively used as chiral stationary phases for
amino acids [31–33]. These chiral stationary phases have
demonstrated broad selectivity in reversed phase, normal
phase, polar ionic, and polar organic mode. Since these
phases contain peptide, carbohydrate, and other ionizable
groups, the enantioselectivity appears to be different in the
above chromatographic modes, resulting very useful in a
wide variety of separations. Reversed phase conditions seem
to favor inclusion and hydrogen bonding, and changes in pH
produce cationic or anionic interactions [34].

A common problem of these chiral stationary phases is
the intrinsically limited chemical selectivity and efficiency.
This means that complex mixtures of diverse pairs of
enantiomers cannot be analyzed in one run due to peak
overlapping [35]. Moreover, some drawbacks still remain
when the analyte is present in more complex samples
containing other chiral or achiral compounds as well as
endogenous matter which can co-elute with the enantiomer
peaks. These problems could be overcome by heart cut two-
dimensional HPLC, where two columns are linked via a
switching valve in such a manner that fractions of each
racemic flowing through the primary column (a non-
enantioselective one that provides chemoselectivity) can
be directed into a second column (an enantioselective one)
in which further enantiomeric resolution can be obtained
[36]. The advantages of this technique include orthogonal
selectivity, because two different columns are used, as well
as an online cleanup of the sample. The achiral–chiral
coupling in the case of chiral analysis [28, 35, 37] is
particularly advantageous because it allows a simultaneous
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analysis of the racemate and its enantiomers. Moreover, the
commercially available chiral stationary phases work
satisfactory in very restricted conditions, which require
extremely clean samples to preserve their integrity; therefore,
the transference of only a portion of the racemic peak into the
chiral column assures clean extracts, avoiding previous
cleanup steps, preventing the degradation of the chiral
stationary phases, maintaining the column performance for
longer times, and yielding simpler analysis in a shorter time
[36].

In this paper, we report the development of a simple and
easy to perform heart cut two-dimensional high performance
liquid chromatography–ultraviolet (LC–LC–UV) method
based on the use of a reverse-phase octadecyl silane column
switched to a commercial teicoplanin-chiral column for the
achiral and chiral analysis of three amino acids: tryptophan,
tyrosine, and phenylalanine and their decomposition products
in commercial RTE foods with the aim to evaluate both
potential changes on free amino acids and its racemization in
samples treated with an electron beam (accelerated electrons)
at different irradiation doses for sanitation purposes [1–3].
These amino acids were selected as markers since they have
been found to be sensitive to radiation [13–15] and they can
be often found easily in foodstuffs, and also, they absorb in
UV. The proposed method also involves the optimization of
the chromatographic conditions and a fast and very simple
sample preparation procedure.

Experimental

Chemical and materials

All reagents and solvents were of analytical grade, and
purified water from a Milli-Q system was used in all
procedures (Millipore, Bedford, MA, USA). Methanol,
gradient HPLC quality was supplied by Scharlau (Barcelona,
Spain). Chemicals including ammonium acetate, sodium
hydroxide, and hydrochloric acid were purchased from
Panreac (Barcelona, Spain). Glacial acetic acid (99.5%) was
from Carlo Erba (Milan, Italy), L-ascorbic acid was from
Sigma-Aldrich (St. Louis, MO, USA), and triethylamine
acetate (purity>99.5%) was from Sigma-Aldrich.

The following amino acids whose structure is shown in
Fig. 1, D- and L-tyrosine (Tyr), D- and L-phenylalanine
(Phe), and D-and L-tryptophan (Trp), were supplied by
Sigma-Aldrich. According to the manufacturer, the chemical
purity was higher than 98%. Decomposition products of these
amino acids: m-tyrosine, o-tyrosine, and 5-OH-tryptophan,
were purchased from Sigma-Aldrich too. Analyte stock
solutions were prepared by dissolving 0.1 g of each amino
acid in 100 mL of water (1,000 mg L−1) and were stored in
the dark at 4°C. In the case of tyrosine solutions, a small

amount of NaOH 1 M was added to achieve its complete
dissolution. Fresh working standard solutions were also
prepared daily by suitable dilution of the stock solutions, in
order to prevent the influence of the possible analyte
degradation on the results. L-ascorbic acid solutions were
prepared by dissolving 176 mg of substance in 10 mL of
water (100 mM) and were also stored in the dark at 4°C.
Working solutions were prepared daily by dilution of this
solution to prevent the oxidation and formation of dehydroas-
corbic acid.

Solvents to prepare mobile phases were filtered through
Teknokroma nylon membrane filters (Barcelona, Spain)
with 0.45 μm pore size in a Visiprep vacuum manifold
system (Supelco, Bellfonte, PA, USA), and sample extracts
were also filtered using nylon membrane filters (25 mm,
0.45 μm, and 0.20 μm pore size) from Teknokroma.

Samples

The following RTE foodstuffs were studied: cooked ham
(low fat content), minced meat (beef meat), dry cured
Iberian ham, smoked salmon, and soft cheese. These
samples were purchased in a local supermarket of Madrid.

LC–LC instrumentation and other equipments

Two analytical HPLC systems were used to carry out the
separations in one- or two-dimensions mode.

The achiral chromatographic separation of the racemates
and their decomposition products was carried out in an
HPLC chromatograph (system A) consisting of a C18-
ATLANTIS column, 150×4.60 mm, 5 μm (primary
column; Waters, Milford, MA, USA) with a 20×4.4-mm
(40 μm ID) SUPERCOSIL-C18 Pelliguard pre-column
(Supelco, Bellfonte, PA, USA) both thermostated at 20°C
in a column oven Jasco CO-2067 (Jasco, Tokyo, Japan)
with a temperature control range from 10–80°C. An
injection valve with a 20-μL sample loop (Rheodyne,
Cotati, CA, USA), a one-channel pump Varian Pro Star
Solvent Module (Varian, PA, USA), and a Waters Variable
Wavelength 481 detector (Waters Corporation, Milford,
MA, USA) both interfaced to a computer that contains the
CromaNec XP Integration Software (Madrid, Spain),
Windows XP for chromatographic data processing.

Chiral separation of the enantiomers was carried out in
an HPLC chromatograph (system B) that includes a four-
channel gradient pump Jasco PV-2089 Plus Solvent Module
(Jasco, Tokyo, Japan). The injector employed was a manual
Rheodyne valve, model 7010, with a 20-μL sample loop
(Rheodyne, Cotati, CA, USA). A Jasco programmable
variable wavelength UV-2075 Plus detector (Jasco, Tokyo,
Japan) was used, and all components were interfaced to a
PC data station with the Borwing Workstation Software
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(version 1.50) for Windows (Jasco). A teicoplanin
Chirobiotic-T column, 150×21 mm, 5 μm (secondary
column), was used for the chiral separation (Supelco,
Bellfonte, PA, USA). Mobile phase was thermostated in a
P-Selecta Presciterm Bath (Barcelona, Spain) at 20°C.

The LC–LC method system was linked by means of a
switching Lab Pro Rheodyne six port valve (Rheodyne,
Cotati, CA, USA; Fig. 2).

Free amino acids extraction was carried out by means
of a P-Selecta (Barcelona, Spain) ultrasonic bath for
shaking and a Meditronic P-Selecta (Barcelona, Spain)
centrifuge.

Procedures

Sample irradiation treatment

RTE foods were sliced (2–3 mm thickness) with an electric
machine with the exception of beef meat which was
chopped. Meat portions of about 50 g were mixed with
0.5 g of NaCl. The final meat mixture was prepared as a
steak of 1 cm thickness. After these previous operations, all
the samples were then vacuum-packaged in laminated film
bags of low gas permeability. Then, they were transported
in insulated polystyrene boxes and irradiated under an
electron-beam radiation source, which operated at 10 MeV,
in the IONMED irradiation sterilization plant (Tarancón,
Spain); doses between 1 and 8 kGy were applied to the

slices included in each bag. The dose absorbed by samples
was checked by determining the absorbance of cellulose
triacetate dosimeters (ASTM 2000) simultaneously irra-
diated with samples. The product temperature increase
during E-beam irradiation was less than 2°C. Vacuum
bags containing non-irradiated samples, as well as those
containing samples treated with ionizing radiation, were
stored at −20°C and thawed at 4°C for 24 h before
applying the extraction and purification procedures described
below.

Fig. 2 Switching scheme of the two-dimensional high performance
liquid chromatography system: System A in solid. System B in dots
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Free amino acids extraction

Sample treatment was made based on the methods
developed by Lang et al. [38] and Gil-Díaz et al. [19].
Briefly, two slices of each food selected were finely crushed
using a knife. Intermixing was accomplished by the
sampling tabling method. For extraction of free amino
acids, 2 g of the homogenized sample (1 g in the case of the
dry cured Iberian ham) were weighed and transferred into a
30-mL centrifuge tube, adding 2 mL of 1 mM ascorbic
acid. The tube was shaken in an ultrasonic bath for 30 min,
keeping the temperature below 35°C. Then, the mixture
was centrifuged at 4,000 rpm for 15 min. The supernatant
liquid was transferred to a 5-mL glass flask. The residue
was extracted two times more using portions of 2 and 1 mL
of ascorbic acid following the same steps. The final
combined extract was adjusted to pH 6 and filtered through
a 0.45-μm nylon membrane filter (in the case of soft
cheese, two consecutive filtrates, first through a 0.45-μm
and then through a 0.20-μm nylon membrane filter, were
necessary).

Aliquots of 1 mL were used for the analysis by adding
60 μL of methanol. Five replicates were performed for each
sample. In all cases, volumes of 20 μL of these solutions
were injected into the LC–LC system.

Achiral racemic separation of free amino acids

Achiral racemic separations of solutions containing
10 mg L−1 of tyrosine, phenylalanine and tryptophan
racemate mixtures and its decomposition products o-
tyrosine, m-tyrosine, and 5-OH-tryptophan were carried
out in system A by injecting 20 μL of sample on the
primary column. An isocratic mobile phase containing 94%
ammonium acetate buffer (20 mM, pH 6) and 6% methanol
at a flow rate of 1.0 mL min−1 was used.

Direct chiral HPLC determination of free amino acids

The enantiomers of each racemic were separated in system B
using the secondary column. A volume of 20 μL of standard
solutions containing 10 mg L−1 of the L-enantiomer and
5 mg L−1 of the D-enantiomer was injected into the HPLC
system. An isocratic mobile phase containing 10% of water
and 90% methanol at a flow rate of 0.5 mL min−1 was used.

The UV detection wavelength in both achiral and chiral
analysis was made at 260 nm.

Chiral enantiomers separation by “heart cut” LC–LC

A volume of 20 μL of standard mixture containing
20 mg L−1 of each amino acid enantiomer and 20 mg L−1

of their decomposition products was injected into the

primary column in system A, which has been previously
conditioned with the above-mentioned mobile phase, keeping
the switching valve in position 1. When tyrosine begins to be
eluted from the primary column, a portion of this peak is
transferred to the secondary column (system B) by changing
the switching valve to position 2 for 2 s. Afterwards, the valve
is switched back to its initial position, allowing the system to
be ready for the subsequent transference. This process is
repeated for the rest of the transferences. Table 1 summarizes
the overall LC–LC procedure, showing the switch valve
positions for each operation.

Results and discussions

One-dimensional direct chiral liquid chromatography
method for standards

To evaluate the separation quality in this study, enantiose-
lectivity factor was used. In chiral HPLC, values of α≥1.1
mean that enantioselectivity is considered to exist. Several
preliminary experiments to establish best conditions for the
enantiomeric separation of tyrosine, phenylalanine, and
tryptophan on the teicoplanin-chiral column were carried
out, including the evaluation of the nature and organic
modifier proportion effect and the pH buffer nature and its
concentration effect. These studies showed that using
methanol as organic modifier, around 20% in aqueous
solutions of ammonium acetate 20 mM at pH 7, or
triethylamine acetate 0.1% at pH 4, or water allowed to
obtain enantioselectivity values above 1.1; therefore, a
systematic study was carried out using this modifier. For all
the amino acids, a multilevel design was used to optimize
the factors that can affect both enantioselectivity and
enantiomeric resolution, and six experiments were carried
out. Two levels for the methanol and three levels for the
buffer nature were studied. The two factors considered were
buffer nature (ammonium acetate 20 mM pH 7, triethylamine
acetate 0.1% at pH 4, and no adjust of pH using water) and
organic modifier ratio (90% and 100%, ratios in which
enantiomeric resolution is higher). Finally, a mixed mode
was used; an intermediate situation between reversed phase
and polar ionic mode, which provided high enantioselectivity
values for the three amino acids containing 10% of water and
90% of methanol, was selected as a compromise. Under these
conditions, for the tyrosine, the first enantiomer eluted at a
retention time of 1.87 min and the second one eluted at
2.83 min; the selectivity obtained was 1.95 (Rs=2.84). For
phenylalanine, retention times for the enantiomers were 2.02
and 3.09 min, respectively; the selectivity obtained was 1.94
(Rs=2.68). Finally, for tryptophan, the first enantiomer eluted
at a retention time of 2.15 min and the second one eluted at
3.34 min; the selectivity factor obtained was 1.91 (Rs=2.79).
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Figure 3 shows chromatograms obtained in the optimum
conditions established for the three amino acids.

Chiral two-dimensional “heart cut” LC–LC method
for standards

Chromatograms in Fig. 3 demonstrate how similar retention
times are for the enantiomers of the tree amino acids, thus
showing high enantioselectivity but low chemical selectiv-
ity. To overcome this problem of the chiral column, two-
dimensional HPLC was tried.

For this purpose, two chromatographs were interconnected
by means of a switching valve, according to the scheme in
Fig. 2 and descriptions given in “Chiral enantiomers

separation by “heart cut” LC–LC” section. To get the
simultaneous chiral separation of the three amino acids in
the same sample, the following chemical and operational
parameters were optimized: mobile phase compatibility
between the primary and the secondary column, separation
time between peaks in the primary column, and transference
time from the primary column to the secondary column [39].

Regarding the mobile phase compatibility, several
mobile phases were tested. Experiments were carried out
in order to establish the best conditions for the achiral
separation of tyrosine and their decomposition products m-
tyrosine, o-tyrosine, phenylalanine, tryptophan, and its
radiation product 5-OH-tryptophan on the primary column,
including the evaluation of the nature of the organic

Table 1 Operational condition and switch valve position in the chiral heart cut two-dimensional high performance liquid chromatography method

Time Pump channel (system B) Valve position Event

−30 to 0 min (approximately) A 1 Teicoplanin-chiral column equilibration for amino acid analysis

0 A 1 Sample injection in system A

Minutes 4.13 A 2 Tyrosine transference

After 2 s A 1 End of the transference

Minutes 7.76 A 2 Phenylalanine transference

After 2 s A 1 End of the transference

Minutes 16.66 A 2 Tryptophan transference

Minutes 25 A 1 Teicoplanin-chiral column equilibration for a new analysis

– B 1 Teicoplanin-chiral column washing with methanol
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modifier effect and the buffer nature, pH, and its concen-
tration effect. The best results were obtained using
methanol as organic modifier, acetate buffer at low
concentrations, and a pH value close to the isoelectric
point of the amino acids studied. Results obtained showed
that mobile phases containing methanol as organic compo-
nent and ammonium acetate buffer (20 mM/pH 6) as
aqueous component displayed no incompatibilities with the
mobile phase used in the secondary column. To allow the
complete elution of the enantiomers of each amino acid
studied and the stabilization of the chiral column before the
next transference from the primary column, a reasonable
separation between peaks in this column was required, so
different ratios of methanol/ammonium acetate buffer
(20 mM/pH 6) as mobile phase in the primary column
were tested; the range of values studied was 5–90% for the
organic component. From this study, it was concluded that
the best conditions were 6% methanol/94% ammonium
acetate buffer (20 mM/pH 6). Under these conditions,
tyrosine eluted at a retention time of 4.13 min, while their
decomposition products m-tyrosine and o-tyrosine eluted at
a retention times of 5.35 and 6.93 min, respectively.
Phenylalanine eluted at 7.76 min and tryptophan and its
radiation product 5-OH-tryptophan eluted at 16.66 and
8.71 min, respectively. To optimize transference time,
different elution volumes from the primary column were
transferred into the secondary column by switching the
valve applying different transference times, starting from
1 s and ending with 7 s for the three amino acid racemics.
High transference times generated a great system peak that
overlapped with the peak corresponding to the L-amino
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Table 2 Chromatographic and quality parameters for the heart cut two-dimensional high performance liquid chromatography method

Amino acid Detection
limitsa (mgL−1)

Quantitation
limitsa,b (mgL−1)

Run-to-run precisionc

enantiomeric ratio (ER1/2)
Day-to-day precisionc

enantiomeric ratio (ER1/2)
Linearity range
(mgL−1)d

Tyrosine 1/0.8 3.3/2.7 0.93 (SD=0.01) 0.93 (SD=0.03) 5–150 (0.988)

4–150 (0.991)

Phenylalanine 3/2 10/6.7 0.88 (SD=0.04) 0.86 (SD=0.06) 12–200 (0.995)

10–200 (0.997)

Tryptophan 0.3/0.2 1.1/0.6 0.93 (SD=0.04) 0.94 (SD=0.03) 3–50 (0.996)

2–50 (0.996

a First enantiomer eluted (L-amino acid)/second enantiomer eluted (D-amino acid). Detection limit (signal/noise ratio 3:1)
b Quantitation limit (signal/noise ratio 10:1)
c Standard deviation at a concentration level of 20 mg L−1 for each enantiomer, n=3 replicates per day
d For each enantiomer eluted

Amino acid (mg/100g) 0kGy 1kGy 2kGy 4kGy 6kGy 8kGy

Cooked ham

Tyrosine 1.0±0.3 1.7±0.2 1.2±0.2 0.67±0.09 0.68±0.07 0.8±0.1

Phenylalanine 3.8±0.2 5.2±0.5 3.5±0.3 3.4±0.1 4.0±0.3 4.1±0.3

Tryptophan 0.66±0.01 0.69±0.01 0.64±0.02 0.52±0.02 0.56±0.03 0.55±0.05

Minced meat

Tyrosine 0.52±0.06 0.54±0.09 0.61±0.08 0.8±0.2 0.4±0.1 0.16±0.06

Phenylalanine 6.2±0.4 6.4±0.2 6.2±0.5 6.7±0.7 4.8±0.4 5.3±0.3

Tryptophan 1.14±0.01 1.08±0.08 1.11±0.09 1.21±0.03 0.91±0.09 0.45±0.09

Dry cured Iberian ham

Tyrosine 94±8 93±5 95±6 117±7 147±4 102±5

Phenylalanine 127±7 139±18 130±10 136±6 159±8 101±9

Tryptophan 28±2 29±2 28±2 35±1 41±2 27±3

Smoked salmon

Tyrosine 95±5 88±8 75±3 72±3 83±5 91±9

Phenylalanine 86±2 86±3 84±4 78±3 83±8 104±14

Tryptophan 3.18±0.04 3.05±0.05 3.0±0.1 3.0±0.1 2.7±0.1 3.4±0.2

Soft cheese

Tyrosine 12±1 11.4±0.6 10.7±0.34 12.9±0.4 20.2±0.6 18.4±0.2

Phenylalanine 57±1 49±1 46±1 68±3 80±4 91±2

Tryptophan 2.5±0.1 1.65±0.05 1.55±0.02 2.07±0.07 2.5±0.1 2.93±0.07

Table 3 Amino acid composi-
tion of non-irradiated and irra-
diated RTE foodstuffs

(Mean±CL, 95%), n=5 for each
irradiation level

RTE food Tyrosine Phenylalanine Tryptophan

F ratio aP value F ratio aP value F ratio aP value

Cooked ham 12.47 0.0002 12.29 0.0003 20.58 0.0001

Minced meat 14.18 0.0001 9.04 0.0009 39.68 0.0001

Dry cured Iberian ham 51.80 0.0001 15.23 0.0001 39.50 0.0001

Smoked salmon 8.35 0.0001 6.90 0.0004 12.42 0.0001

Soft cheese 369.15 0.0001 280.90 0.0001 170.70 0.0001

Table 4 Analysis of variance
test table for concentration of
free amino acids among doses

a Since the P value of the F test
is less than 0.05, there is a
statistically significant differ-
ence between the mean concen-
trations from one level of doses
to another at the 95.0% confi-
dence level
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acid, giving a value of enantiomeric ratio (ER1/2), different
to the expected one, so transference time was optimized by
plotting the ER1/2 versus transference time and fitting the
curve to a Gaussian function (Fig. 4). The maximum of this
Gaussian was taken as the optimum transference time,
which was 2 s for each amino acid.

Figure 5 shows the two-dimensional separation of a
mixture containing both the three amino acids and their
decomposition products. The selectivity obtained was 1.92
(Rs=2.94) for tyrosine, 1.19 (Rs=3.03) for phenylalanine,
and 1.10 (Rs=2.64) for tryptophan. Good enantiomeric
separation was obtained (Fig. 5b), concluding that the
change from one-dimensional to two-dimensional mode
does not practically affect the enantiomeric resolution of the
three amino acids selected. Reversed phase used in the
primary column is absolutely compatible with mixed mode
used in the secondary column; therefore, brand-broadening
is practically negligible. Eluent strength is weaker in the
first dimension than in the second one, which means that
the resolution should be independent on the injection
volume as long as column overloading does not occur [35].

Analytical characteristics for standards

Detection limits were calculated by injecting solutions
containing progressively smaller amounts of the three
racemics until the response obtained in the secondary
column had a peak height only three times larger than the
average height of noise around the respective enantiomer.
The reproducibility of the method was evaluated in day and
intraday in terms of the ER1/2. It was calculated from
20 mg L−1 of each enantiomer standard and three replicates.
The analytical characteristics of the method for standard are
shown in Table 2. As could be expected, the LC–LC method
is less sensitive than the one-dimensional one, because only a
portion of the peak is transferred each time, and additional
dilution effect has occurred. However, cleaner chromatograms
and a higher precision can be expected.

To establish the limit of detection of the system as the
smallest amount of D-enantiomer that could be detected,
some mixtures of amino acids with various ratios of L- and

D-enantiomer were injected into the primary column and
transferred onto the secondary column. The enantiomeric
excess (% e.e) [40] was calculated for each fraction from
peak areas of the two enantiomers in the second-dimension
chromatograms by means of Eq. 1:

% e:e ¼ AL�aa � AD�aa

AL�aa þ AD�aa

� �
� 100 ð1Þ

Experiments were carried out by triplicate, and the standard
deviations (SD) were calculated. For the tyrosine, the
maximum detectable % e.e (referred to the L-amino acid)
was 91.1% (SD=0.9%), for phenylalanine, it was 88.2% (SD=
0.3%), and for tryptophan, it was 98.5% (SD=0.2%).

Determination of the content and potential racemization
of free amino acids in non-irradiated and irradiated RTE
food samples by “heart cut” LC–LC

The simultaneous analysis of the content and possible
racemization of free amino acids as well as their decompo-
sition products in non-irradiated and irradiated RTE food
samples were studied by the optimized LC–LC method.

The primary column allowed establishing the free amino
acid content at each level of radiation and the evaluation of the
potential formation of the decomposition products of these
amino acids. Smoked salmon, soft cheese, and dry cured
Iberian ham presented the highest amount of free amino acid
due to smoking [41] and curing process [42]. Table 3 shows
the results obtained. It was observed that irradiation caused
changes in amino acids content. In order to detect possible
significant differences between mean concentrations of each
amino acid from one level of radiation to another, they were
compared by means of analysis of variance (ANOVA) test.
Table 4 shows the results of the F ratios and P values
obtained in these ANOVA tests. In most cases, significant
differences at the 95% confidence level were found between
one level of radiation and another. Multiple range tests
allowed determining between which levels of radiation
significant differences occurred.

Regarding cooked ham in Tyr and Trp, differences
between non-irradiated sample and irradiated samples were
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Fig. 6 Means plot for cooked
ham and smoked salmon
samples at different irradiation
doses. Levels of confidence
calculated for five replicate of
each radiation dose
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observed from a radiation dose of 4 kGy. For dry cured
Iberian ham, multiple range test showed significant differ-
ences for Trp and Tyr up to 4 kGy and for Phe, above
6 kGy. In minced meat, free amino acids were only affected
above 4 kGy radiation dose. Phe and Trp were modified at
any irradiation level in the case of soft cheese, and changes
in Tyr content were observed up to 2 kGy. In smoked
salmon, Tyr was modified at levels of 2 kGy, while Trp was
modified up to 4 kGy, and Phe only at the highest
irradiation dose applied representative means plot obtained
from cooked ham and smoked salmon are shown in Fig. 6.

The results obtained could be in agreement with those
obtained by some authors who have reported that in
irradiated meat, chicken [43], and fish [12], amino acids
such as tyrosine or tryptophan can produce biogenic amines
by decarboxilation, which are very important from the
toxicity point of view and as quality control indices for
food spoilage. This fact may be the reason for the
pronounced decrease of tyrosine and tryptophan in smoked
salmon. The decrease of phenylalanine levels and increase
of tyrosine levels observed in all the RTE food samples
studied could be explained as a consequence of the
formation of o- and m-tyrosine as well as the decrease of
tryptophan levels observed in irradiated food with high
protein content such as minced meat could be explained by
the formations of the OH-Trp isomers 4, 6, 5, and 7-OH-
Trp reported by some other authors too [13–15]. Tyrosine
and tryptophan decomposition products were not observed
either in minced meat or in smoked salmon nor dry cured
Iberian ham. On the other hand, small amounts of m- and o-
tyrosine and 5-OH-tryptophan were observed in soft cheese.
Regarding cooked ham, only o-tyrosine was detected.

Taking into account other previous studies, irradiation does
not seem to produce special nutrition problems at doses up to
8 kGy because losses in the amino acid content can be
comparable to those obtained in a cooking treatment [44].

The second dimension with the teicoplanin-chiral columns
allowed to evaluate the potential racemization of the free
amino acids. Regarding D-amino acids, none was detected,
neither in non-irradiated nor in irradiated RTE food samples at
detection levels of the proposed method. Representative LC–
LC chromatograms of non-irradiated and irradiated RTE food
samples with different content of endogenous matter are
shown in Fig. 7. Therefore, E-beam irradiations of RTE
foodstuffs at 1–8 kGy do not seem to produce the racemiza-
tion of L-amino acids. The results are also in agreement with
those reported also by other authors [19] who did not find
racemization of amino acid caused by ionizing irradiation.

Recovery studies in the primary column

It has previously been reported that determination of
tryptophan presents several analytical problems due to its

labile nature in the presence of light and hydrogen ions.
Tryptophan can not be determined by routine chromatog-
raphy methods after acid hydrolysis with HCl 6 M as it is
destroyed by oxidation [45]. Therefore, it is necessary to
use other hydrolysis or extraction procedures to render
tryptophan stable. The methods that have been recently
investigated included soft acidic or alkaline hydrolysis,
enzymatic methods, or extraction methods that use an
antioxidant or buffer medium [46, 47]. Adding L-ascorbic
acid as a protecting agent to the samples significantly
improved the stability of amino acids, especially of the
tryptophan. In order to validate the proposed method,
recovery studies of amino acids from RTE food samples
were performed.

Samples were spiked with L-amino acid solutions at
three different concentration levels ranging from 5 to
25 mg L−1. The matrix effect was investigated comparing
the slopes of the direct calibration curve for each amino
acid with that obtained by the standard additions method in
each RTE food by means of a Student’s t test comparison.
This test showed that there was not a statistically significant
difference between the slopes at the 95.0% confidence level
so, no matrix effect was observed. Recoveries were deter-
mined subtracting the initial concentration of amino acids in
the initial sample (only L-enantiomer was found) to the value
obtained from the spiked sample using the direct calibration
curve. Linearity was observed for tyrosine between 0.5–20
(r=0.997) and 30–400 mg L−1 (r=0.999). For phenylalanine,
linearity was found between 0.5–20 (r=0.997) and 30–
400 mg L−1 (r=0.999), while for tryptophan, it was found
between 0.1–20 (r=0.998) and 30–100 mg L−1 (r=0.999).

The results from the analysis of spiked RTE food
samples are presented in Table 5. As can be seen, the
spiked recoveries determined, as the mean of three
determinations for each spiked level, were between 79%
and 98%, with relative SD between 1 and 5, demonstrating
the suitable extraction efficiency and good recoveries
especially for tryptophan.

Conclusions

The proposed LC–LC “heart cut” achiral–chiral method
allowed the simultaneous determination of three amino
acids and their decomposition products both racemates and
enantiomers taken as markers in several RTE foodstuffs.

Fig. 7 Representative heart cut two-dimensional high performance
liquid chromatograms of: (1) non-irradiated soft cheese, (2) irradiated
minced meat at a dose of 2 kGy, (3) irradiated dry cured Iberian ham
at a dose of 8 kGy. a: Achiral separation. b: Chiral separation.
Chromatographic conditions specified in “Achiral racemic separation
of free amino acids” section and “Direct chiral HPLC determination of
free amino acids” section

�
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The primary column assures clean extracts for further
enantiomer separation avoiding previous cleanup steps
allowing rapid and easy analysis and preventing damage
to the chiral stationary phase. All these provide clean
chromatograms and good precision. This method was
applied to detect potential changes in free amino acids
content as well as L-amino acid racemization and could be
suitable for racemization control of amino acid after any
other food treatment, being a practical alternative to other
more expensive or complicated methods. The proposed
extraction method is gentle enough to minimize losses and
racemization of tryptophan while yielding good recoveries
as well as it is easier than and faster than other procedures
or hrydrolysis treatments. E-beam irradiation does not seem
to produce special nutrition problems at doses up to 8 kGy,
being losses in the amino acid content comparable to those
obtained in a cooking treatment, and no racemization is
detected.
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