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An analytical method to quantify dityrosine (DiTyr) in milk powder samples is presented. The assay is based on isotope dilution liq
atography coupled to electrospray ionisation tandem mass spectrometry (LC–ESIMS/MS). The sample preparation entails acid
f milk proteins followed by a solid phase-extraction (SPE) step. Neither artifactual formation nor degradation of DiTyr were observ

he proteolysis step. Mass spectral detection was performed in the positive ion mode by recording five transition reactions for DiTy
o unambiguously confirm the presence of DiTyr by correct ion ratios. Under the analytical conditions used, the limit of detection (L
imit of quantification (LOQ) for DiTyr were estimated at ca. 2 and 6�mol DiTyr per mol of Tyr (using ca. 500�g of milk proteins), with a

ean recovery of ca. 90%. Quantification was conduced in eight different commercial milk powder samples, and the level of DiT
rom below the LOQ up to 393.0± 9.1�mol DiTyr per mol of Tyr.

2004 Elsevier B.V. All rights reserved.
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. Introduction

From a general point of view, thermal treatment improves
ood safety, organoleptic qualities, and storage time of
airy products. However, heat treatment, light exposure and
xygen may adversely lead to a decrease of product quality,
afety, and nutritional value, by means of oxidative damage to
ood lipids and proteins. For instance, lipid oxidation is a ma-
or cause of quality deterioration during the processing and
torage of lipid-rich foods[1]. Therefore, oxidation in milk
as traditionally focused on assessment of lipid oxidation,
ainly by monitoring secondary lipid oxidation products

uch as malondialdehyde[2] or volatile aldehydes or ketones

∗ Corresponding author. Tel.: +41 21 785 94 37; fax: +41 21 785 85 53.
E-mail address:philippe.guy@rdls.nestle.com (P.A. Guy).

(off-flavours) [3–5]. Another important target of oxidativ
damage in milk products is the protein entity. In particular
well-known Maillard reaction, occurring during food ma
ufacture and storage, is responsible for decreasing pr
digestibility and nutritional supply[6]. In this case, carbony
intermediates, resulting from oxidized glycated amino
residues, could in turn modify proteins, yielding “glyco
idation” products[7]. Oxidation could also occur mo
“directly” on proteins. For instance, protein oxidation co
yield to formation of dityrosine (DiTyr) by metal-catalys
oxidation[8]. DiTyr, which is basically a cross-link betwe
two tyrosine residues (either intra- or inter-macromolecu
could be formed from either hydroxyl or tyrosyl radic
[9], as well as from peroxyl radicals[10]. For these reason
DiTyr has often been used as a stable biomarker of rad
mediated protein oxidation for in vivo studies[11,12].

021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Moreover, it has also been shown that lactoperoxidase, an
enzyme present in milk, could lead to the formation of DiTyr
in the presence of hydrogen peroxide[13]. Regarding food
proteins, the apparition of such cross-link could have further
incidence on protein digestibility or protein structure as pre-
viously noted by Tilley et al. relatively to the gluten network
[14].

Due to the natural fluorescence of DiTyr, several ana-
lytical methods, using HPLC with fluorescence detection,
were developed and used to quantify DiTyr in biological
systems[8,15,16]as well as in some food systems such as
gluten [14] or mozzarella cheese[17]. Although sensitive
and specific, such analytical method could be confounded
by coeluting but structurally distinct molecules. In contrast,
mass spectrometry-based methods such as GC–MS provide
specific structural information, thereby reducing the poten-
tial for confusion with extraneous compounds that coelute
with the target analyte during chromatography. In addition,
using a mass spectrometer as detector enables the use of a
stable, isotopically labelled internal standard, which, apart
from its heavy isotope, is structurally identical to the analyte
of interest and therefore behaves identically during sample
preparation and chromatographic analysis. Thus, including
such standard corrects for analyte loss during the analytical
work-up and therefore increases the precision and accuracy
of quantitative measurements. One of the weakest point of
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All other solvents were of analytical or HPLC grade.
Trifluoroacetic acid (TFA), l-tyrosine and horseradish
peroxidase were obtained from Fluka (Buchs, Switzerland).
�,�′-d2-l-tyrosine (d2-Tyr, 99.9% D) and�,�,�,1,2,3,4,5,6-
13C9-l-tyrosine (13C9-Tyr, 97–98% 13C) were from
Cambridge Isotope Laboratories (Andover, MA). Dityrosine
and d4-dityrosine (d4-DiTyr) were enzymatically synthe-
sized from Tyr andd2-Tyr following an adaptation of the
method of Malencik et al.[22], as previously described
[20].

2.2. Milk powder samples

Eight different milk powder samples (A–H) were pur-
chased from local supermarkets and were used for method
development.

2.3. Preparation of milk powder extracts

Amounts of milk powders equivalent to ca. 20 mg of total
proteins (based on compositional data given by the provider)
were hydrolysed in 50 mL of 6N HCl for 24 h at 110◦C. The
resulting hydrolysates were then quantitatively transferred in
100 mL volumetric flasks, and the volume completed to the
mark with water. A 2.5 mL aliquot (equivalent to ca. 500�g
proteins) of the resulting solutions were spiked withd -DiTyr
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C–MS techniques is the derivatisation step (time cons
ng, reaction yield). Indeed, such chemical reaction ofte
uires a heating step that could potentially either affec
tability of oxidized amino acids or catalyse an artifactual
ation of oxidized amino acids. For these reasons, in add

o GC–MS methods[18,19], LC–MS/MS methods were al
eveloped to quantify DiTyr in biological samples[20,21].

To see whether DiTyr could constitutes a good ma
f milk proteins oxidation, we have investigated the va

ty of using LC–MS/MS technique as a tool to accura
uantify this chemical in milk powder samples. Milk p

eins were first hydrolysed by hydrochloric acid, and
yr further recovered from the amino acid hydrolysate
olid phase-extraction (SPE). Quantification was perfor
y liquid chromatography coupled to electrospray tan
ass spectrometry (LC–ESIMS/MS) using isotope dilut
he usefulness of choosing labelled analytes to obtai

iable quantitative results will be underlined. Moreove
ill be demonstrated that, even when a highly selective t
ique such as LC–MS/MS is used, much attention sh
e paid to unambiguously confirm the identity of the ta
nalyte.

. Experimental

.1. Chemicals

Hydrochloric acid 37% (corresponds to 12N) and for
cid were purchased from Merck (Darmstadt, Germa
4
15 ng) before being evaporated to dryness (SpeedVac
entrator from Savant, Farmingdale, NY). The addition
4-DiTyr after acid hydrolysis, as single internal stand
as rendered possible by the fact that neither artifactua
ation of DiTyr nor DiTyr breakdown occurs during the a
ydrolysis step (seeSection 3). Dried residues were then r
onstituted in 2.5 mL of 0.1% TFA before being applied
upelclean LC-18 SPE cartridge (Supelco, Buchs, Sw

and), previously conditioned by 5 mL of methanol and 10
f 0.1% TFA. The cartridges were then washed with 2 m
.1% TFA, and DiTyr andd4-DiTyr species further elute
ith 2 mL of 25% methanol. The eluates were then con

rated to dryness in a SpeedVac, and resuspended in 100�L of
ater containing 0.1% formic acid prior to LC–ESIMS/M
nalysis.

.4. Quantification of DiTyr by LC–ESIMS/MS

Hydrophilic interaction liquid chromatography (HILIC
23] was used for DiTyr analysis and was performed o
SK-Gel Amide 80 column (1.5 mm i.d.× 25.0 cm, 5�m,
0Å) preceded by a TSK-Gel Amide 80 guard colu
2.0 mm i.d.× 1.0 cm), both from Tosoh BioSep (Toky
apan). Because one of our future goal is to achieve th
ultaneous analysis of DiTyr and different polar modi
mino acid residues (mainly derived from Maillard react

hat are not retained on reverse-phase (RP) columns if no
iously derivatized, HILIC was used in place of RP-HP
hat is commonly reported for DiTyr analysis[20,21,24]. The
olvents used were water pH 2.7 (adjusted with formic a
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Table 1
Transition reactions and respective collision energies used for DiTyr analysis

Transitions (m/z) Collision energy (eV)

DiTyr 361→ 315 21
361→ 283 23
361→ 269 28
361→ 254 28
361→ 237 30

d4-DiTyr 365→ 319 21
365→ 287 23
365→ 258 28

solvent A) and acetonitrile pH 2.7 (solvent B) and deliv-
ered at 200�l/min by a HP series 1100 (Hewlett-Packard,
Palo-Alto, CA, USA) HPLC system. The gradient was as
follows: 20% A for 3 min, 70% A at 10 min, isocratic at 70%
A for 10 min and return to 20% A in 3 min followed by a re-
equilibration period of 17 min. The detection was performed
by positive electrospray ionisation tandem mass spectrom-
etry on a TSQ 7000 triple quadrupole mass spectrometer
equipped with the API 2 interface (Thermo, San Jose, CA,
USA). The spray voltage was set at 3.8 kV and the capillary
temperature at 360◦C, whereas the sheath gas pressure was
90 psi (1 psi = 6894.8 Pa). Acquisition was performed in the
multiple reaction monitoring (MRM) acquisition mode, us-
ing argon as collision gas (pressure 2.8 mTorr, with 1 Torr
= 133.3 Pa). The MRM transitions recorded for DiTyr and
d4-DiTyr, and their optimised corresponding collision ener-
gies are summarized inTable 1. DiTyr quantification was
achieved using a 8-points external calibration curve (area ra-
tio versus concentration ratio) using the MRM transitionsm/z
361→ 254 andm/z365→ 257 for DiTyr andd4-DiTyr, re-
spectively (seeSection 3for more detailed information). The
calibration curve ranged from 0 to 5 ng of DiTyr injected
on-column (1.5 ng ofd4-DiTyr). The DiTyr amount was
then normalized to the content of the precursor amino acid
Tyr. Tyr was quantified in the hydrolysates using an amino
acids analyzer (High Performance Analyzer System, Beck-
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Fig. 1. CID mass spectra of (a) DiTyr and (b)d4-DiTyr (both acquired on a
triple quadrupole instrument with a collision energy of 25 eV).

3. Results and discussion

3.1. Fragmentation pathway of protonated DiTyr by
multistep MSn experiments

The fragmentation pattern of protonated DiTyr under low-
energy conditions is illustrated by the CID spectrum of
Fig. 1a. This spectrum is characterized by a rather impor-
tant number of fragment ions, the most intense being the ion
atm/z315. The latter ion is obtained by the loss of formic
acid HCOOH (46 u), as also observed for other modified Tyr
residues such as nitrotyrosine[25]. Beside this prominent
fragment ion, an ion atm/z344, resulting from the loss of
an ammonia moiety (17 u), is also observed. From these two
primary fragment ions, neutral losses of CO2 (44 u), HCOOH
or NH3 could be seen, the latter two being competitive. The
postulated fragmentation pathway of DiTyr is presented in
Fig. 2. The filiation of the different fragment ions was con-
firmed by sequential MSn experiments performed on an ion
trap mass spectrometer.

On the basis of a fragmentation optimisation, DiTyr quan-
tification was performed by monitoring the transition reac-
tions listed inTable 1.

3.2. Performance of the method

3
t

sent
a sent
c hen
b the
an Coulter, Fullerton, CA, USA). Each milk powder extr
as prepared in duplicate and a volume of 10�L injected

wice.

.5. Fragmentation pathway of protonated DiTyr by
ultistep MSn experiments

The fragmentation pathway of DiTyr was confirmed
erforming multistep collision induced dissociation (C
xperiments on a LCQ Deca ion trap mass spectrom
Thermo, San Jose, CA, USA). The spray voltage and
apillary temperature were set at 4.0 kV and 200◦C, respec
ively. A sheath gas was also applied at a flow rate o
rbitrary units. Sequential MSn spectra were recorded usi
3 Th wide window to select the precursor ions that w

issociated by applying relative excitation energies from
o 30%.
.2.1. Specificity and confirmation criteria achieved by
andem mass spectrometry

The detection and/or quantification of components pre
t trace level in food or biological matrices always repre
hallenging tasks. Measurements reliability is achieved w
oth sensitivity and specificity are obtained. Regarding
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Fig. 2. Postulated fragmentation pathway of protonated DiTyr. The grey stars account for the deuterium atoms.

sample preparation, many endogenous compounds could be
co-extracted with the analyte of interest. Therefore, lower-
ing the chemical background will improve the sensitivity of
the method. In other words, the highest sensitivity would be
obtained with the highest specific extraction. From the mass
spectrometric point of view, an excellent specificity is ob-
tained by monitoring MRM transitions characteristic of the
target analyte. What is commonly done is to monitor the most
intense transition for quantification to get higher sensitivity.
For instance, in the case of protonated DiTyr, the single mon-
itoring of the transition reactionm/z 361 → 315 is often
performed for quantification purposes[20,21,24]. In these
cases, confirmation of the analyte identity is also achieved
by comparison of its retention time with the one of the la-
belled internal standard (both chemical compounds coelute).
Nevertheless, monitoring several other transition reactions
for the target analyte, in addition to the quantification one,
could help in achieving a higher level of specificity. Indeed,
for a considered analyte, the area ratio of two transition reac-
tions must be the same when calculated from a milk extract

or a standard solution, thus calculating such ratio for a given
extract will validate or invalidate the purity of a LC–MS/MS
peak.

When the “confirmation transition”/“quantification tran-
sition” ratios are calculated for a given milk powder sam-
ple (using for quantification the transition reactionsm/z361
→ 315 andm/z365 → 319 for protonated DiTyr andd4-
DiTyr species, respectively) and further compared to those
obtained from standard DiTyr solutions (average values from
several standard solutions of different concentrations), the re-
sults obtained are significantly different (Table 2). The max-
imum tolerated differences for these area ratios were defined
according to European decisions regarding the performance
of analytical methods and interpretation of results developed
mainly for the analysis of veterinary drugs[26]. For example,
a deviation of 25% is tolerated when the confirmation transi-
tion represents between 20 and 50% (based on fragment ions
intensities) of the quantification transition. So, under these
conditions, the transition ratios can be considered as differ-
ent between the milk extract and standard solutions (Table 2),
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Table 2
Calculated transition reaction ratios for a milk powder extract vs. those obtained from standard solutions of DiTyr

Transition (m/z) Area ratio consideringm/z361→ 315
as quantification transition

Area ratio consideringm/z361→ 254
as quantification transition

Sample (n = 2) Standards (n = 14) Sample (n = 2) Standards (n = 14)

361→ 315 – – – –
361→ 254 0.26 0.45 – –
361→ 283 0.14 0.21 0.52 0.47
361→ 269 0.16 0.23 0.60 0.53
361→ 237 0.16 0.34 0.60 0.65

when the transitionm/z361→ 315 is used for quantification.
However, when the transitionm/z361→ 254 (second most
intense transition) is considered for quantification, the ra-
tios calculated from the milk extract match perfectly those
of standard solutions (Table 2). This demonstrates that, for
this particular milk sample, the most intense transition must
not be used for quantification, since a coeluting compound
pollutes the chromatographic peak.

To further illustrate the importance of area ratios,Fig. 3
represents the different MRM transitions monitored for Di-
Tyr from a certain milk powder extract. If we use only the
most intense transitionm/z361 → 315 for DiTyr quantifi-
cation (with the transitionm/z365→ 319 ford4-DiTyr), a
value of 19.7 ng/mg protein is calculated. When considering
m/z 361 → 254 for quantification, the amount of DiTyr is
now calculated at 13.5 ng/mg of proteins, which constitutes
a value ca. 30% lower than the former one (19.7 ng/mg pro-
teins). As such contamination of the transitionm/z361→ 315
was often observed with milk powders and to further avoid
misleading results, we have then used the transitionm/z361
→ 254 as quantification transition and three other transitions
(m/z361→ 283, 361→ 269, 361→ 237) as confirmation
ones. The corresponding transition reactions were monitored
for d4-DiTyr for both quantification and confirmation pur-
poses. Obviously, under such conditions, the method sensi-
tivity is lowered (two- to three-fold) since the most intense

F for
D
r

transition is not used but DiTyr is unambiguously quantified.
These results tend to demonstrate the usefulness of moni-
toring several other transitions in addition to the quantifica-
tion one, when analysis of complex matrices such as foods is
performed.

3.2.2. Assessment of DiTyr stability and artifactual
formation during the proteolysis step

Initially, we wanted to check the stability of DiTyr, no-
tably during the acid hydrolysis step. Recoveries of 90–95%
were obtained whend4-DiTyr was added to a milk sample
before acid hydrolysis (n = 3) or after acid hydrolysis and
before SPE clean-up (n = 3). This is in good agreement with
what has been reported by Huggins et al.[8]. These data
demonstrate the stability of both DiTyr andd4-DiTyr dur-
ing the whole sample handling, and more especially during
the drastic acid hydrolysis step. This enabled us to save con-
siderable amounts ofd4-DiTyr, by spiking it after the acid
hydrolysis.

In other preliminary experiments, the artifactual genera-
tion of DiTyr was also investigated. For such purposes, the
milk powder sample that contains the highest quantity of Di-
Tyr, was spiked with13C9-Tyr prior to acid hydrolysis and
the formation of13C18-DiTyr and13C9, 12C9-DiTyr assessed
by monitoring the corresponding MRM transitions (Fig. 4).
As observed from this figure, the amounts of DiTyr recovered
f
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[

T
A

S

A
B
C
D
E
F
G
H

tion
(

ed.
ig. 3. LC–ESIMS/MS chromatograms recorded in the MRM mode
iTyr from a milk powder extract. The MRM traces ofd4-DiTyr are not

epresented for clarity reasons.
rom the milk powder, with and without13C9-Tyr spike, were
imilar. Thus, as also reported by others, DiTyr is not sub
o artifactual formation during the acid hydrolysis step
pposite too-Tyr (formed from phenylalanine) for examp

9].

able 3
mount of DiTyr found in the different milk powder samples studied

ample DiTyr amount (�mol/mol of Tyr)b

15.1 ± 0.6
<LOQa

13.2 ± 3.4
12.1 ± 2.0

156.5 ± 1.1
15.2 ± 2.1
6.3 ± 0.0

393.0 ± 9.1
a DiTyr was detected but at a level inferior to the limit of quantifica

i.e. 6�mol/mol of Tyr).
b Values are mean± standard deviation, two replicates are consider
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Fig. 4. LC–ESIMS/MS chromatograms recorded in the MRM mode for12C18-, 13C18-, and13C9-, 12C9-DiTyr species from a milk powder extract.

3.2.3. Method performance
Under the analytical conditions described above, the limit

of detection (LOD) and limit of quantification (LOQ) for
DiTyr were estimated at ca. 2 and 6�mol DiTyr per mol
of Tyr (using ca. 500�g of milk proteins) by extrapola-

F
T

tion from spiked milk powder samples. In addition, an in-
jected amount of ca. 15 pg (i.e. ca. 42 fmol) of DiTyr could
be detected on pure standard solutions. For instance, using
GC–MS, Leeuwenburgh et al. were able to observe less than
5�mol of DiTyr per mol of Tyr [19]. Our LOD and LOQ
ig. 5. LC–ESIMS/MS chromatograms recorded in the MRM mode for milk p
he two transitions used for thed4-DiTyr internal standard are highlighted by a
owder samples containing (a) 15.1 and (b) 156.5�mol of DiTyr per mol of Tyr.
grey background.
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values may be improved with an additional step during the
sample preparation to eliminate the chemical interference(s)
observed on them/z361→ 315 transition reaction.

A 5-points calibration curve prepared by spiking a milk
powder sample, showing a level of DiTyr inferior to the limit
of quantification, was compared against a standard curve
prepared in water, over the same concentration range. Both
curves exhibited similar slope (i.e. 0.983 and 0.987 for the
matrix and water curves, respectively;r2 > 0.99 in both cases),
thus demonstrating the absence of drastic matrix effects. Such
a spiking procedure also brought the possibility of calculat-
ing DiTyr recoveries for different fortification levels (0, 575,
2875, 4600, and 9200 pg). Thus, the mean recovery was es-
timated at ca. 90%.

3.3. Quantification of DiTyr in commercial samples

Table 3summarizes the results for the quantification of
DiTyr in eight commercial milk powders (infant formulas),
and Fig. 5 represents the LC–MS/MS chromatograms ob-
tained for two samples considered as rather non-oxidized and
oxidized. Five samples out of eight contain DiTyr amounts
in the order of magnitude around 12�mol DiTyr/mol Tyr
in average, whereas one sample presents non-quantifiable
amount of DiTyr. Two other milk powder samples exhibit
DiTyr amounts ca. 10- and 30-fold higher. Leeuwenburgh
e
l tic
l ared
t , it
s ilk
p tes
t der
s ith
o lues
f ese
p by
H ng
f ng
a sent
q ilk
p milk
p 29 ng
D gest
p milk
p

4

oped
f er
s using
s tory
d RM
t rma-

tory purposes. DiTyr has been quantified accurately using
d4-DiTyr as internal standard. Moreover, it has been shown,
using stable isotopes that DiTyr is stable during the proteoly-
sis step and no artifactual generation occurs during this drastic
procedure. Under these analytical conditions, DiTyr has been
quantified in several milk powder samples, and the results
tend to demonstrate that DiTyr could be potentially used as
a good chemical marker of milk protein oxidation. Further
experiments are on-going to adapt the developed method-
ology to other milk-based products, to further evaluate the
influence of the processing/storage conditions on the DiTyr
quantity.
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