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bstract

The analysis of biomarkers from exhaled breath condensate (EBC) is a non-invasive but challenging method for the detection of pulmonary
iseases. The amino acids l-proline (Pro) and l-tyrosine (Tyr) are precursors for two important metabolites, trans-l-4-hydroxyproline (trans-l-
-hydroxypyrrolidin-2-carboxylic acid, t-Hyp) and nitrotyrosine (NT). Whereas t-Hyp is supposed to be a biomarker for lung fibrosis, NT is a
romising biomarker for inflammation in airway diseases. Analysis of EBC requires extremely sensitive methods, because the epithelial lining fluid
f the lung and upper airway is highly diluted in EBC. The high intra- and interindividual variation of this dilution implicates additional problems
or sample collection and the interpretation of EBC results. Hence, our aim was to work out a method that would compensate for these possible
ilution effects. We have developed a new, reliable and very sensitive method for the simultaneous determination of Pro, t-Hyp, Tyr and NT from
BC. Except for t-Hyp, we used labelled internal standards (IS) l-proline 13C5, 15N (Pro 13C5), l-tyrosine-13C9 (Tyr 13C9), 13C9-3-nitrotyrosine

NT13C9), IS for t-Hyp was cis-4-hydroxy-l-proline, which were added to the samples before they were lyophilised for concentration. For the
eparation of the analytes we used hydrophilic interaction liquid chromatography (HILIC), coupled to tandem-mass-spectrometry (MS/MS). The
imit of detection (LOD) was 0.5 �g/l for Pro and Tyr and 5 ng/l for t-Hyp and NT. The relative standard deviation (RSD) of the precision from
ay to day was between 2.6 and 8.0% at spiked concentrations between 4 and 25 �g/l for Pro and between 4.2 and 7.3% for Tyr. The RSD of the

recision from day to day was between 7.5 and 13.2% at spiked concentrations between 40 and 250 ng/l for t-Hyp and between 3.5 and 8.2% for
T. The method was established using 27 healthy subjects with a median age of 46 years. Concentrations ranged from 2.8 to 51.9 �g/l for Pro,

rom <5 to 516.5 ng/l for t-Hyp, from 2.4 to 99.1 for Tyr and for NT concentration ranged between <5 and 1686.5 ng/l.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Biological effect monitoring plays an important role in the
arly diagnosis of diseases of the pulmonary system [1,2]. In the
ast decade, analysis of exhaled breath condensate (EBC) has
ained great interest because sampling is easy, non-invasive and
ess stressful for the patient than other more invasive techniques

3]. Collection takes place by using an appliance which cools the
xhaled breath to −20 ◦C, which results in condensate. The con-
ensated droplets do not only consist of water and low-volatile

∗ Corresponding author.
E-mail address: tschettgen@ukaachen.de (T. Schettgen).
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rganic compounds (VOCs) [4,5], they also contain non-volatile
ubstances originating from the epithelial lining fluid of the
ung and upper airways, such as cysteinyl-leukotrienes (cys-
Ts), prostaglandine E2 (PGE2) and leucotriene B4 (LTB4) [6].
onsequently, analysis of biomarkers in EBC offers the unique
ossibility of exploring the effect of diseases or different inhala-
ive pollutants directly at the lung as the target organ. EBC has
een successfully used for the detection of different biomark-
rs of oxidative stress in the lower airways such as H2O2 (e.g.
n the context of chromium exposure [7] or tuberculosis [8]), or

ldehydes such as malondialdehyde or 4-hydroxy-2-nonenal [9].

A promising biomarker for the determination of nitrosative
tress in the lung is the detection of 3-nitrotyrosine in EBC.
n vivo, nitric oxide (NO) and superoxide ions can react

mailto:tschettgen@ukaachen.de
dx.doi.org/10.1016/j.jchromb.2007.10.031
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o peroxynitrite. Peroxynitrite is a potent oxidant, maybe
he major reactive form of NO in vivo, especially during
nflammation processes where the production of free oxygen
adicals is prominent [10]. Peroxynitrite can react with free
r protein-bound tyrosine creating 3-nitrotyrosine (NT) [11].
T has been applied as a marker of inflammation in airway
iseases and high levels were found in serum, bronchoalveolar
avage fluid (BALF) and lung tissue of subjects with lung
iseases [11,12]. In comparison to control persons, high levels
f nitrotyrosine were found especially in asthmatic, allergic
atients [13–15]. In particular, the ratio of nitrotyrosine levels
o those of its precursor tyrosine found in EBC of asthmatic
hildren [15] turned out to be very effective in differentiating
etween patients and controls, while the measurement of
itrotyrosine alone failed to be successful in distinguishing
etween asthmatic patients or patients with cystic fibrosis and
ontrols [16]. Methods for the determination of nitrotyrosine
n EBC used so far include: enzyme immunoassays [14],
C/MS/MS [13], GC/NCI–MS [16] and LC/MS/MS [4,15]. In
articular the simultaneous determination of nitrotyrosine and
yrosine is a special challenge due to the high polarity of both
ompounds.

trans-Hydroxyproline (t-Hyp) is a major component of the
rotein collagen, the main protein of connective tissue and
one, which is responsible for the mechanical properties of
hese tissues by forming hydrogen bonds. Biochemically, t-Hyp
s synthesized post-translationally by hydroxylation of its pre-
ursor proline (Pro) after the synthesis of pro-collagen using
scorbic acid as a cofactor. Because t-hydroxyproline is pre-
ominantly found in collagen, release of t-Hyp is normally due
o an injury of this protein by inflammation processes. Therefore,
-Hyp is supposed to be an appropriate marker for the decom-
osition of bone and connective tissue and thus useful for the
arly diagnosis of associated bone diseases [17–20] and tumors
21].

Asbestosis is a fibrotic reaction of the lung parenchyma due
o asbestos fibers and is connected with an increased deposi-
ion of collagen in lung tissue [22]. In this context the levels
f t-Hyp found in blood of previously asbestos-exposed work-
rs, suffering from asbestosis, were elevated in comparison to
he levels of t-Hyp found in blood of non-exposed controls and
ven dose–response relations were reported [23]. As the lung
s the target organ for asbestos and asbestos-related diseases,
t may be hypothesized that inflammation processes involved
n asbestosis might lead to decomposition of collagen in lung
issue. Consequently, the determination of t-Hyp in exhaled
reath condensate might serve as a biomarker of asbestosis that
s more closely related to the effect on the lung as the target
rgan.

As the ratio of nitrotyrosine levels to the levels of its precursor
yrosine determined in EBC turned out to be a more promis-
ng biomarker than nitrotyrosine levels alone [15], it should
e expected that the same could be true for hydroxyproline

nd its biochemical precursor proline. This implicates a gen-
ral problem of EBC collection and analysis: dilution effects
ccuring during sample collection. During exhalation, parti-
les and droplets of the bronchoalveolar lining fluid are carried
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way with the airflow. The dilution of these droplets generated
n the respiratory tract by water vapour varies considerably, as
lready observed by other authors [24]. Consequently, despite
tandardised sampling conditions, it is necessary to accurately
ompensate for this effect when analysing the results of EBC.
25]. Non-volatile substances like amino acids or peptides that
re present within the airway-lining fluid of the lung would be
deally suited to correct for the degree of dilution of the lining-
uid in the collected EBC. Our own previous investigations
oncerning the analysis of N-ε-carboxymethyllysine (CML) and
ysine in EBC [26] as well as the results of Baraldi et al. [15]
ive strong support to this theory.

Therefore, it was the aim of this work to develop and validate
n analytical method for the accurate and specific simultaneous
etermination of 3-nitrotyrosine and its precursor tyrosine as
ell as trans-hydroxyproline and its precursor proline in exhaled
reath condensate as markers of nitrosative/inflammative stress
s well as fibrotic alterations in the lung. The simultaneous deter-
ination of compounds with such a high polarity at the ng/l-level
as achieved using hydrophilic interaction liquid chromatogra-
hy coupled to tandem mass spectrometry (HILIC/MS/MS). As
first application, the method was used for the analysis of EBC
f 27 healthy persons of the general population.

. Experimental

.1. Chemicals and solvents

All chemicals were of the highest purity available unless
tated otherwise.

l-Proline, l-proline 13C5, 15N and cis-4-hydroxy-l-proline
ere purchased from Sigma–Aldrich (Germany). trans-l-
-Hydroxyproline (trans-l-4-hydroxypyrrolidin-2-carboxylic
cid) was purchased from Applichem (Darmstadt, Germany).
-Tyrosine, ammonium acetate and formic acid were pur-
hased from Merck (Darmstadt, Germany). l-Tyrosine13C9 was
urchased from Cambridge Isotope Laboratories (Minnesota,
SA) and 3-nitro-l-tyrosine from Cayman chemical company

Michigan, USA). 13C9-3-nitrotyrosine was self-synthesised in
ur laboratory [4]. Acetonitrile (HPLC-grade) was purchased
rom Baker (Germany) and deionised water was produced by

illipore®-technique.

.2. Solvent preparation

An aqueous solution was prepared containing 10% formic
cid. For mobile phase, eluent A and eluent B were prepared as
ollows:

Eluent A: an aqueous 5 mM ammonium acetate solution was
repared and the pH was brought to pH = 4.0 using 10% aqueous
ormic acid. Eluent B consists of 0.025% formic acid in acetoni-
rile. All processed samples were reconstituted in a mixture of
luent A and B 20:80 (v/v) as starting eluent for HILIC/MS/MS.

he preparation of the calibration curve requires 0.1 mM ammo-
ium acetate buffer brought to pH 4.0 with 10% formic acid.
or the preparation of all the solutions, deionised water was
sed.
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.3. Synthesis of 13C9-nitrotyrosine as internal standard
IS)

The internal standard, 13C9-3-nitrotyrosine, was synthe-
ized according to the preparation of Schwedhelm et al. [27].
3C9-l-tyrosine (30 �mol) and sodium nitrate (90 �mol) were
uspended in 600 �l of ice-cold water. Upon slow addition of
00 �l of sulphuric acid (97%) under stirring the colour of the
old solution changed to yellow. After 1 h incubation in the
ce-bath, the pH of the solution was adjusted to pH = 3 by the
ddition of 1700 �l aqueous solution of sodium hydroxide (5 M).
he target substance was removed from the reaction solution
y adsorption onto a C18 POLAR RP cartridge (500 mg/3 ml)
nd elution by 1.5 ml of a solution of 2 mM NH4Ac buffer and
ethanol (60/40, v/v) adjusted to pH 4.35. The purity of the

eaction product in the eluent was proven by LC–MS/MS and
as found to be 99.7%.

.4. EBC sample collection

EBC samples were collected using a commercially available
COSCREEN condenser from Viasys Healthcare (Hoechberg,
ermany). EBC was collected from 27 healthy adults aged
etween 31 and 64, with a median age of 46. These subjects
ncluded 14 female and 13 male subjects, of which 8 were smok-
rs and 8 were former smokers. The subjects wore noseclips
nd were instructed to perform tidal breath to a breath volume
f 200 l through a mouthpiece connected to the condenser. Vol-
mes of resulting EBC ranged from 1 to 6 ml. The samples were
liquoted and stored at −80 ◦C until analysis.

.5. Standard and sample preparation

Two stock solutions were prepared, l-proline13C5 (IS) and
is-4-hydroxy-l-proline (IS), each containing 1 g/l in 0.01 mM
mmonium acetate buffer (pH = 4). Afterwards 20 �l of stock
olution cis-4-hydroxy-l-proline were placed in a 20 ml glass
olumetric flask and diluted to the mark with 0.01 mM ammo-
ium acetate resulting in a 1 mg/l intermediate solution.

A stock solution of the IS l-tyrosine13c9 was prepared by
dding 5 mg of l-tyrosine 13c9 in a 50 ml volumetric flask and
lled up to the mark with 5 mM NH4Ac, pH 4 (see also solution
or eluent A). The resulting concentration is 0.1 g/l.

The stock solution containing 10 g/l 13C9-nitrotyrosine in
mM NH4Ac was prepared with the self-synthesised inter-
al standard. This stock solution was diluted 1:1000 in 2 mM
H4Ac obtaining a 10 mg/l solution. Further, 300 �l of this solu-

ion was filled up to the mark in a 10 ml volumetric flask using
mM NH4Ac-buffer resulting in a 300 �g/l dilution (interme-
iate solution).

The working solution for the internal standards l-
roline13C5, cis-4-hydroxy-l-proline, l-tyrosine13C9 and 13C9-

-nitrotyrosine was prepared as described:

Twenty microlitres of l-proline13C5 stock solution were
laced in a 20 ml volumetric flask (dilution 1:1000). Two
undred microlitres of intermediate solution of cis-4-hydroxy-l-
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ogr. B  860 (2007) 78–85

roline (dilution 1:100), 200 �l of l-tyrosine13C9 stock solution
dilution 1:100) and 667 �l of 13C9-nitrotyrosine intermediate
olution (dilution 1:30) were added. Afterwards the volumet-
ic flask was filled to the mark with 0.01 mM NH4Ac. The
oncentrations of the internal standard working solution were
mg/l for l-proline13C5 and l-tyrosine13C9 and 0.01 mg/l for
is-4-hydroxy-l-proline and 13C9-3-nitrotyrosine, respectively.
ll solutions were stored at −20 ◦C and are stable under these

onditions for at least six months.

.6. Preparation of standards for the calibration curves

Stock solutions of l-proline, trans-l-hydroxyproline, l-
yrosine and 3-nitrotyrosine were prepared, each containing
g/l in 0.01 mM NH4Ac. The expected higher concentrations of
-proline and l-tyrosine compared to 3-nitrotyrosine and trans-
-hydroxyproline in EBC were taken into consideration during
he following calibration standards:

Working solution A: 10 �l of stock solution trans-l-
ydroxyproline and nitrotyrosine were placed in a 10 ml
olumetric flask and diluted to the mark with 0.01 mM NH4Ac
dilution factor 1:1000). The resulting concentration was 1 mg/l
or both standards.

Working solution B: 1000 �l of l-proline stock solution were
rought into a 10 ml volumetric flask and filled up to the mark
ith 0.01 mM NH4Ac (dilution factor 1: 10), resulting in a

oncentration of 0.1 g/l.
Working solution C: 100 �l of working solution A and 100 �l

f working solution B and 100 �l of the stock solution of l-
yrosine were placed in a 100 ml volumetric flask and diluted to
he mark with 0.01 mM NH4Ac. The dilution factor was 1:1000
or all standards. The final concentrations of l-proline and l-
yrosine were 100 �g/l and 1 �g/l for trans-l-hydroxyproline
nd nitrotyrosine. All stock and working solutions were stored
t −20 ◦C and are stable under these conditions for at least six
onths.
Working solution C was used to prepare calibration standards.

oncentrations were in the range from 0.01 to 1 �g/l for trans-
-hydroxyproline and 3-nitrotyrosine and in the range from 1 to
00 �g/l for l-proline and l-tyrosine. Calibration standards were
repared using 0.01 mM NH4Ac for dilution, aliquoted into 1.1-
l-portions and stored at −80 ◦C until analysis. A blank value

onsisting of 0.01 mM NH4Ac was included in every analytical
eries.

.7. Sample preparation

Samples and standards had to be thawed at room temperature
nd intensively shaken before analysis. A volume of 1000 �l
f each sample was pipetted into 1.8 ml glass vials. A volume
f 50 �l of the working solution of the internal standard was
dded afterwards. The vials were kept at −80 ◦C for 30 min,

esulting in complete freezing, before they were lyophilised
vernight using a Piatkowski P-3-freeze-drying-system
Piatkowski, Munich, Germany) at −15 ◦C and a pressure of
pp. 10−2–10−3 mbar. The dry residue was reconstituted in
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0 �l, a mixture of eluent A and B 20:80 (v/v), and finally
rought into a micro insert for the injection into the LC/MS/MS
ystem for quantitative analysis. Calibration standards were
reated in the same way. Linear calibration curves were obtained
y plotting the quotients of the peak areas to the peak area of
he according IS. The calibration curves were used to ascertain
he unknown concentrations of the analytes in the EBC
amples.

.8. Liquid chromatography and mass spectrometry

Liquid chromatographic separation was performed on a
ewlett-Packard HP 1100 series HPLC system equipped
ith a binary gradient pump, degasser and autosampler.
hromatography was performed on a ZIC®-HILIC (3.5 �m,
.6 mm × 100 mm) from SeQuant (Haltern am See, Germany)
sing 5 mM ammonium acetate (pH 4.0)/0.0025% formic acid
n acetonitrile mixture (20:80, v/v) as mobile phase and a flow
ate of 0.5 ml/min for the initial condition. The temperature of
he column was kept at 30 ◦C using a Thermasphere TS-130
olumn oven from Phenomenex.

A gradient elution was started after injection of the sam-
le by varying the proportion of ammonium acetate (solvent A)
rom 20 to 80% within 15 min. Next the gradient was held for
min before it was brought back to the initial conditions within
min and then held for another 10 min. In total, the whole chro-
atographic run required 30 min before a new sample could be

njected. All steps were controlled by Analyst 1.3.2 software
rom Applied Biosystems.

The detection was accomplished with a Sciex API 3000 tan-
em mass spectrometry (MS/MS) system with an electrospray
onization (ESI) source in the positive ion mode. The applied
SI needle voltage was +5000 V. Nitrogen was used as the neb-
liser gas (at a pressure of 8 psi) and turbo heater gas (500 ◦C) as
ell as for the collision gas settings at 10 instrument units. The

urtain gas was set to 8 psi. The multiple reaction monitoring
MRM) mode was chosen to perform the MS/MS detection and
he dwell time for each transition was 300 ms.

The retention times and the substance-specific mass spectro-
etric conditions for each compound under the given conditions

re listed in Table 1. Mass spectra were obtained with continu-

us flow injections of standard solutions of each of the analytes
1 mg/l MeOH, 10 �l/min) with a syringe pump system coupled
o the Sciex API 3000 LC/MS/MS system. The most specific
nd intense precursor-product ion transitions for Pro, t-Hyp, Tyr

4
t
P
w

able 1
etention times and compound specific mass spectrometric conditions

NT NT 13C9 Tyr

etention time (min) 4.95 4.95 6.59
recusor ion (m/z) 227 236 182
roduct ion (m/z) 181 189 165
eclustering potential (V) 41 41 41
ocusing potential (V) 170 170 210
ntrance potential (V) 9 9 10
ollision energy (V) 18 18 15
ollision exit potential (V) 11 11 10
gr. B  860 (2007) 78–85 81

nd NT could be determined in this manner. Resolution of the
uadrupoles Q 1 and Q 3 was set to “unit”.

. Results

The method developed allows for the simultaneous determi-
ation of NT, Tyr, Pro and t-Hyp. The retention times (Table 1)
or NT, Tyr and Pro were almost identical with their respective
abelled internal standards because here, standards and internal
tandards exhibited the same chemical behaviour, but mass tran-
itions shifted (see Table 1). For the determination of t-Hyp, a
abelled internal standard was not commercially available. Con-
equently, we chose to use the stereoisomer cis-hydroxyproline.
is-Hydroxyproline is usually not present in collagen or other
roteins, so that its determination is not disturbed by natural
ackgrounds. In fact, the investigation of pooled exhaled breath
ondensate without addition of cis-Hyp showed no detectable
evels of cis-Hyp. From a chemical point of view, both stereoiso-
ers should show almost identical properties, so that it was

onsidered to be the best internal standard available, as already
eported by other authors [28]. Under the given conditions
or HILIC, cis-Hyp eluted approximately 0.3 min later than its
somer t-Hyp. Although quenching effects during mass spectro-

etric determination cannot be compensated for in this manner,
is-Hyp turned out to be a reliable internal standard for the accu-
ate determination of t-Hyp. A chromatogram of the processed
BC-sample of a healthy person is shown in Fig. 1.

.1. Reliability of the method

The volume of collected EBC is usually comparitively lower
between 1 and 6 ml) than the volume needed in our method
1 ml), thus making it difficult to collect adequate volumes for
uality control materials for a full validation of the method.
herefore, we decided to use self-prepared control material for

he validation of the method using 0.01 mM NH4Ac. All stan-
ards for the calibration curves and quality control material were
repared in the laboratory by spiking 0.01 mM NH4Ac with
ifferent amounts of Pro, Tyr, t-Hyp and NT. For quality con-
rol purposes, two different concentration levels were prepared.
1, the quality control for low-concentrations, was spiked with

0 ng/l Hyp and NT and 4 �g/l Pro and Tyr. Q2 the quality con-
rol for high concentrations, 250 ng/l t-Hyp and NT and 25 �g/l
ro and Tyr was added to 0.01 mM NH4Ac. The quality controls
ere aliquoted into 1.1 ml-portions and stored at −80 ◦C.

Tyr13C9 Pro Pro13C5 t-Hyp c-Hyp

6.60 7.43 7.42 7.99 8.34
191 116 121 132 132
144 70 75 86 68

41 31 31 41 41
200 170 200 60 60

10 10 10 10 10
17 19 21 21 33
10 6 6 4 12
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Fig. 1. Chromatogram of the processed EBC sample of a healthy person. Concentrations determined were 17.9 �g/l for Pro, 43 ng/l for t-Hyp, 21.4 �g/l for Tyr and
106 ng/l for NT.

Fig. 2. Calibration curves of Pro, Hyp, Tyr and NT; APA = analyte peak area, ISPA = internal standard peak area; (- - -) calibration curve in EBC, (—) calibration
curve in 0.01 mM NH4Ac.
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Table 2
Within-day and between-day precision for the determination of Pro, Hyp, Tyr
and NT (n = 8)

Mean ± SD (�g/l), RSD (%)a

Pro Hyp Tyr NT

Within-dayb

QK1d 4.45 ± 0.21 0.05 ± 0.003 5.12 ± 0.26 0.04 ± 0.002
4.6 7.0 5.1 5.8

QK2e 26.21 ± 0.60 0.27 ± 0.007 25.98 ± 0.92 0.25 ± 0.012
2.3 2.7 3.5 4.9

Between-dayc

QK1d 4.6 ± 0.37 0.082 ± 0.01 5.21 ± 0.41 0.04 ± 0.03
8.0 13.2 7.3 8.2

QK2e 26.4 ± 0.69 0.31 ± 0.02 25.43 ± 1.06 0.25 ± 0.01
2.6 7.5 4.2 3.5

a RSD: relative standard deviation.
b Within-day precision was obtained from eight replicate assays on one day.
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Table 3
Median level and range of Pro, Hyp, Tyr and NT in EBC of 27 healthy subjects

Pro (�g/l) Hyp (ng/l) Tyr (�g/l) NT (ng/l)

n > LOD 27 26 27 25
M
R

e
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d
a
f

(
t
a
0
t

o
d
c
f
f
N
l
b

s
a
a
s
a
c
p
a

4

F
i

c Between-day precision was obtained from eight different days.
d QK1 spiked with 4 �g/l Pro and Tyr and 40 ng/l Hyp and NT.
e QK2 spiked with 25 �g/l Pro and Tyr and 250 ng/l Hyp and NT.

In order to investigate the influence of matrix on the
alibration of the analytes, we prepared calibration standards
y spiking pooled EBC in the same concentration range
nd processed these standards together with the “normal”
alibration standards in 0.01 mM NH4Ac. The resulting slopes
nd linearity of the calibration curves in 0.01 mM NH4Ac
nd EBC were compared. Fig. 2 shows the results of this
omparison graphically. As shown, both calibrations showed
xcellent linearity with slightly lower slopes in EBC calibration,
specially regarding Pro and Tyr. This may be explained by
he comparatively high background levels found in the pooled
BC used that ranged from 52 �g/l for Tyr to 65 �g/l for Pro.
onsequently, spiking high levels of both amino acids might
verstrain the linear range of our method that was determined
o be 1–100 �g/l for both compounds and result in a flattening
f the calibration at the higher concentration range.

The precision within-day and between day was evaluated
sing quality control Q1 and Q2 (cf. Table 2). Within-day pre-
ision was examined with eight replicates each in one day and
he between-day precision were performed with replicates of Q1

nd Q2 from eight different days.

In order to further investigate the effect of different matrices
n the result obtained, accuracy tests were performed using five
ndividual EBC samples from healthy subjects. An aliquot of

s
t
t
f

ig. 3. Correlation between proline and tyrosine and t-hydroxyproline and proline in
s given in ng/l.
edian 13.4 45.7 15.5 168.0
ange 2.8–51.9 <5–516.5 2.4–99.1 <5–1686.5

ach sample was analysed unspiked and then spiked with 10 �g/l
ro and Tyr and 100 ng/l of t-Hyp and NT. The mean accuracy,
etermined from the difference of the levels found in unspiked
nd spiked EBC was 104.2% for Pro, 115.8% for t-Hyp, 88.9%
or Tyr and 101.9% for NT.

The limit of detection (LOD), defined as a signal-to-noise
S/N) ratio of 3 for the registered fragment ions, was estimated
o be 5 ng/l for t-Hyp and NT. The LOD for Pro and Tyr in
queous samples was slightly higher than for t-Hyp and NT (app.
.05 �g/l), but regarding the high levels found in EBC samples,
his LOD has never been reached in practice (see Table 3).

In Table 3, the results of our investigation of EBC samples
f 27 healthy subjects are summarised. All analytes could be
etermined in more than 90% of the samples investigated. The
oncentration of Pro varies from 2.8 to 51.9 �g/l. t-Hyp dif-
ers in a range within <5 and 516.5 ng/l. Values for Tyr varied
rom 2.4 to 99.1 �g/l and those of NT from <5 to 1686.5 ng/l.
o significant differences could be found for each of the ana-

ytes between smokers, ex-smokers and non-smokers as well as
etween women and men.

The concentrations of Pro and Tyr in the EBC samples
howed a strong correlation (r = 0.97), indicating that both amino
cids were present in the alveolar lining fluid and exhaled in
similar manner. The correlation between t-Hyp and Pro was

trong (r = 0.87), but weaker than the correlation between Pro
nd Tyr, indicating that even in the lungs of healthy subjects, a
ertain portion of lung collagen (or its precursors) had decom-
osed and been exhaled. Fig. 3 shows the correlations for Pro
nd Tyr as well as t-Hyp and Pro.

. Discussion

Analysis of EBC samples is complicated by the small

ample volume available for analysis coupled with the need
o detect very low concentrations. While the determination of
-hydroxyproline and proline is often described in the literature
or matrices like serum, urine or tissue or collagen samples

EBC samples of healthy subjects. Pro and Tyr are given in �g/l whereas t-Hyp
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28–33], we present here for the first time quantitative results
or both compounds in EBC. Previous methods analysing both
ompounds used HPLC with fluorescence or mass spectromet-
ic detection after elaborate derivatisation of the compounds
o fluorescent derivatives [28–30] or UV detection after
erivatisation with dinitrophenylhydrazine [31]. Other methods
ncluded GC/MS after derivatisation to tert-butyldimethylsilyl
erivatives [32]. All these methods required extensive sample
reparation and elaborate derivatisation steps that are expensive
nd might affect column lifetime and efficiency in HPLC.
he same is true for the determination of 3-nitrotyrosine
nd tyrosine in EBC. While NT and Tyr levels have already
een reported in EBC [4,13–16], the methods either failed
o simultaneously determine Tyr [4,13,14,16] and/or needed
xtensive sample preparation for GC/MS [13,16] or LC/MS/MS
4] or lacked specifity due to the use of enzyme immunoassays
16].

In order to avoid derivatisation for the determination of both t-
yp, Pro, NT and Tyr and still utilize tandem mass spectrometric
etection as the most specific and sensitive detector, we decided
o use hydrophilic ion liquid chromatography (HILIC) as an
lternative. Normal reversed phase technique is not suitable for
uch highly polar compounds, because with the exception of NT
4] they usually show almost no retention on RP-columns. The
se of “classic” normal phase chromatography would require
rganic phases which affect HPLC pump seals and make this
echnique in general hard to handle.

An alternative for the detection of highly polar compounds
s the use of hydrophilic interaction liquid chromatography
HILIC). HILIC is similar to normal phase technique as the
tationary phase is polar (silica gel modified with strongly polar
roups). The HILIC-technique has initially been successfully
pplied for the separation of carbohydrates or peptides [34–37].
urther development of different stationary phases has led to an

ncrease in the application of this technique in analytical chem-
stry, e.g. in the analysis of polar food compounds [38] or in the
creening for polar metabolites in bodyfluids [39].

Mobile phases used for HILIC are semi-aqueous, whereas the
queous eluent is considered to be the strongest. Therefore, start-
ng with a low percentage of the aqueous phase and increasing
t to 80% during the run, compounds are eluted beginning with
he non-polar and ending with the highly polar ones. Therefore,
he elution order is inverted to RP chromatography where highly
olar compounds have very short retention times [40]. HILIC
s very well suited for coupling with MS-detection and sensitiv-
ty of these methods often achieves a 10–1000 fold increase in
ensitivity compared to RP-HPLC.

As EBC contains only little matrix and the volume avail-
ble is limited, we decided to use lyophilisation of the samples
s the only step of sample preparation and concentration of the
nalytes. As the analytes are non-volatile amino acids (salts), sig-
ificant losses during this step are not to be expected and sample
reparation is facilitated. As shown in Fig. 1, the chromatograms

re very clean and the analyte peaks are clearly resolved from
ny interferences. The detection limits of 0.05 �g/l for Pro and
yr and 5 ng/l for t-Hyp and NT are superior to previous methods
or the determination of NT in EBC [4,13–16].

c
t
t
c

ogr. B  860 (2007) 78–85

Precision data were excellent regarding the low concentra-
ions used, varying from 2.3 to 7.0% for the within-day precision
nd from 2.6 to 13.2% for the between-day precision. The data
or accuracy in individual EBC were also very good with an
ccuracy of 104.2% for Pro, 115.8% for t-Hyp, 88.9% for Tyr
nd 101.9% for NT. This illustrates the good compensation
f possible matrix effects by the use of labelled internal stan-
ards. Regarding the good precision and accuracy data for t-Hyp,
his is also applicable for the use of cis-Hyp as the internal
tandard.

To our knowledge, the developed method described here
s the first to allow for the simultaneous determination of
-nitrotyrosine, tyrosine, trans-hydroxyproline and proline in
xhaled breath condensate. The volume of sample material
eeded is 1 ml, which is comparatively low for the simultaneous
nalysis of four substances in this matrix. The peaks obtained
ith the HILIC-column were sharp and retention times were

eproducible with no notable shift, even after several chromato-
raphic batches. The zwitter-ionic properties of the ZIC-HILIC®

olumn used in this study make it especially suitable for the
etermination of amino acids, as already shown in our previous
nvestigation [26].

The results obtained from our preliminary study investigat-
ng the EBC of 27 healthy subjects provide a promising basis
or further, larger studies on persons suffering from allergic air-
ay diseases or fibrotic diversifications in the lung. The most

nteresting result of this investigation was the high degree of cor-
elation between the amino acids tyrosine and proline in EBC,
roving that a certain portion of the epithelial lining fluid of
he airways is carried away with the airflow. In our opinion, the
ccurate determination of both tyrosine and proline might be an
xcellent measure for the extent of the dilution of the epithelial
ining fluid in collected EBC samples. While the levels of Pro and
yr in EBC varied immensely from subject to subject, the ratio
f Pro/Tyr remained almost constant in all samples investigated
cf. Fig. 2), regardless of the volume of EBC collected.

Another interesting result was the correlation between the
evels of t-Hyp and its precursor Pro. As t-Hyp is almost exclu-
ively incorporated in collagen or its precursors, this might
ndicate that collagen or its precursors are decomposed to a small
ercentage even in the lungs of healthy persons not suffering
rom fibrosis or other lung diseases. In contrast, no significant
orrelation was found between the levels of NT and its precur-
or Tyr in EBC, indicating that the formation (and exhalation)
f NT is most likely influenced by exogenous factors that have
ot been assessed in this preliminary study.

Both NT and t-Hyp represent biomarkers of different effects
aking place in the airways: while NT is described as a biomarker
f nitrosative stress or allergic/inflammative response, t-Hyp is
upposed to be a biomarker of collagen turnover. The simul-
aneous determination of both compounds in EBC of persons
ith different lung diseases might help to clarify the quality of
oth markers in the future. Moreover, the additional quantifi-

ation of proline and tyrosine might serve as a parameter for
he standardisation of EBC results that is more meaningful than
he EBC volume collected or the breath volume exhaled during
ollection.
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. Conclusion

We have developed and validated a highly sensitive, accurate
nd specific new LC/MS/MS-method for the simultaneous
etection of the biomarkers 3-nitrotyrosine and trans-
ydroxyproline as well as their precursors, the amino acids
yrosine and proline in EBC. Precision and accuracy data were
xcellent and possible matrix effects could be compensated for
y the use of labelled internal standards. Due to its simple and
apid sample preparation, the method is very practicable and
uitable even for the examination of larger series.

The data for accuracy and precision can be described as
xcellent, even at very low concentrations. The limit of detec-
ion of 5 ng/l for 3-nitrotyrosine and trans-hydroxyproline and
.05 �g/l for tyrosine and proline was sufficient for the detec-
ion of the analytes in all samples of a preliminary study. As
he levels of tyrosine and proline showed a strong correlation in
BC regardless of EBC volume, we conclude that these param-
ters could be very suitable to compensate for possible dilution
ffects that can occur during sampling of EBC.
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