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a b s t r a c t

A rapid clean-up method using ultra-filtration was developed to remove sample matrix in the deter-
mination of low-molecular mass aldehydes in human urine. The ensuing filtrate was derivatized with
fluorescein 5-thiosemicarbazide and the labelled aldehydes determined by capillary zone electrophore-
sis with laser-induced fluorescence detection. Practical aspects related to the effect of the urine sample
matrix on the label chemistry and the electrophoretic separation showed that the urine samples must
be diluted 20-fold after their ultra-filtration. By using synthetic urine, linear ranges were established
luorescein 5-thiosemicarbazide
apillary electrophoresis
aser-induced fluorescence
ltra-filtration
rine samples

in the range of 15–5000 �g/l with limits of detection between 4.5 and 9 �g/l. The intra- and inter-assay
precision (relative standard deviation, %) of the aldehydes ranged from 4.1% to 8.4% and 6.1%–9.6%, respec-
tively, and the average specific uncertainty was 149 ± 12 ng. The average recoveries performed on two
levels by enriching synthetic urine samples ranged between 94% and 100%. Finally, the proposed method
was applied to check low-molecular mass aldehydes in the human urine of a female volunteer to obtain
information about the risk in her exposure to these chemicals in the workplace.
. Introduction

In the last decade, capillary electrophoresis (CE) has become
ncreasingly important in the analysis of diverse compounds in

variety of matrices. Because of its highly efficient peak separa-
ion and short analysis time, CE methods can be regarded as an
nteresting complement or even as an alternative to the chromato-
raphic techniques commonly employed in separation problems
1–4]. However, it is commonly accepted that the sensitivity and
electivity of the detection are relatively weak points of CE [5,6].
ne way to overcome these limitations is the conversion (deriva-

ization) of the analytes into product(s) with more favourable
etection characteristics. Thus, in most cases, analytical derivati-
ation in CE is detection-oriented, and therefore associated with
he incorporation of chromophore or fluorescent groups into the
nalytes to obtain better sensitivity and selectivity. In addition, ana-
ytical derivatization is also used to give the analyte a more suitable

ass-to-charge ratio, to increase the hydrophobicity necessary for

icellar electrokinetic chromatography (MEKC) separations or to

rovide better properties for mass spectrometric detection [7–9],
mong others. Although, in principle, almost any detection mode

� This paper is part of the special issue “Enhancement of Analysis by Analytical
erivatization”, Jack Rosenfeld (Guest Editor).
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can be combined with an analytical derivatization procedure, in
practice, laser-induced fluorescence (LIF) monitoring is favoured
in many cases because it affords a remarkable increase in detec-
tion sensitivity [4]. From the foregoing, it can be asserted that,
as occurs in chromatographic techniques, analytical derivatization
has played an important role in the CE determination of analytes
such as amino acids, carbohydrates, aldehydes, etc. This is because
their direct determination is troublesome due to the one or other
reason of the lack of strong chromophoric moiety, high polarity,
reactivity or volatility of these compounds. In this context, a great
number of CE procedures have been reported for the determina-
tion of amino acids and carbohydrates based on their derivatization
with different probes, whereas not many CE methods for low-
molecular mass aldehydes (LMMAs) have been published.

CE analysis of LMMAs is usually performed after their deriva-
tization with an acidic solution of 2,4-dinitrophenylhydrazine
(DNPH) to form their corresponding hydrazones, followed by
MEKC separation and UV detection [10–14]. Other hydrazine-based
reagents such as dansylhydrazine [15,16], 4-hydrazinobenzoic
acid [17,18], hydrazino benzene sulfonic acid [19] and 3-methyl-
2-benzothiazoline hydrazone [20] have also been used for the
analytical derivatization of LMMAs. CE analysis involving use of
these hydrazine-based derivatizing agents is relatively sensitive

because linearity is established at �g/ml level; however, by using
a pre-concentration step, the determination of these aldehydes is
feasible at �g/l level, such as in air samples [15,18,20]. On the
other hand, the majority of these electrophoretic methods have

dx.doi.org/10.1016/j.jchromb.2010.10.033
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
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een applied to the determination of LMMAs in such simple matri-
es as air [10,12,15,18,20] or water [16,19] samples, and therefore
ery little work has been focused on their analysis in more complex
atrices; to our knowledge, only human saliva [11] and food sam-

les [14,17] have been assayed. For these reasons, it is clear that
he determination of LMMAs through CE demands more sensitive
pproaches that do not cause detriment to the resolution and also
hat will extend their analysis to more complex analytical samples.
he determination of the LMMAs is an important area of research in
linical chemistry because the analysis of aldehydes in human urine
s a non-invasive and simple assay to evaluate possible adverse
ealth effects due to these carbonyl compounds. Aldehydes are
rganic compounds that are widespread in nature, and as a result
here are many possible aldehyde sources for humans: significant
xogenous sources include environmental, dietary and drug alde-
ydes, whereas reactive aldehyde species formed in the organism
re the main endogenous source [21]. Urinary malondialdehyde
as been widely used to monitor oxidative stress [22,23], the con-
rol of acrolein in urine (the metabolite of the anticancer drugs
yclophosphamide and ifosfamide) can be used to prevent severe
emorrhagic cystitis [24,25] and the quantification of formalde-
yde in urine may serve as a non-invasive marker of bladder and
rostate cancer [26,27].

The purpose of this work was to develop a rapid and useful
lean-up method based on ultra-filtration (UF) for the sensi-
le and selective determination of LMMAs in human urine,
amely formaldehyde, acetaldehyde, propionaldehyde, butyralde-
yde, acrolein and malondialdehyde. Because the aldehydes have
o native fluorescence, the UF urine samples were derivatized with
uorescein 5-thiosemicarbazide (FTSC) and the derivatives sepa-
ated by CE and detected by LIF using an air-cooled argon-ion laser
s the excitation source. In a previous work [28], we reported a
TSC derivatization procedure for some of these LMMAs and their
nalysis in drinking waters at �g/l levels by CE-LIF. The current
tudy describes the development of a sample work-up procedure
or the application of the FTSC-CE-LIF method to a more complex

atrix like human urine samples. UF and solid-phase extraction
SFE) have been evaluated as clean-up methods and their perfor-

ance compared in terms of simplicity and degree of purification.
he method was validated in terms of selectivity, linearity, preci-
ion and accuracy, and proved to be appropriate for its purpose.
he method proposed is the first contribution to the quantification
f LMMAs in human urine by CE. It introduces FTSC as fluorescence
robe for urine analysis of LMMAs. This class of analyte polar and
eactive is not amenable to isolation by SPE. These characteristics
equired the development of a novel sample clean-up method for
emoving urine sample matrix based on UF.

. Experimental

.1. Reagents and solutions

All reagents and solvents used were of analytical grade. Water
as purified using an Elix-3 electrodeionization station coupled
ith a Milli-Q Simplicity water purification system (Millipore

bérica S.A., Madrid, Spain). Formaldehyde (37% aqueous solution)
nd acetaldehyde (99.5%) were supplied by Sigma (Sigma–Aldrich
uímica, Madrid, Spain). Propionaldehyde (96%), butyraldehyde

99%) and acrolein (99%) were obtained from Fluka (Sigma–Aldrich
uímica). Malondialdehyde tetrabutylammonium salt (96%) was
urchased by Aldrich (Sigma–Aldrich Química). The standards were

sed without further purification. FTSC (80%, FW 421.43) was
btained from Fluka. The derivatizing agent (ca. 0.5 mM) was pre-
ared by dissolving 21.1 mg of FTSC in 100 ml of chromatographic
rade dimethylformamide (Merck, Darmstadt, Germany) and stor-
r. B 879 (2011) 1412–1418 1413

ing it in a freezer at −20 ◦C. Polyethylene glycol tert-octylphenyl
ether (Triton X-100) was acquired from Sigma. SurineTM Negative
Control, a simulated urine matrix, was purchased from Dyna-
Tek Inc. (Lenexa, KS). SurineTM is rugged non-biological urine
with constituents that mimic human urine without many of their
disadvantages such as odour, foam, and biohazard disposal require-
ments. Certificate of analysis: pH, 7.0; specific gravity, 1.008; and
appearance, consistent.

2.2. CE-LIF instrumentation and electrophoretic conditions

All analyses were carried out on a P/ACETM MDQ CE system
(Beckman, Fullerton, CA, USA) fitted with a Laser Module 520 nm LIF
detector (Beckman) using an air-cooled argon-ion laser (excitation
wavelength of 488 nm and emission wavelength filter of 520 nm).
The acquisition and the processing of data were performed with a
PS/2 computer (IBM, Greenwock, UK) running 32 KaratTM software
(version 8.0). The samples were systematically injected in hydrody-
namic mode (injection pressure: 0.5 p.s.i. or 3.4 kPa) for 5 s and their
analysis was achieved on a fused-silica capillary of 57 cm (50 cm
effective length to detection window) × 50 �m I.D. Injections were
performed on the anodic end of this capillary and electrophore-
sis was carried out at 25.0 ± 0.1 ◦C and a voltage of 20 kV. To assure
good reproducibility, at the beginning of each experimental session
or sample injection the capillary was rinsed with 0.1 M hydrochlo-
ric acid for 2 min, 1.0 M sodium hydroxide for 5 min followed by
5 min with water and then equilibrated with the running buffer
(60 mM sodium borate adjusted to pH 10 and 10 �M of Triton X-
100) for 2 min. In addition, the peak with a migration time of ca.
14.5 min in electropherograms from the FTSC background emission
can be used as internal standard in order to correct possible vari-
ations between runs in the migration time of the labelled analytes
and also differences in the peak areas due to potential significant
injection variability. Using this peak as internal standard, relative
standard deviations (RSDs) for migration times ranged from 0.7%
to 1.8%.

2.3. Preparation of standards

Individual stock solutions of aldehydes (1 mg/ml) were pre-
pared in methanol (Romil Chemicals, Cambridge, UK) and stored
at 4 ◦C. The stock solutions were diluted daily with purified water
to prepare working standard solutions between 0.3 and 100 �g/ml.
Ten working standard spiking solutions containing all six aldehy-
des were generated by serial dilution of the initial stock solutions
with synthetic urine (SurineTM Negative Control) diluted 20 times
with water. These standards covered concentration ranges of
15–5000 �g/l. Quantification was based on peak area.

2.4. Pre-treatment and derivatization of urine sample

Urine samples were obtained from a female volunteer. Samples
were collected in sterilized polyethylene bottles of 250 ml without
headspace to prevent the formation of air bubbles and stored at
4 ◦C up to 72 h. When the time between urine collection and anal-
ysis exceeded 72 h, samples were stored at −20 ◦C up to 30 days
to avoid storage losses. The frozen urine samples were left in a
refrigerator until completely thawed. If required, the thawed urine
samples can be stored for 4 h prior to their analysis in a refrigera-
tor. Before derivatization, 2-ml aliquots of the urine sample were
UF using Vivaspin 6 cartridges (cut-off = 5 kDa, Sigma) by centrifu-
gation at 1850 × g for ca. 15 min at room temperature. The UF urine

sample was diluted 20 times with water and a 400-�l aliquot was
derivatized in a 1.5-ml PTFE vial by adding 100 �l of the derivati-
zation buffer (100 mM sodium dihydrogen phosphate adjusted to
pH 7.0 with 0.1 M sodium hydroxide) and 500 �l of 0.5 mM FTSC
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Fig. 1. Electropherograms of the effect of the urine matrix on FTSC background emis-
sion. In all cases the urine was diluted to 1:20 with water. (A) Untreated urine; (B)
urine purified by SPE with RP-C18; (C) urine purified by SPE with LiChrolut EN; and
414 C.E. Baños, M. Silva / J. Chro

eagent solution. The derivatization was carried out at 60 ◦C in the
ark for 3 h. All the derivatives were kept stored in a freezer at 4 ◦C
nd analyzed within 8 h after completing the reaction. When the
ime between derivatization and analysis exceeded 8 h, derivatives
ould be stored at −20 ◦C up to 7 days to avoid storage losses. The
lank electropherogram corresponding to the background emis-
ion of FTSC was obtained using the same experimental procedure
ut with synthetic urine instead of human urine.

. Results and discussion

.1. Development of the method

The determination of aldehydes in biological matrices can be a
omplex task because sample purification and pre-concentration
rocedures are mainly required to improve selectivity and facili-
ate finding these analytes in the samples. This difficulty is even

ore complex in the analysis of LMMAs since the high polarity
nd reactivity of these compounds preclude the use of sample pre-
reatment techniques such as SPE, solid-phase microextraction and
iquid-phase microextraction because it is difficult to achieve the
uantitative separation of a mixture of LMMAs from other com-
onents of the sample matrix. Therefore, further developments

n clean-up methods are needed to ensure efficient separation of
hese aldehydes from the sample matrix. On the other hand, we
ave recently reported a novel sensitive derivatization scheme for
MMAs with FTSC that obviates the need for off-line or on-line
re-concentration and allows the CE-LIF quantification of aldehy-
es at nanogram-per-litre levels in drinking water samples [28].
s a result of the good features of this method, it is used in this
ork for the analysis of LMMAs in human urine. In the present

esearch, not only saturated mono aldehydes (C1 to C4) are studied,
ut also an unsaturated one like acrolein and a dialdehyde such as
alondialdehyde, because they are generally analyzed in urine as

iomarkers of certain diseases, namely hemorrhagic cystitis [24,25]
nd lipid peroxidation induced by oxidative stress [22,23], respec-
ively.

FSTC is a fluorescent molecular probe used in biochemical and
linical analysis that reacts with a wide variety of biomolecules such
s proteins (immunoglobulins, glycoproteins, etc.) among others
28]. As a result, to analyze LMMAs in human urine a fraction of
ldehydes free from urine proteins is needed and therefore they
hould be removed or significantly decreased in the urine matrix.
or this purpose, dilution of the urine sample with water and the use
f the SPE or the UF approaches have been assayed in this work as
lean-up methods. This study was carried out in the absence of the
nalytes and using synthetic urine as the sample matrix with the
im to obtain the cleanest background electropherogram (blank).
fter the treatment, a 400-�l aliquot of the resulting urine sample
as subjected to derivatization with FTSC and analyzed by CE-LIF
nder the experimental conditions stated in Section 2.

The effect of urine dilution was evaluated over the range 1:1 to
:20, and the highest dilution factor tested was selected for further
tudies despite the many peaks that were observed in the elec-
ropherogram (see Fig. 1A). Dilution factors higher than 1:20 were
ejected to avoid a dramatic decrease in aldehyde sensitivity in the
riginal urine sample. From these results, a SPE system was also
ssayed to decrease, moreover, the urine matrix effect. Thus, a vol-
me of 5 ml of the synthetic urine sample was passed through the
ontinuous SPE system at 1.0 ml/min. Several sorbent materials: sil-
ca RP-C18 (100 mg), LiChrolut EN (50 mg) and graphitized carbon

lack (50 mg) were used for packing the SPE mini-columns. A vol-
me of 1.0 ml of the eluate was diluted 1:20 with water just before
he derivatization of the aldehydes. From the experimental data it
an be concluded that although this clean-up method reduced the
(D) UF urine. (E) Electropherogram of the FTSC background emission using purified
water as sample matrix. Derivation conditions as in Section 2.

effect of the urine matrix appreciably (see Fig. 1B and C for RP-C18
and LiChrolut EN, respectively) many peaks were still observed in
the electropherograms. The poorest results were obtained using
graphitized carbon black as the sorbent. Next, UF was tested as
alternative to SPE systems. It was selected instead of the classical
protein precipitation approach because it is a very mild method for
removing proteins with little risk of producing artifacts or introduc-
ing impurities. Thus, synthetic urine samples were transferred into

disposable filtration device containing a polyethersulfone mem-
brane filter with a 5 kDa cut-off. After centrifugation for 15 min at
1850 × g, the filtrate was diluted 1:20 with water and derivatized
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Fig. 2. Electropherograms of (A) a standard mixture of aldehydes in synthetic urine
at 250 �g/l (formaldehyde and acetaldehyde at 100 �g/l) derivatized with FTSC and
(B) FTSC derivatives of the aldehydes detected in the human urine sample col-
lected within 15 min after exposure. Blank electropherogram is plotted in dotted
C.E. Baños, M. Silva / J. Chro

ith FTSC. As can be seen in Fig. 1D, UF was the best choice to
emove the urine matrix effect because only some peaks were
bserved in the electropherogram and these were similar to those
btained using water as sample matrix. Therefore, these peaks can
e assigned to fluorescent hydrolysis products and/or impurities of
he FTSC and not to possible fluorescent derivatives from the urine

atrix (see Fig. 1E and D).
The derivatization conditions for LMMAs were essentially the

ame ones used in a previous work [28] in spite of the fact
hat two different aldehydes, acrolein and malondialdehyde, were
ncluded in this study. Only one variable was re-adjusted: the pH
f the 100 mM phosphate buffer, which was fixed at 7.0 instead of
.5 in order to increase accuracy when measuring formaldehyde
nd acetaldehyde peak areas. In this point, it can be interest-
ng to discuss why the formation of thiosemicarbazones requires
lightly acidic conditions or even neutral pH (as in this work)
hile hydrazine-based reagents (the most widespread choice for

abelling carbonyl compounds) react at low pH. The formation of
mine compounds is based on a sequence of reactions involving pro-
onation of carbonyl oxygen, nucleophilic attack of amine group
n the electron deficient carbon atom, and elimination of water
olecule from the intermediate as shown in Scheme 1. In the

ase of the formation of hydrazones, high acidity in the reaction
edium favours the formation of the carbocation and the subse-

uent nucleophilic attack of hydrazine group [29], which is the
ate-limiting step. However, when thiosemicarbazide reagents are
sed, a change from rate-limiting addition of the nucleophile at low
H to rate-limiting dehydration at pH higher than ca. 4.5 is observed
30,31]. Thus, although high acidity in the reaction medium favours
he formation of the carbocation and the subsequent nucleophilic
ttack of hydrazine group; however when using thiosemicarbazide
eagents, the sulfur atom of the C S bond can be protonated at low
H values, which reduces the electronic density of nitrogen in the
mine group and subsequently the nucleophilic attack.

Fig. 2A shows a typical electropherogram showing the elution
rofile of LMMA derivatives and unreacted FTSC obtained using a
unning buffer containing 60 mM sodium borate adjusted to pH
0 and 10 �M of Triton X-100 [28]. At this point, some comments
elated to the CE separation process are needed: (1) an additional
insing step of the capillary was required between runs with 0.1 M
ydrochloric acid for 2 min in order to achieve a good reproducibil-

ty in the migration times. In fact, in the absence of this step, the
igration time of the FTSC derivatives increased progressively from

a. 20 min (see Fig. 1) to 60 min, after five repeated injections. This
ffect can be assigned to a possible adsorption of the urine matrix in
he capillary wall, even when the urine was diluted 1:20 with water.
2) Based on its chemical formula, malondialdehyde forms two
erivatives with FTSC, which were eluted according to their respec-
ive charge/mass ratio. The formation of these derivatives has been
orroborated when constructing the calibration curves for this
ldehyde. In fact, at lower concentrations (greater excess of FTSC)
he di-FTSC derivative was formed and eluted at higher migration
imes than the mono-derivative, which is formed at higher con-
entrations of malondialdehyde (lower excess of FTSC). Only one
eak was observed in both conditions, whereas two peaks appeared
t intermediate concentrations. Although one would have also
xpected the di-FTSC derivative to yield a comparatively stronger
uorescence signal than the mono-derivatized malondialdehyde,
his was not the case presumably because of lower derivatization
ields due to steric hindrance.

.2. Method validation
The validation of the method was based on the recommenda-
ions published on-line by the Food and Drug Administration [32]
s well as on the ICH guidelines for bioanalytical method validation
line and corresponds to the FTSC background emission in synthetic urine. Peak
identification: 1, formaldehyde; 2, acetaldehyde; 3, propionaldehyde; 4, acrolein;
5, malondialdehyde; 6, butyraldehyde. For experimental conditions see Section 2.

[33]. The validation parameters studied were linearity and range,
limit of detection (LOD) and quantification (LOQ), precision, specific
uncertainty, accuracy and stability assays. This study was carried
out in optimized conditions by using synthetic urine as the sam-
ple matrix. The calibration curves and corresponding regressive
equations were obtained with ten concentration levels of mixed
standard solutions of LMMAs in synthetic urine. Table 1 gives the
linear range, the FTSC background emission, the analytical sensitiv-
ity, expressed as the slope of the calibration plot, and the correlation
coefficient of the regression equation for each aldehyde obtained
by plotting peak area versus analyte concentration. The results indi-
cated that a high degree of linearity between the two variables was
attainable over the concentration range studied. The inter-day vari-
ation of calibration slopes (three consecutive days) measured as
RSD was less than 4.3%.

The LOD and LOQ for each aldehyde are also given in Table 1.
The LOD was determined as the lowest concentration of the ana-
lyte that can be reliably differentiated from the background level
(signal-to-noise ratio = 3) and the LOQ as the lowest concentra-
tion of the analyte that can be measured with a stated level of
confidence (the lower limit of the linear range) [32,33]. The calcu-
lated LODs ranged from 4.5 �g/l to 9.0 �g/l and the estimated LOQs
from 15 �g/l to 30 �g/l. Although areas of some FTSC background

peaks are significant with respect to those provided by the cor-
responding FTSC derivatives (see formaldehyde, acetaldehyde and
propionaldehyde in Fig. 2A), they are quite reproducible (RSD val-
ues from 2.5% to 4.8%) and thus, this enables to get lower values of
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Scheme 1. Scheme of the reaction pathway fo

ODs and LOQs. Despite the urine was diluted 20 times with water
efore its analysis, the method proposed provided smaller LODs for
he aldehydes than those obtained by the CE methods described
n the literature for the analysis of these carbonyl compounds in

atrices other than air samples [11,14,16,17,19]. Furthermore, to
ur knowledge, the method proposed represents the first approach
or the CE determination of some of the aldehydes assayed, such as

alondialdehyde.
The precision of the method was determined by calculating

ntra- and inter-assay precision for aldehydes in synthetic urine
amples. Intra-assay precision was estimated by analyzing six repli-
ates containing LMMAs in two different quality control levels:
5 �g/l (quality control low, QCL) and 1500 �g/l (quality control
igh, QCH). The inter-assay precision was determined by analyz-

ng six replicates of the QCL and QCH samples on three consecutive
ays (n = 18). The concentration in each sample was determined
sing calibration standards prepared on the same day and the pre-
ision was calculated as RSD. As can be seen in Table 2, RSD values
anged from 4.1% to 9.6%, which demonstrates the good precision
btained for all of the analytes.

The specific uncertainty for the determination of each aldehyde
ncludes several individual standard uncertainties associated with
ifferent sources such as precision, preparation of the standards,

he UF of the urine, instrumental calibration and other random
rror sources associated with the analytical method. To estimate
pecific uncertainty, 11 mixed standard solutions of LMMAs in syn-

able 1
nalytical features obtained by CE-LIF for FTSC derivatives of aldehydes in synthetic urin

Aldehyde Linear range (�g/l) Background emissiona

(RFU × min)
Analyt
(RFU ×

Formaldehyde 20–2500 9.25 ± 0.23 0.1094
Acetaldehyde 15–2500 3.12 ± 0.14 0.1996
Propionaldehyde 30–2500 12.6 ± 0.31 0.0796
Acrolein 25–5000 0.83 ± 0.04 0.0634
Malondialdehyde 30–5000 2.57 ± 0.12 0.0557
Butyraldehyde 25–5000 2.15 ± 0.10 0.0844

a Values ± SD (n = 10).
ormation of the FTSC derivatives with LMMAs.

thetic urine containing 150 ng of each LMMA were subjected to the
whole process: preparation of working curves, storage of the urine
samples at −20 ◦C for 30 days, the thawing of the urine sample
and its storage at −4 ◦C for 3 days in a refrigerator, the UF of the
urine samples, derivatization of the aldehydes with FTSC, storage
of the derivatives at −20 ◦C for 7 days and then, their complete
thawing at 4 ◦C for 8 h in a refrigerator and analysis by CE-LIF. The
specific uncertainty of a result is a symmetric interval around the
result (R ± U) and is calculated from the standard deviation (S) for
a set of results: U = tS/

√
n (where U is uncertainty, t is a statistical

parameter and n is the number of measures) [34,35]. Table 2 sum-
marizes the estimated specific uncertainty of each LMMA for the
whole procedure, which represents a mean relative uncertainty of
8.1%.

Method accuracy was assessed by six replicate analyses of mixed
standard solutions of LMMAs in synthetic urine at two different
concentration levels for each aldehyde (the QCL and QCH sam-
ples had the same composition as those used for precision studies).
Recovery of each aldehyde was calculated by comparing peak areas
in synthetic urine samples with those in a corresponding standard
solution, and was expressed as the percentage of expected levels.
As can be seen in Table 2, the spiked recovery, which was reflected
in method accuracy, ranged from 94% to 100% for all six analytes

at the two spiked levels. The results were satisfactory and these
data supported the suitability of the proposed CE-LIF method for
its application to real samples like human urine.

e samples.

ical sensitivitya

min × l/�g)
Correlation
coefficient

LOD (�g/l) LOQ (�g/l)

± 0.0038 0.9984 6.0 20
± 0.0041 0.9990 4.5 15
± 0.0032 0.9987 9.0 30
± 0.0016 0.9994 7.5 25
± 0.0015 0.9992 9.0 30
± 0.0019 0.9995 7.5 25
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Table 2
Inter- and intra-assay precision (RSD, %)a, accuracy (average recovery, %)b and the uncertainty (ng)c of LMMAs in synthetic urine.

Aldehydes QCL (75 �g/l) QCH (1500 �g/l) Uncertainty

Intra-assay Inter-assay Accuracy Intra-assay Inter-assay Accuracy

Formaldehyde 8.4 9.6 95 7.6 8.5 97 147 ± 14
Acetaldehyde 6.5 8.1 96 5.4 7.2 97 149 ± 12
Propionaldehyde 6.8 8.3 94 5.2 7.4 98 148 ± 13
Acrolein 5.7 7.4 99 4.4 6.2 100 151 ± 11
Malondialdehyde 6.1 7.8 97 4.7 6.5 99 149 ± 12
Butyraldehyde 5.2 7.2 98 4.1 6.1 100 150 ± 10

nsecu
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e
o
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o
b
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c
i
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o
r
a
t
e
e
w
w
a

a Samples were analyzed on each day (n = 6 at each concentration) of the three co
b Average recovery determined from intra-assay data.
c Uncertainty of the whole procedure expressed as R ± U (n = 11, K = 2 at a 95% co

.3. Analysis of urine samples

The method proposed has been applied to the analysis of urine
amples of a female volunteer who worked with the analytes
ncluded in this study to obtain information about the risk of her
xposure to these chemicals in the workplace. In her daily lab-
ratory work, the exposure to aldehydes was largely related to
he preparation of the diluted solutions of LMMAs from stock
nes of 1 mg/ml. It is noteworthy to point out that in most cases
rinary metabolites reported in the literature are normalized to
reatinine to correct urine dilution effects for single-spot sample
ollections among individuals. This practice is closely related to the
etermination of non-volatile analytes, and thus occupational and
nvironmental health organisations like American Conference of
overnmental Industrial Hygienists (ACGIH), National Institute for
ccupational Safety and Health (NIOSH), Occupational Safety and
ealth Administration (OSHA), etc. establish biological exposure

ndexes in urine for metals and non-volatile organic compounds
xpressing them in mg/g creatinine. However, levels of volatile
rganic compounds in urine (LMMAs in this work) used as biomark-
rs of exposure must be expressed in concentrations, according to
he literature [36–38] and the cited organisations. This is supported
y the fact that at constant environmental concentrations, during
xposure, equilibrium tends to be reached between partial pressure
f volatile organic compounds in external air, alveolar air, arterial
lood, body tissues and mixed venous blood. In the kidneys, the
olvent is excreted in urine by a diffusive process determined by
he equilibration of partial pressure in the urine and plasma; as

result, the ratio of concentrations in urine and blood tends to
qual the urine/blood distribution coefficients. As the dissolution
f gases and vapours in liquids is a fast process, a “steady state” can
e reached rapidly; for this reason variations in environmental lev-
ls of volatile organic compounds induce relatively rapid changes
f concentration in blood and, consequently, in urine; then, at any
ime, the concentration of volatile organic compounds in urine
eaving the kidney can be considered to be representative of renal
lood concentration and, ultimately, of environmental levels [39].

In this study, four urine samples were collected before expo-
ure and at 0, 4 and 8 h after the termination of exposure, and
nalyzed. The sample collected within 15 min after exposure is
onsidered to be the sample at time 0 and the rest follow this
nitial sample at determined intervals of time. To assess possi-
le matrix effects, LMMAs at two concentration levels, depending
n the value found, were spiked to urine samples and the cor-
esponding recoveries were determined (n = 6) by comparing the
ldehyde concentrations in spiked urine samples with those of syn-
hetic urine standards subjected to the same procedure. From the
xperimental data the following conclusions can be drawn: (1) as

xpected, high levels of aldehydes were found in the urine taken
ithin 15 min after exposure. Only the most volatile aldehydes
ere quantified: formaldehyde (54.3 ± 4.8 �g/l, recovery = 97%),

cetaldehyde (248 ± 14 �g/l, recovery = 99%) and propionaldehyde

[
[

tive day validation.

ce level).

(50.2 ± 3.6 �g/l, recovery = 98%), whereas acrolein, malondialde-
hyde and butyraldehyde were found at levels between their LOQ
and LOD at concentrations around 10, 25 and 18 �g/l, respectively.
Fig. 2B shows the electropherogram obtained in the analysis of
this urine sample. (2) The aldehydes were not detected in the
other urine samples analyzed, except in that taken 4 h after expo-
sure, in which formaldehyde, acetaldehyde and propionaldehyde
were found at levels between their LOQ and LOD. (3) These results
showed that the most volatile aldehydes studied (formaldehyde,
acetaldehyde and propionaldehyde) can be rapidly absorbed by
inhalation and that only a small fraction of the aldehydes input was
excreted with urine. This behaviour was in line with the results of
other researchers, in which the proportion of compound excreted
in urine with the amount absorbed was usually low and depends
on the hydrophobicity of the chemical [40,41].

4. Conclusions

In this work, CZE-LIF was found to be a powerful analytical
technique for the sensitive determination of LMMAs in human
urine samples without the use of prior pre-concentration steps. The
results obtained warrant the following comments: (i) a novel sam-
ple clean-up method for removing urine sample matrix based on UF
has been developed to overcome the drawbacks associated to the
use of other sample pre-treatment approaches such as SPE; (ii) to
our knowledge, the method proposed is the first report on the anal-
ysis of these aldehydes by CZE in urine samples, which is possible
owing to its high sensitivity and selectivity; and (iii) a derivatiza-
tion scheme for labelling LMMAs with FTSC has been introduced in
the urinary analysis of these aldehydes.
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