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Abstract

High-resolution gas chromatography (HRGC) with electron-capture detection (ECD), nitrogen—phosphorus detection
(NPD), flame ionization detection (FID) or with mass spectrometry—selected ion monitoring (MS—SIM) was used in the
analysis of volatile carbonyl compounds. Eighteen carbonyl compounds that are typically produced during lipid peroxidation
were derivatized quantitatively with pentafluorophenylhydrazine (PFPH) at room temperature, to afford their corresponding
water-insoluble hydrazones. These derivatives were extracted into non-polar phases by means of either liquid—liquid
extraction (LLE) (hexane) or solid-phase extraction (SPE) on 3 ml C,, octadecyl-bonded phase cartridges. Detection limits
of 10™'* and 107'* mol/ml per aldehyde were achieved with the ECD and MS—SIM systems, respectively. The effects of
extraction conditions on sensitivity and recovery were determined by performing parallel HRGC-ECD and HRGC-MS—
SIM analyses of pentafluorophenylhydrazones of the eighteen compounds under study. Recoveries of 51.4-78.9+1.2-4.5
and 80.9-98.3+1.0-3.5% were obtained with LLE and SPE, respectively. The method was applied to the analysis of the
volatile carbonyl compounds in various heated vegetable oils (corn, palm or sunflower) and to the analysis of volatile
aldehydes in human urine. © 1997 Elsevier Science BV.

Keywords: Extraction methods; Detection, GC; Lipid peroxidation; Vegetable oils; Carbonyl compounds; Pentafluoro-
phenylhydrazine

1. Introduction

The decomposition of lipid hydroperoxides is
accompanied by the formation of aldehydes, which
can then be used as indicators of lipid peroxidation.
Medium- and short-chain aldehydes of this group are
responsible for the unpleasant odour of rancid fat-
rich foods [1]. These carbonyl compounds are not
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only end products and vestiges of lipid peroxidation
processes, but also could be considered as ‘‘second
toxic messengers’” of the initial free-radical event
[2]; some aldehydes have been linked to the damag-
ing effects associated with free-radical-initiated
peroxidation processes in various biological systems
[3-5]. The determination of reactive aldehydes is
widely used in combination with other methods,
including analyses of lipid hydroperoxides [6],
conjugated dienes [7,8] and the estimation of expired
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hydrocarbons {9,10], to measure the extent of lipid
peroxidation [11-13]. Medium- and short-chain
aldehydes are reactive, volatile and are partially
water-soluble compounds, whose extraction from
aqueous solutions, foods or biological fluids, accom-
panied by gas chromatographic analysis with con-
ventional detection systems [flame ionization de-
tection (FID), thermal conductivity detection (TCD)
or mass spectrometry (MS)], is marked by poor
recoveries and low sensitivity. Chemical derivatiza-
tion of these compounds and the use of highly
selective, specific detection systems have been the
solution to this problem. The most common method
for the analysis of volatile carbonyl compounds is
derivatization with 2.,4-dinitrophenylhydrazine and
analysis by high-performance liquid chromatography
[14—16]. However, the derivatization requires strong
acidic conditions, which may alter the analytes of
interest. Another simple and specific method in-
volves derivatization of aldehydes with cysteamine
(2-aminoethanethiol) to form stable thiazolidines
under mild conditions at room temperature and
neutral pH [17,18]. However, 2-aminoethanethiol
does not react with «,3-unsaturated aldehydes, which
are also found among the lipid peroxidation prod-
ucts. Other derivatizing agents, such as morpholine
[19], N-methylhydrazine [20,21] and N-benzyl-
ethanolamine [22], have also been employed for
volatile aldehyde derivatization, but none of them
has led to a general method of analysis. Pentafluoro-
phenylhydrazones from volatile aldehydes have been
obtained [23] and analyzed by FID, TCD [24],
electron-capture detection (ECD) and MS systems
[24-26], but without achieving high sensitivity and
selectivity. Malondialdehyde, derivatized with penta-
fluorophenylhydrazine, has been detected in fem-
tomole quantities in biological samples, using gas
chromatography (GC)-MS with negative chemical
ionization [26]. The derivatization of malondial-
dehyde, 2.4-pentanedione and acetoacetaldehyde
with 2-hydrazinobenzothiazole (HBT) was described
by Beljean-Leymarie and Bruna [27]. This analytical
method, based on the use of a packed column fitted
with NPD, does not permit a complete separation of
the complex aldehyde mixture normally generated
during lipid peroxidation. The use of a fused-silica
narrow-bore capillary column for GC analysis of
HBT-aldehyde derivatives has solved this problem

[28]. 0O-(2,3,4,5,6-Pentafluorobenzyl)  hydroxyl-
amines have also been used in the GC determinations
of low-molecular-mass carbonyl compounds [29-
31], 4-hydroxyalkenals [32], oxoacids [33,34] and
other lipid peroxidation products [35,36] and of keto
steroids [37]. Our survey of the GC methods current-
ly available for the analysis of lipid peroxidation
products did not find a simple method that is
applicable to the detection of carbonyl compounds in
complex mixtures at concentrations below pmol/ml.

In this work, we analyzed eighteen volatile car-
bonyl compounds as their  pentofluoro-
phenylhydrazine (PFPH) derivatives (pentafluoro-
phenylhydrazones) using different detection systems
[FID, NPD, ECD or MS-selected ion monitoring
(SIM)], and compared the extraction recoveries of
these derivatives from aqueous solutions, performed
by liquid-liquid extraction with hexane at pH 4, and
by solid-phase extraction, employing C,; octadecyl-
bonded cartridges. Both extraction methods led to
selective detection of PFPH-aldehydes. The lowest
detection limits were obtained when chromatograph-
ic separation on a fused-silica narrow-bore capillary
column was followed by either an ECD or an MS-
SIM system.

The standardized technique was applied to the
analysis of volatile carbonyl compounds present in a
lipid system (heated vegetable oils) and in an
aqueous biological fluid (human urine). Lipid peroxi-
dation was induced in vegetable oils (corn, palm or
sunflower) by heating them to 250°C for 1 h or by
2-min irradiation in a microwave oven (800 W).
Urine samples were obtained from ten healthy young
volunteers in order to monitor the aldehyde content
before and after consumption of an alcoholic bever-
age (beer).

2. Experimental
2.1. Chemicals and reagents

The aldehydes (97-99%) were obtained from
Aldrich (Milwaukee, WI, USA). Analytical-grade
hexane, dichloromethane and pesticide-grade metha-
nol (J.T. Baker, Phillipsburg, NJ, USA) were used
for extraction and preparation of the extracts and
standard  solutions.  Pentafluorophenylhydrazine
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(97%), employed as a derivatizing agent, and
[2H6]acet0ne (acetone-dg; 99%), used as an internal
standard, were purchased from Aldrich. SPE car-
tridges (3 ml, C,; octadecyl-bonded phase) were
obtained from Varian Sample Preparation Products
(Harbor City, CA, USA). All other chemicals, re-
agents and solvents were of analytical grade. Vege-
table oils (palm, corn and sunflower) and beer
(“*Aguila”, Bavaria, 4% alcohol content) were pur-
chased from the local market. Urine samples were
obtained from ten healthy volunteers (men, 20-25
years old).

2.2. Gas chromatographic analysis

High-resolution (HR) GC analysis of the penta-
fluorophenylhydrazones was performed on a Hew-
lett-Packard (HP) (Palo Alto, CA, USA) 5890A
Series II gas chromatograph that was equipped with
a split/splitless injector (250°C, split ratio 1:30) and
ECD (*’Ni), FID or NPD systems operated at 280,
250 and 240°C, respectively. Chromatographic data
were processed with an HP ChemStation 3365-11
(Hewlett-Packard). The cross-linked fused-silica
capillary columns used were a DB-1 (J&W Sci-
entific, Folsom, CA, USA) (50 mx0.25 mm 1D),
coated with polydimethylsiloxane (0.25 pwm phase
thickness) and an HP-5 (HP; 60 mX0.20 mm LD.),
coated with 5% phenyl-polymethylsiloxane (0.33
pm phase thickness). For both columns, the oven
temperature was programmed from 100°C (5 min
hold) at 2.5°C/min to 200°C (10 min hold) and then
to 250°C at 5°C/min. Helium (AGA, 99.995%) was
used as a carrier gas (inlet pressure, 200 kPa) with a
linear velocity of 35.5 cm/s for both columns. An
argon—methane (9:1) mixture was employed for
ECD as a make-up gas at a flow-rate of 60 ml/min.
Air and hydrogen flow-rates were 300 and 30 ml/
min for FID, and 100 and 5 ml/min for NPD,
respectively. Nitrogen was used as a make-up gas at
flow-rates of 30 ml/min (FID) and 28 ml/min
(NPD). The injections were made using the air-plug,
hot-needle mode and the injection volume was 1 ul.

2.3. GC-MS analysis

A Hewlett-Packard 5890A Series Il gas chromato-

graph interfaced to an HP 5972 mass-selective
detector with an HP MS ChemStation data system
was used for MS identification of the GC com-
ponents. The column used was an HP-5MS cross-
linked fused-silica capillary column (50 mX0.25 mm
ID.) that was coated with 5% phenyl-poly-
methylsiloxane (0.25 pm phase thickness). The oven
was programmed as described above in Section 2.2.
The helium inlet pressure was 180 kPa, with a linear
velocity of 38.7 cm/min (split valve, 30 ml/min).
The injector temperature was kept at 250°C and the
volume injected was 1 ul. The temperatures of the
ionization chamber and of the transfer line were 180
and 285°C, respectively. The electron beam energy
was 70 eV. Mass spectra and reconstructed chromato-
grams were obtained by automatic scanning in the
mass range m/z 50-400 at 2.2 scan/s. For quantita-
tive analysis, the signals were recorded by SIM at
m/z 155, 182 and 224, which were key-fragments for
PFPH-aldehyde derivatives and the PFPH-acetone-
d, standard, respectively. The dwell time used for
the monitored ions was fixed at 100 s.

2.4, Chemical derivatization

The procedure followed for the preparation of the
pentafluorophenylhydrazones from volatile aldehydes
was as described elsewhere [23—-25]. The derivatives
were characterized by IR and MS.

2.5. Calibration plot for PFPH—-aldehyde
derivatives

Calibration solutions of the aldehydes under study
were prepared in methanol at low (0.175, 1.75 and
17.5 pmol/ml, 0.175 and 1.75 nmol/ml) and at high
(1.75 and 17.5 nmol/ml; 0.175 and 1.75 pmol/ml)
concentration levels. A 10-ul volume of the internal
standard (PFPH-acetone-d derivative) was added to
1 ml of the standard aldehyde solutions at low and
high concentration levels, respectively (0.205 and
20.5 pmol/ml in methanol). Relative response fac-
tors for the ECD or MS—SIM systems were calcu-
lated for two different concentration levels using the
integrated peak area ratio of analyte (PFPH-alde-
hydes) to internal standard and the respective con-
centrations. Detection limits for ECD, NPD, FID or
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MS-SIM systems were obtained for a signal-noise
ratio of five.

2.6. Recovery efficiency of aldehyde from aqueous
solutions

For liquid-liquid extraction (LLE), each aldehyde
was spiked at two different concentrations (1.75 or
17.5 nmol/ml) in phosphate-buffered saline (PBS)
solutions and derivatized at room temperature over 3
h with 1 ml of PFPH solution (45 mg/ml in 0.1 M
HCIl) and was extracted three times with 3 ml of
hexane in capped test tubes. The extracts were
concentrated to 1 ml under nitrogen flow at room
temperature and a 10-pl volume of the internal
standard (20.5 pmol/ml PFPH-acetone-d, deriva-
tive in methanol) was added. A 1-wl volume of the
extract was injected onto the HRGC-ECD or
HRGC-MS-SIM system and was analyzed for
PFPH-aldehyde derivatives. The experiments were
repeated three times.

For solid-phase extraction (SPE), C,, octadecyl
SPE cartridges (500 mg sorbent mass/2.8 ml column
volume) were rinsed in succession with dichlorome-
thane, methanol, deionized water and PBS. The
spiked aldehyde samples, derivatized as described in
Section 2.4, were then loaded on the cartridges
connected to a vacuum manifold (J.T. Baker SPE-
24G) and eluted with 5 ml of hexane. The extracts
were concentrated under nitrogen flow at room
temperature to 1 ml and a 10-pl volume of the
internal standard (20.5 pwmol/ml PFPH-acetone-d,
derivative in methanol) was added. A 1-pl volume of
the extract was injected onto the HRGC-ECD or
HRGC-MS-SIM system. The extraction procedures
were repeated three times.

2.7. Analysis of volatile aldehydes in heated
vegetable oils

A 2-ml volume (ca. 1.5 g) of vegetable oil (palm,
corn or sunflower) was placed in a capped test tube
and heated for 1 h to 250°C in a silicone oil bath.
After cooling, each sample was derivatized at room
temperature with a 2-ml volume of PFPH solution
(0.22 M in 0.1 M HCI) over 3 h. For LLE, PFPH-
aldehyde derivatives were extracted (from the aque-
ous layer) three times with 2 ml of hexane and the
extract was separated and concentrated to 1 ml under

nitrogen flow at room temperature. For SPE, the
separated aqueous layer was loaded onto the SPE
cartridge and the PFPH-aldehyde derivatives were
eluted with 2 ml of hexane and concentrated to 1 ml,
as described above. A 10-pl volume of the internal
standard (20.5 wmol/ml PFPH-acetone-d, in metha-
nol) and anhydrous sodium sulphate (to remove
moisture) were added to the extract. A 1-pl volume
of the extract was injected onto the HRGC-ECD or
HRGC-MS-SIM system for PFPH-aldehyde de-
rivative quantitation.

A 2-ml volume (ca. 1.5 g) of vegetable oil (palm,
corn or sunflower), placed in a capped test tube, was
put in a conventional microwave oven (Kendo, MO-
124, Japan, 800 W, 2.45 GHz) and irradiated at full
power for 2 min. After cooling the tube, carbonyl
compounds present in the oil were derivatized with
PFPH. The pentafluorophenylhydrazones were then
extracted and analyzed as described above. All
experiments, including blank analyses, were repeated
three times.

2.8. Analysis of volatile aldehydes from human
urine

Urine samples (blanks) were taken from ten fasted
young volunteers (all men, 20-25 years old). Each
volunteer ingested 1.8 1 of beer over a period of 1 h,
without consuming any other foods. Subsequently,
urine samples were taken every 2 h and were
analyzed as described below.

A 5-ml volume of urine was derivatized at room
temperature with 1 ml of PFPH solution (0.22 M in
0.1 M HCI) over 2 h. The mixture was loaded onto
the SPE cartridge and the PFPH-aldehyde deriva-
tives were eluted with 5 ml of hexane and then were
concentrated to 1 ml under nitrogen flow at room
temperature. A 10-pl volume of the internal standard
(0.20 pmol/m] PFPH-acetone-d, in methanol) and
anhydrous sodium sulphate were added to the ex-
tract. A 1-pl volume of the extract was injected onto
the HRGC-ECD or HRGC-MS-SIM system for
PFPH-aldehyde derivative quantitation.

3. Results and discussion

Relative retention times (fzg), relative response
factors (RR;) (calculated using the acetone—d,-PFPH
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derivative as an internal standard), and the detection
limits obtained with the various detection systems
(FID, NPD, ECD, MS-SIM) for the pentafluoro-
phenylhydrazones of the eighteen carbonyl com-
pounds under study are given in Table 1. Due to the
high fluorine content of PFPH-aldehyde derivatives,
the highest sensitivity was obtained for ECD, which
detected aldehydes at concentrations of 1.60-1.7
fmol/ml. Lower sensitivity levels were obtained with
MS-SIM (0.74-2.54 pmol/ml), followed by NPD
(1.00-1.55 nmol/ml) and FID (15.04-23.05 nmol/
ml) detection systems. The NPD system was selec-
tive, but was not a very sensitive technique. All
detection limits were calculated at a signal—noise of
five (split ratio 1:30, 1 pl injection volume). The
calibration curves obtained for the high (1.75 nmol/
ml to 1.75 pmol/ml) and low (0.175 pmol/ml to
1.75 nmol/ml) concentration levels of the PFPH-
aldehyde derivatives presented good linearity (R*=
0.997-0.999).

Although nonanal and trans-2-octenal, decanal

and trans-2-nonenal PFPH-derivatives were not
baseline resolved on the DB-1 (50 mX0.25 mm, 0.25
pm), HP-5 (30 mX0.25 mm, 0.25 pwm) and HP-5 (60
mX0.20 mm, 0.33 pum) columns connected to the
FID, NPD or ECD systems, their ““‘separation’ could
be performed on the same columns using MS—-SIM
at M™" m/z 322 and 306, and at M*" m/z 336 and
320, respectively. Thus, these compounds can be
quantified in the complex mixture using the HRGC—
MS-SIM system.

Table 2 shows the extraction efficiencies of the
PFPH-aldehyde derivatives in spiked samples, ob-
tained for two concentrations (1.75 and 17.5 nmol/
ml). SPE showed higher recovery and reproducibility
(80.9-98.3+1.0-3.5%) in comparison with the LLE
method (51.4-78.9+£1.0-4.5%). The recoveries were
higher for short-chain saturated aldehydes (C,-Cy)
than for their medium-chain homologues (C,-C,,).
This trend was more marked for LLE than for SPE.
The extraction efficiencies obtained by LLE for o,B-
unsaturated aldehydes showed an average decrease in

Table 1
Relative retention times (f;;), relative response factors (RR,) and detection limits of PFPH-derivatized carbonyl compounds
PFPH thx  SD. RSD. Detection limits® RR, ¢
derivative

ECD MS-SIM NPD FID ECD MS-SIM

(fmol/mi) (pmol/ml}) (nmol/ml)  (nmol/ml)

I i I i

Methanal 064 66107 103 16.20 1.00 1.01 19.28 .05 105 101 1.05
Ethanal 086 86107 100 16.20 0.80 1.01 19.45 099 101 160 1.67
Acetone 1.01  35107° 035 16.00 0.85 1.01 19.78 098 082 170 1.64
Propanal .05 20107 019 16.30 0.84 1.00 20.00 095 090 172 1.73
Acrolein 113 11107 097 16.60 1.31 1.25 20.54 1.80 1.8t 152 1.63
Butanal 127 44107 037 17.60 1.46 1.22 21.15 072 090 247 256
Isopentanal 139  80-107° 057 16.30 1.00 1.06 19.64 1.00  1.01 198 219
Crotonaldehyde 146 101077 0.68 16.00 1.00 1.04 19.30 1.13 150 158 1.67
Pentanal 1.50  9.1-107°  0.60 16.00 1.00 1.03 19.21 1.09  1.01 198 220
Hexanal 171 41107 024 16.30 0.94 1.05 18.50 1L.11 094 261 275
trans-2-Hexenal  1.88  1.8:107°  0.95 17.00 0.99 1.00 18.11 .02 097 210 222
Heptanal 191 65107 034 17.20 0.85 1.00 18.24 .10 105 261 275
Octanal 210 37107 017 16.50 0.76 1.01 15.11 136 170 332 348
Nonanal 231 70107 030 16.60 0.74 1.00 15.04 1.54 147 266 2.80
trans-2-Octenal 232 18107 077 16.90 1.60 1.55 21.10 .32 127 1.76 1.74
Decanal 258 45107 017 17.20 2.32 1.55 22.00 060 070 124 143
trans-2-Nonenal ~ 2.59  8.4-107° 032 16.90 2.54 1.52 23.05 1.25 136 114 1.26
Undecanal 293 401077 013 16.90 1.69 1.51 22.01 051 058 051 0.64

* Mean value (n=10). t,, was determined on the HP-5 column.
® Detection limits determined for a signal-to-noise ratio of five.

¢ Response factors, measured relative to PFPH-acetone-d,, which was used as an internal standard.
¢ Concentration range from 0.175 pmol/ml to 1.75 amol/ml.
¢ Concentration range from 1.75 nmol/ml to 1.75 wmol/ml.
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Table 2
Comparison of the extraction efficiencies (%) of PFPH-derivatized volatile carbonyl compounds
PFPH derivative Recovery (%)*

Carbon 1 compound concentration in spiked solutions

1.75 nmol/ml 17.5 nmol/ml

LLE SPE LLE SPE
Methanal 78.9+4.50 96.4+1.82 77441 98.3+1.70
Ethanal 73.9%3.53 96.0+1.30 75.4*+3.8 97.3*x1.72
Propanal 75.0*+2.01 95.0+1.00 74.8%23 96.4+1.29
Acetone 75.0*x2.00 96.9+1.60 75.8%2.9 96.4+1.29
Acrolein 61.5+3.32 93.4+1.30 62.3*3.5 94.8+1.10
Butanal 70.8x1.01 92.0+1.20 713x1.2 97.6+2.00
Isopentanal 74.0=1.31 91.1=1.10 75.0+1.4 95.0+1.60
Crotonaldehyde 68.0£2.50 90.1+1.60 68.2x3.0 92.1+1.20
Pentanal 73.8%1.60 95.0+1.48 75.0£1.6 94.7+1.55
Hexanal 66.62.00 92.4+1.20 67517 90.4+1.00
trans-2-Hexenal 63.3+2.00 87.8x1.60 65.4+2.2 89.2*+1.80
Heptanal 72.1£3.00 93.8+1.60 72.4£33 91.8*+1.60
Octanal 72.0£1.51 92.5*+1.30 724*x14 90.5*+1.10
trans-2-Octenal 60.0+2.50 86.7x1.70 61.0+2.8 85.7*+1.90
Nonanal 60.0=1.50 90.1%3.55 59.7£1.7 88.8+3.20
trans-2-Nonenal 54.0*4.00 82.8+2.40 53.5+3.8 81.9+2.10
Decanal 55.5*x2.00 83.9x3.10 56.5%2.1 84.5+2.10
Undecanal 52.3%2.00 87.9+1.80 51.4%25 80.9+1.40
* n=3, mean*=S.D.
recovery of 10-20%, in comparison with their
saturated analogues. For SPE, this difference was not £
so noticeable (Table 2). Generally, LLE showed an
average reduction in recoveries of 15-25% relative
to SPE. g

Due to the results obtained with the eighteen a
standard carbonyl compounds (Table 1), the NPD
and FID systems were not used for further analysis 0
of complex mixtures. Thus, we performed the de- »
termination of volatile carbonyl compounds in heated
vegetable oils and in human urine, using PFPH
derivatization, LLE or SPE, and quantitation was 4
performed using the HRGC-ECD or HRGC-MS- [ t
SIM system. s :’Jl (T
Vegetable oils (palm, corn and sunflower) were _.L.J‘LJU g,l lL i S

heated in capped test tubes to 250°C for 1 h, or by T T e e e e e

microwave (MW, 800 W) irradiation for 2 min. The
volatile carbonyl compounds, formed in the oils by
thermally induced peroxidation, were extracted by
LLE or SPE and were derivatized, as described in
Section 2.7. Triplicate experiments and blank analy-
ses (oils without heating) were carried out for each
measurement. Fig. 1 shows a typical gas chromato-
gram of the aldehydes (as pentafluoro-

Time
(min}
Fig. 1. GC profile obtained on the HP-5 (60 mXx0.20 mm, 0.33
tum) column fitted with ECD, of the carbonyl compounds (as
PFPH derivatives) present in the sunflower oil heated for 1 h at
250°C. Internal standard, acetone-d,—PFPH derivative. 1=
methanal, 2=ethanal, 3=acetone, 4=propanal, 5=acrolein, 6=
butanal, 7=isopentanal, 8=crotonaldehyde, 9=pentanal, 10=
hexanal, 11=trans-2-hexenal, 12=heptanal, 13=octanal, 14=
nonanal and 15=decanal.
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phenylhydrazones) formed in heated sunflower oil
and isolated by SPE. The amounts of various alde-
hydes present in the heated and irradiated vegetable
oils under study are given in Table 3. Just as in the
case of spiked aqueous solutions, the extraction of
aldehydes from vegetable oils showed better repro-
ducibility and recoveries with SPE than with LLE.
The data shown in Table 3 correspond to SPE.
Propanal, butanal, pentanal, hexanal and heptanal
were among the most abundant aldehydes in the
heated oils. The concentration of low-molecular-
mass carbonyl compounds in the oils after 1 h of
convectional heating was highest in palm (9.15 pg/
ml), followed by corn (4.58 pg/ml) and sunflower
(3.18 pg/ml) oils. It is worth noticing that the rapid
(2 min) heating of vegetable oils by microwave
irradiation led to roughly as much aldehyde content
as that obtained by convectional heating to 250°C for
1 h (Table 3). While the total aldehyde content in the
MW-heated palm oil was 8.57 pg/ml, in the corn
and sunflower oils, the total of low-molecular-mass
carbonyl compounds were found at concentrations of
3.49 and 3.94 pg/ml, respectively. These results
illustrate potential applications of the described
analytical procedure in areas such as the quality
control of vegetable oils and other fat-rich products,
the monitoring of the efficiency of antioxidants
added to fat-rich foods and the optimization of food
preparation processes.

The method was also employed in the quantitation
of carbonyl compounds present in human urine (ten
young healthy volunteers). A typical GC profile of
the hexane extract from urine is shown in Fig. 2. The
amounts of the various volatile carbonyl compounds
found in the urine samples obtained before and after
consumption of an alcoholic beverage (1.8 1 of beer)
are given in Table 4. We attributed the large standard
deviations to metabolic differences within the group
of volunteers. The relative standard deviation (n=3)
for a single individual was below 3%. The total
aldehyde content, quantified in urine 2, 4 and 6 h
after the consumption of beer, decreased by roughly
40% in comparison with their concentration in blank
samples obtained from fasted volunteers. In contrast
with the other aldehydes found in urine, the con-
centration of ethanal increased markedly (1.18 pg/
ml) 2 h after the ingestion of beer. Afterwards, the
ethanal content decreased progressively from 0.65 (4
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Fig. 2. GC profile obtained on the HP-5 (60 mX0.20 mm, 0.33
wm) column fitted with ECD, of the carbonyl compounds (as
PFPH derivatives) present in a hexane extract of urine, obtained
from a healthy young volunteer who ingested 1.8 1 of beer 2 h
before the urine specimen was collected. Internal standard,
acetone-d,—PFPH derivative. 1=methanal, 2=ethanal, 3=
acetone, 4=propanal, S=butanal, 6=isopentanal, 7=
crotonaldehyde, 8=pentanal, 9=hexanal, 10=trans-2-hexenal,
11=heptanal, 12=octanal, 13=nonanal, 14=decanal and 15=
undecanal.

h) to 0.47 pg/ml (6 h), together with the other
aldehydes present in urine. This example provides
evidence that the analytical method developed here is
selective, sensitive and rapid, and can be applied
successfully to the quantitative analysis of metabo-
lites in complex biological matrices. The PFPH
derivatization is a one-step procedure that is more
advantageous than closely related methods, such as
those based on derivatization with 0-(2,3,4,5,6-
pentafluorobenzyl)hydroxylamine hydrochloride
(two-step procedures), because it permits higher
sensitivities in the determination of carbonyl com-
pounds in urine [38].

4, Conclusions

We have compared the performance of two ex-
traction methods and four different detection systems
in the analysis of PFPH derivatives of carbonyl
compounds using fused-silica narrow-bore column
chromatography. Higher reproducibility and re-
coveries of volatile aldehydes from spiked aqueous
solutions were obtained by SPE (80.9-98.3%) than



368

Table 4
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Volatile carbonyl compounds found in human urine

PFPH derivative Concentration (pg/ml)*
Blank 2h° 4h 6 h

Methanal 0.13*+0.09 0.18%+0.10 0.11+0.05 0.08+0.07
Ethanal 0.61+0.84 1.18*£0.42 0.65+0.39 0.47+0.61
Acetone 221199 2.02*+1.25 1.44+0.82 1.27+0.92
Propanal 0.70%0.50 0.61*+0.36 0.50%0.35 0.44+0.21
Butanal 0.37+0.26 0.47+0.27 0.02+0.02 0.02+0.02
Isopentanal 0.51+0.29 0.32+0.14 0.22+0.08 0.32+0.34
Crotonaldehyde 0.25+0.12 0.22x0.06 0.13+0.08 0.32+0.28
Pentanal 0.71+0.47 0.74+0.38 0.38+0.27 0.13+0.20
Hexanal 1.66x1.10 1.67+0.66 0.85*+0.62 0.47+0.50
trans-2-Hexenal 0.07%0.06 0.02x0.03 0.01+0.03 0.86+0.99
Heptanal 0.07*+0.05 0.05+0.04 0.07*0.10 0.10£0.29
Octanal 0.18%0.21 0.09+0.05 0.15x0.21 0.12*0.16
Nonanal 0.21+0.23 0.15x0.05 0.13+0.03 0.03+0.11
Decanal 0.160.23 0.11x0.22 0.040.02 0.03+0.04
Undecanal 0.33*0.16 0.20+0.08 0.13*0.06 0.16x0.14
Total 8.17x1.99 8.03x1.25 4.76+0.82 4.80+0.99

*Mean=S.D. (n=10).
® Time after consumption of 1.8 1 of beer.

by LLE (51.4-78.9%). Detection limits as low as
10™"* and 10™'* mol/ml were reached with the ECD
and MS-SIM detection systems, respectively, at a
signal—noise ratio of five (split ratio 1:30, injection
volume 1 pl). According to these results, this
analytical method can be recommended for determin-
ing volatile carbonyl compounds. This method starts
with the derivatization of carbonyl compounds to
pentafluorophenylhydrazones, followed by SPE of
these derivatives and GC analysis on narrow-bore
capillary columns with either ECD (highest sensitivi-
ty) or MS—SIM (better selectivity) detection sys-
tems. This method constitutes a reliable and versatile
technique, which can be successfully applied to the
monitoring of lipid peroxidation products in food,
biological fluids or other analytes of interest in
environmental toxicology.
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