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A new analytical method is reported for the determination of 11
volatile carbonyl compounds isolated at room temperature from the
headspace of marine algae. This method is based on the conversion
of the carbonyl compounds to their 2,4-dinitrophenylhydrazone
derivatives followed by high-performance liquid chromatography
analysis. Using this method, 11 carbonyl compounds are detected
and identified from the dynamic headspace sampling of 10 species
of marine algae. Eight compounds are quantitated and the three
remaining are only identified. Under optimized conditions, all
carbonyl compounds are separated in 32 min. The detection and
quantitation limits of the high-performance liquid chromatography
method are, respectively, in the range of 0.26-0.85 ng/g of algae
(formaldehyde) to 13.77-45.90 ng/g of algae (E)-2-hexenal. The
calibration curves are linear in the concentration range of 2.0-1000
pg/L of solution, corresponding to 0.34-170.00 ng/g of algae.
Acetaldehyde and propanal are the most abundant carbonyl
compounds identified, with concentrations as high as 980 and 790
ng/g, respectively. The present work, as far as we know, is the first
analytical methodology that has been developed to determine low-
molecular-weight carbonyl compounds in marine algae. Because
many species of marine algae are used as human food, the reported
method should be useful to investigators studying the nutritional
value as well as oxidative spoilage of fresh and preserved marine
algae that is destined for human consumption.

Introduction

Marine macroalgae, which have served for millennia as an
important component of the Asian human diet, possess a very
complex and diverse mixture of lipids.The concentration of
polyunsaturated fatty acids (PUFA) in some species is relatively
high, and they are, therefore, of practical interest for food and
drugs (1). Besides the traditional use as nourishment, algae have
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been utilized widely in the world as fertilizer and for the produc-
tion of the phycocolloids (2).

Some low-molecular-mass carbonyl compounds are important
contributors to the development of flavor and unpleasant flavors
(off-flavors) in various lipid-containing foods (3). In addition,
because these compounds are powerful electrophiles, they react
readily with biomolecules. These reactions are deleterious
because they result in reduced nutritional value of the food as well
the formation of potential mutagens and carcinogens (4-6).

In the last two decades, several aldehydes, especially formalde-
hyde and acetaldehyde, have received a great deal of attention
because of accumulating evidence that they can act as mutagens
and carcinogens (7,8). Formaldehyde is classified as “a probable
human carcinogen” (9), and acetaldehyde can induce nasal carci-
nomas in experimental animals (10). In the same way, malon-
aldehyde has often been used as a marker of oxidative damage in
foods (11).

Although formaldehyde and other aldehydes are natural com-
ponents of a variety of foodstuffs, there have been no systematic
investigations of their levels in foods to provide a basis for esti-
mating human population exposure (12-14). Available data sug-
gest that the highest concentrations of formaldehyde in foods
(i.e., 60 mg/kg) occur in some fruits and marine fishes (15).

Recently reported analytical methods for the determination of
carbonyl compounds (CC) have commonly been based on the
derivatization reaction between CC and 2,4-dinitrophenylhy-
drazine (DNPHi) (16-19). The hydrazones thus formed are then
separated by high-performance liquid chromatography (HPLC)
and detected by UV-vis spectrophotometry (3). Other recent
methods are based on a variety of derivatization methods: (i) reac-
tions with cysteamine to form thiazolidines, (ii) reaction with
ethyl 3-oxobutanoate and ammonia to form the 2,6-dimethyl-1,4-
dihydropyridine-3,5-dicarboxylate derivative (21), and (iii) the
Hantzsch reaction, which involves the cyclization reaction of
ammonium, CC, and 2,4-pentanedione to form 3,5-diacetyl-1,4-
dihydrolutidine (22).

Although these alternative methods are reported to be more
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sensitive than derivatization with 2,4-dinitrophenylhydrazine
under certain conditions, they are typically not applicable to more
than one or a few carbonyl compounds.

Although DNPHi derivatization is the most widely used method
for determining carbonyl compounds, it has not been commonly
applied to the study of the volatile carbonyls formed from algae.
This is probably attributable to analytical limitations associated
with the direct reaction of biological material with the strongly
acidic derivatization medium (20). To our knowledge, there are
no reported HPLC methods for the determination of low-molec-
ular-weight carbonyl compounds (LMWCC) in algae.

In sum, this paper describes a new analytical method for the
determination of LMWCC in marine algae using headspace sam-
pling followed by hydrazine derivatization and HPLC analysis. A
primary advantage of this method is that sample decomposition is
avoided by employing mild derivatization reaction conditions and
short reaction time (30 min). Using this method, the identifica-
tion and quantification of 11 volatile low-molecular-mass car-
bonyl compounds from a variety of species of marine algae
harvested from the Atlantic coast of Bahia, Brazil is reported.

Experimental

Reagents and standards

HPLC-grade acetonitrile, 2,4-dinitrophenylhydrazine, pro-
panal, pentanal, butanal, (E)-2-pentenal, (E)-2-hexenal, and hex-
anal were obtained from Aldrich Chemical Co. (Milwaukee, WI).
HPLC-grade ethanol was obtained from Merck (Darmstadt,
Germany). Purified water was obtained by distillation and filtra-
tion through an E-pure Alltech system (Alltech Associates,
Deerfield, IL). Unless otherwise noted, all of the mentioned
reagents were of analytical grade.

Preparation of 2,4-DNPHi solution

The 2,4-DNPHi solution (pH = 1.85) was prepared at 0.05%
(w/v) in acetonitrile-H,0-H3PO, (20:79:1, v/vAv) and purified by
liquid-liquid partitioning with CCl,. This solution was stored in
the dark at 4°C. The purity of the solution was verified by
HPLC-UV analysis. A more detailed description of reagent prepa-
ration can be found elsewhere (23).

A second, non-acidic 0.05% (w/v) 2,4-DNPHi solution (pH = 6)
was prepared for the study of the effect of pH on the derivatization
reaction. This solution was prepared by dissolving the correct
mass of 2,4-DNPHi in a mixture of acetonitrile/water (20:80, v/v).
After adjusting the pH to the desired value (in the range
1.24-5.98) with HCI, this reagent was combined with aqueous
solutions of propanal or hexanal and then allowed to react for 1 h
at room temperature with magnetic stirring.

2,4-Dinitrophenylhydrazone standards
2,4-Dinitrophenylhydrazone (2,4-DNPHo) derivatives [for-
maldehyde, acetaldehyde, propanal, propanone, butanal,
butanone, 2-butenal, benzaldehyde, pentanal, (E)-2-pentenal,
(E)-2-hexenal, and hexanal] were synthesized from the reaction of
2,4-DNPHi with corresponding carbonyl compounds, according
to the methods described elsewhere (24), and purified by recrys-
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tallization from ethanol. The purities of 2,4-DNPHo were verified
by the comparison of their melting points with the literature (24).

Preparation of carbonyl-DNPHo calibration solutions

A stock solution (20 pg/mL) of the hydrazone derivative mix-
ture was prepared by combining preweighed portions of each
hydrazone and then dissolving the mixture in acetonitrile.
Standard solutions were prepared by diluting the stock solution
with acetonitrile to yield concentrations in the range of 2.0 to
1000 pg/mL. These solutions were all stored in the dark at 4°C.
The standards were injected into the HPLC system (triplicate
injections), and the average of peak height obtained was plotted
against the concentration.

Preparation of DNPHi-impregnated cartridges
(SEP-PAK C18)

The SEP-PAK C18 cartridges (360 mg) (Waters, Milford, MA)
were washed with 2 mL of acetonitrile and impregnated with
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Figure 1. Typical chromatograms obtained for 2,4-DNPHo: DNPHo (A) and

Lobophora variegata (B). Standards: formaldehyde, 1; acetaldehyde, 2;

propanone, 3; propanal, 4; 2-butenal, 5; butanone, 6; butanal, 7; benzalde-

hyde, 8; (E)-2-pentenal, 9; pentanal, 10; (E)-2-hexenal, 11; and hexanal, 12.
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4 mL of 2,4-DNPHi solution (0.05%). Excess liquid was blown out
of cartridges with N, (carbonyl compound-free) for 10 min at
5 mL/min. The cartridges were wrapped in aluminum foil and
then stored in a dessicator at 4°C (25).

Sample preparation

Marine algae were collected in the intertidal zone at low tide on
the Atlantic Coast of Bahia, Brazil. The samples were immediately
stored in a box with ice and transported to the laboratory. The
algae were thoroughly cleaned manually to remove epiphytes,
small invertebrates, and sand particles and gently washed with
purified water. Excess water was allowed to drain from the sam-
ples and then further water was removed by placing each approx-
imately 50-g sample on a 50-cm circle of qualitative cellulose filter
paper for 30 s at room temperature. Each sample was individually
packed in a polyethylene bag and stored at —15°C until analysis. A
small sample of each algae species was used by the Institute of
Biology—UFBA for taxonomical identification. The algae species
studied were: Caulerpa cupressoide, Caulerpa racemosa, Digenia
simplex, Gelidiela acerosa, Gracilariopsis lemaneiformis,
Halimeda discoidea, Hipneia musciformis, Lobophora variegata,
Spatoglossum schvoedevii, and Ulva lactuca.

Method
Dynamic headspace sampling (purge and trap)

A 10-g aliquot of algae sample along with 2 mL of an aqueous
solution of (E)-2-hexenal (100 pg/mL) (used as an internal stan-
dard to determine the efficiency of the extraction) were intro-
duced into a 500-mL glass flask and purged with N5 (0.369 L/min)
for 30 min at room temperature. The effluent was passed through
a pair of 2,4-DNPHi-impregenated SEP-PAK C18 cartridges that
were connected in series (see previous section for cartridge-
preparation procedure). Following the N, purge, the treated car-
tridges were eluted with 2 mL of acetonitrile. Under these
conditions, all of the carbonyl compounds studied were trapped
on the first cartridge. The acetonitrile eluent was subsequently
subjected to HPLC-UV analysis to detect and quantitate 2,4-
DNPHo derivatives.

Compounds separation

The derivatives were separated with a Zorbax ODS 5 pm (4.6
mm x 25 cm) column (Rockland Tecnologies Inc., Chadds Ford,
PA) using an acetonitrile-water mixture (60:40, v/v) as a mobile

Table I. DL and QL of the HPLC Method
Carbonyl compounds DL* QL*
Formaldehyde 0.26 0.85
Acetaldehyde 0.37 1.24
Propanal 0.53 1.75
Propanone 0.54 1.80
Butanal 0.85 2.82
Butanone 0.88 2.94
Pentanal 6.00 19.72
Hexanal 7.82 26.01
(E)-2-Hexenal 13.77 45.90
*in ng/g algae.

phase at flow rate of 1.5 mL/min [Varian LC model 2510 equipped
(Palo Alto, CA) with a Rheodyne (Cotati, CA) injector with a 10-pL
sample loop]. Absorbance detection was employed using a Varian
model 2550 UV-vis detector (flow cell path length 8 mm, 12-pL
total volume) operated at 365 nm (absorbance units full scale =
0.04).

Extraction efficiencies

The accuracy of the dynamic headspace sampling, used in the
recovery of carbonyl compounds from algae, was determined by
the addition of an aliquot (2 mL) of a solution containing pen-
tanal, hexanal, and (E)-2-hexenal (200 pg/L in water) to different
fresh species of algae (10 g) (without carbonyl compounds). The
extractions were performed in triplicate, under the same experi-
mental conditions as previously described (3).

Results and Discussion

Sample preparation techniques, used to preconcentrate or sep-
arate analytes from the matrix (or both), are of critical impor-
tance to the success of trace analysis of biological and food
materials. Sample preparation conditions should be as mild as
possible to avoid oxidation, thermal decomposition, or other ana-
lyte degradation reactions. For example, Josephson and Lindsay
(26) reported that during the distillation of volatiles from the
tissue of fishes and oysters, one of the volatile analytes, (E,Z)-2,6-
nonadienal, is converted to (Z)-4-heptenal via a water-mediated
retro-aldol condensation.

For the specific case of ketone and aldehyde derivatization with
2,4-DNPHi, the pH-dependence of the derivatization reaction
causes problems when the acidic solution of 2,4-DNPHi reacts
directly with neutral samples. For example, it was observed in a
previous study (3) that the direct reaction of fish samples (pH
6.0-7.0) with an acidic solution of 2,4-DNPHi (pH 1.5-2.0)
allowed quantitation of only the most eletrophilic aldehydes,
formaldehyde, and acetaldehyde. In fact, as the reaction pro-
gresses and pH increases, there is even decreased yield of the 2,4-
DNPHos derived from formaldehyde and acetaldehyde. Similar
results were observed in the current study for the pH dependence
of propanal and hexanal derivatization.

To avoid these problems, the method reported here first
volatilizes the aldehydes and ketones in a room temperature
stream of Ny gas and then reacts the airborne analytes with an
acidic solution of 2,4-DNPHI, directly deposited on a C18 car-
tridge. As a result, there is no direct contact between the algae
samples and the acidic derivatization reagent. This method has
allowed successful quantitation of all the compounds studied in
algae samples.

The detection limit (DL) observed using this method varied
between 0.26 ng/g of algae (for formaldehyde) and 13.77 ng/g [for
(E)-2-hexenal] (Table I). Likewise, the quantitation limit (QL) was
observed to vary between 0.85 ng/g of algae (for formaldehyde)
and 45.90 ng/g [for (E)-2-hexenal], (Table I). The DL and QL were
calculated according to the International Union of Pure and
Applied Chemistry recommendation (27), using the expression:

(DL) = Ko/b Eq.1
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where K is 3, o is the standard deviation of the blank signal, and
(b) is the slope of the calibration line (sensitivity). For QL, K is 10.

The analytical calibration curves (A = aC + b) were linear for the
carbonyl compounds in the concentration range of 2.0 to 1000
pg/L (n = 6 points) as is shown in Table II. In all cases, the corre-
lation coefficient for a linear curve fit was higher than 0.99, and
the relative standard deviation of the mean peak height was below
3%.

The percent recovery of volatile carbonyl compounds from
algae by this method, based on the standard addition of pentanal,

Table II. Analytical Curves of Mixtures of Aldehydes
Prepared, Concentrations Ranging between 2.0 and
1000 pg/L*

Carbonyl compounds a b R?

Formaldehyde 0.1962 09163 0.9982
Acetaldehyde 0.0896 0.5792 0.9991
Propanal 0.2414 1.1261 0.9984
Propanone 0.1100 0.7112 0.9980
Butanal 0.0204 -1.6973 0.9960
Butanone 0.0537 0.2451 0.9951
Pentanal 0.0081 -0.1622 0.9981
Hexanal 0.0062 -0.1865 0.9986
(E)-2-Hexenal 0.0196 -1.0839 0.9993

* n=6 points.

* For each aldehyde, A = aC + b, equations showed the following linear correlation.
Here, A = peak height, a = slope, C = concentration (ug/L), b = intercept, and R? =
determination coefficient.
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Figure 2. E- and Z-isomers of acetaldehyde-2,4-dinitrophenylhydrazone.
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hexanal, and (E)-2-hexenal was, as previously presented in the
Experimental section, in the range of 92-95%. It is worthwhile to
mention that this recovery efficiency is not definitive because the
standards are not uniformly distributed within the algae’s tissue
in the same way as the endogenous carbonyl compounds.

Under the optimized conditions, the HPLC analysis was com-
pleted in 32 min (Figure 1A). The chromatogram presented in
Figure 1B illustrates the profile obtained for Lobophora varie-
gata. Peaks were assigned on the basis of retention times, com-
pared with authentic standards. With the exception of
formaldehyde and symmetrical ketones such as acetone, the 2,4-
DNPHo derivatives of aldehydes and ketones consist of a mixture
of Z- and E-isomers (Figure 2). These isomers are typically diffi-
cult to separate by HPLC and were not separated under the con-
ditions used in this work.

Algae samples were either analyzed fresh on the day of collec-
tion (up to 2 h after treatment) or following 30 or 90 days of
storage at —15°C. Table III shows concentrations of the carbonyl
compounds, determined 90 days after the storage. The most fre-
quently detected analytes belonged to the homologous series of
saturated carbonyl compounds ranging from C;—Cq, with
acetaldehyde and propanal being detected in all species analyzed,
in concentrations as high as 980 and 790 ng/g, respectively.
Formaldehyde was identified in the species Digenia simplex,
Gelidiela acerosa, Lobophora variegata, and Ulva lactuca, and its
highest concentration determined was 670 ng/g (Table III). For
the algae species studied, the levels of acetone, butanal, pentanal,
and hexanal were found to vary between zero and the following
maximum concentrations: acetone (550 ng/g), butanal (404
ng/g), pentanal (200 ng/g), and hexanal (240 ng/g). Lobophora
variegata was the only species to yield all of the C;~Cg carbonyl
compounds studied, as well as the only species to yield (E)-2-hex-
enal.

Among the carbonyl compounds identified in the present study,
benzaldehyde, 2-butenal, and (E)-2-pentenal were not quanti-
tated but were identified by matching their retention times with
those of authentic standards. The 2-butenal was found only in the
Lobophora variegata, and (E)-2-pentenal was found in the
Lobophora variegata and Gracilariopsis lemaneiformis samples.

We could not ascertain the origin of formaldehyde, acetalde-

of Storage at -15°C

Table Iil. Highest Concentrations* (ng/g) of Carbonyl Compounds found in the Headspace of 10 Algae Species after 90 Days

Species n Formaldehyde Acetaldehyde Propanal Propanone Butanal Pentanal Hexanal
Caulerpa cupressoide 3 nd 260 760 150 nd nd 9
Caulerpa racemosa 2 nd 60 100 90 nd 10 20
Digenia simplex 2 40 420 220 nd nd 30 130
Gelidiela acerosa 3 380 650 560 70 90 20 nd
Gracilariopsis lemaneiformis 1 nd 350 40 nd 40 30 10
Halimeda discoidea 2 nd 70 10 nd nd nd 20
Hipneia musciformis 2 nd 50 130 430 nd nd nd
Lobophora variegata 4 670 450 360 340 404 200 150
Spatoglossum schvoedevii 1 nd 280 100 80 40 130 240
Ulva lactuca 3 20 980 790 550 120 13 60

* The values are expressed as wet weight, n = number of different samples analyzed, and nd = not detected.
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Figure 3. Amounts (ng/g) of formaldehyde, acetaldehyde, and propanal found
in one sample of Ulva lactuca analyzed fresh and after 60 and 90 days of
storage at -15°C.

hyde, butanal, and pentanal in the samples. Propanal probably
originates from the breakdown of w-3 PUFA, such as linolenic
acid, through sequential reactions catalyzed by lipoxygenase and
fatty acid hydroperoxide lyase (28). Hexanal presumably arises
from the analogous breakdown of (w-6)-PUFAs, primarily arachi-
donic and linoleic acids. Hexanal is described as having a “green
and cut grass-like” odor (29) and is an important odor-active com-
ponent in food because of its low-odor threshold (4.5 ppb in
water). Hexanal levels have been used to gauge the extent of lipid
oxidation and as a quality index for food products (30); however,
there is no data on its oral toxicity. The (E)-2-hexenal probably
forms from the isomerization of (Z)-3-hexenal (28). Benzalde-
hyde, which is described as possessing an almond-like odor, has
been reported as an important flavor in crayfish tail meat (31) and
contributes to the sweet odor of algae (32).

The level of volatile aldehydes and ketones found in algae sam-
ples increases dramatically during storage at —15°C. For example,
Figure 3 shows the concentration of formaldehyde, acetaldehyde,
and propanal found in Ulva lactuca following 60 and 90 days of
storage (none of these analytes was detected in fresh samples of
Ulva lactuca). While formaldehyde concentrations remained low
throughout the 90-day storage period, the concentrations of
acetaldehyde and propanal increased sharply during this period.

For a number of reasons, our results suggest that acetaldehyde
and propanal may prove to be good indicators of food quality.
First, this pair of aldehydes was found in relative high concentra-
tions in all species studied. Second, their concentrations
increased sharply with storage time. Finally, the presumed origin
of propanal from the oxidative decomposition of w-3 fatty acids
should allow quantitative assessment of the decomposition of this
important class of nutrients.

Conclusion

The new analytical method reported here has permitted the
identification and quantitation of 11 volatile low-molecular-
weight carbonyl compounds and offers two distinct advantages
over previous methods: (i) low DLs and (ii) simple sample prepa-
ration. In principle, this method should be easily adapted for the
analysis of almost any other lipid-containing foodstuff.
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