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Determination of Malonaldehyde and Formaldehyde Formed from Fatty
Acid Ethyl Esters upon Microwave and Thermal Heating
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Aqueous fresh and frozen solutions of ethyl arachidonate, ethyl linolenate, and ethyl linoleate were
exposed to microwave and thermal heating to induce lipid peroxidation. Malonaldehyde and
formaldehyde were derivatized to 1-methylpyrazole with N-methylhydrazine and to thiazolidine with
cysteamine, respectively, and were then quantitated with capillary gas chromatography with a nitrogen-
phosphorus detector. For both heating methods, the malonaldehyde concentration depended on the
degree of unsaturation in the fatty acid. The samples containing arachidonate produced the most
malonaldehyde (7.8-11.2 nmol/mg), followed by those containing linolenate (2.9-5.3 nmol/mg) and
linoleate (0.7-1.7 nmol/mg). There were no significant differences in the amounts of malonaldehyde
formed between the heating methods for both fresh and frozen solutions. Ethyl arachidonate and ethyl
linolenate produced about the same amount of formaldehyde (5.8~10.4 nmol/mg), whereas ethyl li-
noleate produced slightly less (3.2-5.3 nmol/mg) formaldehyde.

It has been reported that an estimated 80 million
microwave ovens are in use today in the United States,
and this figure continues to increase (Rubbright, 1990).
Due to the convenience of microwave cooking, more
consumers are using it in preference to traditional cooking
methods. The effects of microwave and conventional
heating on nutrient retention and the formation of flavors
and color in foods have been compared (Mudgett, 1989).
The current study was designed to compare the relation-
ship between heating methods and the production of lipid
peroxidation products in fatty acid ester model systems.

Polyunsaturated fatty acid ethyl esters were chosen as
model systems in this study because triglycerides contain
the ester form of fatty acids in foods. Fatty acids are
usually found in the ester form in such biological materials
as triglycerides, phosphatidylcholine, and phosphatid-
ylethanolamine. Malonaldehyde (MA) and formalde-
hyde (FA) were chosen to investigate these products of
lipid peroxidation because they are commonly known to
affect the nutritional quality of foods (Frankel, 1987).
These aldehydes also interact with proteins, nucleic acids,
and other biological materials, which canlead to membrane
and enzyme damage in cells and tissue and to athero-
sclerosis (Wilson, 1976).

Lipid peroxidation products formed from various foods
under cooking conditions have been studied using the
thiobarbituric acid (TBA) assay (Pikul et al., 1985). The
TBA assay, however, is never specific to the product of
interest (Namiki, 1990). In the present study, gas chro-
matography (GC) with a nitrogen—phosphorus detector
(NPD) was used to analyze MA as a N-methylhydrazine
(NMH) derivative, 1-methylpyrazole (1-MP) (Umano et
al., 1988), and to analyze FA as a cysteamine derivative,
thiazolidine (TH) (Hayashi et al., 1986).

EXPERIMENTAL PROCEDURES

Materials. The highest available grade from Sigma Chemical
Co. (St. Louis, MO) of ethyl arachidonate, ethyl linolenate, ethyl
linoleate, and butylated hydroxytoluene (BHT) was purchased
and used without further purification. Sodium dodecyl sulfate
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(SDS) and cysteamine hydrochloride were purchased from Al-
drich Chemical Co. (Milwaukee, WI). 2-Methylpyrazine, tribu-
tylamine, TH, and 1-MP standards were also obtained from
Aldrich. NMH was purchased from Fluka Chemika-BioChem-
ika (Ronkonkoma, NY). Baker Resi-analyzed dichloromethane
and chloroform were purchased from J. T. Baker (Phillipsburg,
NJ). Stock solutions of 2-methylpyrazine (150 ug/mL) and tri-
butylamine (1.0 mg/mL) were prepared in chloroform for GC
internal standards. A cysteamine solution (0.6 M) was prepared
in deionized water.

Sample Preparation. Oxidation of Fatty Acid Ethyl Esters
with Thermal or Microwave Heating. Model aqueous mixtures
containing 10 or 20 uL of fatty acid ethyl ester, 200 uL of 5%
SDS, and 5 mL of deionized water were placed in test tubes and
subjected to microwave or steam heating. Microwave heating
was conducted at the high setting of a 700-W microwave oven,
and solutions were exposed for 10and 15s. After10s,thesamples
were immediately removed from the microwave, and their tem-
peratures were approximately 65 °C. The samples given 15 s of
irradiation boiled and were approximately 85 °C after immediate
removal from the microwave. Thermal heating was accomplished
by exposing the sample tubes in a steam bath for 3.5 and 4.5 min
to reach temperatures of 85 and 100 °C, respectively.

Frozen samples were prepared by placing test-tube samples
in95% ethanol/dry ice for 3.5 min. These samples were exposed
toeither microwave or steam heating. Frozen samplestook about
90 s to melt by microwave and started to boil approximately 7
s after melting (97 s total). Steam heating of the frozen samples
required 3.5 and 4.5 min to reach 85 and 98 °C, respectively.
Control samples were left at room temperature. All microwaved
and thermal-heated samples were cooled in an ice bath, and 40
uL of BHT (4% in ethanol) was added to prevent further
oxidation.

Derivatization of MA in the Samples. NMH (50 uL) was
added to the oxidized and control samples and stirred for 1 h at
room temperature. The solution was extracted with 15 mL of
dichloromethane using a continuous liquid-liquid extractor for
3 h. The solution was saturated with NaCl prior to extraction.
The extract was transferred to a volumetric flask and brought
to 10 mL in dichloromethane. 2-Methylpyrazine stock solution
(150 uL) was added as a GC internal standard. The solution was
analyzed by GC with an NPD.

Derivatization of FA in the Samples. Cysteamine solution
(150 uL) was added to the oxidized and control solutions, and
the pH was adjusted to 8.5 with 1 N NaOH. The solution was
stirred and allowed to react for 1 h at room temperature. The
resulting solution was saturated with NaCl and extracted with
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Table I. MA and FA Concentrations in Fresh and Frozen Fatty Acid Ethyl Ester Samples after Microwave and Steam-Heat

Treatments
ethyl arachidonate® ethyl linolenate® ethyl linoleate®
sample MA FA MA FA MA FA
control 23£1.5 3.8%0.1 1.3£0.2 3.0£02 0202 not detected
microwave heating
fresh samples
heated (10 s) 8.4+ 0.6 70%£1.7 53x14 6.4 £ 2.3 14£09 53+1.0
boiled (15 s) 9.0£1.8 88+21 40£23 6722 1.7%0.6 44+09
frozen samples
melted (90 s) 11.2£ 1.0 86x14 29+0.8 8402 1.7+£0.1 52+ 1.0
boiled (97 s) 85+ 17 72+22 3.5%0.9 58+ 3.3 14+ 0.5 48+ 0.6
thermal (steam) heating
fresh samples
heated (2.5 min) 9.7+ 0.9 9.0+ 18 4105 9.6 0.7 0.7£0.1 45+04
boiled (3.0 min) 10.8 £ 2.4 6.4+06 44+0.8 9420 1.0£0.1 43+1.1
frozen samples
heated (3.5 min) 78012 9.6+ 22 3.9+0.3 88+ 2.0 1.2+ 04 3.2+06
boiled (4.5 min) 88+1.2 6.1+08 53+1.2 104+ 1.2 1.2+0.5 3.6+03

¢ Values are means (nmol MA or FA/mg fatty acid ethyl ester) & standard deviations (n = 3).

20 mL of chloroform using a continuous liquid-liquid extractor
for 5 h. The extract was transferred to a volumetric flask and
brought to 10 mL in chloroform. Tributylamine (400 pL) was
added as a GC internal standard. The solution was analyzed by
GC with an NPD.

Instruments. A Hewlett-Packard (HP) Model 5880 GC
equipped with an NPD and a 30 m X 0.25 mm i.d. DB-Wax
bonded phase fused silica capillary column (J&W Scientific, Fol-
som, CA) was used for analysis of 1-MP. The oven temperature
was held at 60 °C for 2 min, programmed to 190 °C at 4 °C/min,
and held at 190 °C for 10 min. The injector and detector tem-
peratures were 270 and 300 °C, respectively. Linear velocity of
helium carrier gas was 35.5 cm/s. The injector split ratio was
30:1.

An HP 5890 GC equipped with an NPD and a 30 m X 0.25 mm
i.d. DB-1 bonded phase fused silica capillary column (J&W
Scientific) was used for the analysis of TH. The oven temper-
ature was held at 80 °C for 2 min, programmed to 180 °C at 8
°C/min, and held at 180 °C for 10 min. The injector and detector
temperatures were 250 and 300 °C, respectively. Linear velocity
of helium carrier gas was 25.5 cm/s. The injector split ratio was
55:1.

Qualitative and Quantitative Analysis of 1-MP and TH.
Authentic 1-MP and TH were used to prepare GC calibration
curves for quantitative analysis of MA and FA, respectively (Et-
tre, 1967). 2-Methylpyrazine and tributylamine were used as
GC internal standards for MA and FA determination, respec-
tively.

An HP Model 5890 GC interfaced to a VG Trio II mass
spectrometer with a VG 11-250 computer data system was used
for mass spectrometric identification of the GC components. The
ionization voltage was 70 eV, and the ion source temperature was
150 °C. The column and oven conditions for GC/MS were as
described for the GC/NPD analysis.

RESULTS AND DISCUSSION

The amounts of MA and FA found in the fresh and
frozen fatty acid ethyl ester samples exposed to either
microwave or steam heating are shown in Table I. Mi-
crowaved and thermal-heated samples produced signifi-
cantly higher amounts of lipid peroxidation products than
the controls. Ethyl arachidonate produced the most MA
(7.8-11.2 nmol of MA / mg of fatty acid ethyl ester), followed
by ethyl linolenate (2.9-5.3 nmol/mg) and ethyl linoleate
(0.7-1.7 nmol/mg). This finding is reasonable because
arachidonate has four methylene interrupted double bonds
that are susceptible to hydrogen abstraction at the C-7,
C-10, and C-13 positions (Frankel, 1987). The presence
of products containing multiple methylene interrupted
double bonds can lead to further degradation of the

remaining lipid to form other carbonyl compounds such
as formaldehyde.

FA was detected as TH for the first time as a peroxi-
dative product of fatty acid esters from microwave and
thermal-heat exposure. The results indicate that ethyl
arachidonate and ethyllinolenate produced slightly higher
amounts (5.8-10.4 nmol of FA /mg of fatty acid ethyl ester)
than ethyl linoleate (3.2-5.3 nmol/mg).

The amounts of MA and FA produced under microwave
and thermal heating from fresh samples are also shown in
Table I. Microwaving fresh samples for 10 s warmed the
samples, whereas a 15-s microwave time caused the solution
to boil. The results from the steam heating to 85 °C were
used to compare the MA and FA production with the
microwave-heated samples for 15 s. The amounts of MA
and FA produced were the same for 10 s of microwave
heating and thermal heating to 85 °C. Subjecting the
sample to steam at 98 °C to examine the effect of the
maximum temperature attained did not change the
amounts of MA or FA formed. Samples subjected to
thermal heating at the temperature equivalent of micro-
wave irradiation did not show significant changes in MA
and FA concentrations. The amount of MA produced in
these systems is a function of the amount of saturation in
the lipid.

Microwave and thermal heating methods produce
varying results in cooked foods. Schiller et al. (1973)
showed that egg yolks cooked in a conventional oven
produced a TBA number that was twice that of egg yolks
cooked in a microwave oven. However, the low-energy
form of microwave radiation has not been known to induce
lipid peroxidation. Rather, the heat created in microwave
cooking causes lipid peroxidation. Myers and Harris
(1975) investigated the effects of microwave and conven-
tional heating on the fatty acid compositions of meats and
poultry by GC analysis and reported no significant
differences between the two heat treatments. Inaddition,
Newburg and Concon (1980) concluded that MA concen-
trations are affected by cooking conditions when they
detected 60- and 22-fold increases in MA from microwaved
and boiled chicken, respectively, compared to raw chicken.

Frozen samples were used to simulate food-defrosting
practices at home. THe results show similar trends for
both frozen and fresh lipid-containing solutions. With
the exception of the melting of the frozen arachidonate,
the amounts of MA produced by different frozen poly-
unsaturated ethyl esters were similar to those of the fresh
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samples (i.e., arachidonic > linolenate > linoleate). Pikul
etal. (1985) reported that chicken meat frozen for 6 months
had a significantly higher MA value after conventional-
oven cooking than after microwave cooking. However,
the type of cooking used for fresh chicken meat and for
chicken meat that had been frozen for 3 months was less
important and produced about the same amount of MA.
These workers attributed the oxidative decomposition
primarily to the storage time rather than the method of
cooking. For our frozen samples, the fatty acid ethyl ester
was microwaved or steam-heated immediately after being
frozen. Our results show no differences in MA formation
either between the fresh and frozen samples or between
the two cooking methods, and the trends observed were
similar to the results for either fresh or short-term frozen
(3 months) samples reported by Pikul et al. (1985).

Previous reports show that MA is produced in large
quantities from lipids oxidized by Fe?*/H;0; (Tamura
and Shibamoto, 1991; Tamura et al., 1991) or irradiated
by UV light (Dennis and Shibamoto, 1990). Both metal-
induced and UV-irradiation-induced oxidization formed
at least 10 times more FA than the heat treatments used
in this study. The lower amounts of MA and FA formed
from thermal and microwave exposure may be due to their
high volatility, which allows them to escape from the
system upon heating.

Although the model system used here is simpler than
the complex and heterogeneous food system, the results
of this work suggest that the amounts of MA and FA
produced from microwave and steam heating are approx-
imately the same. Actual foods contain amino acids,
proteins, and other nucleophiles that may cause secondary

reactions with MA and FA and thereby lower their .

presence. Further studies are necessary to understand
lipid peroxidation induced by different types of cooking
methods.
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