
ABSTRACT: FA profiles of catfish liver oils were analyzed
after microwave-assisted (without solvent extraction) and/or
conventional (with solvent extraction) preparation methods. Mi-
crowave heating of the samples was performed at 100, 80, 60,
or 40% power at 1,000 W and 2,450 MHz, each for 80, 60, 40,
or 20 s. Significant differences in the content of recovered FA
were observed among the microwave-heated samples, except
for C20:0 and C20:4. Recovery of C16:0, C20:0, and C20:4
from the samples analyzed by the microwave-assisted method
was lower than that of the samples analyzed by the conven-
tional method. Much greater recovery was observed for C18:1,
C18:2, and C22:6; however, the recovery was not different from
or was only slightly lower than that of the conventional method
when microwave heating was set at 40% power for 20 s. This
was also observed for the total unsaturated or saturated FA.
Compared to other microwave treatments, heating at 100%
power for 80 s yielded the greatest recovery of C14:0, C18:0,
C18:1, C18:2, C18:3, C20:1, C20:2, and C22:6.
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The analysis of lipids and FA compositions of foods and in-
gredients is an important element in food chemistry. FA com-
position of foods, especially PUFA, is of interest to con-
sumers as well as food scientists because of their nutritional
and health benefits. Studies have shown the potential health
benefits of long-chain PUFA, e.g., EPA (20:5n-3), arachi-
donic acid (20:4n-6), and DHA (22:6n-3). PUFA are impor-
tant to human health and essential to the development of the
fetus and infants. Dietary intake of PUFA reduces the inci-
dence of coronary diseases and some cancers (1). A number
of extensive research programs have been oriented toward de-
velopment of enriched PUFA-containing products. This type
of research requires routine FA analyses, which are time con-
suming and labor intensive. Thus, a faster, yet simple and re-
liable method is needed.

GC analysis is commonly used to determine FA profiles of
lipids in biological materials and normally requires methyl
esterification of FA (2). The preparation of FAME requires
fat extraction from biological materials with organic solvents,

followed by esterification of the fat to form FAME. Organic
solvents commonly used for fat extraction include chloro-
form, dichloromethane, hexane, toluene, benzene, and methanol
or a mixture of them. After extraction, the solvent is evapo-
rated from the mixture by mild heating under nitrogen gas.
The conventional fat extraction method requires a large vol-
ume of solvents, is a multistep procedure not suitable for han-
dling a large number of samples, and may lead to introduc-
tion of contaminants and losses of esters. Therefore, it may
not be practical in laboratories where a number of tests are re-
quired in a short period of time.

Several methods of FAME preparation have been devel-
oped to reduce the number of steps to one or two. For exam-
ple, Ichihara et al. (3) rapidly transesterified a lipid extract
with methanolic HCl and resolved major FA using high-tem-
perature GLC. Shimasaki et al. (4) chemically removed water
from brain and plasma samples with 2,2′-dimethoxypropane
and then transesterified the lipids to produce FAME. Lepage
and Roy (5–7) reported a one-step procedure for FAME
preparation with acetyl chloride applied to several sources
and classes of lipids. A similar approach was reported by
Sukhija and Palmquist (8) but was applied to freeze-dried ma-
terials. Ohta et al. (9) applied plasma samples directly to TLC
plates to separate lipids and then transesterified the silica-
adsorbed FA with boron trifluoride in methanol. Lipid extrac-
tion procedures, for example, those reported by Folch et al.
(10) and Bligh and Dyer (2), ideally separated all lipids from
the bulk of the material, which were then partitioned to a hy-
drophobic phase for separation and subsequent purification.
The use of microwave irradiation in conjunction with solvents
has been suggested as an efficient technique for the extrac-
tion of lipophilic substances from biological tissue (11–13).
Pare et al. (11) utilized petroleum ether with microwave-as-
sisted extraction under atmospheric conditions to extract fat
from meat, dairy, and egg products. Leray et al. (12) used
chloroform/methanol mixtures in an open vessel with mi-
crowave-assisted extraction to isolate fat from dried animal
food. A study by Batista et al. (13) showed that microwave-
assisted extraction using ethyl acetate and cyclohexane to ex-
tract fat from cod liver and mackerel fillets resulted in a FA
composition similar to that found using the method of Bligh
and Dyer (2). No one has previously tried microwave extrac-
tion without solvent present during heating.

Catfish liver, a waste from the filleting process, is a poten-
tial source of health-promoting FA. The liver contains a high
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moisture content, which may interfere with lipid extraction;
thus drying may be required before FAME are prepared.
When a sample is microwave-heated, moisture in the tissues
creates localized superheating, causing rapid release of mois-
ture, expulsion of fat/oil from fat cells, and partial release of
oil to the surface. It may be possible to prepare FAME from
microwave-heated samples without solvent extraction. The
objectives of this study were to investigate FA profiles of
samples containing a high moisture content by microwave-
assisted FA analysis without solvent extraction, to compare
the FA profiles of samples analyzed by the microwave-
assisted vs. conventional methods, and to determine mi-
crowave-heating power (%) and time (s) for maximal FA re-
covery. Catfish liver containing 75% moisture was used for
demonstration.

EXPERIMENTAL PROCEDURES

Microwave-assisted FAME preparation. Fresh liver of farm-
raised catfish obtained from a local seafood store in Baton
Rouge, Louisiana, was finely ground, with a commercial
blender. Approximately 5 g of finely ground, homogeneous
catfish liver was placed in a 50-mL sample vial. The vials
were placed in a microwave oven (Model R-508AK, Sharp
Carousel, 1,000 watts and 2,450 MHz) and heated according
to our experimental design. A 4 × 4 full-factorial design was
employed. The concentration and type of FA were dependent
variables, and the microwave power (100, 80, 60, 40% of
1,000 watts) and heating time (80, 60, 40, 20 s) were inde-
pendent variables.

After microwave treatment, the vials were immediately
sealed with Teflon-coated caps and cooled to room tempera-
ture. After cooling, each vial was weighed. The moisture loss
of liver was calculated as [(initial weight of the sample + vial)
− (weight of the sample after microwave heating + vial)] ×
100/initial weight of sample. Methanolic sodium hydroxide
(2% NaOH in methanol; 6 mL), 7 mL BF3, and 5 mL heptane
were added to each vial. The reaction mixture was stirred with
a Teflon-coated magnetic stirrer bar in a 70°C controlled
water bath for 30 min. The heptane containing FAME was
collected from the upper layer, dehydrated with anhydrous
sodium sulfate, and stored under nitrogen in a Teflon-capped
20-mL vial at –20°C until further analyzed for FA profiles.
Each microwave-heated treatment was repeated three times,
each using a different batch of catfish liver.

Fat extraction by a conventional method. Fat was ex-
tracted from catfish liver according to the method of Bligh
and Dyer (2). Approximately 5 g of finely ground, homoge-
neous catfish liver sample was placed in a screw-capped test
tube; then 5 mL of distilled water, 20 mL of chloroform, and
20 mL of methanol (1:4:4, by vol) were added to the tube, and
the mixture was thoroughly mixed on a vortex for 10 min.
The homogeneous mixture was filtered through Whatman No.
1 filter paper. The filtrate was placed in a separatory funnel.
The bottom layer of the solution was collected. Anhydrous
sodium sulfate (5.7 g) was added to the collected solution to

remove water. The residual solvent was removed from the so-
lution by the Meyer-N-Evaporator (an analytical evaporator;
Organomation Associates Inc., West Berlin, MA) under ni-
trogen atmosphere. The evaporation was continued until the
solution was free of chloroform. The extracted oil samples
were kept at −20°C until analyzed. Fat extraction was re-
peated three times, each using a different batch of catfish
liver.

Esterification of FA by a conventional method. FAME
were prepared according to the AOAC procedure 969.33 (14).
Each extracted catfish oil was placed into a 50-mL flat-bot-
tomed boiling flask containing approximately 4 mL of
methanolic sodium hydroxide (2 g of NaOH dissolved in 100
mL of methanol), and 10 boiling chips were added to the
flask. The condenser and reflux units were attached to the
flask, and refluxing took place for 12 min after 7 mL of boron
trifluoride had been added through the condenser. The esteri-
fied FA were extracted from the mixture by adding 5 mL of
heptane and refluxing for 1 min. The esterified solution was
allowed to cool to room temperature. A saturated solution of
sodium chloride was added and the flask gently rotated. Satu-
rated sodium chloride solution was added until the heptane
solution containing FAME reached the neck of the flask. The
heptane solution containing FAME was recovered, dehy-
drated with 1.5 g anhydrous sodium sulfate, and stored under
nitrogen in Teflon-capped vials at −20°C until analyzed.

FA analysis. The FAME obtained from microwave-heated
and conventionally treated samples were quantified with a
Hewlett-Packard 5890 Series II Gas Chromatograph equipped
with a 7673A autosampler (Agilent Technologies, Palo Alto,
CA) and interfaced to a 5970 mass selective detector (Agilent
Technologies). The GC was equipped with an EZ-Flash fast
temperature programmable column (Thermedics Detection,
Inc., Chelmsford, MA). The column phase was RTX-2330
(90% biscyanopropyl/10% phenylcyanopropyl polysiloxane)
with these dimensions: 5 m long, 0.25 mm i.d., 0.2-µm phase
thickness. One microliter of FAME was injected in a split
mode. The head pressure was set at 2 psi, and the split vent
flow was 7 mL/min. The injector temperature was 260°C. The
column flow rate at 2 psi was 0.68 mL/min, and the split ratio
was set to 10.4:1. The column temperature was held at 50°C
for 6 s, ramped from 50 to 260°C at 1°C/s, and held at 260°C
for 84 s. Run time was 5 min. The transfer line temperature
was 280°C. The mass selection detector was operated in the
selected ion monitoring mode. FA were identified with reten-
tion times obtained from commercial FAME standards
(Sigma Chemical, St. Louis, MO). The known concentration
of commercial FAME standard was diluted in heptane to at-
tain 3, 10, 100, 500, and 1,000 ppm. The standard curves were
developed based on the peak areas of gas chromatograms for
known concentrations of FAME standards. Concentrations
(ppm) of individual FA in each sample were calculated from
the standard curves. The internal standard (IS) solution used
for quantification of FA contained 1 mg nonadecanoic acid
(C19:0)/mL heptane. For the recovery studies, 1 mg nonadec-
anoic acid methyl ester/mL heptane was used as IS. The
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calculated concentration of individual FA through the stan-
dard curves was quantified as mg of FA/g of wet sample, tak-
ing into account the recovery of IS and sample weight. Three
experimental replications (batches) were conducted for both
the microwave-assisted and conventional methods, each
batch with three extractions and three GC injections per ex-
traction. The FA content was reported as mg FA/g mi-
crowaved sample. The unit in this study was used to reflect
the effect of the microwave heating on moisture and FA pro-
file of samples.

Statistical analysis. All data were analyzed using SAS
(15). ANOVA was performed (α = 0.05) to determine differ-
ences in FA profiles among microwave-heated samples.
Tukey’s Studentized range test was performed for post hoc
multiple comparisons (α = 0.05). Pairwise comparison for
each FA was performed (α = 0.05) between each of the mi-
crowave-treated samples and the conventional (control) sam-
ple. Group differences, expressed in terms of differences in
the mean vectors of the FA, were determined using multivari-
ate analysis of variance (MANOVA). Principal component
analysis (PCA) was used to group the samples based on simi-
larity (correlation) in the FA profile. Descriptive discriminant
analysis (16) was performed to identify FA that largely un-
derlie group differences among FA profiles of microwave-
heated and conventional samples.

RESULTS AND DISCUSSION

Moisture loss. The moisture loss increased with increased
magnitude of microwave heating power and time. Pro-
nounced effects were observed when the heating time was in-
creased to 80 s. The initial moisture content of catfish liver
tissue was 75%. Microwave heating at 60–100% power for
80 s removed over 50% of the water from the samples. Mi-
crowave energy is a rapid heating source. The presence of
water in a sample facilitates increased fat extraction during
microwave heat treatment. The moisture content in the sam-
ples to be fat-extracted is a critical factor, as water is very ef-
ficient at absorbing microwave radiation. Fat molecules in
liver are surrounded by biological materials, particularly pro-
tein molecules. Rapid removal of water in the sample may
disrupt the cell structure and support removal of lipids from
their association with cell membranes and proteins (11,17).
By denaturing the protein molecules, the fat molecules can be
liberated to the surface of the biological materials.

FA profile. The FA composition of catfish liver oils ana-
lyzed by both the microwave-assisted (without solvent extrac-
tion) and conventional (with solvent extraction) methods are
shown in Table 1. Significant differences in the content of re-
covered FA were observed among the microwave-heated
samples, except for C20:0 and C20:4, and these were due to
various heating conditions. MANOVA indicated that FA pro-
files of all microwave-heated samples were different (P <
0.001). C20:0 and C20:4 were not present in any microwave-
treated samples, except for a minute amount found in the sam-
ple heated at 100% power for 80 s. Results showed that the

FA contents (C14:0, C16:1, C18:0, C18:1, C18:2, and C22:6)
recovered by the microwave-assisted method were generally
greater than that of the conventional method. There were sig-
nificant differences in saturated and unsaturated FA between
microwave-heated and conventional samples. PUFA showed
drastic differences among microwave treatments, which were
mainly due to the differences in the content of C22:6n-3.

Recovery of C16:0, C20:0, and C20:4 from all samples an-
alyzed by the microwave-assisted method was lower than that
by the conventional method. Much greater recovery was ob-
served for C18:1, C18:2, and C22:6; however, the recovery
was not different from or was slightly lower than that of the
conventional method when microwave heating was set at
40% power and 20 s. Similar results were also observed for
the total unsaturated or total saturated FA. Compared to other
microwave treatments, heating at 100% power for 80 s
yielded the highest recovery of C14:0, C18:0, C18:1, C18:2,
C18:3, C20:1, C20:2, and C22:6.

To differentiate among the microwave-heating effects on
FA composition of catfish liver oils, univariate and multivari-
ate statistical analyses were carried out (detailed results not
shown). The model included 14 dependent variables, which
were the 12 FA and the total unsaturated and total saturated
FA shown in Table 1. The ANOVA results indicated that dif-
ferences were found in each FA content among 16 mi-
crowave-heated samples. Considering all 14 variables simul-
taneously, MANOVA results indicated that there were overall
differences among the FA profiles of all 16 microwave-heated
samples. This was substantiated by the test statistics value for
Wilk’s lambda, Pillai’s trace, Hotelling–Lawley and Roy’s
greatest root, all with P < 0.001. Discriminant analysis with
an emphasis on canonical correlation was employed to deter-
mine which FA variables contributed the most to overall dif-
ferences among 16 microwave-heated and the control sam-
ples. FA (C20:4, C16:0, and C20:0) of the first dimension of
canonical variables (CAN1, with 59% of total variance ex-
plained) appeared to be the attributes contributing most to the
overall differences. The canonical correlation values for
C20:4, C16:0, and C20:0 were 0.67, 0.60, and 0.45, respec-
tively. The second dimension of canonical variables included
C20:1, C18:0, C18:2, C16:1, and C22:6, having a cumulative
88% variance explained.

The product mapping (PC1 vs. PC2) obtained from PCA
based on 14 dependent variables (FA) is shown in Figure 1.
The PCA plot shows three clearly differentiated groups: the
first group, corresponding to the conventional control sample
(Q), the second group, corresponding to samples microwave-
heated at 100% power for 80 s (A) and 80% power for 80 s
(E), and the third group, belonging to other microwave-heated
samples. The PCA plot also indicated that samples mi-
crowave-heated for less than 80 s at a power of less than 80%
were more alike, although some FA were significantly differ-
ent as indicated by the ANOVA results (Table 1). The differ-
ences between the control (Q) and the microwave-heated
samples (A and E) were due to the amounts of unsaturated FA
(C18:1, C18:2, and C22:6) (Table 1).
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This research indicated that preparing FAME from mi-
crowave-heated samples without solvent extraction is feasi-
ble and practical. In addition to speed and ease of use, the ad-
vantages of microwave-assisted FA analysis were no solvent
consumption during heating, low energy cost, and requirement

for less labor. The total FAME preparation process takes a few
minutes compared to a few hours when done using the conven-
tional fat extraction methods, particularly for samples contain-
ing high moisture content. This technique also generates less
chemical waste. Furthermore, the microwave-assisted FA
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TABLE 1
FA Profiles of Catfish Liver Oils as Affected by Microwave Heating Power and Timea

Power (%) Time (s) C14:0 C16:0 C16:1 C18:0

100 80 0.07 ± 0.03a,* 0.23 ± 0.10a,* 0.45 ± 0.17a,* 1.77 ± 0.71a,*
100 60 0.04 ± 0.01b,c,d,* 0.07 ± 0.02b,c,d,* 0.25 ± 0.04b,c,d,* 0.91 ± 0.17c,d,*
100 40 0.02 ± 0.01e,f 0.03 ± 0.01d,e,f 0.12 ± 0.03f,e 0.44 ± 0.10e,f,g,h

100 20 0.02 ± 0.01e,f 0.02 ± 0.01f,* 0.08 ± 0.07f,e 0.26 ± 0.26g,h

80 80 0.06 ± 0.02a,b,* 0.10 ± 0.02b,* 0.35 ± 0.09a,b,* 1.35 ± 0.42b,*
80 60 0.05 ± 0.01b,c,* 0.07 ± 0.01b,c,d,e,* 0.28 ± 0.03b,c,* 0.98 ± 0.17b,c,*
80 40 0.03 ± 0.01e,d 0.03 ± 0.01d,e,f,* 0.15 ± 0.07e,d,* 0.41 ± 0.09e,f,g,h

80 20 0.03 ± 0.02d,e,f 0.02 ± 0.01e,f,* 0.11 ± 0.06e,f 0.31 ± 0.14f,g,h

60 80 0.04 ± 0.01b,c,d,* 0.08 ± 0.02b,c,* 0.24 ± 0.0c,d,* 0.72 ± 0.17c,d,e,*
60 60 0.03 ± 0.00c,d,e,* 0.04 ± 0.01c,d,e,f,* 0.17 ± 0.03e,d,* 0.53 ± 0.07d,e,f,g,h

60 40 0.02 ± 0.00e,f 0.02 ± 0.00f,* 0.10 ± 0.03e,f 0.33 ± 0.08e,f,g,h

60 20 0.02 ± 0.00e,f 0.02 ± 0.00f,* 0.10 ± 0.01e,f 0.30 ± 0.02f,g,h

40 80 0.03 ± 0.00d,e 0.04 ± 0.01c,d,e,f,* 0.16 ± 0.02e,d,* 0.60 ± 0.06c,d,e,f,g

40 60 0.03 ± 0.01d,e,f 0.03 ± 0.01d,e,f* 0.12 ± 0.06e,f 0.60 ± 0.15c,d,e,f,g

40 40 0.03 ± 0.01c,d,e,* 0.02 ± 0.00e,f,* 0.17 ± 0.05d,e,* 0.68 ± 0.17c,d,e,f

40 20 0.01 ± 0.00f 0.01 ± 0.00f,* 0.04 ± 0.01f 0.18 ± 0.02h,*
Control 0.02 ± 0.01 0.48 ± 0.17 0.07 ± 0.02 0.45 ± 0.18

C18:1 C18:2 C18:3 C20:0

100 80 6.13 ± 2.51a,* 1.70 ± 0.66a,* 0.05 ± 0.02a* 0.01 ± 0.00*
100 60 3.71 ± 0.77b,c,* 0.82 ± 0.15b,c,d,* 0.02 ± 0.01c,d,e 0.00 ± 0.00*
100 40 2.04 ± 0.40c,d,e,* 0.41 ± 0.16e,f,g 0.01 ± 0.00e,f,g,* 0.00 ± 0.00*
100 20 1.32 ± 0.03d,e 0.24 ± 0.03f,g 0.01 ± 0.03f,g,* 0.00 ± 0.00*
80 80 4.86 ± 2.08a,b,* 1.20 ± 0.43b,* 0.04 ± 0.01a,b,* 0.00 ± 0.00*
80 60 3.70 ± 1.17b,c,* 0.99 ± 0.13b,c,* 0.03 ± 0.01b,c,* 0.00 ± 0.00*
80 40 1.71 ± 0.15d,e 0.47 ± 0.24d,e,f,g,* 0.02 ± 0.01d,e,f,g 0.00 ± 0.00*
80 20 1.71 ± 0.66d,e 0.28 ± 0.12f,g 0.01 ± 0.01f,g,* 0.00 ± 0.00*
60 80 2.63 ± 0.66c,d,* 0.76 ± 0.20c,d,e,* 0.03 ± 0.01b,c,d 0.00 ± 0.00*
60 60 2.43 ± 0.31c,d,e,* 0.59 ± 0.13c,d,e,f,* 0.02 ± 0.01c,d,e,f 0.00 ± 0.00*
60 40 1.72 ± 0.35d,e 0.33 ± 0.06f,g 0.01 ± 0.00e,f,g,* 0.00 ± 0.00*
60 20 1.66 ± 0.16d,e 0.29 ± 0.03f,g 0.01 ± 0.00e,f,g,* 0.00 ± 0.00*
40 80 2.59 ± 0.19c,d,* 0.57 ± 0.12d,e,f,* 0.02 ± 0.00d,e,f,g 0.00 ± 0.00*
40 60 2.54 ± 0.74c,d,* 0.46 ± 0.11d,e,f,g,* 0.01 ± 0.00d,e,f,g 0.00 ± 0.00*
40 40 2.90 ± 0.70c,d,* 0.54 ± 0.15d,e,f,g,* 0.02 ± 0.01d,e,f,g 0.00 ± 0.00*
40 20 0.83 ± 0.14e 0.15 ± 0.03g 0.00 ± 0.00g,* 0.00 ± 0.00*

Control 0.81 ± 0.19 0.19 ± 0.08 0.02 ± 0.01 0.02 ± 0.01

C20:1 C20:2 C20:4 C22:6 Sat Unsat

100 80 0.22 ± 0.08a,* 0.17 ± 0.09a,* 0.01 ± 0.00* 0.96 ± 0.35a,* 2.08 ± 0.81a,* 9.68 ± 3.68a,*
100 60 0.10 ± 0.02c,d,* 0.09 ± 0.04c,d,e,* 0.00 ± 0.00* 0.54 ± 0.11c,d,* 1.03 ± 0.18c,d 5.53 ± 1.04b,c,*
100 40 0.04 ± 0.01e,f,g 0.04 ± 0.01f 0.00 ± 0.00* 0.26 ± 0.10d,e 0.49 ± 0.11e,f,g,h 2.93 ± 0.69d,e,f

100 20 0.02 ± 0.02g,* 0.02 ± 0.02f 0.00 ± 0.00* 0.18 ± 0.19e,f 0.29 ± 0.28g,h 1.87 ± 1.69e,f

80 80 0.15 ± 0.04b,* 0.15 ± 0.04a,b,* 0.00 ± 0.00* 0.83 ± 0.19a,b,* 1.48 ± 0.44b,* 7.58 ± 2.75b,a,*
80 60 0.11 ± 0.01b,c,* 0.11 ± 0.02b,c,* 0.00 ± 0.00* 0.67 ± 0.09b,c,* 1.10 ± 0.17b,c 5.90 ± 1.34b,c,*
80 40 0.40 ± 0.02e,f,g 0.06 ± 0.03d,e,f 0.00 ± 0.00* 0.31 ± 0.14d,e,f 0.47 ± 0.11e,f,g,h,* 2.76 ± 0.58d,e,f

80 20 0.02 ± 0.01f,g,* 0.03 ± 0.02f 0.00 ± 0.00* 0.21 ± 0.09e,f 0.36 ± 0.16f,g,h,* 2.38 ± 1.04d,e,f

60 80 0.08 ± 0.02c,d,e 0.10 ± 0.03c,d,* 0.00 ± 0.00* 0.52 ± 0.12c,d,* 0.84 ± 0.18c,d,e 4.35 ± 1.04c,d,*
60 60 0.05 ± 0.01e,f,g 0.05 ± 0.02d,e,f 0.00 ± 0.00* 0.38 ± 0.08d,e 0.60 ± 0.08d,e,f,g,h,* 3.69 ± 0.36c,d,e,*
60 40 0.03 ± 0.01f,g,* 0.03 ± 0.01f 0.00 ± 0.00* 0.24 ± 0.07e,f 0.38 ± 0.09f,g,h,* 2.46 ± 0.53d,e,f

60 20 0.02 ± 0.00f,g,* 0.03 ± 0.00f 0.00 ± 0.00* 0.23 ± 0.02e,f 0.35 ± 0.02f,g,h,* 2.35 ± 0.22d,e,f

40 80 0.06 ± 0.01d,e,f,g 0.05 ± 0.01d,e,f 0.00 ± 0.00* 0.34 ± 0.06d,e 0.66 ± 0.06c,d,e,f,g 3.78 ± 0.34c,d,e,*
40 60 0.05 ± 0.01e,f,g 0.04 ± 0.01f,e 0.00 ± 0.00* 0.33 ± 0.10d,e 0.66 ± 0.16d,e,f,g 3.56 ± 0.95c,d,e,*
40 40 0.06 ± 0.02e,d,f 0.05 ± 0.01d,e,f 0.00 ± 0.00* 0.40 ± 0.13d,e 0.74 ± 0.18c,d,e,f 4.14 ± 1.06c,d,e,*
40 20 0.02 ± 0.00g,* 0.01 ± 0.00f,* 0.00 ± 0.00* 0.09 ± 0.01f,* 0.20 ± 0.02h,* 1.15 ± 0.16f

Control 0.06 ± 0.02 0.05 ± 0.02 0.43 ± 0.16 0.27 ± 0.06 0.96 ± 0.36 1.90 ± 0.52
aFor each FA in each column, means (excluding that of the control sample) with the same superscript letter(s) are not significantly different (P > 0.05). Pair-
wise comparison between the microwave-heated and conventionally treated (control) samples was significant (P < 0.05) when indicated by an asterisk (*).



analysis is appropriate for samples containing a high moisture
content that may interfere with the lipid extraction process.
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