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Abstract: Rapeseed meal and pressed cake are protein-rich by-products from rapeseed after oil extrac-
tion. Because of the high protein content, these by-products are an important source of food protein.
Their use is motivated by the current pressure on protein prices, increasing demand for functional
ingredients, and remaining controversy over wider use of soy. During process development for
protein extraction from rapeseed cake or meal, special attention needs to be given to compounds such
as erucic acid, which can cause problems if consumed in high amounts. Erucic acid determination
is critical to ensure safety, since protein extraction procedures could lead to concentration of this
compound in the final product. This research compared differences in extraction (Soxhlet and Folch)
and derivatization techniques to obtain the highest erucic acid yield from rapeseed protein products.
Results showed that no erucic acid accumulation occurred in the protein during its extraction from the
rapeseed cake. The Soxhlet procedure was superior to Folch, as it yielded the highest concentrations
of erucic acid. Furthermore, with the Folch procedure, some natural cis-configuration of erucic acid
converted to its corresponding trans-configuration (brassidic acid). The latter is important, as ignoring
this phenomenon can lead to underestimation of erucic acid content in rapeseed protein samples.

Keywords: rapeseed; protein products; erucic acid; gas chromatography mass spectrometry

1. Introduction

Rapeseed meal and pressed cake are protein rich by-products from rapeseed after
oil extraction. The average composition of rapeseed meal on dry basis consists of 30–40%
crude protein, 12% crude fiber, 5–15% lipids, 4–7% ash, less than 1% calcium, and 1.2–2%
total phosphorus [1]. Rapeseed cake has according to certain sources a similar protein and
fat composition as rapeseed meal [2], while other sources found that rapeseed cake contains
slightly lower concentration of protein while having a marginally higher fat percentage [3,4].
Because of the high protein content, these by-products are important feed sources for
livestock in the EU and constitute an important source for food protein. The application
in food requires processing into concentrates and isolates to ensure easy incorporation
into existing product formulations. Moreover, rapeseed cake processing is motivated
by the current pressure on protein prices, increasing demand for functional ingredients,
and remaining controversy over wider use of soy [5,6]. During process development
for protein extraction from rapeseed cake, special attention is given to the raw materials,
since certain varieties of rapeseed can contain high levels of antinutritional factors such as
glucosinolates, erucic acid, tannins, sinapine, and phytic acid, which can cause problems
after consumption [7]. Even though rapeseed strains grown in the EU (‘00-rapeseed’) have
been developed to have low levels of these antinutritional factors, their determination in
final concentrated products is critical to ensure safety, given that protein extraction and
concentration procedures could also lead to concentration of these compounds in the final
products. This research will focus on erucic acid (fatty acid 22:1 n-9 or 22:1ω-9), among the
antinutritional factors found in rapeseed cake.
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The ‘00-rapeseed’ strain is recognized to contain safe levels of erucic acid (less than 2%
of the total fatty acid content) [8] and most of this compound is removed by oil extraction.
However, rapeseed cake can still contain certain amounts of residual oil containing the
acid [9]. Several regulations have been set up to control the maximum allowed concentra-
tion of erucic acid in food, and the latest recommendation by the European Food Safety
Authority (EFSA) has lowered the maximum level of erucic acid in the fat component from
5% to 2%, proposing a tolerable daily intake (TDI) of 7 mg/kg body weight per day [10].
Based on this recommendation, determination of erucic acid in rapeseed products becomes
more relevant and demands accurate quantification of this compound.

Erucic acid quantification by gas chromatography mass spectrometry (GC-MS) in
food can be carried out by converting the fatty acid to its corresponding fatty acid methyl
ester (FAME). This analytical tool involves several steps: (1) erucic acid extraction from
the food matrix using a solvent; (2) saponification to produce salts of the free fatty acid;
(3) derivatization of the free acids to form methyl esters; and (4) gas chromatography
mass spectrometry (GC-MS) analysis. There is no optimal or standard protocol for steps
(1) to (3). The most well-known liquid-based fatty acid extraction methods are those
proposed by Folch et al. [11], using a mixture of chloroform and methanol at a ratio
of 2:1 (v/v) as the extraction solvent and a final volume of 20 times the volume of the
tissue sample. Modified approaches have been established over the years to improve
extraction speed and reduce solvent consumption or toxicity [12]. Moreover, EFSA has
compiled a list of relevant methods to extract and measure erucic acid in food products,
highlighting the importance of solvent choice, such as chloroform-methanol (2:1), which
can ensure breakage of complex interactions between lipids and membrane compounds
(i.e., polysaccharides and proteins) [10]. Other methods for lipid extraction from a food
matrix include Soxhlet extraction, which is one of the most commonly used techniques
because of its straightforward use, and less conventional methods include microwave-
assisted extraction, supercritical fluid extraction and ultrasonic-assisted extraction [13].
Although the less conventional methods have advantages such as being fast, robust and
consuming less solvents, results have indicated no significant differences in the detected
fatty acid content [13]. Regarding step (3), the derivatization of fatty acid is necessary for
the subsequent analysis by GC-MS and different derivatizations are achieved depending on
the agent used [12]: methanolic hydrochloric acid (HCl) can solubilize certain lipids; acetyl
chloride (CH3COCl) causes sample spill due to exothermic reactions; sulfuric acid (H2SO4)
is oxidative and unsuitable for polyunsaturated fatty acids; boron trifluoride (BF3) provides
efficient derivatization, but forms artefacts due to its instability; basic derivatization is
not suitable for free fatty acids, despite its many advantages; and trimethylsulfonium
hydroxide (TMSH) has a low derivatization efficiency for polyunsaturated fatty acids.

Due to these analytical challenges, different protocols are reported for erucic acid
determination in rapeseed and canola samples, and many of these protocols relate to
standard procedures for extraction (ISO5509:2000 [14]; AOCS [15]; ISO 659:1998 [16]) and
derivatization (ISO 5509:2000 [14]; IUPAC, 1987 [17]) of fatty acids to obtain FAMEs. Exam-
ples of the reported protocols include: hexane extraction of rapeseed seeds, derivatization
with methanol acidified with 1% H2SO4 followed by GC-MS [18]; rapeseed oil refluxing in
a methanol-HCl solution and measuring concentrations by gas–liquid chromatographic
analysis (GLC) [19]; petroleum ether or heptane extraction of rapeseed oils and crushed
seeds, derivatization with methanol and sodium methylate [20–22]; derivatization of oil
samples with sulfuric acid/methanol, solubilization in hexane before gas chromatography
equipped with a flame ionization detector (GC-FID) [23,24]; hydrolysis of rapeseed oil with
methanolic KOH and analysis of the FAMES by GLC [25]; transmethylation of fatty acids
in diethyl ether solution in the presence of methyl acetate, followed by reaction with 1 M
sodium methoxide in methanol before GC analysis [26]; Soxhlet extraction of crushed seeds
with petroleum ether, derivatization with sodium methoxide in n-hexane before GC-FID
analysis [27]; petroleum ether extraction of crushed seeds in a Twisselman apparatus,
derivatization with sodium methanolate methanol solution in petroleum ether followed by
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GC [28]; seeds mixed with anhydrous sodium sulphate, Soxhlet extraction with petroleum
ether, derivatization with H2SO4 in anhydrous methanol at 100 ◦C, liquid–liquid extraction
with petroleum ether followed by GC [29]; petroleum ether extraction of seeds in a Twissel-
man apparatus; and derivatization with sodium methylate in n-heptane, liquid–liquid
extracted with water and acidified with HCl before GC [30]; Soxhlet extraction of seeds
in hexane followed by derivatization according to IUPAC 1978 [17,31]; petroleum ether
extraction of rapeseed seeds, derivatization with methanol acidified with HCl followed
by GLC [32]. Besides solvent extraction and derivatizations protocols, other analytical
methods have been reported: Raman spectroscopy and chemometric analysis, correlat-
ing the results to GC [33]; single bounce attenuated total reflectance (SB-ATR) Fourier
transform infrared (FTIR) spectroscopy [34]; and Near Infrared Reflectance Spectroscopy
(NIRS) [35,36].

The divergence in the above-described protocols makes selection of the most appro-
priate protocol for erucic acid quantification difficult. Even though the protocols have
been developed for the same type of material (rapeseed and rapeseed oil), they still differ
in extraction procedures, nature of the solvents, derivatization method and measuring
method. Most of these protocols have been tried in only one laboratory or are rarely tested
thoroughly or compared to each other. Therefore, this research has prepared a comparison
between different extraction and derivatization techniques to obtain the highest erucic acid
yield from rapeseed samples and rapeseed products, describing the challenges observed
and guiding how to interpret inconsistent or different results when the same sample is
analyzed by different methods. Special attention is given to differentiate between the
methyl ester of erucic acid (cis 22:1 ω-9), cetoleic acid (cis 22:1 ω-11) and brassidic acid
(trans 22:1ω-9), because erucic acid and brassidic acid are cis/trans isomers, and cetoleic
acid is a structural isomer that has the same molecular weight but different position of the
double bond; thus, these molecular similarities are critical during quantification of only
erucic acid with GC-MS.

2. Materials and Methods
2.1. Materials

Extraction was carried out with chloroform, hexane (Honeywell, analysis grade,
≥99%), and methanol (Honeywell, HPLC grade). The solvents used for derivatization
were H2SO4 (Honeywell, Puriss, 95–97%), BF3 (Sigma Aldrich, 14% in methanol), HCl
(Honeywell, Puriss, ≥37%), NaCl (Carlo Erba, reagent grade), sodium hydroxide (NaOH,
Honeywell, reagent grade, anhydrous pellets, ≥98%), and potassium hydroxide (KOH,
Honeywell, reagent grade).

Qualification of the FAMEs methyl erucate, methyl cetalaicate and methyl brassidate
were performed with the marine source analytical standard, polyunsaturated fatty acid
mix no1 (Pufa n◦1) and quantification standard for transfats (Restek-35629).

The derivatized fats were measured on an Agilent 7890B gas chromatograph (GC)
coupled to an Agilent 5977B mass spectrometer (MS). The instrument was equipped with
a Gerstel autosampler. A Restek Rt-2560 column (100 m × 0.25 mm ID with 0.20 µm film
thickness) was used.

2.2. Samples

The samples analyzed in this study are protein products obtained from the BBI-
JU project Pro-Enrich (grant agreement number. 792050), which has worked on pilot-
scale process development of protein extraction from rapeseed cake by the Biorefinery
Pilot Plant of the Danish Technological Institute (DTI), Taastrup, Denmark. The protein
products were obtained from cold-pressed rapeseed cake (CPR) or hot-pressed rapeseed
cake (HPR), using the following unit operations: aqueous extraction process, separation
and filtration, and drying. Figure 1 presents a general process diagram. For the extraction,
the rapeseed cakes at different solid-to-water ratios were subjected to various processing
conditions (Table 1). A decanter centrifuge was employed for solid/liquid separation.
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Membrane filtration was used for liquid/liquid separation (i.e., 0.2 µm microfiltration)
and concentration (i.e., 10 kDa ultrafiltration or 300 Da nanofiltration). Demineralized
water was used for diafiltration when indicated. The final protein products were dried
by different methods, resulting in fine powders. These powders are denoted as flour,
concentrate or isolate depending on the crude protein content. All products were produced
only once as part of up-scaling activities for industrial process development. Therefore,
samples have no replicates.
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Table 1. Description of the process conditions used to obtain protein products from cold-pressed
rapeseed cake (CPR) and hot-pressed rapeseed cake (HPR).

Sample Name Process Conditions Sample Description Protein Content

Rapeseed cake Rapeseed cake Solid raw material 32.8%

CPR 1

Soaking overnight; microfiltration (filter pore
size: 0.2 µm) for liquid–liquid separation and

ultrafiltration (filter pore size: 5 kDa) for
concentration; spray drying

Concentrate 70.8%

CPR 2
Soaking overnight; microfiltration (filter pore

size: 0.2 µm) for liquid–liquid separation;
oven drying

Flour 35.0%

CPR 3

Soaking overnight; microfiltration (filter pore
size: 0.2 µm) for liquid–liquid separation and

ultrafiltration (filter pore size: 10 kDa) for
concentration, oven drying

Concentrate 57.3%

CPR 4

Soaking overnight; microfiltration (filter pore
size: 0.2 µm) for liquid–liquid separation

with diafiltration; ultrafiltration (filter pore
size: 10 kDa) for concentration with

diafiltration; freeze drying

Isolate 91.2%

HPR 1

Soaking and enzymatic hydrolysis (pH 8)
overnight (T: 55 ◦C); microfiltration (filter

pore size: 0.2 µm) for liquid–liquid
separation; ultrafiltration (filter pore size:
10 kDa) for concentration; spray drying

Concentrate 58.9%

HPR 2

Soaking and enzymatic hydrolysis (pH 6.7)
overnight (T: 58 ◦C); microfiltration (filter

pore size: 0.2 µm) for liquid–liquid
separation; nanofiltration (filter pore size:
300 Da) for concentration; spray drying

Concentrate 55.0%

HPR 3

Soaking and enzymatic hydrolysis (pH 5.0)
for 4 h (T: 50 ◦C); pH adjustment to pH 7.0

(reaction time: 30 min); 0.2 µmicrofiltration
(filter pore size: 0.2 µm) for liquid–liquid
separation; nanofiltration (filter pore size:
10 kDa) for concentration; spray drying

Concentrate 54.1%
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2.3. Extraction and Derivatization of Rapeseed and Protein Products

Conventional types of lipid extraction and derivatization methods were used to
extract erucic acid from the protein products and subsequently transform it to its methyl
ester for analysis. For lipid extraction, the Folch method was compared with Soxhlet
extraction. Hexane was selected for Soxhlet extraction based on Laroche et al. [37], who
found that hexane has the same extraction efficiency as petroleum ether, and performs
better than ethanol regarding relatively non-polar fatty acids. For derivatization, acids,
bases and BF3 were used for comparison given the disadvantages and limitations described
in the introduction.

First, extraction method 1 (i.e., Folch method) was combined with the three deriva-
tization methods (samples were prepared in duplicates). The derivatization method that
resulted in detection of the highest concentration of erucic acid, in either the natural, cis-
isomer, or the transformed, trans-isomer (brassidic acid—both were successfully detected
in the samples obtained by the Folch extraction, and the measured concentrations were
similar among the replicates) was consequently used for the samples from the second
extraction method (i.e., Soxhlet method). As all the solvents were removed after each of the
extraction procedures, it is safe to assume that if both isomers were successfully derivatized,
and subsequently detected with this derivatization method for one extraction procedure,
this would be true for the other one, too. Samples were prepared in duplicate also for the
extracts from the second extraction method.

2.3.1. Lipid Extraction

• Method 1 was based on Folch [11] and taken from Araujo et al. [38]: 0.2 g of sample
(protein powder or rapeseed cake) was weighed and mixed with 4 mL of chloroform:
methanol 2:1 (v/v) and internal standard. The mixture was shaken for 30 s and left
at −20 ◦C overnight. Then, salt-saturated water was added. The organic phase was
collected after biphasic separation. The sample was filtered and the solvent was
nitrogen-evaporated to dryness.

• Method 2: 0.2 g of sample (protein powder or crushed rapeseed) was extracted with
50 mL n-hexane at 60 ◦C for 4 h. The solvent was removed via vacuum evaporation
with a rotavapor.

2.3.2. Derivatization

• Method 1 was based on Yi et al. [39]. Extracted lipids, which are dissolved in 0.25 mL
chloroform, were methylated with 1.5 mL 5% anhydrous HCl/methanol (w/v). The
mixture was heated to 80 ◦C for 1 h. After cooling to room temperature, a few drops
of water and 2 mL hexane were added. The hexane layer was collected and reduced in
volume to 0.2 mL before measurement.

• Method 2 was based on Omidi et al. [40]. Extracted lipids were saponified with 5ml of
methanolic NaOH (0.5 M) solution by refluxing for 15 min at 100 ◦C. After addition
of 2.2 mL BF3 (12–15%) in methanol solution, the sample was heated for 5 min at
100 ◦C. The FAMEs were extracted from a 2 mL NaCl saturated mixture in water, with
2 × 1 mL hexane (centrifuge 3000 rpm). The hexane fraction was concentrated to a
final volume of 0.2 mL.

• Method 3 was based on Brotas et al. [41]. First, 3 mL of a 0.6 M KOH in methanol
was added, followed by stirring for 10 s. The tube was purged with a gentle nitrogen
flow, to remove air and prevent oxidation of the compounds. The solution was heated
to 70 ◦C in a water bath for 10 min and shaken twice during this heating. After
the oil droplets had disappeared, 3 mL of a 5% solution of H2SO4 in methanol was
added and the mixture was cooled; the tube was purged again with nitrogen and then
heated to 70 ◦C in a water bath for 5 min. After this, 2 mL of a saturated solution of
NaCl and 2 mL of hexane were added, the tube was shaken, and the mixture was
centrifuged at 4000 rpm for 10 min. The organic phase was collected and concentrated
to 0.2 mL volume.
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2.4. GC-MS Measurements

For the GC-MS measurements, 1 µL of each derivatized sample was injected (injection
temperature 200 ◦C, splitless injection). The column flow was set to 1.2 mL/min using
helium as the carrier gas. The temperature program started with a temperature of 120 ◦C
held for 2 min, a ramp of 5 ◦C per minute to 160 ◦C, a ramp of 2 ◦C per minute to 210 ◦C,
followed by a ramp of 1 ◦C to 240 ◦C and held for 2 min. The transfer line, ion source,
and quadrupole analyzer temperatures were maintained at 290 ◦C, 230 ◦C, and 150 ◦C,
respectively. A solvent delay of 10.0 min was selected. In the full-scan mode, electron
impact ionization (EI) mass spectra in the range of 40–550 m/z were recorded at 70 eV
electron energy.

2.5. Data Analysis

Data analysis and integration of peak areas were carried out with Agilent Masshunter
Workstation software. Qualification of methyl esters of erucic acid, brassidic acid and
cetoleic acid was performed with FAME standards based on their retention time and frag-
mentation pattern. Quantification of all three FAMEs of interest was based on appropriately
diluting the methyl brassidate standard, which had a certified concentration. A calibra-
tion curve was prepared by diluting the standard to concentrations of 0.0, 0.6, 3, 6, 30,
60 and 300 µg/mL. Transformation from FAMEs concentrations to the respective fatty
acid concentrations in rapeseed and rapeseed protein extracts was performed by using a
conversion factor based on their corresponding molecular weights. Concentrations were
recalculated to express µg of fatty acid per g of protein product. The results of 2 replicates
of each sample were averaged and the standard deviation was given. As no significant
differences among the replicates were observed, the procedure was evaluated as successful
and accurate, and investigating further replicates was not necessary.

3. Results

The experimental sequence was performed as follows: First, it was checked if it
was possible to differentiate retention time during GC-MS measurements between the
standards for all three isomers of the erucic acid methyl ester (methyl erucate, brassidate
and cetoleidate). Then, these compounds were determined in the various protein products,
and extracted by the Folch procedure combined with different derivatization. It was
somewhat surprising to find that the naturally occurring cis-isomer of the erucic acid
was also converted partially to its trans-isomer, regardless of the derivatization process
used. The best derivatization method (this is the highest concentration of the sum of both
detected isomers methyl erucate and brassidate) was used to test the same protein products,
but extracted with the Soxhlet process. This approach turned out to be optimal, as the
highest concentration of erucic acid was obtained, and no conversion to the trans-isomer
was detected.

As mentioned above, the GC-MS procedure was optimized with the use of standards
to separate the cis/trans isomers methyl erucate (cis 22:1 ω-9) and methyl brassidate (trans
22:1 ω-9), and their structural isomer methyl cetalaicate (cis 22:1 ω-11). Because of their
molecular similarities, these FAMEs cannot be separated on a standard column. Therefore,
individual cis and trans isomers were resolved on a 100 m column with a highly polar
biscyanopropyl phase, which gives the selectivity needed for resolving FAME isomers [42].
The results can be found in Figure 2.

After extraction and derivatization, the FAME composition was determined in rape-
seed cake and rapeseed protein products. The retention times from each compound in
the standard were used to identify the peaks from the rapeseed protein products, since
methyl brassidate, methyl cetoleidate and methyl erucate cannot be differentiated by their
fragmentation pattern alone. The concentrations of erucic acid, cetoleic acid and brassidic
acid were determined as described in Section 2.5 with a calibration curve. A high degree
of linearity was obtained with R2: 0.9998. The limit of detection was 0.08 µg/g rapeseed
or rapeseed protein product. Cetoleic acid was not detected in any of the samples. The
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concentration of erucic acid and brassidic acid, for each different combination of extraction
and derivatization technique, can be found in Tables 2 and 3, respectively.
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4 and HPR 1-3 for different extraction (E) and derivatization (D) methods (E1: Folch method,
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derivatization—described in detail in Section 2.3) LOD is 0.08 µg/g.

Sample
Erucic Acid Concentration (µg/g of Sample) for Different Extraction and

Derivatization Conditions

E1 + D1 E1 + D2 E1 + D3 E2 + D1

Rapeseed cake 2.61 ± 0.39 3.04 ± 0.45 17.7 ± 2.7 109 ± 8
CPR 1 1.13 ± 0.17 0.70 ± 0.11 0.33 ± 0.05 5.54 ± 0.83
CPR 2 36.5 ± 2.7 <LOD 44.4 ± 3.3 65.3 ± 5.0
CPR 3 13.0 ± 1.9 0.84 ± 0.13 0.81 ± 0.12 67.5 ± 5.1
CPR 4 0.33 ± 0.05 0.44 ± 0.07 2.67 ± 0.40 0.96 ± 0.14
HPR 1 2.17 ± 0.33 0.67 ± 0.10 0.45 ± 0.07 4.31 ± 0.65
HPR 2 4.15 ± 0.62 0.12 ± 0.02 0.67 ± 0.10 1.05 ± 0.16
HPR 3 10.3 ± 1.5 0.16 ± 0.03 1.22 ± 0.18 8.57 ± 1.29

To select the best derivatization method to be tested with extraction method 2, eru-
cic acid and brassidic acid concentrations were added up, showing that derivatization
method 1 yielded the highest erucic acid concentrations in rapeseed and rapeseed protein
concentrates, while derivatization method 2 degraded a large portion of the fatty acids
(data not shown, but total fatty acid concentrations were a factor of 10 lower than in
the other methods) and was the least favorable of all methods. Therefore, derivatization
method 1 was chosen to be the only one used with extraction method 2.

Rapeseed is a natural material, and its fatty acids are therefore expected to have a
cis-configuration. Consequently, only erucic acid (cis 22:1 ω-9) is expected to be found
in the analyzed samples. However, both the cis form (erucic acid) and the trans form
(brassidic acid) were detected (Tables 2 and 3), when extraction method 1 with chloroform:
methanol was used. The highest cis–trans conversions were obtained when extraction
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method 1 was combined with derivatization method 3. On the other hand, when extraction
method 2 with hexane was used, the trans form was not observed (Table 2), suggesting no
cis–trans conversion. Based on these observations, the Folch method (method 1) is believed
to set the conditions for transformation of a certain quantity of the cis-configuration to the
trans-configuration during the subsequent derivatization process, resulting in lower erucic
acid quantification (and the detection of brassidic acid).

Since extraction method 2, combined with derivatization method 1, gives in general
the highest yields of the erucic acid and does not lead to cis–trans conformation switches,
the percentage of erucic acid in relation to the total fatty acid content was calculated for
that method. The results can be found in Table 4.

Table 3. Quantity of brassidic acid (µg/g of sample) in rapeseed cake and protein products CPR1-
4 and HPR 1–3 for different extraction (E) and derivatization (D) methods (E1: Folch method,
E2: Soxhlet method; D1: HCl/methanol derivatization, D2: NaOH/BF3 derivatization, D3: H2SO4

derivatization—described in detail in Section 2.3) LOD is 0.08 µg/g.

Sample
Brassidic Acid Concentration (µg/g of Sample) for Different Extraction

and Derivatization Conditions

E1 + D1 E1 + D2 E1 + D3 E2 + D1

Rapeseed cake 41.2 ± 3.1 <LOD 3.34 ± 0.50 <LOD
CPR 1 <LOD 0.42 ± 0.06 1.69 ± 0.25 <LOD
CPR 2 <LOD 0.22 ± 0.03 <LOD <LOD
CPR 3 <LOD 1.20 ± 0.18 1.69 ± 0.25 <LOD
CPR 4 <LOD 1.08 ± 0.16 0.31 ± 0.05 <LOD
HPR 1 <LOD 0.23 ± 0.04 2.14 ± 0.32 <LOD
HPR 2 <LOD 0.22 ± 0.03 1.17 ± 0.17 <LOD
HPR 3 0.42 ± 0.06 0.22 ± 0.03 1.21 ± 0.18 <LOD

Table 4. Percentage (%) of erucic acid in relation to the total fatty acid content for method E2 + D1.

Rapeseed Cake CPR 1 CPR 2 CPR 3 CPR 4 HPR 1 HPR 2 HPR 3

Counts fatty acids (108) 32.0 3.21 85.0 2.28 1.95 2.52 1.64 1.94
Counts erucic acid (106) 19.8 1.01 11.9 12.3 0.17 0.78 0.19 1.56

% erucic acid 0.62 0.31 0.14 5.40 0.089 0.31 0.12 0.80

Table 4 shows that after CPR2 (lipid enriched phase) is removed, a certain amount of
lipids still stays inside the final protein products. This total fatty acid content is very similar
for all the protein products, as well for hot-pressed rapeseed as cold-pressed rapeseed,
which means that the last processing steps (filtration and drying) have only a small effect
on the total fatty acid content of the protein products. The amount of erucic acid in the
final protein products, however, is significantly dependent on these filtration and drying
processes. It can be seen for cold-pressed rapeseed that in sample CPR 3, erucic acid
accumulated in the final product. The use of subsequent diafiltration reduces the erucic
acid content substantially (CPR 4).

4. Discussion

Based on the EFSA recommendation of an allowed daily consumption of erucic
acid of 7 mg/kg body weight, the erucic acid concentrations found in the samples are
considered low; even the rapeseed cake itself is not harmful. An adult male would have
to ingest at least a kilogram of any of the discussed protein products to ingest such a
dose, and this is not practically possible. Products CPR 1–4 are the result of process
development and optimization to ensure a high protein product from rapeseed cake, ending
with protein isolate CPR 4 (91.2% protein content) with the lowest erucic acid percentage
of all CPR products. CPR 3, which was a protein concentrate (57.3% protein content),
had the highest erucic acid content. Different filtration technologies (e.g., diafiltration for



Foods 2022, 11, 815 9 of 12

CPR 4) proved to be far superior, increasing protein concentration and reducing erucic
acid levels considerably. It can be speculated that the fatty acids are complexed to other
macromolecules (e.g., carbohydrates) [43], which are removed during the diafiltration steps.
Regarding CPR products, the obtained differences in erucic acid content confirm the need
for erucic acid determination during process development.

Regarding products from hot-pressed rapeseed cake (HPR), the processing conditions
included enzymatic treatment at different pH, temperatures and reaction times (Table 1),
which can account for the difference in erucic acid content observed (Table 4). Although all
concentrations are extremely low, a small increase in erucic acid content was observed in
HPR 3, which had the lowest pH conditions (pH 5 followed by pH 7) and shortest reaction
time (4 h). Further processing and concentration steps of HPR 3 towards an isolate type
of product must use the right settings to avoid possible accumulation of erucic acid in the
final product.

The observation that during derivatization following the extraction, erucic acid
switches from its cis to trans form (brassidic acid) is an interesting phenomenon, knowing
that only the cis form is expected in natural material such as rapeseed. This change in
cis–trans configuration has been described in the literature for fatty acids containing double
bonds, such as lineolic acid. This fatty acid has two conjugated double bonds and the
change in cis–trans configuration is caused by prolonged exposure to strong acidic or alkali
conditions [44–46]. In our samples, strong alkali or acidic conditions cannot be the cause of
isomerization since the occurrence of this observed phenomenon is dependent on the extrac-
tion method, which does not contain any strong acids or alkalis. Chatgilialoglu et al. [47]
have discussed another pathway for cis-trans isomerization via thiyl radicals. Thiyl moi-
eties can derive from sulphur-containing compounds such as proteins or peptides and the
isomerization reaction can already occur at 90−120 ◦C without adding an initiator [48,49].
These conditions are easily met in the sample preparation for the determination of fatty
acids. Since the analyzed samples are rich in proteins, the presence of a small amount of
proteins and peptides is likely being co-extracted with the fatty acids in the chloroform:
methanol solution [48]. During the derivatization step, where higher temperatures are used,
these extracted proteins and peptides can cause the initiation of the radical, leading to the
isomerization of the fatty acids. Conversely, proteins or peptides are unlikely to be found
in hexane in the Soxhlet extraction. Therefore, it is logical that the cis–trans conversion was
not observed in our experiments during the derivatization when this type of extraction
was used.

The proper detection of erucic acid in all the steps of feedstock transformation pro-
cesses in the food of food supplement industry is paramount, as erucic acid is known to
have antinutritional properties potentially harmful to human health. Extraction procedures
differ in their efficiency to extract the target molecule(s), and the quality and quantity of
co-extracted material. This is evident from the results of this work, as well as that the target
molecules can undergo transformations during extraction and derivatization. For erucic
acid, this is especially the case for its cis- to trans-isomer conversion into brassidic acid
during the sample preparation phase. Therefore, special effort needs to be made to monitor
all possible erucic acid isomers to ascertain the real concentration of its naturally occurring
form in the original sample.

5. Conclusions

The Folch extraction method with chloroform can result in an underestimation of
erucic acid content in rapeseed and rapeseed protein samples due to isomerization of fatty
acids during sample preparation. Consequently, Soxhlet extraction with hexane is proposed
as the most appropriate fatty acid extraction method for erucic acid quantification.

The use of rapeseed strains with low content of antinutritional factors, such as erucic
acid, and proper processing steps with adequate parameters seem to ensure low content of
this compound in refined protein products. Nevertheless, methodologically correct erucic
acid determination must be considered as a critical parameter during process develop-
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ment since process conditions can result in fractions with erucic acid content above the
recommended value.
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36. Koprna, R.; Nerušil, P.; Kolovrat, O.; Kučera, V.; Kohoutek, A. Estimation of fatty acid content in intact seeds of oilseed rape

(Brassica napus L.) lines using near-infrared spectroscopy. Czech J. Genet. Plant Breed. 2006, 42, 132–136. [CrossRef]
37. Laroche, M.; Perreault, V.; Marciniak, A.; Gravel, A.; Chamberland, J.; Doyen, A. Comparison of conventional and sustainable

lipid extraction methods for the production of oil and protein isolate from edible insect meal. Foods 2019, 8, 572. [CrossRef]
[PubMed]

38. Araujo, P.; Nguyen, T.-T.; Frøyland, L.; Wang, J.; Kang, J.X. Evaluation of a rapid method for the quantitative analysis of fatty
acids in various matrices. J. Chromatogr. A 2008, 1212, 106–113. [CrossRef]

39. Yi, C.; Shi, J.; Kramer, J.; Xue, S.; Jiang, Y.; Zhang, M.; Mad, Y.; Pohorly, J. Fatty acid composition and phenolic antioxidants of
winemaking pomace powder. Food Chem. 2009, 114, 570–576. [CrossRef]

40. Omidi, H.; Tahmasebi, Z.; Ali Naghdi Badi, H.; Torabi, H.; Miransari, M. Fatty acid composition of canola (Brassica napus L.), as
affected by agronomical, genotypic and environmental parameters. C R Biol. 2010, 333, 248–254. [CrossRef] [PubMed]

41. Brotas, M.S.C.; Carvalho, G.A.; Pereira, P.A.P. Determination, through derivatization and GC-MS analysis, of omega-3 and
omega-6 fatty acids in fish oil capsules sold in Salvador, Bahia. J. Braz. Chem. Soc. 2020, 31, 447–455. [CrossRef]

42. Restek. High-Resolution GC Analyses of Fatty Acid Methyl Esters (FAMEs). Available online: https://www.restek.com/
globalassets/pdfs/literature/FFAR2931A-UNV.pdf (accessed on 15 February 2022).

43. Priyananda, P.; Chen, V. Flux decline during ultrafiltration of protein-fatty acid mixtures. J. Membr. Sci. 2006, 273, 58–67.
[CrossRef]

44. Jenkins, T.C. Technical note: Common analytical errors yielding inaccurate results during analysis of fatty acids in feed and
digesta samples. J. Dairy Sci. 2010, 93, 1170–1174. [CrossRef] [PubMed]

45. Nichols, P.L., Jr.; Herb, S.F.; Riemenschneider, R.W. Isomers of conjugated fatty acids. I. Alkali-isomerized linoleic acid. J. Am.
Chem. Soc. 1951, 73, 247–252. [CrossRef]

http://doi.org/10.1016/j.nfs.2020.03.002
http://doi.org/10.4141/cjps64-019
http://doi.org/10.4141/cjps64-069
http://doi.org/10.1139/g65-066
http://doi.org/10.1007/BF00225758
http://www.ncbi.nlm.nih.gov/pubmed/24162230
http://doi.org/10.1016/S0926-6690(99)00043-6
http://doi.org/10.1016/S0926-6690(02)00058-4
http://doi.org/10.1007/BF02552712
http://doi.org/10.1002/ejlt.201300288
http://doi.org/10.1080/10942912.2014.968284
http://doi.org/10.3390/pr7070456
http://doi.org/10.1515/znc-2016-0003
http://doi.org/10.4141/cjps63-054
http://doi.org/10.1016/j.foodchem.2016.10.044
http://www.ncbi.nlm.nih.gov/pubmed/27979286
http://doi.org/10.1002/ejlt.201200272
http://doi.org/10.17221/3643-CJGPB
http://doi.org/10.3390/foods8110572
http://www.ncbi.nlm.nih.gov/pubmed/31766306
http://doi.org/10.1016/j.chroma.2008.10.006
http://doi.org/10.1016/j.foodchem.2008.09.103
http://doi.org/10.1016/j.crvi.2009.10.001
http://www.ncbi.nlm.nih.gov/pubmed/20338544
http://doi.org/10.21577/0103-5053.20190203
https://www.restek.com/globalassets/pdfs/literature/FFAR2931A-UNV.pdf
https://www.restek.com/globalassets/pdfs/literature/FFAR2931A-UNV.pdf
http://doi.org/10.1016/j.memsci.2005.11.021
http://doi.org/10.3168/jds.2009-2509
http://www.ncbi.nlm.nih.gov/pubmed/20172237
http://doi.org/10.1021/ja01145a084


Foods 2022, 11, 815 12 of 12

46. Kramer, J.K.G.; Fellnera, V.; Dugana, M.E.R.; Sauera, F.D.; Mossobab, M.M.; Yurawecz, M.P. Evaluating acid and base catalysts in
the methylation of milk and rumen fatty acids with special emphasis on conjugated dienes and total trans fatty acids. Lipids 1997,
32, 1219–1228. [CrossRef] [PubMed]

47. Chatgilialoglu, C.; Ferreri, C.; Ballestri, M.; Mulazzani, Q.G.; Landi, L. cis−trans isomerization of monounsaturated fatty acid
residues in phospholipids by thiyl radicals. J. Am. Chem. Soc. 2000, 122, 4593–4601. [CrossRef]

48. Chatgilialoglu, C.; Ferreri, C.; Melchiorre, M.; Sansone, A.; Torreggiani, A. Lipid geometrical isomerism: From chemistry to
biology and diagnostics. Chem. Rev. 2014, 114, 255–284. [CrossRef] [PubMed]

49. Biermann, U.; Butte, W.; Koch, R.; Fokou, P.; Türünç, A.O.; Meier, M.A.R.; Metzger, J.O. Initiation of radical chain reactions of
thiol compounds and alkenes without any added initiator: Thiol-catalyzed cis/trans isomerization of methyl oleate. Chem. Eur. J.
2012, 18, 8201–8207. [CrossRef] [PubMed]

http://doi.org/10.1007/s11745-997-0156-3
http://www.ncbi.nlm.nih.gov/pubmed/9397408
http://doi.org/10.1021/ja994169s
http://doi.org/10.1021/cr4002287
http://www.ncbi.nlm.nih.gov/pubmed/24050531
http://doi.org/10.1002/chem.201103252
http://www.ncbi.nlm.nih.gov/pubmed/22592884

	Introduction 
	Materials and Methods 
	Materials 
	Samples 
	Extraction and Derivatization of Rapeseed and Protein Products 
	Lipid Extraction 
	Derivatization 

	GC-MS Measurements 
	Data Analysis 

	Results 
	Discussion 
	Conclusions 
	References

