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RapidOxy® 100 is an automated instrument originally designed for measuring the
oxidative stability of both solid and liquid samples. The compact and portable design
of RapidOxy® 100, and its built-in pressurized heating chamber, provides a suitable
environment for studying processing conditions. The feasibility of using oxygen or
an inert atmosphere provides the ideal environment to study the effect of dry heat
pre-treatment on canola antioxidants. The current study used RapidOxy® 100 to examine
the impact of pressurized dry heat pre-treatment, under nitrogen, on the ultrasonic
extraction of phenolic compounds. The effect of different pre-treatment temperature-time
combinations of 120, 140, 160, and 180°Cfor 2, 5, 10, 15, and 20 min on the subsequent
extraction of canola phenolic compounds was examined. The major sinapates identified
by HPLC were sinapine, sinapic acid, and canolol. The optimum RapidOxy® condition
for the maximum recovery of canolol was 160°C for 10 min. RapidOxy® 100 proved to
be a novel and versatile instrument for enhancing the extraction of phenolic compounds.

Keywords: RapidOxy® 100, canola meal, canolol, high temperature, time, inert-atmosphere, mustard (Brassica
juncea), canola (Brassica napus L.)

INTRODUCTION

Brassica family comprise a wide range of horticultural and agricultural crops that are extensively
used worldwide. Of these canola (Brassica napus L.) and mustard (Brassica juncea L.) are among
the leading oil crops worldwide. The high demand of oils from these crops produces large amounts
of meal and cake by-products. These by-products are limited to the animal industry as feed
ingredients and as such are underutilized (1, 2). Although, the meal contains many functional
ingredients including amino acids, and phenolic compounds it has gained less attention over
the last few decades due to many anti-nutritive factors including glucosinolates (2). However,
its content of minor components including the phenolic compounds are highly valued for
their health promoting properties and provide an economic incentive for the greater utilization
of canola meal. The meal contains both free and esterified forms of phenolic compounds.
Sinapine, an ester of sinapic acid and choline, accounts for over 80% of the phenolic composition
(3, 4). Apart from sinapine, sinapic acid, other flavanol compounds including kaempferol,
and kaempferol derivatives (mono-, di-, tri- glucosides) are also present in the meal (4-7).
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The concentration of phenolic compounds is affected by
processing conditions, including high pressure and temperature
(6, 7). The application of higher temperatures and pressures
often generates novel phenolic compounds with high antioxidant
activity such as canolol, its dimers, oligomers, and other
breakdown products (8). Moreover, the extractability of major
sinapates can be improved with the application of high
temperature (~200°C), and pressure (~2,000 psi) (9). The
application of high temperature, and pressure reduces the surface
tension and viscosity of the extracting solvents and enhances the
solubility and mass transfer of targeted phenolics, a key advantage
of the pressurized temperature processing (9).

The application of high pressure and temperature, however,
requires special equipment and is generally associated with
higher operational costs. Hence, there is a need for economical
and simple extraction techniques with a higher rate of precision
for use by the oilseed processing industry. The extractability of
phenolic compounds primarily depends on the polarity of the
particular extracting solvent used (10). Application of pressurized
heat was considered a feasible option to extract both sinapine
and sinapic acid due to its moderately high H-bonding donor
and accepting capability (6). Previous studies on extractability of
phenolic compounds demonstrated that a solvent concentration
of 70% (v/v) was the optimum extractant concentration for
obtaining phenolic compounds with higher antioxidant activity
compared to the corresponding lower extractant concentrations
of 60, 40, and 30% (v/v) (6, 11). Our recent study found that
the total phenolic content (TPC) increased with the extraction
temperature reaching a maximum at 180°C (p > 0.05) with the
70% (v/v) extractant (20.72 mg SAE/g DM) (9).

A newly developed automated instrument RapidOxy® 100
is specifically designed to determine the oxidative stability
of various products including foods, cosmetics, flavors and
pharmaceutical products in both solid and liquid form. The
compact and portable design of RapidOxy® 100, and its built-in
pressurized heating chamber, provides the perfect environment
for processing conditions. Automated targeted heating (0-
180°C) and pressurization up to 500 psi provides the ideal
setting to pre-treat canola meal prior to the extraction phenolic
compounds. Hence, the substitution of the air supply from
oxygen with nitrogen provides an additional advantage by
preventing oxidation of the phenolics prior to extraction.

The RapidOxy® 100 instrument provides a unique
opportunity to examine the effect of pressure (100 psi) and
temperature on the structure-based activity of phenolic
compounds. Replacing the air supply with nitrogen (N) would
provide an inert pressurized environment, as our previous
research showed that such an environment with wet heat
was favorable for extracting canolol (9). Our most recent
finding also confirmed that 70% methanol (v/v) was optimal for
extracting hydroxycinamic acid derivatives (9). The current study
examined the structure-based activity of phenolic compounds
using RapidOxy® 100 as affected by pressure (100 psi) and
temperature. The inert pressurized (100 psi) environment was
obtained by replacing the air supply of oxygen with nitrogen.
Our previous research demonstrated that an inert pressurized
environment with wet heat was favorable for extracting primarily

canolol (9). Furthermore, our most recent findings confirmed
that an extractant concentration of 70% (v/v) was optimal for
extracting hydroxy cinnamic acid derivatives (9).

The current study determined the optimum pre-treatment
conditions for the dry-heat extraction of the major canola
sinapates, sinapine, sinapic acid, and canolol using a pressurized
(100 psi) temperature extraction with the aid of RapidOxy® 100.
Four different temperatures-time regimens (120, 140, 160, 180°C
and 2, 5, 10, 15, 20 min) were selected under the same high
pressure of (100 psi) for the extraction of these major sinapates
from both canola (Brassica napus L.) and mustard (Brassica
juncea L.). All solvent extractions were conducted with a 70%
(v/v) methanol solution.

MATERIALS

Mechanically crushed (double expeller pressed) canola meal
was provided by Viterra group (St. Agathe, MB, Canada). Both
Oriental mustard powder (OMP) and Oriental Mustard Cake
(OMC) were provided by G.S Dunn Limited (Hamilton, ON,
Canada). Sinapic acid (purity > 98%) was purchased from Fisher
scientific Canada Ltd (Ottawa, ON, Canada). Sinapine (purity
> 97%) and canolol (purity > 97%) were purchased from
ChemPFaces® Biochemical Co., Ltd. (Wuhan, Hubei, China). All
the HPLC grade solvents other chemicals were purchased from
Fisher scientific Canada Ltd (Ottawa, ON, Canada).

METHODS

Sample Preparation

Canola meal was first ground into powder using a coffee grinder
and stored at —20°C until further analysis. Ground canola meal
samples were defatted using the Soxtec 2050 as described by
Khattab et al. (1) (Foss-Tecator, Foss North America, Eden
Prairie, MN, United States).

RapidOxy® 100 Pre-treatment

RapidOxy® 100 (Anton Paar Canada Inc., Montreal, QC,
Canada) was used to determine the optimum temperature-
time, pre-treatment condition to extract antioxidative phenolic
compounds. A constant pressure (100 psi) was maintained in
a user-defined program throughout the pre-treatment duration.
For each pre-treatment regime, 1.0g of defatted canola meal
sample was used. Different pre-treatment temperatures (120,
140, 160, and 180°C) were applied to examine the impact
of temperature on extractability of phenolic compounds. The
test durations (2, 5, 10, 15, and 20 min) were defined in the
program for each sample at each of the different temperatures.
The stability of each sample was monitored through a specific
constant induction time period of 5 min. The inert environment
was maintained throughout the experiment with the continuous
supply of N, gas to the measuring chamber. Pre-heat-treated
canola meal samples were then extracted using the ultrasound for
each temperature-time pre-treatment.
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Ultrasonic Extraction

The ultrasonic extraction of phenolic compounds was conducted
according to the method described in Liang et al. (12). Briefly,
each pre-heat-treated meal sample (1.0g) was extracted three
times with 9.0 mL of methanol (70%, v/v) using a SONOPLUS
ultrasonic homogenizer HD 2200 system (BANDELIN electronic
GmbH & Co. KG, Heinrichstrafle, Berlin, Germany). The
ultrasound extraction was carried out at the power of 40% with
a frequency of 20kHz £ 500 Hz for 1 min at room temperature
(25°C). After ultrasonic extraction, extracts were centrifuged at
5,000 rpm for 15 min at 4°C (Sorvall Biofuge Primo R Centrifuge;
Thermo Scientific, Asheville, NC, USA). The extracts obtained
from the three extraction steps were combined and made up a
total volume of 30.0 mL.

HPLC Analysis

The changes in major sinapates obtained from the pre-heat-
treated and extracted canola meal samples were evaluated by
High Performance Liquid Chromatography (HPLC) described
by Nandasiri et al. (9). Phenolic compounds were analyzed
by reversed-phase High Performance Liquid Chromatography-
Diode Array Detection (HPLC-DAD) (Ultimate 3000, Dionex,
Sunnyvale, Torrance, CA, United States). The separation
was carried out on a Kinetex® Biphenyl C;3 100 A RP
column (2.6 mm, 150 x 4.6 mm, Phenomenex, Torrance, CA,
United States), with flow rate of 0.4 mL/min and 10 pL injection
volume. The column oven was maintained at 30°C. Extract
of 70% aqueous methanol was used in the analysis. Using the
authentic standards (sinapine, sinapic acid, and canolol) phenolic
compounds were identified. The separation was conducted using
gradient elution with water [0.1% (v/v) formic acid] as solvent
A, and methanol [0.1% (v/v) formic acid] as solvent B. The
chromatograms were acquired at 270 nm (canolol) and 330 nm
(sinapine and sinapic acid) using Chromeleon software Version
7.2 SR4 (Dionex Canada Ltd., Oakville, ON, Canada).

LC-MS Analysis

Structural elucidation of kaempferol-3-O-(2a-O-sinapoyl-
B-sophoroside), kaempferol-3-O-sophoroside, syringic acid,
sinapic acid dimer, and methyl sinapate were tentatively
identified by liquid chromatography with mass spectrometry
and tandem mass spectrometry (LC-MS) using the method
described by Nandasiri et al. (13). Cured extracts were dried (N3)
and analyzed by ESI-MS-MS/MS. Positive ion mode (ESIT) was
used, and spectra recorded on a Bruker Compact high resolution
quadrupole time of flight mass spectrometer (Q-TOF-MS)
(Bruker Daltonics, Billerica, Massachusetts, USA). MS mode was
applied during the formula generation and the mass range was
from 50 to 2,500 m/z was used.

Mass spectrometer was operated at following conditions. The
elute pump was operated at a maximum pressure of 10,150 psi,
with a capillary voltage of 3,500V at a dry gas flow rate of 4.0
L/min. Drying temperature was set to 200°C. MS/MS tuning
conditions was carried out with ion energy of 5.0 eV and collision
energy of 10.0eV. The fragmentation patterns obtained were
compared with the literature values (9, 14-16).
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FIGURE 1 | The chemical structures of sinapine (A), sinapic acid (B), and
canolol (C).

Statistical Analysis

All the experiments were conducted in triplicate. Results were
presented as mean =+ standard deviation of triplicate analysis.
Data points were checked for their normality and required
transformations were carried out to obtain normalized data
(17). For the current experiment, logarithmic and square-
root transformations were conducted accordingly to obtain
normalized data (17). To establish the optimum extraction
conditions response surface methodology (RSM) was used. RSM
is a well-established statistical technique for obtaining optimal
responses with a minimal number of variables (18, 19). RSM
also provides detailed information on interaction effects between
individual parameters to discover a stationary point (18, 19).
Hence, the mathematical models proposed by RSM requires
analysis of variance (ANOVA) to determine its adequacy and
significance. Statistical analysis was performed using the package
“RSM” (20) within the R statistical software version 3.6.0 [R (21)].

RESULTS AND DISCUSSION

Establishing the Optimized Extraction
Conditions for Major Sinapates Using
RapidOxy® 100 as a Pre-treatment Method

To establish the optimum pre-treatment time and temperature
combinations for the major sinapates including sinapine,
sinapic acid, and canolol (Figures 1A-C), contour-plots were
plotted using response surface methodology. The contour-plots
confirmed that both sinapine and sinapic acid concentrations
decreased with increase in temperature and time (Figures 2A,B).
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FIGURE 2 | Contour-plots and response surface analysis of time (minutes)-temperature (°C) pre-treatment on sinapine (A), sinapic acid (B)
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TABLE 1 | Effect of pre-treatment time and temperature on changes in major sinapates.

Temperature (°C) Time (min) Sinapine (rLg/g YDW) Sinapic acid (r.g/g DW) Canolol (Lg/g DW)
37°C 6667.52 £+ 149.47 425.16 £ 7.58 135.63 £ 17.30
12°C 2 7641.86 £+ 35.75 512.97 + 20.67 164.43 £ 11.59

5 7213.59 £+ 102.47 504.53 + 30.02 149.23 £ 14.24
10 6725.75 £ 125.27 462.42 £ 7.27 229.97 £ 13.07
15 6640.56 + 113.27 434.23 £ 24.79 217.48 +10.57
20 5985.38 + 60.66 271.99 + 15.12 239.67 + 17.38
140°C 2 6837.13 + 52.27 476.01 £9.42 153.06 + 11.78
5 6109.96 + 207.10 440.29 + 4.86 182.86 + 2.65
10 6445.03 + 154.32 378.59 + 19.79 320.65 + 14.85
15 5782.76 + 103.93 303.89 + 12.82 394.59 + 23.72
20 5296.80 £+ 130.91 167.37 £ 12.90 404.82 + 8.97
160°C 2 6427.37 £ 78.65 475.18 £16.53 180.77 £9.82
5 6499.69 £+ 150.71 317.37 £ 4.99 351.97 £ 17.64
10 5350.97 + 60.46 259.45 + 8.93 453.40 + 17.66
15 4667.24 + 39.53 76.78 £ 7.34 353.01 + 16.58
20 4449.88 + 147.75 74.41 £2.80 294.08 +17.73
180°C 2 7622.22 +181.27 360.19 + 12.04 326.80 + 9.70
5 5870.31 + 161.53 143.68 + 17.90 42711 £7.12
10 4667.09 + 79.23 75.62 + 3.69 280.41 + 15.38
15 4577.56 + 101.27 71.97 +£6.23 221.85 + 8.91
20 4078.58 + 81.42 65.96 + 2.06 180.756 £ 6.24

Results are expressed as mean values + standard deviations.
Min, minutes; g, microgram; g, gram; Y DW, dry weight; °C, centigrade.

TABLE 2 | Response surface analysis of time-temperature pre-treatment on

sinapine.

RSM analysis Estimate STD error t-value Significance

SP
Temp —4.71 5.46 —0.86 0.399
Time 520.27 94.91 5.48 0.000
Time * Temp —4.49 0.64 —7.00 0.000
R?-0.896
Adj R?-0.877

SA
Temp —0.67 0.68 —0.99 0.338
Time 31.18 11.85 2.63 0.017
Time * Temp —0.31 0.08 —3.85 0.001
R?-0.801
Adj R?-0.766

CL
Temp 1.70 0.78 217 0.044
Time 17.26 13.62 1.27 0.222
Time * Temp —0.10 0.09 —1.08 0.295
R?-0.289
Adj R?-0.164

DF, degrees of freedom; STD, standard; SF, sinapine; SA, sinapic acid; CL, canolol;
Temp, Temperature; RSM, response surface analysis; R?, coefficient of correlation; Adj
R2?, adjusted coefficient of correlation.

However, an inverse trend was observed for canolol which
increased with temperature (Figure 2C). The results further
confirmed that sinapine and sinapic acid are the precursors
of canolol at higher pressure and temperatures. These results
were in agreement with previous results reported by Li and
Guo (6) and Nandasiri et al. (9). Furthermore, with increase
in pre-treatment time at higher temperatures, a reduction in
the canolol concentration was observed. This reduction in
canolol concentration over the time could be explained by the
formation of dimers, oligomers and other degradation products
when exposed for longer times at higher temperature pre-
treatments (8).

Our previous studies showed that the optimum extraction
condition for canolol using accelerated solvent extraction (ASE)
was 160°C (9). However, the response surface analysis of
contour-plots indicated the optimum extraction condition for
canolol was between 160 and 180°C (Figure 2C). This was
further confirmed by HPLC analysis where the highest canolol
concentration was recorded at both 180°C for 5-min (427.11
+ 7.12 ug/g DW) and 160°C for 10-min (453.40 + 17.66 ug/g
DW) pre-treatment time (Table 1). Response surface analysis
also indicated that the stationary point of response surface for
canolol was located at 173.7°C at 17.12 min. These results showed
it was possible to obtain a maximum amount of canolol using the
above-described pre-treatment time-temperature combination.
Further improvements in the modeling could assist industry
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5 10
Time (Minutes)

to optimize the vyield of canolol using the above time-
temperature combination for dry heat extraction. Unfortunately,
the extractability of both sinapine and sinapic acid, however,
were outside the optimized conditions for the current analysis.
Response surface analysis indicated that the stationary points
for both the sinapine and sinapic acid were located at 115.81
and 101.15°C, respectively. Further modeling is required to
obtain the optimized extraction conditions for both sinapine and
sinapic acid.

In contrast, both sinapine and sinapic acid showed relatively
higher correlation coefficient values with the response surface
analysis. The adjusted R%-value for sinapine and sinapic acid
was 0.88 and 0.77, respectively. Both the pre-treatment time and
the interaction effect of time*temperature had a higher level
of significance (p > 0.001) over the extractability of sinapine
(Table 2). However, no significant impact was found in the pre-
treatment temperature (p = 0.399). Likewise, for sinapic acid
both the pre-treatment time (p > 0.05) and the interaction

effect of time*temperature (p > 0.01) were significant. Similarly,
pre-treatment temperature had a minimal impact (p = 0.338)
on the extractability of the sinapic acid (Table 2). In contrast,
canolol exhibited relatively lower correlation coeflicient value
with the response surface analysis. The adjusted R?-value of 0.16,
indicated only temperature had an impact (P > 0.05) on the
canolol concentration. Both pre-treatment time (P = 0.222), and
time*temperature interaction (P = 0.295) showed no significance
on the extractability of canolol (Table 2). This further suggests
that extractability of canolol depended exclusively on the pre-
treatment temperature.

Impact of Pre-treatments on Extractability

of Phenolic Compounds

The major sinapates present in canola meal, sinapine, sinapic
acid and canolol are all thermolabile so that changes in
concentrations depends on the pre-treatment and processing
conditions (9, 22, 23). Consequently, the impact on individual
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FIGURE 4 | Structure-function relationship of sinapic acid and canolol for canola meal at (A) 120, (B) 140, (C) 160, and (D) 180°C.

compounds differs depending on the pre-treatment time and
temperature (Figures 3A-C). In general, there was a decrease in
the concentration of sinapine with increase in the treatment time
(Figure 3A). The lowest sinapine concentration was observed
at pre-treatment temperature of 180°C and a durations time of
20-min (4078.58 £ 81.42 ng/g DW) (Figure 3A). Pre-treatment
at 120°C (7641.86 £ 35.75ug/g DW) and 180°C (7622.22 £
181.27 pg/g DW) showed the highest sinapine content with
a treatment time of 2-min. Most interestingly the application
of a pre-treatment temperature of 180°C reduced the sinapine
concentration by 53% when the pre-treatment time was increased

from 2- to 20-min (Table 1). Sinapine, is known to be the
major flavor-active bitter tasting phenolic compound present in
canola meal (24). Thus, the current finding would benefit the
canola industry in two ways: by producing a low-bitter flavored
canola by-product with a high economic value and concurrently
producing a natural side stream phenolic rich extract with
potential for the food/feed industry.

Similarly, sinapic acid concentration decreased with the
increase in the pre-treatment temperature (Figure 3B). Thus, the
optimum pre-treatment temperature for extraction of sinapic
acid was around 120°C. Nevertheless, with the increase in
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the temperature as well as pre-treatment time there was a
decrease in the sinapic acid concentration. Both 120°C for 2 min
(512.97 + 20.67 ng/g DW) and 120°C for 5min (504.53 =+
30.02 pg/g DW) reported the highest sinapic acid concentration
(Table 1). In sharp contrast, both 180 and 160°C pre-treatment
temperatures at 10- (76.78 £ 7.34 ug/g DW) and 15-min (75.62
=+ 3.69 ng/g DW) pre-treatment times showed the lowest sinapic
acid concentration with no significant difference (p > 0.05;
Table 1). This further suggests the extraction of canolol can
be optimized between the pre-treatment temperatures of 160
and 180°C.

The results from the current study were consistent with
previous findings that individual phenolic compounds were

temperature dependent (6, 9), with the highest concentration
of canolol recorded at 180°C (P > 0.05) for 5-min (427.11 +
7.12ng/g DW) and 160°C for 10-min (453.40 & 17.66 ng/g
DW) (Table 1). The inert pressurized atmosphere (N3) provided
by RapidOxy® 100 during each pre-treatment produced higher
yields of canolol compared to conventional extraction systems.
The concentration of canolol, however, was found to decrease
over a longer period of time at the higher temperatures.
In sharp contrast, the lowest concentrations of canolol, was
observed after a 2-min time period at 120, 140, and 160
(Figure 3C). These results suggest that longer exposure to
higher temperatures, canolol is converted into other phenolic
compounds (8). The degradation of canolol at temperatures
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FIGURE 6 | Liquid chromatogram of a representative canola meal extract pre heat treated at 160°C with tentative identification of phenolic compounds using LC-MS
analysis (RT- retention time, min- minutes).

above 180°C and elongated pre-treatment times (20 min) is
attributed to its instability and conversion to dimers and
oligomers as well as breakdown products (25). Apart from these
hydroxycinnamic acid derivatives, other phenolic compounds
including kaempferol, and kaempferol derivatives, and thermo
generative phenolic compounds including thomasidioic acid
(TA) are also impacted under the pressurized temperature
processing conditions (4-7, 9).

Structure-Based Phenolic Activity

Phenolic compounds have diverse structures often associated
with different functions including color, flavor, redox potential,
anti-mutagenic activity (25). High temperature processing is
often associated with altering the chemical structures of phenolic
compounds through breakage of different type of bonds while
impacting the cellular matrix (26). Hence, it is essential to
examine the structure-based activity between sinapic acid and
canolol to better understand the effect of the pre-treatments. In
fact, the results showed an inverse relationship between sinapic
acid and canolol (Figures 4A-D) at different temperatures (120,
140, 160, and 180°C).

However, at the lower temperatures (120°C) sinapic acid
concentration decreased gradually with the increase in the
pre-treatment time while the corresponding concentration of
canolol increased steadily (Figure 4A). An inverse relationship
was observed for both sinapic acid and canolol at the processing
temperature of 140°C (Figure 4B). At 20-min of pre-treatment
time canolol showed the highest concentration while sinapic
acid was at its lowest. Such changes in the concentration of
canolol is directly associated with the degree of decarboxylation

of sinapic acid at longer pre-treatment times (1). Nevertheless,
with the increase in the treatment temperatures to 160 and
180°C, both compounds showed a decreasing pattern with the
longer pre-treatment times (Figure 4C). The maximum canolol
concentration was observed at both 160°C at 10 min (453.40
+ 17.66 ng/g DW) and 180°C at 5min (427.11 &+ 7.12pg/g
DW). At temperatures above 160°C, however, both sinapic
acid and canolol decreased in their concentrations over time
(Figures 4C,D).

Such changes could be attributed to structural alterations of
canolol at higher temperatures. Both Harbaum-Piayda et al. (8)
and Kralji¢ et al. (25) reported that canolol was converted into
different forms including dimers and oligomers at their higher
extraction temperatures. In addition, elevated temperatures over
140°C were reported to impact the concentration of the cis-
isomer of sinapic acid (27). The cis-isomer was not detectable at
temperatures of 160 and 180°C. Consequently, a decrease in both
sinapic acid and canolol was observed at the higher temperatures.

To further understand the structure-based activity of canolol
at higher temperatures an experiment was conducted at
three different time points (5, 10, and 15min) at 180°C
pre-treatment time. HPLC analysis indicated that at higher
temperatures with longer exposure times a novel phenolic
compound was formed. Further, it was noted that there
was an inverse relationship between canolol and the newly
formed phenolic compound (Figure 5). Interestingly the novel
phenolic compound (34.4 min) had an almost identical retention
time to canolol (33.4 min). The structure-based activity of the
novel phenolic compound was also examined in a different
matrix using Oriental mustard powder and cake. All three
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samples canola meal (565.12 £ 11.07ng/g DW), Oriental
mustard cake (99.04 £ 8.11 pg SAE/g DW), and Oriental
mustard powder (87.11 £ 14.00 pg SAE/g DW) showed
the highest concentration of the novel phenolic compound
after 15 min extraction time (Figures 5A-C). In contrast, the
concentration of the novel compound was extremely low at
the shorter pre-treatment times (5min) suggesting that this
compound could be a degraded product of canolol, or a novel
phenolic compound formed at higher temperatures in the inert
pressurized environment. However, further confirmation studies
are needed.

Qualitative Analysis of Phenolic

Compounds

Only three major phenolic compounds were identified with
the corresponding standards by HPLC. The lower sensitivity,
lack of standards, similarity in UV-spectra and retention times
between the different phenolic compounds limited the ability
of HPLC to identifying other minor components present in
the canola meal extracts (15, 28-30). Considering the above
limitations of the HPLC, all interpreted signals were labeled as
unknowns and subjected to mass spectrometry (MS) analysis
for identification as described by Nandasiri et al. (13). Other
key phenolic compounds were tentatively identified using the
reference literature mass, fragmentation patterns and relative
retention time (Figure6). Apart from the major sinapates,
nine other phenolic derivatives including syringic acid, methyl
sinapates, thomasidioic acid, sinapic acid dimer, kaempferol
3-O-(2a-0O-sinapoyl-B-sophoroside), and kaempferol 3-O-8-
sophoroside were tentatively identified by liquid chromatography
mass spectrometry (LC-MS/MS) (Figure 5). Further purification
and fractionation studies are needed for the quantification of
these phenolic compounds. Hence, further confirmation of the
phenolic structures will require nuclear magnetic resonance
(NMR) measurements.

CONCLUSION

Using an inert environment, RapidOxy® 100 proved an effective
solvent-free dry-heat pre-treatment for enhancing the yield
of phenolic compounds by ultrasonic extraction. Its compact

REFERENCES

1. Khattab R, Eskin M, Aliani M, Thiyam U. Determination of sinapic acid
derivatives in canola extracts using high-performance liquid chromatography.
J Am Oil Chem Soc. (2010) 87:147-55. doi: 10.1007/s11746-009-1486-0
2. Naczk M, Amarowicz R, Sullivan A, Shahidi F. Current research developments
on polyphenolics of rapeseed/canola: a review. Food Chem. (1998) 62:489-
502. doi: 10.1016/S0308-8146(97)00198-2
3. Alu’datt MH, Rababah T, Alhamad MN, Al-Mahasneh MA, Almajwal A,
Gammoh S, et al. A review of phenolic compounds in oil-bearing plants:
distribution, identification and occurrence of phenolic compounds. Food
Chem. (2017) 218:99-106. doi: 10.1016/j.foodchem.2016.09.057
. Quinn L, Gray SG, Meaney S, Finn S, Kenny O, Hayes M. Sinapinic
and protocatechuic acids found in rapeseed: isolation, characterisation and

and portable design and its ability to modify the gas supply
holds considerable potential for enhancing bioactive compounds
from underutilized agricultural by-products. To the best of the
researchers’ knowledge, this is the first report of the novel
application of RapidOxy® 100 as a solvent-free pre-treatment
prior to the extraction of phenolic compounds from canola
and mustard.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

RN came up with the concept and conducted all the experiments,
results analysis, and manuscript writing. AI helped in the
experiments with thermal analysis. UT-H and NE helped in
writing and proofreading the manuscript.

FUNDING

This project was funded by NSERC Discovery Grant RGPIN-
2015-03809 and Agricultural Development Fund (ADF)
20180324.

ACKNOWLEDGMENTS

The grant holder, UT-H, sadly passed away on December
24th, 2020 and this publication is one several manuscripts
submitted after her death. NE was a close collaborator of
UT-H. The University of Manitobas GETS scholarship was
awarded to RN is kindly acknowledged. The authors kindly
acknowledge Anton Paar Canada Inc. and Mr. Matthew Taron
for providing RapiOxy® 100 to conduct the pre-treatment
experiments. Ms. Emy Komatsu, Technician, Department of
Chemistry, University of Manitoba is acknowledged for her
technical support on mass spectrometry. In addition, we
would like to acknowledge Dr. Anas Mohamad, Post-Doctoral
researcher, Department of Biology, University of Regina for his
statistical advice.

potential benefits for human health as functional food ingredients. Irish J Agric
Food Res. (2017) 56:104-19. doi: 10.1515/ijafr-2017-0012

5. Cartea ME, Francisco M, Soengas P,
compounds in Brassica vegetables. Molecules.
80. doi: 10.3390/molecules16010251

6. LiJ, Guo Z. Concurrent extraction and transformation of bioactive phenolic
compounds from rapeseed meal using pressurized solvent extraction system.
Ind Crops Prod. (2016) 94:152-9. doi: 10.1016/j.indcrop.2016.08.045

7. Li J, Guo Z. Identification and quantification of phenolic compounds in
rapeseed originated lecithin and antioxidant activity evaluation. LWT Food
Sci Technol. (2016) 73:397-405. doi: 10.1016/j.1wt.2016.06.039

8. Harbaum-Piayda B, Oehlke K, Sénnichsen FD, Zacchi P, Eggers R, Schwarz K.
New polyphenolic compounds in commercial deodistillate and rapeseed oils.
Food Chem. (2010) 123:607-15. doi: 10.1016/j.foodchem.2010.04.078

Velasco P.
(2011)

Phenolic
16:251-

Frontiers in Nutrition | www.frontiersin.org

10

July 2021 | Volume 8 | Article 687851


https://doi.org/10.1007/s11746-009-1486-0
https://doi.org/10.1016/S0308-8146(97)00198-2
https://doi.org/10.1016/j.foodchem.2016.09.057
https://doi.org/10.1515/ijafr-2017-0012
https://doi.org/10.3390/molecules16010251
https://doi.org/10.1016/j.indcrop.2016.08.045
https://doi.org/10.1016/j.lwt.2016.06.039
https://doi.org/10.1016/j.foodchem.2010.04.078
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Nandasiri et al.

Canolol Production Optimization

9. Nandasiri R, Eskin NAM, Thiyam-Hbllander U. Antioxidative polyphenols of microwave-induced ~decarboxylation. J Am Oil Chem Soc. (2013)
canola meal extracted by high pressure: impact of temperature and solvents. J 91:89-97. doi: 10.1007/s11746-013-2345-6
Food Sci. (2019) 84:3117-28. doi: 10.1111/1750-3841.14799 23. Thiyam U, Stockmann H, Zum Felde T, Schwarz K. Antioxidative effect

10. Teh SS, Birch J. Physicochemical and quality characteristics of cold- of the main sinapic acid derivatives from rapeseed and mustard oil by-
pressed hemp, flax and canola seed oils. ] Food Comp Anal. (2013) 30:26- products. Eur J Lipid Sci Technol. (2006) 108:239-48. doi: 10.1002/ejlt.2005
31. doi: 10.1016/j.jfca.2013.01.004 00292

11. Thiyam U, Kuhlmann A, Stéckmann H, Schwarz K. Prospects of rapeseed oil 24. Thiyam U, Claudia P, Jan U, Alfred B. De-oiled rapeseed and a protein
by-products with respect to antioxidative potential. Comptes Rendus Chimie. isolate: characterization of sinapic acid derivatives by HPLC-DAD and LC-
(2004) 7:611-6. doi: 10.1016/j.crci.2004.02.011 MS. Eur Food Res Technol. (2009) 229:825-31. doi: 10.1007/s00217-009-

12. Liang J, Zago E, Nandasiri R, Khattab R, Eskin NAM, Eck P, et al. Effect 1122-0
of solvent, preheating temperature, and time on the ultrasonic extraction 25. Kralji¢ K, Skevin D, Barisi¢ L, Kovatevic M, Obranovi¢ M, Jurcevi¢
of phenolic compounds from cold-pressed hempseed cake. JAOCS. (2018) I. Changes in 4-vinylsyringol and other phenolics during rapeseed oil
95:1319-27. doi: 10.1002/a0cs.12108 refining. Food Chem. (2015) 187:236-42. doi: 10.1016/j.foodchem.2015.

13. Nandasiri R, Eskin NAM, Komatsu E, Perreault H, Thiyam-Holldnder 04.039
U. Valorization of canola by-products: concomitance of flavor-active 26. Teh S-S, Birch EJ. Effect of ultrasonic treatment on the polyphenol content
bitter phenolics using pressurized heat treatments. LWT. (2021) and antioxidant capacity of extract from defatted hemp, flax and canola seed
138:110397. doi: 10.1016/j.1wt.2020.110397 cakes. Ultrason Sonochem. (2014) 21:346-53. doi: 10.1016/j.ultsonch.2013.

14. Cai R, Arntfield SD, Charlton JL. Structural changes of sinapic 08.002
acid and sinapine bisulfate during autoclaving with respect to the 27. Siger A, Kaczmarek A, Rudzinska M. Antioxidant activity and phytochemical
development of colored substances. J Am Oil Chem Soc. (1999) content of cold-pressed rapeseed oil obtained from roasted seeds.
76:433-41. doi: 10.1007/s11746-999-0021-7 Eur ] Lipid Sci Technol. (2015) 117:1225-37. doi: 10.1002/ejlt.2014

15. Hald C, Dawid C, Tressel R, Hofmann T. Kaempferol 3- O -(2a- O -Sinapoyl- 00378
B-sophoroside) causes the undesired bitter taste of canola/rapeseed protein 28. Engels C, Schieber A, Ginzle MG. Sinapic acid derivatives in defatted
isolates. J Agric Food Chem. (2019) 67:372-8. doi: 10.1021/acs.jafc.8b06260 Oriental mustard (Brassica juncea L.) seed meal extracts using UHPLC-

16. Rubino MI, Arntfield SD, Charlton JL. Evaluation of alkaline conversion DAD-ESI-MS n and identification of compounds with antibacterial activity.
of sinapic acid to thomasidioic acid. J Agric Food Chem. (1996) 44:1399- Eur Food Res Technol. (2012) 234:535-42. doi: 10.1007/s00217-012-
402. doi: 10.1021/jf950431e 1669-z

17. Pallant J. SPSS Survival Manual : A Step by Step Guide to Data Analysis Using 29. Shao Y, Jiang J, Ran L, Lu C, Wei C, Wang Y. Analysis of flavonoids and
SPSS Version 18. 4th ed. Maidenhead, Berkshire, England: Open University hydroxycinnamic acid derivatives in rapeseeds (Brassica napus L. var. napus)
Press, McGraw-Hill Education (2011). by HPLC-PDA-ESI(-)-MSn/HRMS. ] Agric Food Chem. (2014) 62:2935-

18. Box GEP, Wilson KB. On the experimental attainment of 45. doi: 10.1021/jf404826u
optimum conditions. Sour ] R Stat Soc B (Methodological). (1951) 30. Wolfram K, Schmidt J, Wray V, Milkowski C, Schliemann W,
13:1-45. doi: 10.1111/j.2517-6161.1951.tb00067.x Strack D. Profiling of phenylpropanoids in transgenic low-

19. David H, Fei Q. 20. Scale-up Considerations for Biofuels - Knovel. sinapine  oilseed rape (Brassica napus). Phytochemistry. (2010)
Eckert C. Carrie Trinh, Ed. Elsevier (2016). Available online at: https:// 71:1076-84. doi: 10.1016/j.phytochem.2010.04.007
app-knovel-com.uml.idm.oclc.org/web/view/khtml/show.v/rcid:
kpBBPO0003/cid:kt010WRVX3/viewerType:khtml//root_slug:20--scale- - Conflict of Interest: The authors declare that the research was conducted in the
up- - considerations- - for- - biofuels/url_slug:scale- - up- - considerations? absence of any commercial or financial relationships that could be construed as a
kpromoter=federationandb- - toc- - cid=kpBBPO0003andb- - toc--root- - slug= potential conflict of interest.
andb (accessed April 20, 2021).

20. Lenth RV. Response-Surface Methods in R, Using rsm. (2020). Available online Copyright © 2021 Nandasiri, Imran, Thiyam-Hollinder and Eskin. This is an open-
at: https://cran.r-project.org/web/packages/rsm/vignettes/rsm.pdf (accessed access article distributed under the terms of the Creative Commons Attribution
November 20, 2020). License (CC BY). The use, distribution or reproduction in other forums is permitted,

21. R Core Team. R: a Language and Environment for Statistical Computing. provided the original author(s) and the copyright owner(s) are credited and that the
Vienna: R Foundation for Statistical Computing (2019). original publication in this journal is cited, in accordance with accepted academic

22. Khattab RY, Eskin MNA, Thiyam-Hollander =~ U. Production  practice. No use, distribution or reproduction is permitted which does not comply
of canolol from canola meal phenolics via hydrolysis and with these terms.

Frontiers in Nutrition | www.frontiersin.org 11 July 2021 | Volume 8 | Article 687851


https://doi.org/10.1111/1750-3841.14799
https://doi.org/10.1016/j.jfca.2013.01.004
https://doi.org/10.1016/j.crci.2004.02.011
https://doi.org/10.1002/aocs.12108
https://doi.org/10.1016/j.lwt.2020.110397
https://doi.org/10.1007/s11746-999-0021-7
https://doi.org/10.1021/acs.jafc.8b06260
https://doi.org/10.1021/jf950431e
https://doi.org/10.1111/j.2517-6161.1951.tb00067.x
https://app-knovel-com.uml.idm.oclc.org/web/view/khtml/show.v/rcid:kpBBPO0003/cid:kt010WRVX3/viewerType:khtml//root_slug:20--scale--up--considerations--for--biofuels/url_slug:scale--up--considerations?kpromoter=federationandb--toc--cid=kpBBPO0003andb--toc--root--slug=andb
https://app-knovel-com.uml.idm.oclc.org/web/view/khtml/show.v/rcid:kpBBPO0003/cid:kt010WRVX3/viewerType:khtml//root_slug:20--scale--up--considerations--for--biofuels/url_slug:scale--up--considerations?kpromoter=federationandb--toc--cid=kpBBPO0003andb--toc--root--slug=andb
https://app-knovel-com.uml.idm.oclc.org/web/view/khtml/show.v/rcid:kpBBPO0003/cid:kt010WRVX3/viewerType:khtml//root_slug:20--scale--up--considerations--for--biofuels/url_slug:scale--up--considerations?kpromoter=federationandb--toc--cid=kpBBPO0003andb--toc--root--slug=andb
https://app-knovel-com.uml.idm.oclc.org/web/view/khtml/show.v/rcid:kpBBPO0003/cid:kt010WRVX3/viewerType:khtml//root_slug:20--scale--up--considerations--for--biofuels/url_slug:scale--up--considerations?kpromoter=federationandb--toc--cid=kpBBPO0003andb--toc--root--slug=andb
https://app-knovel-com.uml.idm.oclc.org/web/view/khtml/show.v/rcid:kpBBPO0003/cid:kt010WRVX3/viewerType:khtml//root_slug:20--scale--up--considerations--for--biofuels/url_slug:scale--up--considerations?kpromoter=federationandb--toc--cid=kpBBPO0003andb--toc--root--slug=andb
https://app-knovel-com.uml.idm.oclc.org/web/view/khtml/show.v/rcid:kpBBPO0003/cid:kt010WRVX3/viewerType:khtml//root_slug:20--scale--up--considerations--for--biofuels/url_slug:scale--up--considerations?kpromoter=federationandb--toc--cid=kpBBPO0003andb--toc--root--slug=andb
https://cran.r-project.org/web/packages/rsm/vignettes/rsm.pdf
https://doi.org/10.1007/s11746-013-2345-6
https://doi.org/10.1002/ejlt.200500292
https://doi.org/10.1007/s00217-009-1122-0
https://doi.org/10.1016/j.foodchem.2015.04.039
https://doi.org/10.1016/j.ultsonch.2013.08.002
https://doi.org/10.1002/ejlt.201400378
https://doi.org/10.1007/s00217-012-1669-z
https://doi.org/10.1021/jf404826u
https://doi.org/10.1016/j.phytochem.2010.04.007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Rapidoxy® 100: A Solvent-Free Pre-treatment for Production of Canolol
	Introduction
	Materials
	Methods
	Sample Preparation
	RapidOxy® 100 Pre-treatment
	Ultrasonic Extraction
	HPLC Analysis
	LC-MS Analysis
	Statistical Analysis

	Results and Discussion
	Establishing the Optimized Extraction Conditions for Major Sinapates Using RapidOxy® 100 as a Pre-treatment Method
	Impact of Pre-treatments on Extractability of Phenolic Compounds
	Structure-Based Phenolic Activity
	Qualitative Analysis of Phenolic Compounds

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


