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This study examined effects of different processing methods on phenolic compounds in flaxseed meal. The
optimal SE treatment was 1.0 MPa for 3 min, and the contents of total flavonoids and phenolic acid were 2.26
times and 1.63 times of the control group, respectively. Notably, erucic acid increased 85.76 %. Optimal
extrusion conditions (15 % moisture content, 140 °C, 29 hz) led to the presence of rutin and a 2.81 times increase
in protocatechuic acid content over the control. Fermenting with 3 % Bacillus subtilis for 4 days yielded gallic acid

in bound form and vanillic acid in free form, with protocatechuic acid increasing 40.65 % compared to the
control. Among all the treatments, extrusion produced the highest levels of phenolic compounds in flaxseed meal.
Each treatment significantly increased the open ring isomer ester phenol (SDG) compared to the control. Overall,
various processing methods impacted the phenolic content and composition in flaxseed meal differently.

1. Introduction

Flaxseed (Linum usitatissimum L.), is the seed of an annual herb of the
flax family. Flaxseed was an important raw material for oil, containing
15 % to 25 % linoleic acid, with a-linolenic acid constituting over 60 %.
Flaxseed meal, a byproduct from flaxseed oil extraction, typically con-
tained 32 % to 49 % protein, 10 % to 12 % lipids, 18 % to 47 % dietary
fiber, and over 7 % minerals and vitamins (Wu, Wang, Qi, & Guo, 2019).
However, its use was restricted due to antinutritional components such
as cyanogenic glycosides and limitations in extracting bioactive sub-
stances (Adom & Liu, 2002). Consequently, it frequently end up as an-
imal feed, fertilizer, or waste, causing significant resource loss (Anreta
et al., 2020). In truth, flaxseed meal possessed considerable nutritional
benefits, containing various bioactive substances, such as amino acids,
cellulose, lignan, polysaccharides, and alkaloids. Flaxseed polyphenols,
in particular, have drawn attention for their potential antioxidant, anti-
inflammatory, anti-atherosclerotic, and anticancer properties (Doyen
et al., 2014; Mechchate et al., 2021). The milling of flaxseed meal into
fine powder could be widely used in food processing. Incorporating
flaxseed meal into flour enhanced dough viscosity, helping maintain the
structure of baked goods (Se¢czyk, Swieca, Dziki, Anders, & Gawlik-
Dziki, 2017). Manthey et al. noted that adding 15 % flaxseed meal
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extended the shelf life of pasta and macaroni while making these items
more prone to aging during storage (Manthey, Sinha, Wolf-Hall, & Hall
lii, 2008). Therefore, it was necessary to study phenolic acids, flavonoids
and other functional components in flaxseed meal to improve the added
value of flaxseed meal and promoted the sustainable development of
flaxseed industry.

The processing methods of food raw materials are mainly divided
into two categories: traditional processing methods such as fermenta-
tion, sprouting and steamcooking; and emerging processing technolo-
gies such as low-temperature plasma, ultra-micro-milling and steam
explosion (SE), which are also gradually being developed (Adom & Liu,
2002; Salar, Purewal, & Bhatti, 2016). Different processing technologies
will change the nutrient composition of food raw materials, causing
significant differences in various bioactive compounds. Therefore, it is
crucial to explore the influence of different processing methods on
phenolic compounds in raw materials. SE represents an innovative and
cost-effective technology that has been widely used in many areas of
pretreatment such as bioactive phytochemical extraction, with time-
saving, low-cost, and non-polluting advantages (Song et al., 2022).
After SE pretreatment, the cell volume is enlarged and the cell wall is
damaged, accelerating the release of low molecular weight substances
from the cell (Chen, Shan, Cao, & Tang, 2020; Song et al., 2022). Results
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showed that phenolic composition and antioxidant activity of soybean
bran were enhanced by SE pretreatment (Chen et al., 2020). Moreover,
SE pretreatment has also been effectively employed to extract natural
antioxidants and sugars from olive leaves (Romero-Garcia et al., 2016).
It also modifies the grain size of lake peel to create large cracks and
micropores, thereby enhancing the extraction of flavonoids (Chen &
Chen, 2011; Song et al., 2022). Furthermore, it was observed that by
increasing SE pressure and extending pressure maintenance time, the
content of second isoliporesin alcohol diglycoside under SE treatment
was 1.73 times higher than that of untreated second isoliporesin alcohol
diglycoside, significantly enhancing antioxidant activity (Noda, Asada,
Sasaki, Hashimoto, & Nakamura, 2013; Wenk, 2003).

Extrusion is a high-temperature, instantaneous processing technique
that occurs under conditions of elevated temperature, high pressure, and
intense shear. Compared to traditional processing, extrusion processing
has found wide use in the field of grain raw material processing due to its
advantages of simple operation, high efficiency and low production cost
(Dalbhagat, Mahato, & Mishra, 2019). Extrusion can alter the physical
and chemical properties of samples, affect the dietary fiber composition,
promote starch gelatinization, facilitate protein cross-linking. Deacti-
vate endogenous enzymes, destroy anti-nutritional factors, increase the
bioavailability of minerals and phenolic acids and improve the protein
digestibility (Hole et al., 2013; Wang, He, & Chen, 2014). Various
extrusion conditions may have varying effects on phenolic content in
whole grains. On the one hand, extrusion led to decomposition of
thermally unstable phenolic compounds and polymerization of some
phenolic compounds, which reduced the extractable phenolic content
(Wang et al., 2014). The results showed that the total phenolic content of
the mixture of oat grains, oatmeal, barley flour and pomace after
extrusion was reduced by 50 %, 24-46 % and 46-60 %, respectively.
(Adom & Liu, 2002; Salar et al., 2016). In the extrusion of hulled
buckwheat seeds, the total phenolic content was reduced by a factor of 3
due to the decomposition of phenolic compounds or the decarboxylation
and polymerization of tannins during extrusion (Brennan, Brennan,
Derbyshire, & Tiwari, 2011; Sharma, Gujral, & Singh, 2012). On the
other hand, extrusion disrupted the cell wall matrix and high molecular
weight covalent bonds in polyphenol complexes, increasing the acces-
sibility of phenolic compounds (Wang et al., 2014). The contents of free
phenolic, bound phenolic, and bound flavonoid in extruded maize were
significantly higher than those in unextruded maize (Sharma et al.,
2012). The solubilization of phenolic acid significantly increased in
sorghum at an extrusion temperature of 180 °C, with ferulic acid being
the most pronounced (> 100 %) (Sharma et al., 2012). The increased
temperature causes the phenolic acid molecules to break down into
smaller substances that cannot be detected as phenolic acids, resulting in
a decrease in the detectable amount of phenolic acids (Adom & Liu,
2002). It was shown that extrusion increased the conjugated phenolic
acid content of oats by 9 %, while reducing that of barley by 11 %.
Additionally, the total free phenolic acid content of both oats and barley
was significantly higher than that of unextruded grains (Wang et al.,
2014).

Fermentation has been used for thousands of years as a cost-effective
and lowenergy preservation process to improve the nutritional and
organoleptic qualities of food products (Paucar-Menacho et al., 2022).
The use of fermentation to process whole grains was not only easy to
control, short cycle time and low cost, but also effectively improved the
nutritional value and antioxidant properties of grains. Fermentation
improved the physical and chemical properties of whole grains, and met
the nutritional needs of people, which had great potential for develop-
ment (Adom & Liu, 2002; Salar et al., 2016). Fermentation reduces
phytic acid, which liberates minerals like calcium, magnesium, and
phosphorus from their bound forms. This process boosts the absorption
and utilization of these minerals in the body, enhancing their bioavail-
ability (Yang et al., 2018). Regarding the effect of fermentation on the
detoxification of flaxseed meal, the process removed cyanosides and
retained flaxseed nutrients (oil, lignan and fatty acids) (Huang et al.,
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2023). Fermentation could increase the concentration of phenolics,
enhance the bioaccessibility of proteins, reduce antinutritional factors,
and improve food texture and shelf life (Hur, Lee, Kim, Choi, & Kim,
2014). Yeast and lactic acid bacteria were employed to ferment millet,
resulted in a notable increase in the contents of cinnamic acid and
vitexin in the fermented millet (Balli et al., 2020). Enzymatic hydrolysis
occurred during the fermentation process of brown rice, which increased
the total phenolic content, enhanced the antioxidant activity and
improved the food quality (Adom & Liu, 2002; Salar et al., 2016).

Currently, studies on the effects of processing methods on flaxseed
meal mainly focus on protein modification (Minevich, Goncharova, &
Zaitseva, 2021), nutrient utilization (Yang et al., 2018), and the removal
of cyanogenic glycosides, etc. (Imran, Anjum, Butt, Siddiq, & Sheikh,
2013). To the best of our knowledge, systematic studies on the effects of
processing methods on phenolics in flaxseed meal are lacking. The
purpose of this study was to investiage the effect of SE, extrusion and
fermentation on phenolic compounds in flaxseed meal. We determined
and analyzed the total phenolics, SDG, flavonoids, and phenolic acids of
flaxseed meal to evaluate the effects of different processing methods.
The results will provide reference for the all-round utilization of flaxseed
meal in food processing industry.

2. Materials and methods
2.1. Materials and chemicals

Flaxseed meal (Zhengzhou, China), harvested in 2022, stored at
—20 °C. Methanol, Na,CO3, NaCl, HCL and NaOH were purchased from
Sinopharm Chemical Reagent Company (Shanghai, China). Saccharo-
myces cerevisiae, Lactobacillus plantarum and Bacillus subtilis were from
Henan Agricultural University (Zhengzhou, Henan, China). The other
reagents in liquid phase were chromatographic grade. SDG, Phenolic
acid standard (purity >98 %) and flavonoid standard (purity >98 %)
were primarily purchased from Sigma Aldrich (MO, USA).

A suitable quantity of selected and refined flaxseed meal should be
measured and placed in an electric hot air drying oven. A drying tem-
perature of 105 °C should be maintained for four hours (MM400, Retsch,
Han, Germany). Once the drying process is complete, the flaxseed meal
should be removed from the oven and allowed to cool to ambient tem-
perature. Subsequently, it should be sieved through a 40-mesh filter and
packaged for future use.

2.2. Extraction of phenolics

Free phenolic extraction: Initially, 20 mL of an 80 % methanol so-
lution was introduced to 1 g of flaxseed meal, followed by stirring at
ambient temperature for 30 min. The extract underwent centrifugation
at 10,000 xg and 4 °C for 10 min, resulting in the collection of the su-
pernatant. This extraction process was repeated three times, combining
all extracts, and the organic solvent was evaporated at 40 °C. The
combined supernatant was dried and reconstituted in 10 mL of a 50 %
(v/v) methanol/distilled water solution. To isolate soluble conjugated
phenols, the residual concentrated aqueous phase was subjected to
alkaline hydrolysis with 10 mL of 4 M NaOH after ethyl acetate
extraction. This mixture underwent hydrolysis through oscillation for 2
h under a nitrogen atmosphere at 40 °C. Subsequently, the pH of the
hydrolysate was adjusted to 2.0 using 12 M HCI and extracted three
times with 15 mL of ethyl acetate. The resulting extract was evaporated
to dryness and then redissolved in 10 mL of 50 % (v/v) methanol/
distilled water to isolate the conjugated phenol components. Following
this, the remaining residue was treated with 4 M NaOH and hydrolyzed
on a shaking table (180 rpm) under nitrogen for 4 h. The solution’s pH
was adjusted to 2.0, and combined phenolic compounds were extracted
three times with ethyl acetate. Afterward, the combined extract was
evaporated to dryness and dissolved in a 50 % (v/v) methanol/distilled
water solution. Finally, the three phenolic extracts were filtered through
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a 0.22 pm polytetrafluoroethylene (PTFE) membrane and analyzed
using HPLC.

In our study, “free phenolics” refers to the soluble fraction obtained
without NaOH hydrolysis; “bound phenolics” means the soluble fraction
following alkaline hydrolysis and the insoluble fraction obtained from
the residue following alkaline hydrolysis.

2.3. Steam explosion treatment

Steam explosion was performed using a QBS-80 batch steam explo-
sion apparatus (Hebi Gentle Bioenergy, Hebi, China). Steam explosion
was performed for pressures 0.2, 0.6, 1.0, 1.4 and 1.8 MPa and 1.0 MPa
for 1, 2, 3, 4 min (Noda et al., 2013; Wenk, 2003). Flaxseed meal was
placed inside the vessel and exposed to the saturated steam. After steam
explosion, the product was collected and freeze-dried, and then was
sieved 40 mesh for use. The flaxseed meal without SE treatment was
used as a control group.

2.4. Extrusion treatment

The DS-32 twin screw extruder (Jinan Saixin expanding Machinery,
Jinan, China) was used to extrude flaxseed meal according to the below
experimental design conditions of water content, barrel temperature
and screw speed. The feed speed was 100 g/min, the die diameter at the
die head was 3.00 mm, the screw diameter in the barrel was 32 mm, and
the screw length was 742 mm.

There are three independent variables in this study. These variables
are water content (15, 20, 25, 30 and 35 % at 140 °C extrusion tem-
perature and 17 hz extrusion speed), extrusion temperature (17, 20, 23,
26 and 29 hz with 15 % water content at 140 °C extrusion temperature)
and screw speed (120, 130, 140, 150, and 160 °C, with 15 % water
content and 17 hz extrusion speed) (Brennan et al., 2011).

2.5. Fermentation processes

The flaxseed meal were mixed 1:1 with sterile water, transferred to a
100 mL conical flask and autoclaved for 30 min at 121 °C. After cooling,
Saccharomyces cerevisiae, Lactobacillus casei and Bacillus subtilis (All from
Henan Agricultural University, Zhengzhou, Henan) were inoculated
respectively and fermented in incubators at corresponding tempera-
tures. The bacterial cultures were retained for further use when the
optical density of each bacterial suspension reached 1.0 as measured at
600 nm. There are three independent variables in this study. These
variables are fermentation strains (inoculated with 3 % Saccharomyces
cerevisiae, Lactobacillus casei and Bacillus subtilis respectively, and fer-
mented at corresponding temperature for 5 days), inoculum amount
(inoculated with 1, 2, 3, 4 and 5 % Bacillus subtilis, respectively, for 5
days) and fermentation time (inoculated with 3 % Bacillus subtilis for 1,
2, 3, 4 and 5 d, respectively) (Hur et al., 2014).

2.6. Determination of total phenolic content of flaxseed meal

The total phenolic content was assessed using Folin-Ciocalteu
methods, referencing the standard curve of gallic acid in line with
established procedures (Zhang et al., 2015). Results are reported as
milligrams of gallic acid equivalent (GAE) per gram of sample, calcu-
lated on a dry weight basis.

2.7. Determination of flavonoid content

The free and bound phenolic compounds were isolated and analyzed
using High-Performance Liquid Chromatography (HPLC) both pre- and
post-treatment. Initially, the phenolic sample underwent filtration
through a 0.22 pm Nylon syringe filter. Subsequently, HPLC analysis was
executed using a chromatographic C18 column (1.8 pm, 50.0 mm x 2.1
mm) with slight methodological adjustments. The instrumental
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parameters included a column temperature of 35 °C, an injection vol-
ume of 10 pL, and a flow rate of 0.3 mL/min. The elution gradient was
achieved using a 0.1 % acetic acid in water (v/v, mobile phase A) and
methanol (mobile phase B) with the following sequence: 0-4 min, 90 %-—
65 % B, 4-27 min, 65-90 % B, 27.01-30 min, 90-30 % B. The eluents’
absorbance was measured at 280 nm. Finally, the identification of
polyphenol compounds in the samples was performed by comparing the
results with LC-spectra data and the retention times of standards.

2.8. Determination of phenolic acid content

The free and bound phenolic compounds were isolated and charac-
terized before and after treatment using High-Performance Liquid
Chromatography (HPLC). Initially, the phenolics passed through a
Nylon syringe filter (0.22 pm). Subsequently, the analyses were con-
ducted on an HPLC system equipped with a C18 chromatographic col-
umn (1.8 pm, 50.0 mm x 2.1 mm), following a slightly modified
method. The instrument parameters were established as follows: column
temperature at 35 °C, injection volume of 10 pL, and flow rate of 0.3 mL/
min. The elution gradient employed a 0.1 % methanol acetate in
methanol acetate/water solution (v/v, mobile phase A) and a 0.1 %
acetic acid/water solution (mobile phase B) according to the program:
0-11 min, 9-14 % B; 11-14 min, 14-15 % B; 14-17 min, 15 % B; 17-24
min, 15-16.5 % B; 24-28 min, 16.5-19 % B; 28-30 min, 19-25 % B;
30-36 min, 25-26 % B; 36-38 min, 26-28 % B; 38-41 min, 28-35 % B;
41-46 min, 35-40 % B; 46-48 min, 40-48 % B; 48-50 min, 9 % B. The
absorbance of the eluent was detected at 280 nm. Finally, the identifi-
cation of polyphenolic compounds in the samples was accomplished by
comparing the LC-spectra data and retention times with those of
standards.

The SDG testing method was the same as above.

2.9. Statistical analysis

The experiment was set up with three biological replications and the
results were expressed as mean (means) + standard deviation (SD). Data
were statistically analyzed using SPSS 19.0 (SPSS Inc., Chicago, IL,
USA), with Duncan’s multiple comparisons between means and signif-
icance testing at the 0.05 level (p < 0.05). Charts were completed by
Origin 2021 (OriginLab Corp., Northampton, MA, USA).

3. Results
3.1. Effect of steam explosion on the phenolics of flaxseed meal

3.1.1. Effect of SE time on phenolics of flaxseed meal

The Fig. 1A1-3 indicates that the highest concentrations of free and
bound phenolic compounds in flaxseed meal were observed at 1.0 MPa
for 3 min, measuring 0.91 mg GAE/g DW and 6.95 mg GAE/g DW,
which represented increases of 126.24 % and 50.55 % compared to the
control, respectively. Furthermore, at 1.0 MPa across durations of 1, 2,
3, and 4 min, the total phenolic concentration in flaxseed meal first rose
and then declined, with values recorded at 5.85, 6.70, 7.85, and 6.62 mg
GAE/g DW, respectively.

According to Fig. 1B1-3, SE notably elevated the levels of free,
bound, and total SDG in flaxseed meal. The peak concentrations of free,
bound, and total SDG in flaxseed meal occurred at 1.0 MPa for 3 min,
reaching 290.76 pg/g DW, 2547.77 pg/g DW, and 2838.54 pg/g DW,
respectively. These values were 1.23, 1.36, and 1.35 times greater than
the control.

From Fig. 1C1-3, it can be seen that the flavonoids mainly existed in
bound state.

in flaxseed meal. A total of 7 free flavonoids were detected,
comprising rutin, vitexin, quercetin, naringenin, kaempferol, dihy-
droquercetin, apigenin, dihydrosanathenol and quercetin. Regarding
bound phenolic, only vitexin, dihydroquercetin, apigenin,
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times that of the control treatment. The SE treatment significantly
enhanced the total phenolic acid content in flaxseed meal, highlighting

increases in both p-coumaric acid and ferulic acid.

1D1-3, a total of seven phenolic acids were detected
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310.03 pg/g DW to 337.88 pg/g DW. SE treatment for 3 min could
significantly increase the total flavonoid content in flaxseed meal. Then
the total flavonoid content was 979.51 pg/g DW, which was 2.44 times
that of the control group. SE effectively disrupted the barriers to
extraction inherent in flaxseed meal, enhancing the solvent’s contact
with active components and facilitating the dissolution of phenolics
(Chen et al., 2020). Additionally, the breaking of glycosidic, ester, and
ether bonds during SE augmented the availability of carboxyl and
phenolic hydroxyl groups, rendering bound phenolics free and subse-
quently increasing their content (Wan et al., 2022).

From Fig. 2D1-3, it can be seen that a total of seven phenolic acids
were detected in flaxseed meal: vanillic acid, caffeic acid syringic acid p-
coumaric acid, erucic acid, ferulic acid and protocatechuic acid.
Notably, erucic acid and protocatechuic acid emerged as the predomi-
nant phenolic acids in the flaxseed meal. The majority of erucic acid
exists in a bound state within the meal. In comparison to the control, the
total erucic acid content of flaxseed meal subjected to SE treatment (1.0
MPa) for durations of 1, 2, 3, and 4 min recorded values of 1.25, 1.31,
1.14, 0.79, and 0.96 times, respectively. The SE treatment significantly
enhanced the total phenolic acid content in flaxseed meal, highlighting
increases in both p-coumaric acid and ferulic acid. At the 1.0 MPa, 3 min,
the total phenolic acid content amounted to 4035.83 pg/g DW, reflect-
ing an increase to 1.71 times that of the control treatment (Adom & Liu,
2002; Salar et al., 2016).

3.2. Effect of extrusion on phenolics of flaxseed meal

3.2.1. Effect of water content on phenolics of flaxseed meal

As can be seen from Fig. 3A1-3, the total phenolic content of flaxseed
meal under extrusion treatment of 15 %, 20 %, 25 %, 30 % and 35 %,
140 °C and 17 hz was 7.85, 6.19, 5.51, 5.29 and 4.96 mg GAE/g DW,
respectively. The variation in content initially decreased, then
increased, ultimately peaking at the conditions of 15 %. Furthermore,
under the treatment with 15 % water content, the contents of free
phenolic and bound phenolic reached their highest, recorded at 0.75 mg
GAE/g DW and 7.09 mg GAE/g DW, respectively.

As it can be seen from Fig. 3B1-3, the SDG content in flaxseed meal
can be increased by extrusion. SDG in flaxseed meal mainly exists in the
form of bound state.

When the water content of flaxseed meal was 15 %, the total SDG
content reached the highest (3416.95 pg/g DW), which was 1.65 times
higher than that of the control.

The analysis presented in Fig. 3C1-3 demonstrates that flavonoids
primarily existed in a bound form within flaxseed meal. A total of six
flavonoids were detected, dihydroquercetin, vitexin, quercitrin, nar-
ingenin, apigenin, dihydrocannabinol and dihydrokaempferol. Extru-
sion treatment notably augmented the dihydroquercetin content in
flaxseed meal, and the total dihydroquercetin content decreased from
313.65 pg/g DW to 233.89 pg/g DW when the water content was
increased from 15 % to 35 %, and reached a maximum of 313.65 pg/g
DW at the water content of 15 %. Additionally, within the 15-35 %
water range, the total flavonoids content of the flaxseed meal showed a
decline from 744.06 pg/g DW to 497.46 pg/g DW, indicating a negative
correlation between water content and total flavonoid levels. In the SE
treatment process, at a pressure of 1.0 MPa for 3 min, the cell volume
expanded, the cell wall was damaged, and the release of small and
medium-sized molecular substances in the cell was promoted, thus
increasing the content of total flavonoids (Adom & Liu, 2002; Salar
et al., 2016).

As it can be seen from Fig. 3D1-3, there were 6 phenolic acids
detected in flaxseed meal, namely p-coumaric acid, caffeic acid, syringic
acid, erucic acid, protocatechuic acid and ferulic acid. Among these,
erucic acid and protocatechuic acid represent the predominant phenolic
acids in flaxseed meal.

Food Chemistry: X 24 (2024) 101934

3.2.2. Effect of extrusion temperature on phenolics of flaxseed meal

As can be seen from Fig. 4A1-3, when extrusion temperature was
120 °C, 130 °C,

140 °C, 150 °C and 160 °C, the total phenolic content of flaxseed
meal measured 6.10, 6.93, 7.83, 7.28 and 6.87 mg GAE/g DW, respec-
tively. The content displayed an initial increase followed by a decrease,
peaking at 140 °C. At this temperature, the free phenolic content and
bound phenolic content achieved their maximum levels at 0.74 mg
GAE/g DW and 7.08 mg GAE/g DW, respectively.

From Fig. 4B1-3, it can be seen that with the rising of extrusion
temperature, both the bound and total SDG content in flaxseed meal
initially rise and then decline. The peak was observed at 140 °C, with
values of 455.40 pg/g DW for bound SDG and 2961.55 pg/g DW for total
SDG. These figures represent 1.86 and 1.62 times higher than those of of
the control, respectively.

The data presented in Fig. 4C1-3 demonstrates that extrusion tem-
perature plays a crucial role in enhancing the flavonoid content in
flaxseed meal. Dihydroquercetin emerged as the predominant flavonoid,
primarily existing in a bound form. A total of eight flavonoids were
detected in flaxseed meal, specifically dihydroquercetin, vitexin, dihy-
drocannabinol, rutin, quercetin, quercetin, kaempferol and naringenin.
The extrusion process, particularly at elevated temperatures, proved
advantageous for increasing the flavonoid content. Notably, the con-
centration of dihydroquercetin in flaxseed meal significantly increased
when extruded at temperatures ranging from 120 to 160 °C. At tem-
peratures of 120, 130, 140, and 150 °C, the quercetin conjugates in the
15 %, 17 hz extruded flaxseed meal were found to be 1.25, 1.32, 1.29,
and 1.26 times higher than that of the control, respectively.

As shown in Fig. 4D1-3, a total of seven phenolic acids were detected
in flaxseed meal: vanillic acid, p-coumaric acid, caffeic acid, syringic
acid, erucic acid, protocatechuic acid and ferulic acid. Erucic acid and
protocatechuic acid were the major phenolic acids in flaxseed meal.

3.2.3. Effect of screw speed on phenolics of flaxseed meal

Fig. 5A1-3 illustrates that the total phenolic content of flaxseed meal
measured 7.85, 8.60, 9.20, 9.53, and 9.85 mg GAE/g DW at screw
speeds ranging from 17 to 29 hz, with an observable increasing trend.
The peak value occurred at 29 hz during screw extrusion treatment. At
this screw speed of 29 hz, the concentrations of free phenolic and bound
phenolic reached their highest levels, recorded at 1.08 mg GAE/g DW
and 8.77 mg GAE/g DW, respectively.

Fig. 5B1-3 illustrates that with an increase in screw speed, the levels
of free, bound, and total SDG in flaxseed meal exhibited an initial rise,
peaking at 29 hz. The maximum concentrations recorded were 503.20
ng/g DW, 3175.35 pg/g DW, and 3678.55 nug/g DW, respectively. These
values represent increases of 2.06, 1.73, and 1.77 times compared to the
control group.

As shown in Fig. 5C1-3, the screw speed can significantly boost the
flavonoid content in flaxseed meal. Dihydroquercetin acts as the main
flavonoid in flaxseed meal, primarily existing in a bound form. A total of
eight flavonoids were detected in flaxseed meal, including dihy-
droquercetin, vitexin, dihydrocannabinol, rutin, quercetrin, quercetin,
kaempferol and naringenin. The extrusion process showed that higher
screw speeds effectively enhanced the flavonoid levels in flaxseed meal.
Specifically, the extrusion treatment increased dihydroquercetin con-
tent in flaxseed meal at screw speeds of 17, 20, 23, 26 and 29 hz. The
bound quercetin content in flaxseed meal was 1.32, 1.08, 1.04, 1.05 and
1.06 times greater than the control for those respective speeds.

It can be seen from the Fig. 5D1-3, caffeic acid and erucic acid were
the main phenolic acids in flaxseed meal, and mainly in the bound state.
A total of seven phenolic acids were detected in flaxseed meal: gallic
acid, 4-hydroxybenzoic acid, vanillic acid, caffeic acid, syringic acid, p-
coumaric acid, ferulic acid, erucic acid, protocatechuic acid. The
extrusion treatment demonstrated that increasing the screw speed
positively impacted the phenolic acid content in flaxseed meal.



Food Chemistry: X 24 (2024) 101934

[ I N

<[ LI

K Tl

fml

T
=3

2400+

=3 =3
S =3 =3
< (2}

(M 3/3v) 3ueyuod prouoaeyy [ex

oL

504
4500

8501 I
150+

(=3
S vy
—

3000+

(Ma 8/31) Juauoo sproe srjousyd [ej0],

C2

N

-

[a)

L[l

=[ET0

<L [l

-LIIH

y I

<Ll

~ULH

-L1]

< I

<L

K Tl

2800+
2100+

(ma 3/31) Juaju0o Hs punog

Of
Of
200+

(Md 8/3) Jusyuoo prouoaey puno

100+

q

=
a
(Md 8/31) yueyuoo sproe srjousyd punog

(=3 [=
(=3 (=3
S e}
A —_

K Tl

004

L. Cheng et al.

T T
(=3 =3 =
S e}

w
(M 3/31) yueyuoo sproe arjoudyd 9011

0

TS T4 T5

™
ion temperature (°C)

TS

T4

ature (°C)

[ en

T

TS T4 T5

ion temperature (°C)

T

&

ion tempe

Extrus

ed meal. CK means un-

ntent and 17 hz extrusion speed at 120 °C, 130 °C, 140 °C, 150 °C and

ids (D1-3) of flaxse
he mean (n > 3), and the mean values of different letters are

noids (C1-3) and phenolic ac

o

temperature on total phenolic (A1-3), SDG (B1-3), flav

Fig. 4. Influence of extrusion

=

ed meal treated with 15 % water co

ed flaxse
160 °C extrusion temperature, re:

different (p < 0.05).

ed meal; T1, T2, T3, T4 and T5 mean flaxse

process

significantly

-

of

epresent the standard deviation

spectively. The bars r

d by an
ntation
ontent
in the
using
n that

a trend with an initial decline follow:

increase. Notably, at five days post-inoculation under ferm
phenolic content 1.42 times greater th

with a 3 % inoculum of Bacillus subtilis, the phenolic

s peak. All bacterial strains contributed to an increas
ontent of fermented flaxseed meal, with the treatmen

tilis achieving

Saccharomyces cerevisiae was 5.71 mg GAE/g DW and 5.35 mg GAE/g
rol.

DW, respectively, showin

condition
reached i
phenolic
Bacillus sul
of the con

he three treatment groups, the
phenolic, which were 1.25 mg
mg GAE/g DW, respectively.
r Lactobacillus plantarum and

nolics of flaxseed meal
treatment group inoculated with Bacillus subtilis had the highest content

fi

f fermentation strains on ph
een in Fig. 6A1-3, among
ic, bound phenolic and tota!
.88 mg GAE/g DW and 7.1

he total phenolic content

3.3. Effect of fermentation treatment on phenolics of flaxseed meal
As can be

3.3.1. Effect
of free pheno
GAE/g DW,

In contrast,



Food Chemistry: X 24 (2024) 101934

L. Cheng et al.

FES P gLBEE®

2 MO A Y (B <[ ol | M= (3f qu”m
I Uty [T T l= §5f Ziggfss
NN NN\ N | EEs 35 <gfo3i
I [E SET T RN | R e S Fh
- I S W= Es? SSEfcsl
EANAAN {1 L] W=: 28
SN I CEOIETE 555 sis:f

(. /175 ) 1wor00 sprow onouond punog (4 B/8) 1usyuo DS punog (A 3/3() 1usyu05 prouoasyy punog (v B/811) susyuos sproe oxousqd punog Mmm mm Wm W | m
e S5 siToi:

| 4 B LS BGE O L



Food Chemistry: X 24 (2024) 101934

A2 A3

\\

Total phenolic acids content (mg GAE/ g DW)

2 Bound phenolic acids content (mg GAE/ g DW)

S
(=) —_— [ w S w N e

2400

©
=1
(=]

tent (ug/g DW)

=
S 1200

600

Bound SDG

N
=3
=3
o o

B2 B3

3000

t (ng/g DW)

g 20001 [

1 SDG cont

1000

<

Tot:

1200

C2

900

600 b

avonoid content (ug/g DW)

300
<

Total fl
(=]
s

4000

5000

£3000
[a)

I

251000
2
= 600
=

o
2

o
E 400

2
s
5}
& 200
=}
=]
=3
=3
m
0

ee phenolic acids content (ug/g DW)

Fr

D :
0 CK S1 S2

3

Fo T
g

2500

b

[
=3
(=)

—_
193
(=]

=
(=]

Total phenolic acids content (ug/g DW)

w
(=]

S3
Fermentation Strain

CK S1
Fermentation Strain

0

CK S1 S2

Fermentation Strain

2 S3 S3

Fig. 6. Influence of fermentation strains on total phenolic (A1-3), SDG (B1-3), flavonoids (C1-3) and phenolic acids (D1-3) of flaxseed meal. CK means unprocessed
flaxseed meal; S1, S2 and S3 mean flaxseed meal inoculated with 3 % Saccharomyces cerevisiae, Lactobacillus casei and Bacillus subtilis and fermented at corresponding
temperature for 5 days. The bars represent the standard deviation of the mean (n > 3), and the mean values of different letters are significantly different (p < 0.05).

possible factors might indicate that the $-glucosidase generated by Ba-
cillus subtilis aids in breaking down g-glucosidic bonds found in phenolic
compounds, resulting in a heightened level of apigenin (Adom & Liu,
2002; Salar et al., 2016). After inoculation with Bacillus subtilis, Lacto-
bacillus plantarum and Saccharomyces cerevisiae, the total apigenin con-
tent inoculated with Bacillus subtilis increased from 14.64 pg/g DW to
89.24 pg/g DW. Bacillus subtilis could increase the total flavonoids
content in flaxseed meal, which elevated the content from 432.84 to

10

1141.20 pg/g DW.

As illustrated in Fig. 6D1-3, flaxseed meal contains five primary
phenolic acids: vanillic acid, ferulic acid, erucic acid, and syringic acid.
Among these, erucic acid and vanillic acid stand out as the predominant
phenolic acids in flaxseed meal. Upon fermentation, the concentration of
protocatechuic acid within flaxseed meal increased, where it existed in a
bound form. Following the inoculation with Bacillus subtilis, the total
protocatechuic acid content surged from 1453.81 pg/g DW to 2766.15
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pg/g DW. In comparison to the control group, the levels of bound
phenolic acid and total phenolic acid in flaxseed meal rose significantly
after Bacillus subtilis inoculation, measuring 3099.14 pg/g DW and
3285.02 pg/g DW respectively, which represents increases of 1.28 and
1.31 times compared to the control.

3.3.2. Effect of inoculum level on phenolics of flaxseed meal

From Fig. 7A1-3, it can be seen that inoculation with Bacillus subtilis,
after 5 days of fermentation, the highest free phenolic, bound phenolic
and total phenolic contents were 1.24 mg GAE/g DW, 6.34 mg GAE/g
DW, and 7.59 mg GAE/g DW, respectively, for inoculum levels of up to 3

n

Food Chemistry: X 24 (2024) 101934

% under the 1-5 % fermentation treatments. After inoculation with 1 %,
2 %, 3 %, 4 % and 5 % Bacillus subtilis, the total phenolic content of
flaxseed meal was 4.92, 5.98, 7.59, 5.86 and 5.08 mg GAE/g DW,
respectively.

Fig. 7B1-3 illustrates that after fermentation treatment, the SDG
content in flaxseed meal initially increased and then decreased as the
inoculum amount rose. The SDG primarily existed in a bound state
within the flaxseed meal. When the inoculum reached 3 %, the free,
bound, and total SDG content peaked at 435.19, 2265.55 pg/g DM, and
2700.74 pg/g DM, respectively. These values represented increases of
1.84, 1.46, and 2.59 times compared to the corresponding control.
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magnify of inoculation rate, peaking at 1141.20 pg/g DW when the
inoculation amount was 3 %.

As shown in Fig. 7D1-3, a total of four free phenolic acids were
detected in flaxseed meal: caffeic acid, p-coumaric acid, erucic acid and
protocatechuic acid. A total of four bound phenolic acids were detected:
vanillic acid, ferulic acid, erucic acid and protocatechuic acid. Erucic
acid and protocatechuic acid were the main phenolic acids in flaxseed
meal. The inoculum amount can increase the content of protocatechuic
acid in flaxseed meal. The total protocatechuic acid content increased
from 1984.33 pg/g DW to 2766.15 pg/g DW. The total phenolic acid
content of flaxseed meal inoculated with 1 %, 2 %, 3 %, 4 % and 5 %
Bacillus subtilis fermentation treatments was 0.96, 1.17, 1.32, 1.14 and
0.95 times higher than that of the control, respectively.

3.3.3. Effect of fermentation time on phenolics of flaxseed meal

It can be seen in Fig. 8A1-3, after inoculation with 3 % of Bacillus
subtilis, the content of free phenolic, bound phenolic and total phenolic
was the highest when the fermentation time reached 4 days. They were
1.41 mg GAE/g DW, 7.20 mg GAE/g DW and 8.62 mg GAE/g DW
respectively. Following 3 % Bacillus subtilis inoculation, the total
phenolic content of flaxseed meal varied by fermentation duration,
yielding 4.93, 6.41, 7.28, 8.61, and 7.26 mg GAE/g DW after 1, 2, 3, 4,
and 5 days, respectively.

From Fig. 8B1-3, it can be seen the SDG content in flaxseed meal
initially increased and subsequently decreased with prolonged fermen-
tation time. On 4 d, the free, bound and total SDG content in flaxseed
meal attained their peak levels of 547.56 pg/g DW, 2765.55 pg/g DW
and 3313.11 pg/g DW, respectively. These values were 2.32, 1.48 and
1.57 times higher than those observed in the control.

From Fig. 8C1-3, it can be seen that flavonoids mainly existed in the
free state in flaxseed meal. A total of 9 free flavonoids were detected
namely rutin, vitexin, quercetin, naringenin, kaempferol, dihy-
droquercetin, apigenin, dihydrokaempferol, quercetin. Only dihy-
droquercetin, vitexin, quercetin, rutin, dihydrosannabinol were
detected in the bound phenolic. Dihydroquercetin, argemone and
dihydrosorbinol stood out as the predominant flavonoids in flaxseed
meal, with quercetin following. Fermentation significantly enhanced the
dihydroquercetin content in flaxseed meal, increasing from 603.41 pg/g
DW to 868.92 pg/g DW over 1 to 5 days of fermentation. Additionally,
fermentation greatly elevated vitexin levels, peaking at 174.66 ug/g DW
after 5 days. Compared to the control, varying fermentation durations
substantially impacted the concentration of bound dihydrosorbinol.
Under a 3 % Bacillus subtilis fermentation treatment, the total flavonoid
content of flaxseed meal after 1, 2, 3, 4, and 5 days increased by 2.83,
3.29, 3.68, 3.89, and 2.64 times compared to control, respectively.
Extending the fermentation period markedly increased total flavonoid
content. Notably, after 4 days of Bacillus subtilis fermentation, the total
flavonoid content reached its peak at 1683.08 pg/g DW.

As shown in Fig. 8D1-3, a total of five phenolic acids were detected
in flaxseed meal: gallic acid, caffeic acid, p-coumaric acid, erucic acid
and protocatechuic acid. Among these, erucic acid and protocatechuic
acid were the main phenolic acids in flaxseed meal. The total content of
protocatechuic acid increased from 1966.13 pg/g DW to 2765.55 pg/g
DW, reaching a maximum value of 2765.55 pg/g DW at 4 d.

4. Discussion

The study assessed the impact of SE, extrusion, and fermentation on
the phenolic compounds in cold-pressed flaxseed meal. Results indicated
that as SE pressure increased and extraction time extended, phenolic
compounds typically rose initially, followed by a decline. The SE
showcased a physicochemical synergy, where the formation and
degradation of phenolic substances coexisted, necessitating an equilib-
rium state. Excessively high or prolonged SE pressure could lead to the
thermal decomposition of these compounds (Chen et al., 2020; Wan
et al., 2022).
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Optimal treatment conditions for extracting phenolics from flaxseed
meal were detected as 1.0 MPa for 3 min, resulting in the detection of
nine free flavonoids and five bound flavonoids (Fig. 1C1-3). Six
phenolic acids were detected, with erucic acid and protocatechuic acid
being predominant. In the control sample, only four free phenolic acids
and six flavonoids were detected (Fig. 1D1-3). Under the treatment
conditions, the SE process yielded a phenolic content 1.36 times that of
the control, with free phenolic compounds showing a 92.23 % increase
compared to the control, aligning with findings by Chen et al. (2020). SE
effectively disrupted the barriers to extraction inherent in flaxseed meal,
enhancing the solvent’s contact with active components and facilitating
the dissolution of phenolics (Chen et al., 2020). Additionally, the
breaking of glycosidic, ester, and ether bonds during SE augmented the
availability of carboxyl and phenolic hydroxyl groups, rendering bound
phenolics free and subsequently increasing their content (Wan et al.,
2022). At optimal conditions of 1.0 MPa for 3 min, the free, bound, and
total SDG contents in flaxseed meal surmounted control levels by factors
of 1.26, 1.93, and 1.85, respectively. Similar observations were made by
Waszkowiak, Mikotajczak, Gliszczyriska-Swiglo, and NiedZwiedzifiska
(2020). The induction of SE augmented the electron cloud density of the
methoxy hydroxyl group in flaxseed lignan, facilitating reactions be-
tween phenolic hydroxyl groups and free radicals, thus forming exten-
sive conjugated systems that enhanced the dispersion of free radical
electrons. Consequently, flaxseed lignan exhibited notable heat resis-
tance (Noda et al., 2013; Wenk, 2003).

The optimal processing conditions for phenolic compounds in flax-
seed meal were detected as follows: water content at 15 %, extrusion
temperature at 140 °C, and screw speed at 29 hz. Reducing the water
content in flaxseed meal led to the release of bound caffeic acid and
syringic acid, which increased by 137.55 and 12.36 pg/g DW, respec-
tively, compared to the control. Additionally, Chen et al. (2019) re-
ported a notable increase in bound phenolic acids during the extrusion
process. An adequate water content allows for proper wetting and
swelling of the material during extrusion, aiding in the disruption and
reorganization of entangled macromolecular structures under applied
forces (Chen et al., 2019). At the extrusion temperature of 140 °C, the
presence of caffeic acid and syringic acid in flaxseed meal increased to
100.50 pg/g DW and 7.16 pg/g DW, respectively, when compared to the
control. Wang et al. (2014) also noted a significant rise in syringic acid in
extruded whole grain. The variations in individual phenolic content
post-extrusion are attributed to the breakdown of free phenolics and the
release of phenolics from soluble conjugated or bound forms, alongside
alterations in extractability due to textural changes (Nayak, Liu, Berrios,
Tang, & Derito, 2011). When the screw speed reached 29 hz, increased
in gallic acid, naringenin, and caffeic acid were observed in flaxseed
meal, which were 1.27 and 1.43 times higher than the control, respec-
tively. Sharma et al. (2012) similarly detected a significant increase in
gallic acid in extruded wheat bran. Following extrusion, both bound and
free phenolic levels in flaxseed meal increased significantly. The me-
chanical and thermal effects of extrusion facilitate the release of soluble
conjugated forms of phenolics, enhancing the free phenolic content (Hu
et al., 2018; Zhang, Jin, & Ryu, 2023).

Under the fermentation treatment, the optimal conditions were
detected as an inoculation of 3 % Bacillus subtilis and a fermentation
period of 4 days. The inoculation with Bacillus subtilis resulted in a
decrease in total quercetin content in flaxseed meal by 41.27 pg/g DW
(Fig. 6C1-3). Conversely, the content of oysterin and SDG significantly
increased by 141.66 pg/g DW (Fig. 6D1-3) and 438.28 pg/g DW
(Fig. 6B1-3), respectively. Balli et al. (2020) also observed a substantial
rise in oysterin content in fermented millet. Analyzing the underlying
causes may reveal a connection to the s-glucosidase produced by Bacillus
subtilis. This enzyme facilitates the hydrolysis of f-glucoside bonds
within phenolic compounds, leading to an increase in polyphenol con-
centration (Adom & Liu, 2002; Salar et al., 2016). Following the 3 %
inoculation, ferulic acid and syringic acid concentrations rose by 35.52
and 10.80 pg/g DW, respectively, when compared to the control
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(Fig. 7D1-3). Furthermore, rutin and SDG contents increased by 360.63
pg/g DW (Fig. 7C1-3) and 2752.89 pg/g DW (Fig. 7B1-3), respectively,
relative to the control. Katina et al. (2007) noted a significant increase in
ferulic acid in fermented rye bran. Variations in inoculum amounts
influenced Bacillus subtilis’s spore-producing ability. Excessively high
inoculum levels heightened strain competition and resulted in greater
metabolism of waste products (Balli et al., 2019). Fermentation liber-
ated the bound phenolic compounds from the structure of polymerized
flaxseed meal and enhanced the concentration of free phenolics
(Paesani, Bravo-Nunez, & Gomez, 2021). After 4 days of fermentation,
apigenin and gallic acid emerged in the flaxseed meal compared to the
control, increasing by 26.58 (Fig. 8C1-3) and 25.15 pg/g DW
(Fig. 8D1-3) respectively and erucic acid rose by 36.42 and 378.87 pug/g
DW respectively (Fig. 8D1-3). At this stage, the total SDG content
compared to the control rose 1.68 times (Fig. 8B1-3). The analysis
indicated that Bacillus subtilis hydrolyzed several flavonoids, leading to
an increase in gallic acid and naringin as hydrolysis progressed. This was
consistent with the study by Yang et al. (2018). Research has demon-
strated that during the course of fermentation, hydroxycinnamate un-
dergoes hydrolysis by esterase to yield hydroxycinnamic acids,
including caffeic acid, p-coumaric acid, and ferulic acid (Paesani et al.,
2021). Caffeic acid subsequently decarboxylates under the influence of
phenolic acid decarboxylase, while ferulic acid generates novel com-
pounds. Additionally, both caffeic acid and protocatechuic acid are
metabolized into dihydrocaffeic acid and catechuic acid (Adom & Liu,
2002; Salar et al., 2016).

5. Conclusion

The treatment of SE, extrusion, and fermentation improved the
content and composition of phenolics in flaxseed meal to some extent.
Results indicated that the optimal condition for SE was 1.0 MPa for 3
min, yielding seven varieties of phenolic acids and seven variants of
flavonoids. Under this condition, the total phenolic content was 1.36
times higher than the control, while the total SDG content was 1.85
times greater than the control. The total flavonoid content and phenolic
acid content stood at 1.71 times and 2.44 times that of control,
respectively. The optimal extrusion parameters consist of a water level
of 15 %, an extrusion temperature of 140 °C, and a screw speed of 29 hz,
which enabled the detection of eight flavonoids and seven phenolic
acids. Under this condition, the content of total phenolic, SDG, flavonoid
and phenolic acid were 1.97, 1.77, 1.71, and 2.19 times higher than that
of the control, respectively. The best fermentation conditions involved
inoculating with 3 % Bacillus subtilis and fermenting for 4 days, during
which nine types of flavonoids and five types of phenolic acids were
detected. In this scenario, the total phenolic, the total SDG, the total
flavonoid, and total phenolic acid contents are 1.97, 1.57, 3.89, and 1.49
times greater than the control, respectively. Each treatment method has
its advantages and limitations, so it needs to be considered compre-
hensively in practical applications. These findings provide a scientific
basis for the development of functional food from flaxseed meal.
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