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Flaxseed lignan macromolecules (FLMs) are important polyphenols present in flaxseeds with interfacial
adsorption behavior. However, FLMs are easily degraded during thermal treatment in emulsions, which
further influences their interfacial properties and application. In this work, the interfacial properties of
FLMs between oil and water were evaluated using compression isotherms and interfacial tension to inves-
tigate the regulation mechanism of FLMs and their heat-treated products on the stability of O/W emul-
sions. Furthermore, the improvement mechanism of FLM heat-treated products on the physicochemical
stability of flaxseed oil emulsions was clarified. Studies showed that thermal degradation occurred on
terminal phenolic acids in FLMs when treated under 100 and 150 °C (FLM-100 and FLM-150) without any
decrease in antioxidant activity. FLM-100 and FLM-150 improved the physicochemical stability of
sunflower lecithin (S90)-stabilized flaxseed oil emulsions and reduced the concentration of hydroperox-
ides and TBARS by 26.7% and 80% (p < 0.05), respectively, during storage. This was due to the high inter-
facial anchoring of FLM-100 and FLM-150, which further strengthened the interface of oil droplets and
improved the interfacial antioxidant effect of FLMs. This implies that FLM-100 and FLM-150 could act as
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1. Introduction

Flaxseed oil (FO) is one of the richest sources of o-linolenic
acid (ALA)—an essential fatty acid. Epidemiological surveys
indicated that ALA plays a crucial role in human health
throughout the entire lifecycle, including brain development
in babies, the fertility of men and women, and the prevention
of neurodegenerative diseases in the elderly.® ALA can be
metabolized into higher activity long-chain n-3 polyun-
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new efficient antioxidants for application in food emulsions.

saturated fatty acids (n-3 PUFAs), such as docosahexaenoic
acid (DHA), eicosapentaenoic acid (EPA) and other n-3 deriva-
tives in mammals.® However, due to ALA’s low water solubility,
high oxidation susceptibility, and limited in vivo conversion
into DHA and EPA, the effective intervention dose of ALA was
calculated to exceed the normal intake. More importantly,
reports proved that enterolactone, the metabolite of secoisolar-
iciresinol (SECO), could regulate ALA metabolism by promot-
ing the extracellular efflux of free fatty acids (FFAs) and trigly-
cerides (TAGs) and decreasing the expression of fatty acid
B-oxidation-related protein (CPT1).” Therefore, it also could be
a wonderful antioxidant for the design of FO-enriched food.”"®

Lignans refer to a series of plant secondary metabolites that
are formed via the polymerization of two phenylpropanoid
(C6-C3) derivatives in various configurations, existing as
dimers, trimers, and polymers in plants. Approximately 769
lignans have been isolated and identified over the past few
years; among them, flaxseed lignan has been found to have
the highest content in nature." Flaxseed lignan exists in flax-
seed hull as an SDG copolymer structure, which is named the
flaxseed lignan macromolecule (FLM). The FLM is surrounded
by flaxseed kernel and can protect FO from oxidation and
other external environment attack. Considering the natural
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structure of the FLM, it occurs as a linear copolymer ester-
linked by 3-hydroxy-3-methylglutaric acid (HMGA), and its
skeleton comprises SDG and a few flavonoid glycosides (e.g.,
pinoresinol diglucosides (PDGs) and herbacetin diglucoside
(HDG)), among which HDG/PDG predominantly existed with a
FerAG moiety in longer chain FLMs, which may further influ-
ence the biosynthesis of these longer chain variants of FLMs.
Besides, ferulic acid glucoside (FeAG), p-coumaric acid gluco-
side (CouAG) or caffeic acid glucoside (CafAG) was grafted at
terminals for the formation of complete FLMs.? The critical
role of flaxseed lignans in preventing multiple chronic dis-
eases has been well confirmed, including reducing the risk of
cardiovascular diseases, type 2 diabetes, and different types of
cancers.” Pharmacokinetic parameters for SDG and FLM have
been previously evaluated in female Wistar rats after a single
oral dose.' The study indicated that the total enterolactone
and enterodiol (final metabolite of FLM and SDG) reached
similar maximum concentrations between 11 and 12 h, and
the total body exposures were similar for both enriched SDG
and FLM. Considering the economy and safety of the appli-
cation of flaxseed lignans, FLMs can serve as cost-effective
alternatives to the SDG due to their pharmacokinetic
characteristics.®

To achieve the co-delivery of ALA and flaxseed lignans, an
emulsion system can be designed due to its high tolerance for
both lipophilic and hydrophilic bioactive substances.>”
Compared with other emulsifiers, phospholipids could motiv-
ate the activity of lipolytic enzymes and participate in the
micellization process of bile salts, free fatty acids, monoglycer-
ides, etc., which promoted the absorption of ALA.'® When co-
absorbed with ALA, phospholipids were reported to improve
transportation and metabolism by promoting the expression
of the protein that is related to the formation and exocytosis of
chylomicrons.® Therefore, co-intake of flaxseed lignans and
ALA by phospholipid-stabilized FO emulsions could improve
the bioaccessibility of ALA via decreasing consumption by inhi-
biting ALA oxidation, enhance the absorption of ALA by pro-
moting the formation of ALA micelles, and improve the metab-
olism of ALA (to EPA/DHA) through decreasing f-oxidation.

FLM has also been recently promoted as a nutraceutical
with known safety effects and has generally been employed in
commercial products such as plant milk, bread, coarse grain
biscuits, and mooncakes.>® However, the release of lignans
was seriously limited during digestion due to the remaining
integral cell structure for flaxseeds or sesame powder. It has
been proved that the daily intake of more than 500 mg per day
lignans is likely to play their biological activity.* However, the
daily intake of lignans from flaxseed products ranged from 300
to 500 mg per day for secoisolariciresinol diglucoside (SDG)
for most populations, resulting in the insufficient intake dose
to develop a significant dose-effect relationship for adults.*?
Therefore, with the wide concern for a healthy life, the delivery
efficiency of FLM in FO emulsion is also an important research
field. Besides, thermal processing is a common and necessary
process in the manufacture of lignan-enriched foods such as
pasteurization, boiling, cooking and roasting. From modest
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heat treatments, the input of thermal energy can exert signifi-
cant effects on the content, structure of food polyphenols due
to their degradation, solubilization and mutual effects with
other food components."' For example, for sesamin and
sesamol-enriched sesame meal, thermal processing (240 °C for
20 min) increased the release of lignans (sesamin and
sesamol) to 19.6% after in vitro digestion due to the degra-
dation of aglycones and glycosides."> The batch pasteurization
(85 °C for 20 min) for SDG-enriched whey drinks does not
affect the content of SDG."® However, the concentration of
SDG degraded by 25% after 6 months of storage under 8 °C."
However, there is no in-depth study on the structural and func-
tional changes of FLMs under different heat treatments, par-
ticularly for the structure-function (antioxidant activity)
relationship and the microscopic behavior changes in emul-
sions. Therefore, it was urgent to investigate the structural and
functional changes of FLMs under different thermal processes
and strive to achieve the optimal use of lignans in the food
industry.

Accordingly, low-temperature drying (37 and 55 °C), pas-
teurization (70 °C), boiling (100 °C) and baking (150 °C) temp-
eratures are set to simulate different process temperatures of
FLMs. The antioxidant activity of heat-treated/untreated FLMs
is detected and further analyzed based on their structural and
composition changes. Furthermore, a previous study has
proved that using phospholipids as emulsifiers to prepare an
emulsion delivery system could improve the release and
absorption of ALA compared with proteins and polysacchar-
ides.® Therefore, sunflower lecithin-stabilized FO emulsion
was selected to evaluate the effect of heat-treated/untreated
FLM on the physicochemical stability, focusing on the inter-
facial antioxidant theory. This study aims to develop effective
plant-based antioxidants, which can be further applied in
functional foods and beverages.

2. Materials and methods
2.1 Chemicals and reagents

FO was obtained from Hongjingyuan Oil Co. Ltd (Xilingol,
China). Sunflower lecithin Sunlipon™ 90 (S90) was provided
by a commercial supplier (Perimondo, New York, NY, USA)
Secoisolariciresinol diglycoside (SDG, 97%), secoisolariciresi-
nol (SECO, 95%), thiobarbituric acid (TBA), 1,1,3,3-tetraethoxy-
propane, sodium azide, cumene hydroperoxide, 2,2-azobis-2-
methylpropanimidamide dihydrochloride (AAPH), lipase (from
porcine pancreas), and bile extract (porcine) were offered by
Sigma-Aldrich (Saint Louis, MS, USA). Other reagents were pur-
chased from Sinopharm Chemical Reagent Co., Ltd (Beijing,
China).

2.2 Extraction of FLM

In brief, flaxseed hull powder (FHP, 20 g) was defatted by
incubating with 100 mL n-hexane at 25 °C for 24 hours. Then,
defatted FHP (20 g) was subjected to three extractions using
100 mL of 70% ethanol (v/v) for 24 hours. After each extrac-
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tion, the mixture was centrifuged at 10 000g for 40 minutes.
The FLM-enriched supernatant obtained from each extraction
was obtained using a C18 solid-phase extraction column
(Waters, C18, 5 cm) to purify polar small-molecule polyphe-
nols. The purified FLM was concentrated using a rotary evap-
orator (IKARV10D, Germany), followed by drying using a
vacuum freeze dryer, and then stored at —18 °C for in-depth
analyses.

2.3 Preparation of heat-treated FLMs

FLMs were re-dissolved in 0.5 mL 70% ethanol water (v/v) and
then diluted to 10 mL with distilled water (5 mg mL™", w/v).
Subsequently, FLM solutions were heated in a water bath at 37,
55, 70, and 100 °C for 30 min to simulate different heating pro-
cesses, low-temperature drying (55 °C), pasteurization (70 °C),
and boiling (100 °C), respectively. Moreover, the temperature
of 150 °C in the oil bath for 30 min was set to simulate the
roasting process of FLMs. FLM solutions were immediately
cooled in ice water to stop heat processing and then freeze-
dried for subsequent analyses. FLMs prepared at different
heating temperatures were termed FLM-37, FLM-55, FLM-70,
FLM-100, and FLM-150, respectively. The FLM without heat
treatment served as a control.

The retention rate of FLMs after simulating the heat-treated
process was examined using a UPLC (Waters, USA) equipment
ACQUITY UPLC ® BEH Shield RP 18 column (2.1 x 100 mm,
1.7 pm) and calculated as follows:

Cheat treated (1)

Retention rate(%) = x 100

initial
where Cheat treated 1S the concentration of FLMs after heat treat-
ment and Cjpja is the concentration of FLMs before heat treat-
ment (5 mg mL™"). A nonlinear gradient was performed using
a two-buffer gradient system at a flow rate of 0.1 mL min™".
The injection volume was 2 pL. The standard curve of FLMs
was y = 7762.2x — 368 758 (x: ug mL ™", 7* = 0.996). The selected
gradient was consistent with the parameters described

previously.”"”

2.4 Composition analysis of heat-treated FLM

According to our previous study,” the untreated and heat-
treated FLM (2 mg mL™") were fully saponified in a 75 mM
NaOH solution at 55 °C for 24 h. The reaction was terminated
by adjusting the pH to 6.5-7.0 with 1 M HCL. The compositions
of different FLM samples were examined by UPLC (Waters,
USA). The standards employed for flaxseed lignan quantifi-
cation include secoisolariciresinol diglucoside (SDG), herbace-
tin diglucoside (HDG), pinoresinol diglucoside (PDG), p-cou-
maric acid glycoside (CouAG), and ferulic acid glycoside
(FerAG).

The freeze-dried FLM samples were employed for spec-
troscopy analysis using a TENSOR 27 Fourier transform infra-
red (FT-IR) spectrometer (Bruker) to analyze its structural pro-
perties. The spectra were recorded at a resolution of 4 cm™
and a scan number of 32 in the range of 4000-700 cm™" with
air as the background at ambient temperature (25 °C).
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2.5 Interfacial property of heat-treated/untreated FLMs

To simulate the realistic interfacial adsorption process of
FLMs and S90 between flaxseed oil and water, the dynamic
interfacial tension (y) at the interface of FO and heat-treated/
untreated FLM (0.03% w/w)-enriched aqueous phase was
examined using a drop profile tensiometer (Tracker, Teclis
Technologies, France). The droplet area was set to 15 mm®> and
the respective experiment was monitored at 25 °C for 3600 s.
The drop profiles of y were continuously monitored and then
recorded as a function of time. The surface pressure was calcu-
lated using the following mathematical conversion relation

(eqn (2)):*°
T=Vs—7p (2)

where y; represents the surface tension of the oil/water solu-
tion and y, represents the surface tension of the 0il/FLMs-S90
solution.

2.5.1 Langmuir-Blodgett film preparation. To further
simulate the effect of FLMs on the structure of interface
between oil and water, the Langmuir-Blodgett film was pre-
pared using S90-FLM solutions. S90 solutions (2%, w/w) were
mixed with untreated and heat-treated FLMs in a ratio of 1/10,
while concentration of heat-treated/untreated FLMs was
0.5 mg mL™" to form S90-FLM solutions. Langmuir-trough
(KSV NIMA Liquid-Liquid, Finland, Sweden) was employed to
prepare Langmuir-Blodgett films.'® The FLM-enriched S90 dis-
persion liquid (100 pL) was injected and then spread on the
water surface, while the interfacial pressure was monitored
using a platinum William plate. The surface pressure was
recorded as a function of water surface area.

The mica flakes were immersed in a trough with an ultrapure
water aqueous phase and then pulled upwards (1 mm min™") at
a certain surface pressure (20 mN m™"). A freshly cut mica sheet
(Highest Grade V1 Mica, Ted Pella, INC, USA) was used. The
mica sheet with the film was reproduced and then dried in a
desiccator for 2-3 days before observing through AFM (Bruker
Dimension ICON, USA). Topographic measurements were per-
formed using a ScanAsyst-Air model non-conducting tapered
silicon nitride probe. The AFM images were analyzed and pro-
cessed using Nanoscope Analysis software v1.5.

2.6 Antioxidant activity of heat-treated/untreated FLM

2.6.1 Total phenolic contents. The total phenolic contents
were determined by the Folin-Ciocalteu colorimetric method
with minor modifications.'” In brief, FLMs (1 mg mL™") were
mixed with the same volume of Folin-Ciocalteu phenol
reagent. The mixture (0.2 mL) was incubated for 3 min, and
0.2 mL Na,COj; solution was introduced. Then the mixture was
diluted with distilled water to 2 mL. The total phenolic con-
tents were examined using a UV/Visible spectrophotometer
(DU 800, Beckman Coulter, Inc., USA) at 765 nm. The results
are expressed in sinapic acid equivalents (SAE) per milliliter of
the samples (mg SAE per mL, y = 6.298x + 0.032, * = 0.995).

2.6.2 Ferric reducing antioxidant power (FRAP). The FRAP
assay was performed according to previous study with minor

This journal is © The Royal Society of Chemistry 2024
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modifications."” In brief, 50 pL FLM solutions (1 mg mL™")
were mixed with 100 pL FRAP reagent (2.5 mL of 0.1 M acetate
buffer, pH 3.6, 2.5 mL of 10 mmol TPTZ in 40 mmol HC], as
well as 2.5 mL of 20 mmol FeCl;) in a 2 mL centrifuge tube.
Subsequently, the mixture was diluted with double-distilled
water to 0.5 mL and incubated at 30 °C for 20 min. The absor-
bance was examined at 595 nm, and the results are expressed
in milligram of sinapic acid equivalents (SAE) per milliliter of
the samples (mg SAE per mL, y = 78.176x + 0.133, r* = 0.998).

2.6.3 ABTS and DPPH scavenging assay. The ABTS™ stock
solution was prepared by reacting 7.4 mM ABTS and 2.6 mM
K,S,05 in equal amounts and then maintained in the darkness
for 12 h. The working solution was prepared by diluting the
stock solution with 10 mM phosphate buffer at pH 7.4 to
0.1 pmol mL™", and showed absorbance from 0.7 to 0.8 at
729 nm. FLMs (1 mg mL™") were mixed with 200 pL ABTS™ in
1:10 proportion, and the absorbance of this mixture was
recorded using a UV-vis spectrophotometer (Beckman Coulter
Inc., USA) at 729 nm after 10 minutes of reaction.'”” The
ABTS™" scavenging capacity was determined by the percentage
of inhibition as follows:

ABTS'* scavenging rate(%) = (1 —%) x 100 (3)
0
where A, and A; denoted the absorbance of the blank and
sample, respectively. The concentration of ABTS™* was deter-
mined to be 0.012 pmol ABTS */10 pL FLMs.

To maintain the same free radical concentration with
ABTS™", the DPPH working solution was diluted with methanol
to 0.05 pmol mL™" with the absorbance between 0.5 and 0.6 at
517 nm. Twenty microliters of FLMs (1 mg mL ") were mixed
with 200 pL DPPH. After 30 min incubation, the absorbance of
samples was recorded using a UV-vis spectrophotometer
(Beckman Coulter Inc., USA) at 517 nm. The DPPH radical
scavenging capacity was determined from the percentage of
inhibition as follows:

. . Ag
DPPH free radical scavenging rate(%) = (1 - A—5> x 100 (4)
0
where A, and A are the absorbances of the blank and sample,
respectively. The concentration of DPPH radicals was deter-
mined to be 0.01 pmol/10 pL FLM.

2.7 Emulsion preparation

Emulsions were produced by high-speed homogenization fol-
lowed by high-pressure microfluidics. The continuous phase
was prepared by solubilizing 3% S90 and 0.5 mg mL™" FLMs.
Coarse FO emulsions were prepared by blending 20% FO (w/w)
and 80% (w/w) aqueous phase using a high-speed blender
(IKA, T25, Germany) at 10 000 rpm for 5 min. Fine FO emul-
sions were prepared using a microfluidizer (model M-110L,
Microfluidics, Newton, MA) at 12 000 psi for four cycles.

2.8 Morphology of emulsions

The interfacial morphology of heat-treated/untreated FLM-
enriched emulsion droplets was captured by cryo-scanning
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electron microscopy (Cryo-SEM, SU8010, Hitachi, Tokyo,
Japan). Briefly, the emulsion (5.0-10.0 pL) was frozen in liquid
nitrogen, transferred into a cryo-preparation chamber, cut into
the cross-section at —90 °C and 1.3 x 10~® mbar and then
sputter-coated at 10 mA for 30 s. Finally, the samples were
observed using a Cryo-SEM at 3 kV.

2.9 Analysis of physical and chemical stability during storage

FO emulsions with 0.02% (w/w) of sodium azide were packed
into 10 mL glass tubes, sealed with a silicone plug and paraf-
ilm and then stored in the darkness at 37 °C for 3 weeks. The
particle size and {-potential of FO emulsions were determined
using a Mastersizer 3000 and a Nano-ZS, respectively. The
microscopic morphology of FO emulsions was identified by
confocal laser scanning microscopy (CLSM) (Nikon D-Eclipse
C1 80i, Nikon, Melville, NY), and the CLSM images were pro-
cessed using the Zen 2.6 software. The interface topography of
FO emulsion droplets was observed by cryo-scanning electron
microscopy (cryo-SEM) (SU8010, Hitachi, Japan).

The generation of primary oxidative products and second-
ary oxidative products of emulsions during storage was deter-
mined by a spectrophotometric method.” The values of hydro-
peroxides were expressed as mmol cumene hydroperoxide
equivalents per kg of oil. The secondary oxidative products,
malonaldehyde, were expressed as mmol 1,1,3,3-tetraethoxy-
propane (TEP) equivalents per kg of oil.

2.10 Statistical analysis

All assays were performed in triplicate, and the data are
expressed as mean + SD (n = 3). One-way ANOVA was performed
to analyze the significant differences between data (p < 0.05)
using SPSS 24 (SPSS Inc., Chicago, IL, USA). Principal com-
ponent analysis (PCA) and partial least squares discriminant
analysis (PLS-DA) were performed using MetaboAnalyst 5.0
(https:/www.metaboanalyst.ca).

3. Results and discussion
3.1 Thermostability of FLM under different heating stresses

As shown in Fig. S1,f the purity of FLMs after extraction and
purification was detected by UPLC at 280 nm, which reached
98%. Different heating processes were simulated for FLMs as
digestion temperatures (37 °C, FLM-37), low-temperature steri-
lization temperatures (55 °C, FLM-55), pasteurization tempera-
tures (70 °C, FLM-70), boiling temperatures (100 °C, FLM-100),
and baking temperatures (150 °C, FLM-150). As shown in
Fig. 1a, after treatment at 37 and 55 °C, there was no difference
between the heat-treated FLMs and untreated FLMs. However,
about 31%, 38%, and 52% of the FLM were degraded under
higher temperature treatments (FLM-70, FLM-100, and
FLM-150), respectively. As depicted in Fig. 1b, the heat-treated/
untreated FLMs displayed typical absorption peaks of phenolic
compounds, i.e., the O-H and C-O stretching vibration of phe-
nolic hydroxyl (Ar-OH), at 3369.36 and 1218 cm™". The C-H
bending vibration of the methyl (-CH;) groups was at

Food Funct., 2024, 15, 9524-9540 | 9527
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Fig. 1 (a) Retention rate of FLMs under different heat stresses. (b) Structural changes in FLMs after heat processing stresses (FT-IR); (c—f) compo-

sition changes in FLM before and after heat-treatment (UPLC). The data are expressed as mean + SD (n = 3).

1458 cm™'. The C=O0 stretching vibration of the FLM was

identified at the wavenumber of 1900-1650 cm™*. The Caiy1=O
stretching vibration of the methoxy (Ar-OCH3) group was at
1120 cm™?, and the C-H vibration of aromatic units was at

9528 | Food Funct, 2024, 15, 9524-9540

1600 cm™" and 1510 cm™"."®*2° However, after high-tempera-

ture heat treatment, the O-H and C-O stretching vibration of
FLM-70, FLM-100, and FLM-150 maximally shifted from
3369.36 cm™' to 3421.44 cm ™', and the C=O stretching
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vibration maximally shifted from 1726 cm™" to 1718.43 cm™"
compared with the FLM. This indicated that O-H was
degraded, and formed quinone compounds after heating
under 70 °C, 100 °C and 150 °C.

As shown in Fig. 1cf, after complete hydrolysis, thirteen
phenolic compounds were identified in the FLM, which com-
prised five lignans (+, —) SDG, PDG, and their monoglucoside
(PMG) and aglycones, and four phenolic acids and their gluco-
sides, namely, caffeic acid glucoside (CarfG), p-coumaric acid
glucoside (CouAG), ferulic acid glucoside and its isomers
((E)-form/(Z)-form FerAG), and dihydroferulic acid dimers.
Compared with FLM, the concentration of the composition in
heat-treated FLM decreased under different thermal treatments.
Besides, lignans and flavonoids in FLM-100 and FLM-150, such
as SDG, PDG, and HDG, serving as the skeleton of FLMs, were
slightly degraded (<1%). However, the concentration of phenolic
acids at the end of the chain of FLM was decreased by 14%
(CouAG), 10% (FerAG and its isomers), and 21% (dihydroferulic
acid dimer), respectively (p < 0.05), which was consistent with
the phenomena and conclusions reported in previous studies.*

The partial least squares discriminant analysis (PLS-DA) of
the composition for heat-treated/untreated FLMs represented
the disjoint union for FLM, FLM-100 and FLM-150, indicating
the significant composition changes of FLMs under 100 and
150 °C heat treatment (Fig. 2). PLS-DA combined with the vari-
able importance in projection (VIP) scores was adopted to
select the phenolic compounds that significantly changed
during heat treatment according to the criterion of VIP > 1.
Dihydroferulic acid dimers such as FerA, (+, —) SDG, PDG,
CouAG and (+, —) FerAG were regarded as characteristic com-
positions during heating with a higher VIP value (Fig. 2a). As
shown in Fig. 2b, the cluster analysis had the same results as
PLS-DA, which indicated that the phenolic compounds in
FLM-100 and FLM-150 were significantly decreased compared
with FLMs. Besides, phenolic acid glucuronides and flavonols
such as FerAG, CouAG, and (+, —) SDG and PDG showed a sig-
nificant positive correlation with heat treatment temperature.

FT-IR spectra indicated that the stretching vibration of com-
pound hydroxyl appeared in the infrared wavenumber ranging
from 3650 to 3500 cm™', which can be adapted to determine
whether there exist phenols, acids, and alcohols in the com-
pounds.” The FLM displayed characteristic peaks at wave
numbers of 3369 cm™, 1726 cm ™" and 1458 cm ™", suggesting
the existence of hydroxyl, carbonyl, and benzene ring character-
istic structures, respectively.”! As revealed by the shift of O-H
and C-O stretching vibrations for heat-treated FLMs, the pheno-
lics were slightly decreased to aldehyde compounds. Besides,
the ArO-H vibration signals of aromatic units were normalized
to evaluate the relative contents of Ar-OH and C=O (ESI,
Fig. S17). As the treatment temperature of FLMs increases, the
signal intensity of the O-H stretching vibration tended to be
reduced, whereas the signal intensity of C=O increased, con-
firming the transformation of Ar-OH group into the C=O
group. Therefore, it also indicated that the molecular structure
of FLMs can be effectively reconstructed by heat-treatment, in
particular phenolic-OH groups.>” Those results indicated the
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good thermal stability of FLMs at lower temperatures such as
the digestion temperature (37 °C) and sterilization temperature
(55 °C) for 30 min. However, under higher temperature heat
treatment (100 °C and 150 °C), the phenolic acids on the term-
inal of FLMs were easily degraded without the release of poly-
phenols, suggesting that the degradation of FLMs was limited
and only existed in the oxidation of internal groups.’

At higher temperatures, the serious degradation of phenolic
acids compared to lignans and flavonoids suggested that the
degradation mainly occurred at the terminal of the chain of
FLMs. However, the concentration of FerAG in FLM-150 was
slightly higher than that of FLM-100 but without significance
(p > 0.05), and this might be due to the isomerization between
FerAG and its isomers or undifferentiated degradation of
FerAG in FLMs under 100 °C and 150 °C.>* As postulated in
Fig. 3, the depolymerization, isomerization, and oxidation of
FLMs may occur simultaneously when exposed to heat treat-
ment.>* Then, the oxidation of phenolic hydroxyl to form reac-
tive semiquinone and quinone radicals can lead to the further
formation of stabilized quinone structures.”>*® Moreover, the
isomerization of FerAG during thermal treatment has been
demonstrated as a vital change, especially at higher processing
temperatures.’’ Besides, the depolymerization of FLM may
exist during heat processing and the release is relatively
complex with a small molecular weight.>*?’

3.2 Effect of heat treatment on the antioxidant activity of FLM

The total phenolic contents and FRAP of FLMs were measured
to indicate the antioxidant activities of different mechanisms,
ie., the transfer of electrons of phenolics.”® SDG (0.1 mg
mL™") and SECO (0.025 mg mL™") possessed the same number
of hydroxyl groups with 1 mg mL™" FLM (M,, ~ 4641, ¢(-OH) =
275 pmol L") and were set as the control group. As indicated
in Table 1, the total phenolic contents of SDG and SECO were
29.48 and 14.01 pg SA per mL, and the values of FRAP were
10.59 and 3.18 ug SA per mL, respectively. Besides, the ABTS™"
and DPPH" free radical scavenging ability of SDG reached
76.17% and 63.07%, respectively, which was 66.7% and 50%
higher than those of SECO (p < 0.05). For heat-treated/
untreated FLMs, there were no obvious differences in the redu-
cing power (FRAP), which was 40% lower than that of SDG but
50% higher than that of SECO (p < 0.05), respectively.
Moreover, FLM-55 exhibited the highest total phenolic con-
tents compared to other samples (34.51 + 0.73 pg SA per mL, p
< 0.05), which were 16.9% and 146% higher than those of SDG
and SECO, respectively (p < 0.05). Moreover, for the ability to
scavenge DPPH" free radicals, there was no obvious difference
between heat-treated/untreated FLMs (~85%), but 11.8% and
112% higher than those of SDG and SECO, respectively.
Besides, FLM-150 exhibited the highest ABTS free radical
scavenging ability (84.48 + 2.87%, p < 0.05) compared to other
samples, which was 34.1% and 310% higher than those of
SDG and SECO (p < 0.05), respectively.

In theory, the total phenolic content is positively correlated
with the antioxidant capacity of plant polyphenols, which also
reflects the number of phenolic hydroxyl groups to a certain
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Fig. 2 Partial least squares discriminant analysis (PLS-DA) and cluster analysis of composition changes of FLMs before and after heat treatment: (a)
PLS-DA score plot; (b) variable importance in projection (VIP) scores of each variable and cross-validation results; and (c) heatmap visualization of
the changes in the composition of FLMs after heat treatment (class 1-6: FLM, FLM-37, FLM-55, FLM-70, FLM-100, and FLM-150).

extent.”>?° As revealed by the above-mentioned results, the
total phenolic contents of SDG were nearly two times higher
than those of SECO at the identical concentration of hydroxyl
groups, which was also in accordance with the number of
hydroxyl groups in SDG and SECO. Therefore, FLMs had the
same amount of total phenolic content with SDG, indicating
no significant difference in the amount of phenolic hydroxyl
groups among all samples. However, the DPPH and ABTS free
radical scavenging capacity of heat-treated/untreated FLMs was
slightly better than that of SDG at the identical concentration
of hydroxyl groups. It was due to the higher antioxidant activity
of flavonoids in the terminal of FLM chains such as HDG and

9530 | Food Funct, 2024, 15, 9524-9540

PDG.> In general, at the same concentration of hydroxyl
groups, HDG had a higher free radical scavenging capacity
than that of SDG due to the meta-position dihydroxy moiety,
which was an essential feature to evaluate the antioxidant
activity.>" Besides, due to the inconsistent antioxidant mecha-
nisms, there was no significant difference between the results
of FRAP with DPPH and ABTS-free radical scavenging activity
for FLMs and SDG and SECO.?** However, SDG had a higher
value of FRAP than that of FLM due to the good water solubi-
lity, thus contributing to the transfer of a single electron in a
polar reaction environment.”® This suggested that the heat-
treated/untreated FLM possessed a higher antioxidant activity

This journal is © The Royal Society of Chemistry 2024
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Table 1 Antioxidant activities of heat-treated/untreated FLMs (DPPH and ABTS free radical scavenging ability, total phenol content and reducing

capacity of ferrous ions); the data are expressed as mean + SD (n = 3)

Total phenolic (ug SA per mL) FRAP (ug SA per mL)

DPPH free radicals scavenge (%) ABTS free radicals scavenge (%)

FLM 31.44 +1.06 bc 6.00 + 0.22 b
FLM-37 33.82+0.09b 5.47 £0.50 b
FLM-55 34.51 £ 0.73 ab 6.36 +0.37 b
FLM-70 29.80 + 0.84 be 5.14+0.29b
FLM-100 30.28 £ 1.19 be 6.23 +0.52 b
FLM-150 30.44 +2.18 be 6.00 £0.45b
SDG 29.48 +0.45¢ 10.59+0.35a
SECO 14.01£0.34d 3.18+£0.15¢

than those of SDG and SECO at the identical concentration of
hydroxyl groups. These results were in accordance with Kim
et al.,*® who confirmed that a simple heating process can be
used as a tool to increase the antioxidant activity of grape seed
extracts. Therefore, the FLM can serve as a more economic and
efficient antioxidant than SDG and SECO.

As depicted in Fig. 1c—f, CouAG was seriously degraded by
12% after heat treatment under 150 °C. However, due to the
weak antioxidant activity of CouAG, this change did not influ-
ence the antioxidant activity of FLMs.>* Besides, after low-
temperature heat treatment (37 °C and 55 °C), the total pheno-

This journal is © The Royal Society of Chemistry 2024

85.25+0.35a 81.37+0.54 ¢
85.25+0.25a 81.47+2.11c¢
83.97+0.33 a 82.09 £ 0.65 bc
84.54+1.37 a 80.22 +2.34 ¢
84.45+0.21a 79.79 £ 2.23 ¢
84.89 +0.77 a 84.48 +2.87 a
76.17 £ 0.77 b 63.07 £2.31d
40.14+5.30 ¢ 20.1+£0.34 ¢

lic content of FLM was increased, suggesting the increased
exposure of hydroxyl groups. It might be the depolymerization
of FLMs under heat treatment due to the broken glycosidic
bonds. Besides, after high-temperature heat treatment (70,
100, and 150 °C), the total phenolic content of FLMs declined
due to the oxidation of phenolic hydroxyl groups.*

3.3 Effect of heat treatment on the interfacial adsorption
behavior of FLMs

3.3.1 Interfacial pressure isotherms. It proved that poly-
phenols possessed amphipathy according to their phenolic

Food Funct, 2024, 15, 9524-9540 | 9531
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hydroxyl structure.****” A complex molecular network con-
sisting of FLMs and S90 at the air-water interface was investi-
gated by the Langmuir-Blodgett technique to study the time-
dependent adsorption of these materials and the formation of
an S90-FLM film. The interfacial pressure isotherm curve of
interfacial films formed by heat-treated/untreated FLMs at the
air-water interface reflected the interfacial migration and
adsorption behaviors. As depicted in Fig. 4a, when the inter-
face area began to be compressed, the interfacial pressure for
all groups increased, whereas it was maintained at 0 mN m™"
for the control. When the total area was narrowed to
150-300 cm?, the interfacial pressure of heat-treated/untreated
FLMs continued to decrease. The value of interfacial pressure
of heat-treated/untreated FLMs was negatively correlated with
heat-treated temperature. However, there were no significant
correlations between interfacial pressure and heat-treated
temperature of FLMs due to the intricate interplay of various
factors, such as the composition and nature of the FLMs and
the change in the composition and functional groups of FLM
under different heat conditions. Besides, with the unit area
further decreasing, the increased rate of the interfacial
pressure of FLM-55 was decreased and finally reached the
minimum interfacial pressure (~6.9 mN m™') compared with
other samples (>8 mN m™"). According to the adsorption
dynamics and the compression isotherms, the behavior of
heat-treated/untreated FLMs at the interface primarily falls
into two stages.’® First, the interfacial pressure increased
immediately once heat-treated/untreated FLMs were added
(stage I). During the process of stage I, the increased interfacial
pressure indicated the rapid diffusion of heat-treated/
untreated FLMs at the air-water interface and the formation of
“fluid phase”. Subsequently, as the interface was compressed,
the interfacial pressure increased rapidly with the sharpest
slope (stage II). During the process of stage II, the tiled FLMs
came closer to each other and then formed the “condensed
phase”, suggesting the formation of dense interfacial films by
FLMs. However, the structure and composition of FLMs were
changed after heat treatment, which might influence the inter-
facial distribution of FLMs. As shown in Fig. 1, the O-H group
in FLMs was degraded after heating under 70 °C, 100 °C and
150 °C, and accompanied by the thermal degradation of term-
inal phenolic acid glucuronides. Besides, the decreased
number of hydrophilic phenolic hydroxyl groups might cause
a variable amphiphilicity for different polyphenols and sub-
sequently result in different interfacial distributions.” As a
result, the lower surface pressure of FLM-55 than that of
FLM-150 is due to the increasing content of phenolic hydroxyl
groups, which promoted the interface extension of FLM-55
(Table 1, content of total phenolic). Therefore, the decreased
hydrophilic property of FLMs might be more beneficial for
their migration towards interface and further decreased the
surface pressure between the water/air phase.

An in-depth study was conducted to illustrate the effect of
heat-treated/untreated FLMs on the compression isotherm
curves of interfacial films formed by S90 during the interfacial
adsorption. As depicted in Fig. 4b, the unit molecular area was
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nearly 41 A when the surface pressure of $90 film reached the
maximum (27.5 mN m™'), suggesting “condensed phase” for-
mation of S90 under that condition.*® Besides, three stages for
the behavior of heat-treated/untreated FLM-enriched S90 solu-
tions are elucidated as follows: stage I: the zero-pressure stage
is extremely low interfacial coverage, which was termed
“gaseous phase”; stage II: with the interface compressing, the
interfacial pressure of S90 is subjected to an initial increase,
which was termed “fluid phase”; stage III, the tiled FLMs come
closer with each other and then form the “condensed
phase”.*® The emulsifier S90 began to form the “fluid phase”
when the molecular area took up nearly 100 A (Fig. 4b). After
the addition of FLMs, the molecular area for “fluid phase”
advanced to 125 A, which was due to the higher molecular
area of FLMs (MW > 4000) than S90 (MW ~768). Moreover, the
surface pressure of the FLM-enriched S90 solution increased
compared with that of S90, suggesting that competitive adsorp-
tion might exist between FLMs and S90 during co-absorption
onto the interface. However, the potential noncovalent inter-
actions between FLMs and S90 might lead to an undefined
variation tendency of surface pressure of FLM-enriched S90
solutions.

To further investigate the microstructure of heat-treated/
untreated FLM-enriched S90 films, the LB films were prepared
on the mica flakes when the surface pressure was under
20 mN m™'. Furthermore, the mica flakes were observed by
atomic force microscopy (AFM). As presented in Fig. 4e, the
films formed by S90 were continuous and without any defect
due to the excellent interfacial properties of phospholipids.
Under the scale of 3 pm, the images indicated that FLM,
FLM-37, and FLM-55 did not affect the dispersibility and com-
pactness of S90 films, while FLM-70, FLM-100, and FLM-150
led to the depression formation on S90 films. Under the scale
of 0.5 pm, the images showed obvious defects for all FLM-
enriched S90 films, especially for FLM-37, FLM-55, and
FLM-70. Besides, FLM-enriched S90 (except for FLM-55) films
showed obvious depression under the surface pressure at
20 mN m~"'. However, FLM-55-enriched S90 collapsed since
the pressure approached the critical pressure (22 mN m™%).
FLM-150-enriched S90 formed relatively intact films for their
prominent interfacial property. Therefore, for heat-treated/
untreated FLMs, FLM-150 exhibited a higher increased rate of
interfacial pressure than other samples, suggesting that the
dense film may be formed.

3.3.2 Interfacial properties. The adsorption dynamics of
S90 on the FO-water interface was examined to gain more
insights into the effect of heat-treated/untreated FLMs on the
interfacial behavior of emulsifier S90. The lower interfacial
tension indicated that less energy was needed to break up the
lipid droplets and form emulsions. As shown in Fig. 4c, the
interfacial tension decreased rapidly from 12.7 mN m™' to
6.5-7.5 mN m~" in all groups, among which emulsifier S90
largely decreased the interfacial tension of the FO-water inter-
face to 6.5 mN m™" (control). However, the addition of heat-
treated/untreated FLMs led to a slightly increased interfacial
tension of FO-water interface, especially for FLM-100 and

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Surface pressure as a function of the total area of the surface for FLM before and after heat treatment; the surface pressure of methanol
was set as the control group. (b) Surface pressure as a function of molecular area for S90 with the FLM before and after heat treatment. The surface
pressure of S90 solution was set as the control. (c and d) Interfacial pressure as a function of time for S90 with the FLM before and after heat treat-
ment at the oil/water interface (Kgir quantifies the diffusion rate), the interfacial pressure between oil and S90 solution was set as the control. (e)
AFM images of Langmuir—Blodgett films made from S90 with the FLM before and after heat treatment. The data are expressed as mean + SD (n = 3).
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FLM-150. As depicted in Fig. 4d, the interfacial pressure n was
converted as Ysample — Ycontrol aNd the time ¢ was plotted as a
function of ¢*2. At the initial adsorption process, a plot of
against ¢"> would be linear and the slope of this plot of the
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diffusion rate was constant (Kg;e), which was used to quantify
the diffusion rate.*' The Ky value of emulsifier S90 (control
group) was 0.103 (LR: 0.94), and the adsorption behaviors were
similar to FLM, FLM-37, FLM-55 and FLM-70-enriched S90
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Fig. 5 Stability of S90-stabilized emulsion during storage. (a—c) Particle size and potential; the data are expressed as mean + SD (n = 3). (d) The
morphology observations of emulsions (confocal laser scanning microscopy).
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solutions due to the insignificant difference for Kgis.
Nevertheless, FLM-100 and FLM-150 exhibited higher Ky
values (~0.158 and 0.1758, LR: 0.93), suggesting a faster adsorp-
tion rate of FLM-100 and FLM-150 than that of other samples.*?
Therefore, as indicated by the results of interfacial adsorption
kinetics, heat-treated/untreated FLMs inhibited the interfacial
adsorption of S90, which was due to the competitive adsorption
of FLMs with S90. Existing research has also indicated that the
interfacial pressure = showed a linear relationship with t;,,
suggesting that the interfacial adsorption process of S90 to the
oil-water interface is diffusion-controlled by FLMs at the initial
stage.*’ Besides, higher temperature-treated FLM can positively
affect the interfacial properties of S90, which was correlated
with the higher amphiphilicity of heat-treated FLMs.**

3.4 Effect of heat-treated FLM on the stability of FO emulsions

3.4.1 Physical stability. According to interfacial antioxidant
theory, the higher antioxidant activity and interfacial properties
of heat-treated/untreated FLMs indicated that they might have
superior applications in emulsion systems.*® The $90-stabilized
FO emulsion was prepared via high-pressure microfluidization
to examine the antioxidant potential of heat-treated FLMs. As
depicted in Fig. 5a and b, initially, the mean particle size of S90-
stabilized emulsion was approximately 0.369 and 0.24 pm for
D(4,3) and D(3,2), while the mean particle size of FLM-enriched
S90-stabilized emulsion droplets was more than 0.5 and 0.3 pm.

a
0 day

Fig. 6

7 day
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During the storage, the particle sizes (D(4,3)) of all emulsions
were increased to ~800 nm after storage, which was largely
increased from 369 nm to 754 nm (>100%) for S90-stabilized
emulsions (p < 0.05). For heat-treated/untreated FLM-enriched
S90-stabilized emulsions, the particle size diameter increased by
18-40% after 15 days of storage, among which higher tempera-
ture-treated FLMs inhibited the increase in particle size dia-
meter. For FLM-150-enriched S90 stabilized emulsions, the par-
ticle size diameter only increased by 18% after storage. Fig. 5c
indicates that the S90-stabilized emulsion droplets had a rela-
tively high negative surface charge (approximately —42 mvV). The
negative surface charge of FLM-enriched S90-stabilized emul-
sion droplets was slightly decreased to approximately —36 to
—39 mV. These results suggested that all heat-treated/untreated
FLMs contributed positive charges to the S90-rich interfacial
layers, which might occur because of the replacement of some
S90 by FLMs. Moreover, the absolute {-potential of all emulsions
increased during the whole storage, which was due to the inter-
facial adsorption of lipid oxidation products.

As revealed by the macroscopic evaluation of emulsions, all
emulsions were kept stable during the storage with no lea-
kages of either oil or water phases or aggregation of droplets.
The microspheres with an average diameter of nearly 400 nm
for S90-stabilized emulsion were observed from the SEM
images (Fig. 6b). In contrast, the average diameter of FLM-
enriched emulsions was larger than that of S90-stabilized

20 day

EL =37

B N
. 1D\
" o’

FLM-150

(a) Appearance of emulsions (0, 7 and 20 d), (letters a—g represent FLM, FLM-37, FLM-55, FLM-70, FLM-100, and FLM-150). (b) The mor-

phology observations of emulsions using cryo-scanning electron microscopy (0 d).

This journal is © The Royal Society of Chemistry 2024

Food Funct, 2024, 15, 9524-9540 | 9535


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo02663b

Open Access Article. Published on 19 August 2024. Downloaded on 2/12/2026 2:27:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

emulsions, and their surface was micro-concave with densely
distributed shallow craquelure. Moreover, the observed results
of particle size by SEM were consistent with the D(4,3).
Notably, FLM-150 enriched emulsions exhibited a much
smoother surface, and their particle size was evenly distributed
(Fig. 6b). Furthermore, as depicted in Fig. 5d, all CLSM images
showed very fine lipid droplets (red) evenly distributed in the
aqueous phase (black) at the initial stage. Similar to the
results of D(4,3), the size of the lipid particles increased after
storage.

Moreover, D(3,2) has been extensively employed to evaluate
the droplet size of freshly prepared emulsions.”® Besides,
D(4,3) has been often adopted to monitor the droplet size
changes of the emulsion during storage.*” The results of D(3,2)
suggested that the addition of FLMs led to 32%-79% increase
in the particle size of S90-stabilized emulsions due to the
bridged effect between FLMs and $90.***° The change in
CLSM images and D(4,3) during storage indicated a positive
effect on the physical stability of S90-stabilized emulsions by
all types of FLMs, especially for FLM-150. The compression
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isotherm curves further illustrated that the thicker and higher
viscoelastic interfacial film formed in FLM-150-enriched S90.
Besides, Fig. 4c further revealed the decreased emulsion stabi-
lity of S90 by FLMs due to the interactions between them. For
heat-treated/untreated FLMs, the value of interfacial tension
between FLM-150-enriched S90 solution and FO was
maximum, which showed the largest particle size after emulsi-
fication to form an emulsion. Furthermore, FLMs could also
interact with phospholipids via hydrogen bond and hydro-
phobic interactions, which were mainly determined by the
polyphenol’s polarity. Due to the weak polarity of FLMs, they
were expected to interact with the nonpolar acyl chain region
deep of phospholipids and this depth decreased with the
increase in polarity.>® Therefore, the different polarity of heat-
treated FLMs further influenced their interface positioning
and stability of emulsions.

3.4.2 Chemical stability. The S90-stabilized FO emulsion
was unstable and easy to be oxidized due to the high pro-
portion of PUFAs in FO (>50%) as well as their high oxidative
susceptibility. As shown in Fig. 7a-d, lipid hydroperoxides and
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Fig. 7 Hydroperoxide (a and b) and malonaldehyde (c and d) formation in FO emulsions containing different types of lignans (FLM, FLM-37, FLM-55,

FLM-75, FLM-100 and FLM-150) during storage.
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TBARS concentrations in all of the samples were at identical
levels initially. Subsequently, all the emulsions exhibited a lag
phase in the first three days of storage, followed by a steep rise
in the generation of primary reaction products (Fig. 7a and b).
Besides, during the storage, the addition of FLM, FLM-37,
FLM-55 and FLM-70 did not significantly affect the generation
of lipid hydroperoxides (Fig. 7a) and TBARS (Fig. 7c). However,
compared with S90 stabilized emulsion, the concentration of
hydroperoxides was reduced by 26.7% in FLM-100 and
FLM-150, whereas the concentration of TBARS maximally
declined by 80% (p < 0.05) (Fig. 7b and d). The results indi-
cated that FLM-100 and FLM-150 had the ability to inhibit
lipid oxidation in S90-stabilized emulsions, particularly the
secondary oxidative product formation.

According to previous study, the antioxidant activity of
plant polyphenols generally reduced after high-temperature
heat treatments (e.g., tea polyphenols and grape seed
extract).”**> However, the antioxidant activity of FLMs was
improved after heat treatment, which might be due to the pro-
minent stability of FLMs against heat treatment attributed to
its relatively highly stable ester-bonded oligomer structure
compared with those plant polyphenolics. Accordingly, when
treated at high temperatures (100 and 150 °C), the FLM depoly-
merized and released monomers and other lower oligomers,
which increased its antioxidant activity.>' Notably, all heat-
treated/untreated FLMs were proved to possess interfacial pro-
perties, especially for FLM-100 and FLM-150, suggesting the
possible higher adsorption contents of FLM-100 and FLM-150
than FLM, FLM-37, FLM-55 and FLM-70. The better interfacial
anchoring of FLM-100 and FLM-150 further increased their
interfacial antioxidant effect. Besides, FLM-100 and FLM-150-
enriched S90 formed a thick and dense interfacial film, which
can inhibit the attack of prooxidative factors for lipids.
However, there was no significant difference in the antioxidant
capability between low-temperature-treated FLMs in emul-
sions, which might be because (i) no significant changes in
the FLM structure at low temperatures, (ii) no depolymeriza-
tion of FLM occurred at low temperatures, which further kept
higher lipophilicity and were likely to be embedded deeply
into the phospholipid molecule, hindering their interfacial
antioxidant reactions and even reducing interfacial density,
(iif) the un-depolymerized FLMs exhibited higher steric hin-
drance on the interface of emulsion droplets, which were likely
to interfere with the radical scavenging capacity exhibited by
the phenol hydroxyl group.

4. Conclusion

In this study, the chemical composition and antioxidant
activity of FLMs under different thermal processes were exam-
ined. The results indicated that all heat-treated and untreated
FLMs had superior antioxidant activity to their structural units
SDG and SECO at the same hydroxyl concentration. This was
attributed to the higher antioxidant activity of flavonoids
located at the terminal of the FLM chain, such as HDG and

This journal is © The Royal Society of Chemistry 2024
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PDG. Although the phenolic acids at the end of the FLM chain
were significantly reduced, this did not affect their antioxidant
activity. Furthermore, we systematically explored the relation-
ship between the structural changes of FLMs under different
heat processes and their effects on the physicochemical stabi-
lity of emulsions. The results indicated that the FLM and its
low-temperature-treated products (FLM-37, FLM-55, and
FLM-70) exhibited limited antioxidant activity in S90-stabilized
FO emulsions, due to the limited interfacial properties of their
intact and large molecular structures. In contrast, FLM-100
and FLM-150 demonstrated higher antioxidant activity and
interfacial properties, further enhancing the physicochemical
stability of the S90-stabilized FO emulsion system. Therefore,
the interfacial anchoring of FLMs primarily contributed to
their higher interfacial antioxidant activity in emulsions. In
conclusion, FLM-100 and FLM-150 were identified as excellent
antioxidants for PUFA-enriched emulsions, owing to their out-
standing interfacial properties and antioxidant activity. Our
findings are also expected to offer a novel and environmentally
friendly strategy for promoting the widespread use of natural
polymerized plant polyphenols as antioxidants in the food
industry.
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