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Abstract

The aim of this study was to investigate the effects of relative spatial position of stigmasterol on its photooxidation stability in different particles.
Phytosterol oxidation products (POPs) from phytosterol oxidation were successfully isolated and studied using solid phase extraction (SPE)
technology in conjunction with GC-MS. The photooxidation stability of stigmasterol in four particles was as follows: zein stabilized particles (ZPs)
= zein-pectin stabilized particles (ZPPs) > soy protein isolate (SPI)-pectin stabilized particles (SPPs) > SPI stabilized particles (SPs). 75-Hydroxy and
5p, 6f-epoxy was the main POPs in the first and second oxidation stages, respectively, which reached 8,945 + 43 ng/g and 6,010 + 289 ug/g after
240 min UV light exposure treatment in SPs. When stigmasterol was hydrophobically adsorbed on the surface of SPs, the network gel generated
by pectin outside SPPs prevented photooxidation of stigmasterol. When stigmasterol was encapsulated in the interior of ZPs, the blocking effect
of pectin in ZPPs became insignificant. The study provided a feasible development direction for the storage and quality control of phytosterols as

dietary supplements.
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Introduction

Phytosterols (PSs) are a class of natural compounds with
molecular structures similar to cholesteroll'l. PSs are abundant
in nature, particularly in oil seeds like rapeseed, soybean, and
cornl?, Since the 1950s, PSs have been recognized to have a
number of biological features, including lowering total choles-
terol and low-density lipoprotein cholesterol levelsB34. Addi-
tionally, recent studies have demonstrated that PSs are crucial
for avoiding colitis!" and non-alcoholic fatty liver diseasel®l.
Currently, hydrophilic phytosterol derivatives are more widely
used in the food industry than free phytosterolsi®. PSs are
added to many foods as dietary supplements, such as yogurt,
margarine and corn oil. The development of functional foods
rich in PSs will have broad application prospects. Similar to
cholesterol, PSs is readily oxidized and converted to hydroxyl,
epoxy, and keto derivatives, which are known as the products
of phytosterol oxidation (POPs)”). Many studies have shown
that POPs are related to various health problems, which causes
serious safety concerns about functional foods rich in PSs. For
example, elevated POPs levels can cause coronary artery
disease and atherosclerotic cardiovascular disease!®. Moreover,
POPs express varying levels of cytotoxicity”l. Although the
mechanism and regulation of dietary PSs' thermal oxidation
have been extensively investigated, information about their
photooxidation of PSs remains unclear and limited. PSs'
photooxidation is initiated by singlet oxygen ('0,), which is
converted from ozone under natural light or ultraviolet light
and is 1500 times more reactive than ozone®,
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According to several studies, nano-encapsulation can
significantly increase the functional components' oxidation
stability. Zein, a hydrophobic protein, can self-assemble into
nanoparticles with various microstructures('?l, It exhibits excel-
lent thermal resistance, oxygen barrier, antioxidation proper-
ties, and low hygroscopicity''l. The flexibility and oxygen
barrier qualities of zein have been improved using a variety of
hybrid techniques. Wang et al.l'Z loaded curcumin into zein
nanofibril films of konjac glucomannan (KGM) by means of the
electrospinning method. In comparison to pure KGM and zein,
the oxidation stability of the KGM-zein nanofibril films was
improved. Zhang et al.l'3] prepared chitosan/zein nanoparticles,
which showed improved barrier properties of water vapour,
oxygen and carbon dioxide as compared to neat chitosan.
However, because of the small size and high specific surface
area of the nanoparticles, some studies have shown that func-
tional components are prone to oxidation following nano
encapsulation. For example, curcumin was complexed with soy
protein isolate (SPI) at pH 3.0 and 7.0U'4.. At both pH levels, the
complexes that were created at the nanoscale greatly sped up
the emulsion's lipid oxidation. The specific mechanism of nano-
encapsulation in improving or impairing the oxidation stability
of bioactive compounds is still unclear. We hypothesized that
the oxidation stability of bioactive compounds is related to the
chemical properties of wall materials and their spatial position
in particles.

Phytosterol esters were demonstrated to be adsorbed on the
surface of SPI particles (SPs) by hydrophobic contact in our
earlier work['3l, Meanwhile, PSs were encapsulated in the inte-
rior of zein particles (ZPs) during the self-assembly process!'l,
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We supposed that the network gel formed by pectin outside
the particles could prevent stigmasterol from being directly
exposed to UV light in SPI-pectin stabilized particles (SPPs).
However, the blocking effect on stigmasterol in zein-pectin
stabilized particles (ZPPs) was not significant, because stigmas-
terol was encapsulated in the interior of ZPs.

We chose zein, SPI, and pectin as wall materials for stigmas-
terol particles in this investigation. The aim was to determine
the effects of the relative spatial position of stigmasterol on the
photooxidation stability of stigmasterol particles. We looked
into how different wall materials affected microstructure, pho-
tooxidation stability, average particle size, zeta-potential, and
particle contact angle. The results of this study should provide
guidance for the control of dietary quality of dietary supple-
ments containing phytosterols in the industry.

Materials and methods

Materials

Zein was bought from the company Sinopharm Chemical
Reagent Co., Ltd. (China). Stigmasterol (95% purity) was pur-
chased from Xian Healthful Biotechnology Co., Ltd. (Xi'an
China). Soybean protein isolate (SPI) (purity > 90%) was pur-
chased from Shandong Sinoglory Health Food Co., Ltd. (China).
Pectin was bought from Sigma Chemical Co. in St. Louis,
Missouri, USA. All substances used in this research was of
analytical grade.

Fabrication of stigmasterol particles

ZPs and ZPPs were made according to the instructions in our
prior work!'7}, while the preparation of SPs and SPPs referred to
another study!8l. Briefly, the solution of stigmasterol (2 mg/mL)
was made by taking up stigmasterol in anhydrous ethanol and
then placing it in a 45 °C water bath for ease of dispersion. With
agitation, deionized water (50 mL) was added to contain
approximately 50 mg of SPI and 0~5 mg of pectin (pectin/SPI
mass ratios of 0:10 and 1:10). Stigmasterol solution was added
incrementally to SPI-pectin solution at a flow rate of 2 mL/min
while being sheared at a high speed of 10,000 rpm. Under opti-
mum fabrication circumstances, the coarse emulsion was cured
for 3 min. A rotary vacuum evaporator was then used to
remove the organic solvent at 45 °C until the volume was no
longer changing.

Particle effectiveness in encapsulation (EE) and loading
amount (LA) determination

According to the approach by Feng et al.l'’], the encapsula-
tion effectiveness (EE) and loading amount (LA) of the particles
were determined. Stigmasterol in particles was extracted with a
certain amount of n-hexane under oscillating conditions. The n-
hexane layer was subsequently added to 15 mL tubes of a
centrifuge and dried using a centrifuge concentrator under
vacuum after layering. After that, the dried samples were redis-
solved in 100% ethanol and measured using the previously
mentioned methods!'®l. The following formulas were used to
calculate the EE% and LA (g/100 g):

Total stigmasterol amount — Unencapsulated stigmasterol

EE% = - X 100%
Total stigmasterol amount
M
1A= Total stigmasterol amour.zt— Un?ncapsulated stigmasterol % 100
Total zein/ pectin amount
(@)
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Particulate microstructure

Particle microstructure was assessed by the method outlined
by Feng et all'6l, Briefly, a transmitted light scanning electron
microscopy (Model Nano nova 450, FEI Instruments Co., USA)
was used to evaluate the appearance of particles (ZPs, ZPPs,
SPs, and SPPs). For 48 h, the samples were freeze-dried in a
vacuum. Conductive double-tape was attached to the freeze-
dried particles, which was then placed on a SEM tray. The
powder on the tape was spread out, and the loose pieces were
blown away, using a blow-rubber ball. The tape was subse-
quently examined using SEM.

Particle size and zeta potential analysis

The properties of particles in dispersions were explored
using dynamic light scattering (DLS) technique. The average
particle diameter was determined using a particle dimension
analyzer. The same device was used to calculate the zeta-
potential in PALS Zeta Potential Measurement mode.

UV light exposure treatment

The newly prepared particles (ZPs, ZPPs, SPs and SPPs) were
placed in culture dishes and exposed to UV light (15 W) at 25 °C.
At 30, 60, 90, 120, 150, 180 and 240 min, approximately 25 mL
of samples were collected each time. In order measure the
amount of residual stigmasterol and the consequent POPs,
samples were maintained at —20 °C until analysis.

Quantification of stigmasterol and POPs

Quantification of stigmasterol and POPs was performed
using the method described in a previous study!'?, with slight
modifications. Briefly, 10 mL of diethyl ether and 10 mL of
water were added to the samples to dissolve the remaining
stigmasterol and resulting POPs. The procedure was repeated
three times, and the top phase was collected and dried over
nitrogen. The dried samples were then redissolved in a 1 mL n-
hexane/diethyl ether (V:V = 9:1) solution.

After activating the SIOH-SPE cartridge with 5 mL of n-
hexane, 1 mL of oxidized sample was loaded. Five mL of n-
hexane/diethyl ether (V:V = 1:1) was used to elute the unoxi-
dized stigmasterol. POPs were then eluted using 5 mL of
acetone. As internal standards, 10 L of 5-cholestane (50 g/mL in
acetone) and 10 L of 19-hydroxycholesterol (50 g/mL in
acetone) were added. The extracts were then nitrogen-dried
before being redissolved in 100 L of pyridine. The reaction
mixture was then silylated overnight at room temperature with
BSTFA/TMCS (100 L), followed by reagent evaporation, and the
residue was redissolved in 200 L n-hexane for GC-MS analysis.

In an Agilent 7890B GC (Agilent, Santa Clara, CA, USA) fitted
with a Gerstel MPS autosampler (Gerstel, Germany) and
connected to an Agilent 5977 MSD detector (Agilent, San Clara,
CA, USA), a TG-5MS (30 m x 0.25 mm X 0.25 um, Agilent Tech-
nologies, USA) separated individual PSs and POPs. PSs and
POPs were tracked in SIM mode. The following were the GC
conditions: Helium (99.999%) streamed as the carrier gas at an
average velocity of 1.0 mL/min. The oven's temperature was
first set at 90 °C for 1 min, then increased gradually to 270 °C at
a rate of 30 °C/min, and then increased to 300 °C at a rate of
3 °C/min for 10 min. The following were the MS symptoms:
280 °C for the interface, 250 °C for the ion source, and 70 eV for
electron impact (El) to cause ionization.

The contents of stigmasterol and POPs were calculated as
follows:
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m, = j—;m,«SRRFC
where m. and mj are the masses of the target and the internal
standard, respectively. A. and A are the peak areas of the target
and the internal standard, respectively. RRF. is the correction
factor of the target relative to the internal standard which is

approximate.

Three-Phase Contact Angle

Three-Phase Contact Angle was determined using the
method in a previous study?%, with slight modifications. After
the lyophilized particles (0.1 g) were pressed into cylindrical
tablets (10 mm X 2 mm), the three-phase angle of contact was
measured using an optical contact angle meter (OCA 20, Data
Physics Instruments GmbH, Germany). Briefly, 10 L of particles
were softly pushed out of the syringe and instantly stuck to the
tablet's surface after the tablet had been submerged in pure
corn oil. A camera was used to capture the shape of the droplet,
and the Laplace-Young equation was used to determine that
shape.

Statistical analysis

Every study were conducted in triplicate, and the results
were reported as the mean standard deviation. The Statistical
Program for Social Science application (SPSS 24.0, Chicago, IL,
USA) was used for all statistical analysis. The analysis of vari-
ance (ANOVA) significance level was established at 0.05.

Results and discussion

Microstructure of particles

The EE% and LA (g/100 g) of ZPs were 90.11 + 2.05% and
94.86 + 1.03 g/100 g, respectively. Compared with ZPs, the
addition of pectin slightly decreased the EE% and LA (g/100 g)
slightly in ZPPs, possibly due to the stronger electrostatic inter-
action provided by pectin. However, the EE% and LA (g/100 g)
of all four types of particles (ZPs, ZPPs, SPs and SPPs) were high,
indicating the successful preparation of the particles.

As shown in Fig. 1a & b, ZPs were nearly spherical, while ZPPs
agglomerated with each other. This effect was primarily
attributed to pectin forming an elastic network gel on the
surface of the particles (Fig. 1b). A similar phenomenon was
found in the study of Jiang et al?'l. Particles derived from
zein/apple pectin tended to clump together and form a lamel-
lar layer in their investigation. Spherical particles were also
observed in SPs (Fig. 1c). SPI particles exhibited an irregular
structure, which changed to uniformly spherical particles when
phytosterol ester was bounded to SPIU'4. These results indi-
cated that there were interaction between stigmasterol and
SPI. Stigmasterol crystals exposed to the surface of particles
could be observed from the SEM images of SPs (Fig. 1c), which
led to the coarser surface of SPs compared to ZSs. It has also
been reported in other studies that the surface morphology
becomes rougher when certain curcumin crystals appear on
the surface of the protein nanoparticles22231, However, no simi-
lar phenomenon was observed in the SEM images of SPPs (Fig.
1d), indicating that stigmasterol was completely encapsulated
in SPPs. This could be well confirmed by the TEM images of SPs
and SPPs in other studies!'8l. Protein aggregation may be
prevented and particle spatial stability may be increased as a
result of the interaction between pectin and SPI.
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Fig.1 SEM images of (a) ZPs, (b) ZPPs, (c) SPs and (d) SPPs.

GC-MS ion chromatograms of stigmasterol and POPs

As shown in Fig. 2a, the retention time of stigmasterol was
15.2 min. Figure 2a & b revealed that under the same GC-MS
conditions, the peak with a retention time of 15.2 min disap-
peared, and POPs were well separated in Fig. 2b, indicating that
the separation of stigmasterol and POPs by SPE was effective.

Qualitative analysis of POPs was conducted based on the
characteristic fragment ions of mass spectrum and the law of
mass spectrometry. The derivatives of POPs were analyzed, and
the major fragment ions of stigmasterol oxides were referred to
a previous study?¥, The peaks in Fig. 2b were analyzed to
determine the peak sequence of the main POPs. Among them,
7-ketostigmasterol had the largest polarity and the longest
retention time, while 19-hydroxycholesterol had the smallest
polarity and the shortest retention time. The remaining POPs
were 7a-hydroxystigmasterol, 7p-hydroxystigmasterol, 54,65-
epoxystigmasterol, and 5a,6a-epoxystigmasterol, arranged in
ascending order of polarity.
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Fig. 2 GC-MS ion chromatograms of (a) stigmasterol and (b)
POPs.
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Mass spectra of POPs

The molecular ion peaks were observed in POP mass spectra
(Fig. 3). The molecular ion peak for both the 7- and 7-hydroxy
derivatives was at m/z 572, while their base peaks were both at
m/z 482 (M+-90). The 7-hydroxyl derivative showed a distinc-
tive fragment ion peak at m/z 355 (Fig. 3b), whereas the 7-
hydroxyl derivative did not, and its distinctive fragment ion
peak occurred at m/z 255 (M-side chain-2TMSOH) (Fig. 3a). 7a-
and 7p-hydroxyl derivatives were prone to lose the fragment
C;, CG3+TMSO and form the fragment ion of m/z 129125 The
characteristic fragment ions of both derivatives were m/z 467
(M+-90-15), m/z 392 (M+-180), m/z 343 (M+-90-side chain), and
m/z 253 (M+-180-side chain)[26l,

The molecular ion peaks of the 5a,6a-epoxide derivative and
the 58,6p-epoxide derivative were observed at m/z 500. Addi-
tionally, the relative abundance of the m/z 482 peak of the
50,60-epoxide derivative (Fig. 3c) was higher compared to that
of the 54,64-epoxide derivative (Fig. 3d). Meanwhile, the rela-
tive abundance of the m/z 485 peak of the 55,64-epoxide
derivative was higher than that of the 5a,6a-epoxide derivative.
The 5p,6f-epoxide derivative was prone to losing the fragment
C,, GG+TMSO, and methyl, resulting in the formation of the frag-
ment ion of m/z 129 and m/z 485 (M-CH3), respectively!25l

Photooxidation of phytosterols in particles

Other characteristic fragment ions of the 5a,6a-epoxide deriva-
tive were m/z 410 (the C-O bond connecting trimethylsilylation
was broken, M*-TMSOH), m/z 377 (M+-90-18), m/z 271 (M*-side
chain-90), and m/z 3821271,

The molecular ion peak of 7-ketostigmasterol was found at
m/z 498 (M*) as a derivative of trimethylsilyl ethers (Fig. 3e). In
the instance of the 7-keto derivative, the side chain was easily
broken, leading in the creation of the m/z 359 fragment ion.

When the C-O bond connecting trimethylsilylation was
broken, the side chain was lost, and the fragment ion of m/z
269 was formed. The 7-keto derivative was prone to losing the
fragment C;, C3+TMSO, resulting in the formation of the charac-
teristic fragment ion of m/z 129. It was also easy to lose
isopropyl, which led to the production of the distinctive m/z
455 fragment ion. M-(CgH45+H) at m/z 386 was another distinc-
tive fragment ion of 7-ketostigmasterol(24,

UV oxidation stability of stigmasterol

Figure 4a displays the remaining stigmasterol levels during
the entire UV light treatment. As the exposure time increased,
the remaining stigmasterol levels gradually decreased. After 60
min of UV irradiation, the remaining stigmasterol decreased
from 95.69% to 66.13% in ZPs, from 96.78% to 60.24% in ZPPs,
from 96.25% to 46.22% in SPPs, and from 96.27% to 29.38% in
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7[-hydroxy, (c) 5a,6a-epoxy, (d)

m/z

50,6p-epoxy and (e) 7-keto.
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SPs. There were obvious differences in the amounts of stigmas-
terol left in each particle at this stage (60 min). The degradation
rate order of stigmasterol was SPs > SPPs > ZPPs > ZPs. The
presence of pectin significantly improved the UV oxidation
stability of stigmasterol in SPPs compared to SPs. In contrast,
the UV oxidation stability of stigmasterol in ZPPs significantly
decreased compared to ZPs.

In addition, the mean particle size, zeta potential, and
hydrophobicity of the particles (ZPs, ZPPs, SPs and SPPs) were
investigated. The average particle sizes of ZPs, ZPPs, SPs and
SPPs were 364.05 £ 54.30 nm, 574.39 + 49.55 nm, 390.48 =
21.53 nm and 486.60 + 32.99 nm, respectively. The absolute
zeta-potential of ZPs and ZPPs was greater than 40 mV, demon-
strating the high stability of the particles. The absolute value of
zeta-potential of SPs and SPPs was 14.5 £ 2.37 mV and 12.55 +
4.39 mV, respectively. The results showed that the stability of
SPs and SPPs was lower than that of ZPs and ZPPs.
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Through hydrophobic contact, stigmasterol was adsorbed
onto the surface of SPI particles.'®] and encapsulated in the
interior of zein particles during the self-assembly process!'>.
Pectin was adsorbed on the particle surface by electrostatic
interaction in ZPPs['7l and hydrophobic interaction in SPPs.
From a spatial position perspective, the network gel formed by
pectin outside the particles could prevent stigmasterol in SPPs
from being directly exposed to UV light. However, this block-
ing effect on stigmasterol in ZPPs was not significant.

The oxidation stability of particles largely depended on the
properties of the droplet interface, including specific surface
area, composition, and structurel'¥, Large emulsion droplets
provided a smaller specific surface area for UV degradation,
resulting in better protective effectsi2él. Therefore, due to their
smaller size, SPs were more sensitive to oxidation than SPPs.
This result was consistent with the study performed by Zou et
al.28, who proved that colloidal particles of the zein/tannic acid
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(ZTPE) complex had better protective effects against curcumin
photooxidation than emulsions stabilized with sodium
caseinate (SCE). It was because ZTPE had larger droplet size
than SCE. Similar to other components such as lipids and
pigments, SPI was vulnerable to oxidation during processing
and storagel??], which could lead to disulfide bond breaking
and reducing the hydrophobicity of the surface*%, Additionally,
some unloaded stigmasterol crystals in SPs were directly
exposed to ultraviolet radiation and degraded rapidly!28],

The particle contact angle was measured to investigate the
relationship between oxidation stability and particle hydropho-
bicity. The contact angle was 129° for ZPs (Fig. 4c) and 105° for
ZPPs (Fig. 4d). In contrast, we found that the contact angle was
around 59° for SPs (Fig. 4e) and around 90° for SPPs (Fig. 4f).
The finding revealed a positive correlation between particle
hydrophobicity and stigmasterol's photooxidation stability. The
presence of zein improved the UV oxidation stability of stig-
masterol in ZPs because zein is a hydrophobic protein with
oxygen barrier and antioxidant properties!'!l. Additionally, the
tyrosine and aromatic amino acid residues of zein's conjugated
double bonds exhibited the capacity to absorb UV light, which
would prevent stigmasterol from degrading(?8l. However,
oxidation seemed to be further promoted by an increase in
hydrophilicity. For ZPPs, electrostatic contact caused pectin to
be adsorbed onto the hydrophobic zein surfacel’”], forming a
hydrophilic interface that might promote oxidation.

POPs in the first oxidation stage

To determine the change in oxidation stability of stigmas-
terol in different particles, POPs were quantitatively analyzed.
As shown in Figs 5 & 6, the content of POPs increased over time
in the four particles. The order of the generation rate of POPs
was SPs > SPPs > ZPPs = ZPs. Compared with ZPs, the oxida-
tion stability of stigmasterol in ZPPs decreased, which was
consistent with the results reported previously. The content of
the five POPs in ZPPs were higher than those in ZPs (Figs 5 & 6).
On the contrary, the contents of the five POPs in SPs were
higher than those in SPPs.

When stigmasterol was exposed to reactive oxygen species,
it was automatically oxidized at the C-7 position, where the
hydrogen atom of the allyl group was abstracted to form a free
radical and react with molecular oxygen species (30,). When
exposed to singlet oxygen ('0,), which was found to be 1,500
times more reactive than ozone during the photooxidation
process, stigmasterol slowly oxidized to 7a-hydroperoxy and
7f-hydroperoxy, then disintegrated to 7a-hydroxy, 75-hydroxy,
and 7-ketoB'32, The most abundant POPs in SPs was 7p-
Hydroxy (Fig. 5a), and its content (8,945 + 43 pg/g at 240 min)
was higher than that of 7a-hydroxy (8,145 + 62 ug/g at 240
min) (Fig. 5b) and 7-keto (3,015 + 313 pg/g at 240 min) (Fig. 5¢).
This was due to the fact that the a-epimer was less popular in
terms of thermodynamics['®l. The outcomes demonstrated that
the C-7 photooxidation pathway was the most essential path-
way in this study3l, While 7-hydroxy had the highest concen-
tration in this investigation, 7-keto, 7-hydroxy, 7-epoxy, 7-
epoxy, and triol were shown to have the highest concentra-
tions of cholesterol oxidation products (COPs)i34. The differ-
ence could be related to the way of oxidation. During heating
and pressurization, the epimeric 7-hydroperoxycholesterol was
more conducive to dehydrate than the epimeric 7-hydroxyc-
holesterol to form 7-ketocholesterol34..
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Fig. 5 POPs content derived from (a) 74-hydroxy, (b) 7a-hydroxy
and (c) 7-keto in particles under UV light exposure.

POPs in the second oxidation stage

In the process of epoxidation, stigmasterol oxidized to 5q,
6a-epoxy (Fig. 6a) and 5p, 6f4-epoxy (Fig. 6b) by hydroperox-
ides®5 and their creation was the result of a biomolecular inter-
action between intact sterols and hydroperoxides. The content
of 5,6-epoxy increased significantly after 120 min of UV irradia-
tion (Fig. 6b), which reached 6,010 + 289 pg/g and 2,822 + 186
ng/g for 54,6-epoxy and 5a,6a-epoxy at 240 min in SPs. These
content even exceeded that of 7-keto at the end of photooxi-
dation. The increase in 5,6-epoxy might be due to the increase
of free radicals and further photooxidation. The C-5 and C-6
locations of stigmasterol's double bond were damaged by free
radicals. After being exposed to LED light for eight days, similar
results were observed('9. During the photooxidation, other
breakdown products like dimers, trimers, oligomers, and
volatile compounds were also produced. As a result, the
amount of POPs produced was always lower than the reduced
amount of stigmasterol(36:37],
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Fig. 6 POPs content derived from (a) 5a,6a-epoxy and (b) 54,6/-
epoxy in particles under UV light exposure.

Conclusions

The study examined the effects of different wall materials
and spatial positions on the photooxidation stability of stig-
masterol. The order of the degradation rate of stigmasterol in
different particles was SPs > SPPs > ZPPs =ZPs. The results
showed that the relative spatial position of stigmasterol in
different particles was the most important factor affecting the
photooxidation stability of stigmasterol. Stigmasterol adsorbed
on the surface of particles was more easily oxidized by UV light
than that encapsulated in the interior of particles. However, this
phenomenon could be improved by adding pectin, because
the network gel formed by pectin could prevent the direct
exposure of stigmasterol to UV light. In addition, the study
found that the hydrophobicity of particles was positively corre-
lated with the photooxidation stability of stigmasterol. In the
entire UV irradiation process, 7-hydroxyl was the most critical
oxidation product, indicating that the photooxidation at the C-
7 position was the most significant pathway.
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