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Abstract: Vitamin E (VE) and -cyclodextrin (3-CD) can form an inclusion complex; however,
the inclusion rate is low because of the weak interaction between VE and 3-CD. The results of
a molecular docking study showed that the oxygen atom in the five-membered ring of octenyl
succinic anhydride (OSA) formed a strong hydrogen bond interaction (1.89 A) with the hydrogen
atom in the hydroxyl group of C-6. Therefore, 3-CD was modified using OSA to produce octenyl
succinic-B-cyclodextrin (OCD). The inclusion complexes were then prepared using OCD with
VE. The properties of the inclusion complex were investigated by Fourier-transform infrared
spectroscopy (FT-IR), 13C CP/MAS NMR, scanning electron microscopy (SEM), and atomic force
microscopy (AFM). The results demonstrated that VE had been embedded into the cavity of OCD.
Furthermore, the emulsifying properties (particle size distribution, (-potential, and creaming index)
of the OCD/VE inclusion-complex-stabilized emulsion were compared with that stabilized by 3-CD,
OCD, and an OCD/VE physical mixture. The results showed that the introduction of the OS group and
VE could improve the physical stability of the emulsion. In addition, the OCD/VE inclusion complex
showed the strongest ability to protect the oil in the emulsion from oxidation. OCD/VE inclusion
complex was able to improve the physical and oxidative stability of the emulsion, which is of great
significance to the food industry.

Keywords: octenyl succinic 3-cyclodextrin; vitamin E; inclusion complex; emulsifying property;
oxidation stability

1. Introduction

Lipid oxidation is one of the major deteriorative chemical changes that can decrease the quality and
safety of products such as milk, cream, coffee whiteners, cream liqueurs, mayonnaise, salad dressings,
cheese, spreads, yoghurts, and infant formula, especially in their emulsified forms [1-3]. Because of
the larger contact surface area between oil droplets and oxidants (oxygen, free radicals, and chelating
metals), the lipid in the emulsion is much more susceptible to oxidative deterioration than bulk
oil [4]. In order to solve this problem, antioxidants («-tocopherol, ascorbyl palmitate, carnosol, Trolox,
and rosmarinic acid) are directly added to the decentralized food system [3]. On the basis of the
polarity, the antioxidants are dispersed evenly in the oil droplets or the continuous phase; however,
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the very starting point of the oxidation process is the oil-water interface [5]. In other words, a sufficient
amount of the antioxidant is needed at the oil-water interface to prevent oxidative species (oxygen,
free radicals, transition metals, and lipolytic enzymes) contacting the oil.

An emulsion is a thermodynamically unstable system because of the positive free energy needed
to increase the surface area between the oil and water phases. To form a kinetically stable emulsion,
emulsifiers must be added before homogenization. Surface-active emulsifiers can adsorb to the
oil-water interface, forming a protective membrane which, although its thickness is only a few
nanometers, plays important roles in enhancing the physical stability of emulsion droplets and
delaying lipid oxidation processes by acting as a barrier to the penetration and diffusion of oxidizing
agents [6]. Therefore, lipid oxidation may be controlled by adjusting the properties of the membranes by
altering their surface activity, charge, and strength. In addition, increasing the antioxidant capacity of
the emulsifier by chemical modification or physical adsorption can also improve the oxidative stability
of emulsions. Many emulsifier molecules (e.g., Tweens, pectin, and metalloproteins) contain sugar or
amino acid moieties that may also act as free-radical scavengers. In our previous study, hydrophobic
ferulic acid was introduced to the pectin molecular via an enzymic catalytic reaction, and the surface
activity and the antioxidant ability of the reaction product were enhanced [3]. In addition, the surface
charge of emulsion droplets plays an important role in their oxidative stability. Transition metals,
especially iron, are basic components in food systems, and they can catalyze the oxidation of dispersed
lipids at the oil-water interface [7,8].

Octenyl succinic anhydride (OSA) is permitted for food applications as an additive to the maximum
addition level of 3%. Esterification of starch with OSA provides hydrophobic domains (-CH,-CHj-)
and charges (COO™), enhancing the emulsifying ability of starch [9]. OSA has also been introduced to
pectin [10], hyaluronic acid [11], gum arabic [12], and konjac glucomannan [13]; the surface activity of
the OSA-modified polysaccharides is improved. In addition, OSA-3-cyclodextrin was prepared in our
previous study and the emulsion stabilized by OSA--cyclodextrin was more stable than that stabilized
by native 3-cyclodextrin [14]. Interestingly, the substitution of OSA influenced the loading capacity
and release rate of active small molecule substances such as 3-carotene [15]. VE is usually used in oil
as a natural antioxidant and diet supplement for protecting against aging [16], coronary disease [17],
and cancer [18]. According to the molecular docking results, the interactions (e.g., hydrogen bonds and
hydrophobic interactions) between VE and (3-cyclodextrin were very weak. VE has been successfully
loaded into nanoparticles of modified 3-cyclodextrin [19].

Therefore, in the present study, an OSA-modified (3-cyclodextrin/VE (OCD/VE) inclusion complex
was prepared and characterized by Fourier-transform infrared spectroscopy (FT-IR), 1*C CP/MAS
NMR, scanning electron microscopy (SEM), X-ray diffraction (XRD) and atomic force microscopy
(AFM). In addition, the physical and oxidative stability of the emulsions were evaluated via zeta
potential, particle size distribution, and 2-thiobarbituric acid reactive substance (TBARS). This study
may provide a potential new dual-function stabilizer to be applied to emulsions.

2. Results and Discussion

2.1. Molecular Simulation and Single-Factor Analysis

The interaction poses and conformational characteristics between VE and 3-CD were explored
via molecular docking. As shown in Figure 1A, the hydrophobic tail of VE embedded in the wide
hydrophobic cavity of 3-CD, while, the benzene ring head of VE was exposed outside the cavity.
The 20 configurations with the lowest binding energies among all the docking results of 3-CD and VE
were selected. The lowest binding energy of 3-CD and vitamin E was —5.58 kcal/mol, which was the
most stable configuration in the docking results of 3-CD and VE. The six-membered epoxy ring in the
VE molecule was located in the cavity of 3-CD, the benzene ring was at the large end of 3-CD, and the
hydrophobic carbon chain was at the small end of 3-CD. The molecular docking results showed that
there was no hydrogen bond or hydrophobic interaction between 3-CD and VE molecules, but there
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was a weak van der Waals force. In addition, the lowest binding energy of all docking results for OSA
and VE was —2.0 kcal/mol. The molecular docking between OSA and VE suggested that the oxygen
atom in the five-membered ring of OSA formed a strong hydrogen bond interaction (1.89 A) with the
hydrogen atom in the hydroxyl group of C-6. a van der Waals force also existed between OSA and
VE (Figure 1B). This result was in line with the study of Xi et al. [19]. Therefore, OSA groups were
introduced to 3-CD to achieve a relatively higher embedding rate of VE. In the single-factor study,
the reaction temperature (°C), OCD/VE (w/w) ratio and reaction time (min) were investigated.

Figure 1. Molecular docking of 3-cyclodextrin (3-CD) vs. vitamin E (VE) (A) and octenyl succinic
anhydride (OSA) vs. VE (B).

The inclusion rate and content of VE increased with the increase of the reaction temperature
from 35 to 45 °C, and decreased after the temperature was raised above 45 °C (Figure 2A). As the
temperature increased, the solubility of OCD increased. Heating caused the molecules to move faster,
which contributed to the formation of the inclusion complex. However, the process of inclusion
complex formation was an exothermic process. When the temperature was too high, the VE molecules
were able to break loose from the cavity of OCD. The OCD/VE ratio could affect the inclusion
rate significantly as well. To study the effect of different OCD/VE ratios on the inclusion rate and
content of VE, six OCD/VE ratio points (30:1, 25:1, 20:1, 16:1, 12:1, 10:1) were employed (Figure 2B).
It was found that when the OCD/VE ratio decreased from 30: 1 to 12: 1, the content of VE and the
inclusion rate increased significantly, while it reduced sharply when the OCD/VE ratio was lower than
12:1. The chances that OCD would come into contact with VE increased with the increase in OCD
concentration. Thus, inclusion rate and content of VE increased correspondingly. After the whole
system reached a state of dynamic equilibrium, the continuous addition of OCD was not conductive to
the inclusion. Reaction time also affected the inclusion rate significantly. Increasing the reaction time
beyond 5 h resulted in a decrease in inclusion rate and content of VE. The inclusion complex could be
broken up, and VE released free into the system once more, upon stirring for a long time (Figure 2C).
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Figure 2. Effects of reaction temperature (A), octenyl succinic-p-cyclodextrin (OCD)/VE ratio (B),
and reaction time (C) on the inclusion rate and content of VE.

2.2. SEM Analysis

The surface morphology of the powders derived from 3-CD, OCD, OCD and VE physical
mixture, and OCD/VE inclusion complex was assessed by SEM. As shown in Figure 3, 3-CD existed
in a needle-like crystal, which was rectangular-shaped with tiny fractures appearing at the surface.
Meanwhile, OCD was observed as sheet-like aggregate and the surface was seamless. On the other
hand, the physical mixture presented a similar morphology to OCD. The OCD/VE inclusion complex
appeared in the form of an irregular dense block, with distinct edges and corners in which the original
morphology of OCD disappeared and multilayered aggregates of pieces were present. Similar results
have been previously reported, namely that the changes in the surface morphology of the crystal
provide strong evidence of the formation of the inclusion complex [20,21].
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Figure 3. Scanning electron microscopy (SEM) images of 3-CD (A,E), OCD (B,F), OCD and VE physical
mixture (C,G), and OCD/VE inclusion complex (D,H). The magnification in panels (A-D) is 5000x and
in panels (E-H) is 50,000x.
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2.3. AFM Analysis

AFM scans the surface of samples with a nanoscale probe to produce accurate topographic
images. Therefore, AFM is suitable for observing nanometer-scale surface roughness and observing
the surface texture of deposited films, especially when the surface feature size is much smaller than
3 um [22,23]. Both 2D and 3D AFM images of 3-CD, OCD, OCD and VE physical mixture, and OCD/VE
inclusion complex are shown in Figure 4. After modification with OSA, the particles of 3-cyclodextrin
were slightly aggregated. Compared with OCD, the surface morphology of the OCD/VE inclusion
complex, in which particles were randomly distributed in the field of vision did not change significantly.
However, large aggregates appeared in the OCD and VE physical mixture, which showed a square
crystal shape. The changes in the surface topography and crystal structure provided strong evidence of
the formation of the OCD/VE inclusion complex [24,25]. The average roughness values for 3-CD, OCD,
OCD and VE physical mixture, and OCD/VE inclusion complex were 25.38, 19.89, 74.03, and 19.48,
respectively. The inclusion compound had a lower surface roughness. It was further confirmed that
VE was encapsulated in OCD.

H K . Sur

Figure 4. 2D and 3D atomic force microscopy (AFM) images (5 um x 5 pm) of 3-CD (A,A’), OCD (B,B’),
OCD/VE inclusion complex (C,C"), and OCD and vitamin E physical mixture (D,D’).

2.4. FT-IR Analysis

The FT-IR spectra of 3-CD, OCD, OCD and VE physical mixture, and OCD/VE inclusion complex
are shown in Figure 5. The wavelength from 950 to 1200 cm™! is a fingerprint of carbohydrates,
because it recognizes the functional groups of carbohydrates [26]. As shown in the fingerprint region,
the discernible absorption peaks at 1155, 1082, and 1032 cm™! were characteristic of the anhydroglucose
ring C-O stretching vibration, and the peak at 941 cm™! was attributed to the skeletal mode vibration
of the a-(1—4) glycosidic linkage [27]. The extremely broad band at 3415 cm™! was attributed to the
stretching vibration of hydroxyl (O-H) groups, and the band at 2924 cm™! was characteristic of the
C-H stretching vibration [28]. The absorption peak at 1639 cm™! was the bending vibration peak of
water molecules in the 3-cyclodextrin cavity [29].
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Figure 5. Fourier-transform infrared spectroscopy (FT-IR) spectra of 3-CD (a), OCD (b), OCD and VE
physical mixture (c), and OCD/VE inclusion complex (d).

Compared with 3-CD, two new absorption peaks at 1722 and 1569 cm~! were observed in OCD,
which were attributed to the stretching vibration of the newly formed ester bond and the asymmetric
stretching vibration of the carboxyl group, respectively [14]. The FT-IR spectrum of the OCD and VE
physical mixture was extremely similar to that of OCD, indicating that the skeleton structure of OCD
had not changed in the physical mixture [30]. However, for the OCD/VE inclusion complex, it was
clear that the O-H stretching vibration peak of OCD had shifted from 3415 to 3380 cm™~!, indicating that
the conformation of OCD had changed. All the characteristic absorption peaks of VE were obviously
weakened, suggesting that VE was already entrapped in the cavity of OCD.

2.5. XRD Analysis

XRD is a reliable technique for studying the crystal structure of cyclodextrin and the inclusion
complexes of cyclodextrins and guest molecules [31]. The XRD patterns of 3-CD, OCD, the physical
mixture of OCD and VE, and OCD/VE inclusion complex are shown in Figure 6. Previous studies
have shown that cyclodextrin and its inclusion complexes have three crystal structures: cage-type,
channel-type, and layer-type [32]. It can be seen from the XRD patterns that 3-CD exhibits characteristic
diffraction angles (20) at 11.2°, 12.8°, 13.4°, and 18.1°, indicating that 3-CD exhibits a typical cage-type
structure. However, these characteristic diffraction angles (20) disappeared in the XRD pattern of OCD,
and the characteristic diffraction angles (20) of OCD appeared at 10.4°, 12.2°, and 19.3°, indicating that
the introduction of the OSA groups changed the crystal structure of 3-CD. The physical mixture
exhibited characteristic diffraction angles (26) similar to that of OCD. In contrast, compared with
OCD and the physical mixture, the OCD/VE inclusion complex exhibited a different XRD pattern
with characteristic diffraction angles (20) at 10.7°, 11.7°, 12.6°, and 17.8°, indicating that the inclusion
complex formed a special channel-type structure [33,34].
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Figure 6. X-ray diffraction (XRD) patterns of 3-CD (a), OCD (b), OCD and VE physical mixture (c),
and OCD/VE inclusion complex (d).

2.6. 13C CP/MAS NMR Analysis

The molecular structures of 3-CD, OCD, OCD and VE physical mixture, and OCD/VE inclusion
complex were further characterized by >3C CP/MAS NMR spectra (Figure 7). The peaks of the carbon
atoms in the glucopyranose molecule were assigned as follows: C-a (102.49 ppm), C-b, C-c, and C-e
(71.37 ppm), C-d (81.20 ppm), and C-f (60.07 ppm) [35]. It is well known that the formation of an
inclusion complex can alter the conformation and electromagnetic environment of host and guest
molecules, which can be recorded in their 13*C CP/MAS NMR spectra [36]. As shown in Figure 7,
the carbon atoms in the C-d and C-f positions of the 3-cyclodextrin molecules showed split signal peaks,
which was attributed to the fact that the carbon atoms for all the C-a ~ f positions of the 3-cyclodextrin
molecules were in a state of mutual resonance, indicating that the 3-cyclodextrin molecules were in
an asymmetric crystalline state [37]. These resonance signals changed upon the introduction of OSA
groups which altered the chemical environment of the carbon atoms of the 3-cyclodextrin molecules.
In addition, these split signal peaks in the physical mixture disappeared and a new resonance peak
appeared at 25.16 ppm, due to the signal peaks at C-6/, C-10’, and C-12’a-CHj positions of the VE
molecules [38]. The carbon atoms in the inclusion complex exhibited a chemical environment similar
to that of the OCD molecules. Moreover, the signal peaks of the carbon atoms in the physical mixture
showed sharp singlets. All of these results indicated that the cyclodextrin molecules exhibited a more
symmetrical conformation after the formation of the inclusion complex.
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ppm

Figure 7. 1BC CP/MAS NMR spectra of 3-CD (a), OCD (b), OCD and VE physical mixture (c),
and OCD/VE inclusion complex (d).

2.7. Emulsions Physical Stabilities

The physical stability of the emulsions prepared with 3-CD and its derivative were evaluated
by particle size distribution (Figure 8A), (-potential (Figure 8B), and creaming index (CI, Figure 8C).
As shown in Figure 8A, all the particle diameter distributions were measured within 10 um, which
was in the range of distribution previously reported by other studies. However, the droplet size of the
-CD-stabilized emulsion was significantly higher than that of those stabilized by OCD, which was
due to the introduction of OSA groups enhancing the surface activity of 3-CD. In addition, the smaller
droplet size and lower peak width of the 3-CD/VE and OCD/VE showed that the introduction of VE
was beneficial to the stability of the emulsion. The (-potential is an important index used to evaluate
the physical stability of a dispersion system. It is an important characteristic parameter that is able to
indicate the interaction between charged emulsion droplets. According to the electric double layer
theory in an oil-in-water emulsion, the electrophoretic velocity of the dispersed phase was obtained
to calculate the (-potential. As shown in Figure 8B, the (-potential decreased from —37.43 + 1.86 to
—40.67 £ 1.12 mV when (-CD was modified with OSA. This result was due to the carboxyl group on
the OS group, which increased the electrostatic repulsive force between emulsion droplet particles.
The creaming index (CI) is another method used to evaluate the stability of emulsions. As shown in
Figure 8C, all the fresh emulsions were stable; however, they presented different CI values after storage
for 7 days. The introduction of the OS group and VE could increase the amount of adsorbed particles
on the emulsion droplets and the thicker interfacial film was a physical barrier, effectively preventing
the oil droplets from coalescing.
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Figure 8. Particle size distribution (A), {-potential (B), and creaming index (C) of the emulsions stabilized
by 3-CD, OCD, 3-CD/VE inclusion complex, and OCD/VE inclusion complex. Phase separation profiles
of emulsions (C) after 0 days (left) and 7 days (right) of storage at 25 °C.

2.8. Oxidative Stability in Oil-in-Water Emulsions

All the emulsions were incubated at 50 °C for 0 and 30 days, with the goal of determining
differences in lipid oxidation among the emulsions. As shown in Figure 9, all the emulsions had
similar TBARS values of about 0.12 mmol/kg oil at beginning (0 day). The TBARS values of all
samples increased obviously after storage for 30 days. For the emulsion stabilized by OCD without the
antioxidant (VE), the TBARS value was as high as 1.47 + 0.03 mmol/kg oil. However, the emulsion
stabilized by 3-CD showed a lower TBARS value (1.38 + 0.02 mmol/kg oil) when compared with the
OCD-stabilized one. This result was due to the smaller oil droplets in the OCD-stabilized emulsion,
which were much more susceptible to oxidative deterioration than those in the emulsion with 3-CD.
The physical addition of VE could restrain the increase of TBARS value, as shown in the physical
mixture of OCD and VE-stabilized emulsion (1.09 + 0.05 mmol/kg oil). Among the four samples,
the OCD/VE inclusion complex showed the strongest ability to protect the oil in the emulsion from
oxidation. It was indicated that the inclusion complex particles had the ability to protect the oil droplets
and reduced the content of lipid oxidation in the emulsion. In general, small oil droplets in emulsions
are much more susceptible to oxidative deterioration than bulk oil because of the large contact surface
area between oxidizable fatty acids and oxidants [3]. The oil-water interface was the region where the
co-oxidant was the most concentrated in the emulsion system. Therefore, lipid oxidation occurred
correspondingly at the oil-water interface. In the emulsion stabilized by the OCD/VE inclusion
complex, the lipid oxidation product content was the lowest among the four samples. This may
have been due to the particles forming an interfacial film on the outer surface of the oil droplets,
which prevented contact between the lipid hydroperoxide and the oxygen donor. On the other hand,
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the natural antioxidant (VE) presented in the clathrate particles released slowly to give longer-term
protection for the emulsion.
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Figure 9. TBARS values of the emulsions stabilized by OCD, physical mixture of OCD and VE
(OCD&VE), inclusion complexes of OCD/VE, 3-CD, and 3-CD/VE at 50 °C. The different letters (a-d)
above each bar indicate significant differences at p < 0.05.

3. Materials and Methods

3.1. Materials

[3-CD was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China) and dried
in a vacuum for 24 h. The 2-octen-1-ylsuccinic anhydride (OSA) was purchased from Sigma-Aldrich
Chemical Co. (Milwaukee, WI, USA). VE (purity > 97%) was purchased from Aladdin Industrial Inc.
(Shanghai, China). Other reagents and chemicals were of analytical reagent grade.

3.2. Molecular Docking

The crystal structures of 3-CD, OSA (PubChem CID: 5362689), and VE (PubChem CID: 86472)
were obtained from the RCSB Protein Data Bank (PDB 200 ID: 3CGT) and PubChem database.
Molecular docking (3-CD vs. VE, OSA vs. VE) was performed using AutoDock Tools 4.2 software
(Scripps Research Institute, La Jolla, CA, USA). The receptor remained rigid, and the ligand remained
flexible. The autogrid box parameter was set to 60 A x 60 A x 60 A, and the grid spacing parameter
was 0.375 A. The calculation was performed using the Lamarckian genetic algorithm (LGA), and other
parameters were set to default values [39]. The docking results were analyzed using PyYMOL 1.8.x
(DeLano Scientific LLC, Palo Alto, CA, USA) and Discovery Studio platform (version 4.5.0, Biovea Inc,
Omaha, NE, USA).

3.3. Preparation of OCD/VE Inclusion Complex

OCD was prepared under optimized alkaline conditions by esterifying 3-CD with OSA,
according to our previous method [14]. Briefly, the pH of the 3-CD suspension (10%, w/w) was
adjusted to 8.5 with NaOH solution (3%, w/v), and the temperature was controlled at 50 + 1 °C. OSA
(3%, based on the 3-CD dry weight) was added slowly and the reaction was completed when the pH
reached a constant value. After the completion of the reaction, the solution was neutralized to pH 6.5
with 3% HCl and freeze-dried. The OCD was obtained by washing the freeze-dried power samples
using hexane/isopropanol (3:1 v/v) five times. OCD (3 g, dry weight) was dissolved in Milli-Q water
(10%, w/w) and stirred for 1 h until the OCD dissolved completely. a certain mass ratio of VE (OCD: VE



Molecules 2020, 25, 654 12 of 16

=30:1,25:1,20: 1,16: 1,12: 1, 10: 1) was dissolved in isopropyl alcohol and added dropwise to the
OCD solution. The inclusion complexes were obtained by stirring the mixture at a certain temperature
(35, 40, 45, 50, 55, or 60 °C) for a certain time (2, 3, 4, 5, 6, or 7 h), and were then stored at 4 °C for 12 h
under a sealed nitrogen atmosphere. Subsequently, the mixture solution was evaporated to remove
the isopropyl alcohol and then freeze-dried. The dried powder samples were washed with isopropyl
alcohol to remove the residual VE. The absorbance of the supernatant was measured with a UV-vis
spectrophotometer (TU 1810 SPC) at 292 nm. The VE content was calculated using a standard curve.
The inclusion rates (X, %) of VE were calculated using the following equation:

X = (B-=CxNxV)/Bx100% 1)

where B (mg) is the total mass of added VE, C (mg/mL) is the VE concentration of the washing liquid
(after being diluted) determined from the VE standard curve, N is the dilution ratio of the washing
liquid, and V (mL) is the total volume of the washing liquid.

3.4. Scanning Electron Microscopy (SEM)

The morphology of 3-CD, OCD, OCD/VE inclusion complex, and the physical mixture of OCD
and VE were assessed using scanning electron microscopy (Quanta 250, FEI Co., Hillsboro, OR, USA).
Prior to examination, samples were prepared by mounting about 0.5 mg of powder onto a5 X 5 mm
silicon wafer affixed via graphite tape to an aluminum stub. The powder was then sputter-coated for
40 s at a beam current of 38—42 mA with a 200 layer of gold/palladium alloy. An accelerating potential
of 50.0 kV and an Everhart-Thornley detector (ETD) detector was used.

3.5. Atomic Force Microscopy (AFM)

Ten microliters of solution of 3-CD, OCD, OCD/VE inclusion complex, or the physical mixture
of OCD and VE (10 ug/mL) was deposited on the surface of a cut mica plate, dried in a desiccator,
and captured in tap mode. The AFM image of the sample was captured using an atomic force
microscope (EKYS-121, Veeco, Santa Barbara, CA, USA). The resonance frequency was set at 300 kHz
and the force constant was 40 N/m.

3.6. Fourier-Transform Infrared Spectroscopy (FT-IR)

The dried powders were blended with potassium bromide, pressed into tablets, and examined
using a Fourier-transform infrared spectrometer (FTIR) (TENSOR27, Bruker, Germany) equipped
with a deuterated triglycine sulfate detector (DTGS) in the range of 4000~500 cm™ at a resolution of
4 cm™! [40].

3.7. X-Ray Diffraction (XRD)

X-ray diffraction spectra were recorded on a D8 advance powder XRD diffractometer
(Bruker, Germany) with a copper target X-ray tube set at 40 kV. The measurement angle 20 range was
5° to 50°, the scan step length was 0.04 degrees, and the scan speed was a 38.4 s/step. The powder
samples were placed in a rectangular aluminum cell and measured at ambient temperature.

3.8. 13C CP/MAS NMR

Lyophilized powder samples were packed into 4 mm zirconia rotors and then measured directly
using a 1> C CP/MAS NMR spectrometer (Avance 400 MHz, Bruker, Germany). The field strength was
9.40 T, the speed was 15 kHz, the pulse width was 90°, the cross-polarization time was 4 ps, the contact
time was 2 ms, and the sampling time was 34 ms. The sampling interval was 2 s, the number of scans
was 1024, and the spectral width was 300 ppm [10].
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3.9. Emulsion Preparation

-CD, OCD, OCD/VE inclusion complex, and 3-CD/VE inclusion complex (1.5 g, dry weight)
were suspended in Milli-Q water (88.5 g) with stirring at room temperature for 24 h to obtain a solution.
The solutions (90 g) were then mixed with camellia oil to achieve a final mass of 100 g. The fine
emulsion was pre-homogenized using an Ultra-Turrax device (T18 basic, IKA, Staufen, Germany) at
24,000 rpm for 3 min, and then homogenized through an ultra-high-pressure homogenizer (Nano
DeBEE, BEE International Inc., South Easton, MA, USA) operated at 30 MPa. After homogenization,
sodium azide (0.01%, w/w) was added to the emulsions to inhibit the growth of microorganisms.

3.10. C-Potential Measurements

The C-potential was measured via a phase analysis light-scattering technique using a Malvern
Zetasizer (Nano Z590, Malvern Instruments, Worcestershire, UK). Emulsion samples were diluted
1000-fold with Milli-Q water prior to measurement to avoid any multiple scattering effect. The diluted
emulsions were mixed thoroughly and then injected into the sample cell, in which the temperature
was maintained at 25 °C. The (-potential of each sample was calculated from the average of triplicate
measurements on the diluted emulsion.

3.11. Particle Size Distribution Measurements

According to the method reported by Li, Fang, Al-Assaf, Phillips, and Jiang [41], a Malvern
Mastersizer 2000 (Zetasizer Nano-ZS, Malvern Instruments, Worcestershire, UK) was used to
determinate the particle size distribution of the emulsion. Briefly, a few drops of the emulsion
samples were dispensed in the water in the measuring cell of the instrument with stirring at 2000 rpm
until the obscuration degree was approximately 15%, and the refractive indices of camellia o0il and
water were set to 1.47 and 1.33, respectively.

3.12. Creaming Stability Measurement

A 15mL of the freshly prepared emulsion was injected into the vial and stored at room temperature
for 1 week to observe the stratification of the emulsion. The creaming index (CI, %) was calculated as
follows:

CI = (Height of the serum layer/Total height of the emulsion) x 100% )

3.13. Emulsion Oxidative Stability

The degree of lipid oxidation was assessed via 2-thiobarbituric acid reactive substances (TBARSs).
The emulsions were placed in tightly sealed screw-cap test tubes and incubated at 50 °C in the dark
for up to 30 days to allow lipid autoxidation. TBARSs were tested according to the method reported
by Mei, Decker, and McClements [7] and were calculated from the standard curve prepared using
1,1,3,3-tetraethoxypropane. Briefly, a TBA solution was prepared by mixing 15 g of trichloroacetic acid,
0.375 g of TBA, 1.76 mL of HC1 (12 N), and 82.9 mL of H,O. TBA solution (100 pL) was mixed with
3 mL of 2% butylated hydroxytoluene in ethanol, and 2 mL of this solution was mixed with 0.3 mL
of the emulsion and 0.7 mL of H,O. The mixture was then heated in a boiling water bath for 15 min,
cooled to room temperature using tap water, and centrifuged at 2000 g for 15 min. The absorbance was
measured at 532 nm.

3.14. Statistical Analysis

All tests were performed in triplicate. Analysis of variance was performed, and results were
evaluated using the Tukey—Kramer multiple comparison test (p < 0.05) using the SPSS 17.0 statistical
software (SPSS Inc., Chicago, IL, USA). Origin (Origin Lab Co., Pro.8.0, Northampton, MA, USA)
software was used for data processing and to create charts.
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4. Conclusions

In this study, 3-CD was modified with OSA and the esterification product (OCD) was used to
prepare an OCD/VE inclusion complex. In addition, the structure of the OCD/VE inclusion complex was
characterized using FI-IR, XRD, 13C CP/MAS NMR, AFM/SEM, and molecular docking. The results of
the FI-IR analysis suggested that VE was entrapped into the cavity of OCD. Compared with OCD and
the physical mixture, the OCD/VE inclusion complex exhibited a special channel-type XRD pattern
with characteristic diffraction angles (26) at 10.7°,11.7°, 12.6°, and 17.8°. The physical stability of the
emulsions stabilized with OCD and its physical mixture and inclusion complex were evaluated by
particle size distribution, (-potential, and CI. Due to the introduction of OSA groups, the droplet size of
the 3-CD-stabilized emulsion was significantly higher than that of those stabilized by OCD. In addition,
the smaller droplet size and lower peak width of the OCD/VE showed that the introduction of VE was
also beneficial to the stability of the emulsion. Among all the samples, the OCD/VE inclusion complex
showed the strongest ability to protect the oil droplets and reduced the content of lipid oxidation in
the emulsion.

Author Contributions: Writing—original draft, D.K.; Data curation, W.C. (Wenxue Chen); Investigation, Y.-H.Y.;
Software, Q.Z. and H.C.; Methodology, W.C. (Weijun Chen); Funding acquisition, X.S.; Project administration,
H.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China (31801494), the Natural
Science Foundation of Hainan Province of China (2019RC120) and the Hainan University Start-up Scientific
Research Projects of China (kyqd1630; kyqd1551).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Perumalla, A.; Hettiarachchy, N.S. Green tea and grape seed extracts—Potential applications in food safety
and quality. Food Res. Int. 2011, 44, 827-839. [CrossRef]

2. Dalgleish, D.G. Food emulsions—Their structures and structure-forming properties. Food Hydrocoll. 2006, 20, 415-422.
[CrossRef]

3. Chen, H; Niu, H,; Zhang, H.; Yun, Y,; Chen, W.; Zhong, Q.; Chen, W.; Fu, X.; Yun, Y. Preparation and
properties of ferulic acid-sugar beet pulp pectin ester and its application as a physical and antioxidative
stabilizer in a fish oil-water emulsion. Int. J. Boil. Macromol. 2019, 139, 290-297. [CrossRef]

4. Walker, R,; Decker, E.A.; McClements, D.J. Development of food-grade nanoemulsions and emulsions for
delivery of omega-3 fatty acids: Opportunities and obstacles in the food industry. Food Funct. 2015, 6, 41-54.
[CrossRef] [PubMed]

5. McClements, D.; Decker, E. Lipid Oxidation in Oil-in-Water Emulsions: Impact of Molecular Environment
on Chemical Reactions in Heterogeneous Food Systems. J. Food Sci. 2000, 65, 1270-1282. [CrossRef]

6. Coupland, ].N.; McClements, D. Lipid oxidation in food emulsions. Trends Food Sci. Technol. 1996, 7, 83-91.
[CrossRef]

7. Mei, L,; Decker, E.A.; McClements, D.J. Evidence of Iron Association with Emulsion Droplets and Its Impact
on Lipid Oxidation. J. Agric. Food Chem. 1998, 46, 5072-5077. [CrossRef]

8. Lomova, M.V.; Sukhorukov, G.B.; Antipina, M.N. Antioxidant Coating of Micronsize Droplets for Prevention
of Lipid Peroxidation in Oil-in-Water Emulsion. ACS Appl. Mater. Interfaces 2010, 2, 3669-3676. [CrossRef]
[PubMed]

9. Chen, H.-M.; Huang, Q.; Fu, X.; Luo, FE-X. Ultrasonic effect on the octenyl succinate starch synthesis and
substitution patterns in starch granules. Food Hydrocoll. 2014, 35, 636—643. [CrossRef]

10. Cheng, W.; Luo, Z,; Li, L.; Fu, X. Preparation and Characterization of Debranched-Starch/Phosphatidylcholine
Inclusion Complexes. J. Agric. Food Chem. 2015, 63, 634—-641. [CrossRef]

11.  Eenschooten, C.; Guillaumie, F.; Kontogeorgis, G.M.; Stenby, E.H.; Schwach-Abdellaoui, K. Preparation
and structural characterisation of novel and versatile amphiphilic octenyl succinic anhydride-modified
hyaluronic acid derivatives. Carbohydr. Polym. 2010, 79, 597-605. [CrossRef]


http://dx.doi.org/10.1016/j.foodres.2011.01.022
http://dx.doi.org/10.1016/j.foodhyd.2005.10.009
http://dx.doi.org/10.1016/j.ijbiomac.2019.07.222
http://dx.doi.org/10.1039/C4FO00723A
http://www.ncbi.nlm.nih.gov/pubmed/25384961
http://dx.doi.org/10.1111/j.1365-2621.2000.tb10596.x
http://dx.doi.org/10.1016/0924-2244(96)81302-1
http://dx.doi.org/10.1021/jf9806661
http://dx.doi.org/10.1021/am100818j
http://www.ncbi.nlm.nih.gov/pubmed/21073184
http://dx.doi.org/10.1016/j.foodhyd.2013.08.009
http://dx.doi.org/10.1021/jf504133c
http://dx.doi.org/10.1016/j.carbpol.2009.09.011

Molecules 2020, 25, 654 15 of 16

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Sarkar, S.; Singhal, R.S. Esterification of guar gum hydrolysate and gum Arabic with n-octenyl succinic
anhydride and oleic acid and its evaluation as wall material in microencapsulation. Carbohydr. Polym.
2011, 86, 1723-1731. [CrossRef]

Chen, H.-M,; Fu, X.; Luo, Z.-G. Esterification of sugar beet pectin using octenyl succinic anhydride and its
effect as an emulsion stabilizer. Food Hydrocoll. 2015, 49, 53-60. [CrossRef]

Cheng, J.-H.; Hu, Y.-N.; Luo, Z.-G.; Chen, W.; Chen, H.-M.; Peng, X.-C. Preparation and properties of
octenyl succinate 3-cyclodextrin and its application as an emulsion stabilizer. Food Chem. 2017, 218, 116-121.
[CrossRef] [PubMed]

Niu, H.; Chen, W.; Chen, W.; Yun, Y.; Zhong, Q.; Fu, X.; Chen, H.; Liu, G. Preparation and Characterization
of a Modified-p-Cyclodextrin/B-Carotene Inclusion Complex and Its Application in Pickering Emulsions.
J. Agric. Food Chem. 2019, 67, 12875-12884. [CrossRef] [PubMed]

Mocchegiani, E.; Costarelli, L.; Giacconi, R.; Malavolta, M.; Basso, A.; Piacenza, F,; Ostan, R.; Cevenini, E.;
Gonos, E.S.; Franceschi, C. V E-gene interactions in aging and inflammatory age-related diseases: Implications
for treatment. a systematic review. Ageing Res. Rev. 2014, 14, 81-101. [CrossRef]

Stampfer, M.].; Hennekens, C.H.; Manson, J.E.; Colditz, G.A.; Rosner, B.; Willett, W.C. VE consumption and
the risk of coronary disease in women. N. Engl. J. Med. 1993, 328, 1444-1449. [CrossRef]

Brigelius-Flohe, R.; Traber, M.G. VE: Function and metabolism. FASEB J. 1999, 13, 1145-1155. [CrossRef]
Xi, Y,; Zou, Y,; Luo, Z.; Qi, L.; Lu, X. pH-Responsive Emulsions with 3-Cyclodextrin/V E Assembled Shells for
Controlled Delivery of Polyunsaturated Fatty Acids. J. Agric. Food Chem. 2019, 67, 11931-11941. [CrossRef]
Bulani, V.D.; Kothavade, P.S.; Kundaikar, H.S.; Gawali, N.B.; Chowdhury, A.A.; Degani, M.S.; Juvekar, A.R.
Inclusion complex of ellagic acid with (-cyclodextrin: Characterization and in vitro anti-inflammatory
evaluation. J. Mol. Struct. 2016, 1105, 308-315. [CrossRef]

Zou, A.; Zhao, X.; Handge, U.A.; Garamus, V.M.; Willumeit-Rémer, R.; Yin, P. Folate receptor targeted
bufalin/B-cyclodextrin supramolecular inclusion complex for enhanced solubility and anti-tumor efficiency
of bufalin. Mater. Sci. Eng. C 2017, 78, 609-618. [CrossRef]

Srinivasan, K.; Kayalvizhi, K.; Sivakumar, K.; Stalin, T. Study of inclusion complex of -cyclodextrin and
diphenylamine: Photophysical and electrochemical behaviors. Spectrochim. Acta Part a Mol. Biomol. Spectrosc.
2011, 79, 169-178. [CrossRef] [PubMed]

Periasamy, R.; Kothainayaki, S.; Rajamohan, R.; Sivakumar, K. Spectral investigation and characterization of
host-guest inclusion complex of 4,4’-methylene-bis(2-chloroaniline) with beta-cyclodextrin. Carbohydr. Polym.
2014, 114, 558-566. [CrossRef] [PubMed]

Periasamy, R.; Kothainayaki, S.; Sivakumar, K. Preparation, physicochemical analysis and molecular modeling
investigation of 2,2’-Bipyridine: 3-Cyclodextrin inclusion complex in solution and solid state. J. Mol. Struct.
2015, 1100, 59-69. [CrossRef]

Periasamy, R.; Rajamohan, R.; Kothainayaki, S.; Sivakumar, K. Spectral investigation and structural
characterization of Dibenzalacetone: 3-Cyclodextrin inclusion complex. J. Mol. Struct. 2014, 1068, 155-163.
[CrossRef]

Cernd, M.; Barros, A.S.; Nunes, A.; Rocha, S.M.; Delgadillo, I; Copikové, J.; Coimbra, M.A. Use of FT-IR
spectroscopy as a tool for the analysis of polysaccharide food additives. Carbohydr. Polym. 2003, 51, 383-389.
Miao, M.; Li, R;; Jiang, B.; Cui, S.W.; Zhang, T.; Jin, Z. Structure and physicochemical properties of octenyl
succinic esters of sugary maize soluble starch and waxy maize starch. Food Chem. 2014, 151, 154-160.
[CrossRef]

Dou, Z.; Chen, C.; Fu, X. The effect of ultrasound irradiation on the physicochemical properties and
a-glucosidase inhibitory effect of blackberry fruit polysaccharide. Food Hydrocoll. 2019, 96, 568-576.
[CrossRef]

Song, X.; He, G.; Ruan, H.; Chen, Q. Preparation and Properties of Octenyl Succinic Anhydride Modified
EarlyIndica Rice Starch. Starch Stirke 2006, 58, 109-117. [CrossRef]

Simsek, T.; Simsek, S.; Mayer, C.; Rasulev, B. Combined computational and experimental study on the inclusion
complexes of 3-cyclodextrin with selected food phenolic compounds. Struct. Chem. 2019, 30, 1395-1406. [CrossRef]
Yuan, L.; Li, S.; Huo, D.; Zhou, W.; Wang, X.; Bai, D.; Hu, J. Studies on the preparation and photostability
of avobenzone and (2-hydroxy)propyl-p-cyclodextrin inclusion complex. |. Photochem. Photobiol. a Chem.
2019, 369, 174-180. [CrossRef]


http://dx.doi.org/10.1016/j.carbpol.2011.07.003
http://dx.doi.org/10.1016/j.foodhyd.2015.03.008
http://dx.doi.org/10.1016/j.foodchem.2016.09.019
http://www.ncbi.nlm.nih.gov/pubmed/27719886
http://dx.doi.org/10.1021/acs.jafc.9b05467
http://www.ncbi.nlm.nih.gov/pubmed/31644278
http://dx.doi.org/10.1016/j.arr.2014.01.001
http://dx.doi.org/10.1056/NEJM199305203282003
http://dx.doi.org/10.1096/fasebj.13.10.1145
http://dx.doi.org/10.1021/acs.jafc.9b04168
http://dx.doi.org/10.1016/j.molstruc.2015.08.054
http://dx.doi.org/10.1016/j.msec.2017.04.094
http://dx.doi.org/10.1016/j.saa.2011.02.030
http://www.ncbi.nlm.nih.gov/pubmed/21459035
http://dx.doi.org/10.1016/j.carbpol.2014.08.006
http://www.ncbi.nlm.nih.gov/pubmed/25263927
http://dx.doi.org/10.1016/j.molstruc.2015.07.026
http://dx.doi.org/10.1016/j.molstruc.2014.04.004
http://dx.doi.org/10.1016/j.foodchem.2013.11.043
http://dx.doi.org/10.1016/j.foodhyd.2019.06.002
http://dx.doi.org/10.1002/star.200500444
http://dx.doi.org/10.1007/s11224-019-01347-4
http://dx.doi.org/10.1016/j.jphotochem.2018.09.036

Molecules 2020, 25, 654 16 of 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Okumura, H.; Kawaguchi, Y.; Harada, A. Preparation and Characterization of the Inclusion Complexes of
Poly(dimethylsilane)s with Cyclodextrins. Macromolecules 2003, 36, 6422-6429. [CrossRef]

Li,].; Yan, D. Inclusion Complexes Formation between Cyclodextrins and Poly(1,3-dioxolane). Macromolecules
2001, 34, 1542-1544. [CrossRef]

Jiang, L.; Peng, Y.; Yan, Y.; Huang, ]. Aqueous self-assembly of SDS@23-cd complexes: Lamellae and vesicles.
Soft Matter 2011, 7, 1726-1731. [CrossRef]

Wang, PP; Qin, X.S.; Yang, Q.Y.; Luo, Z.G,; Xiao, Z.G.; Peng, X.C. Comparative structural characterization
of spiral dextrin inclusion complexes with VE or soy isoflavone. |. Agric. Food Chem. 2017, 65, 8744-8753.
[CrossRef]

Jiao, H.; Goh, S.H.; Valiyaveettil, S.; Zheng, ]J. Inclusion Complexes of Perfluorinated Oligomers with
Cyclodextrins. Macromolecules 2003, 36, 4241-4243. [CrossRef]

Harada, A.; Okada, M.; Li, J.; Kamachi, M. Preparation and Characterization of Inclusion Complexes of
Poly(propylene glycol) with Cyclodextrins. Macromolecules 1995, 28, 8406-8411. [CrossRef]

Ohnmacht, S.; West, R.; Simionescu, R.; Atkinson, J. Assignment of thelH and13C NMR of tocotrienols.
Magn. Reson. Chem. 2008, 46, 287-294. [CrossRef]

Li, J.; Geng, S.; Wang, Y.; Lv, Y.; Wang, H.; Liu, B.; Liang, G. The interaction mechanism of oligopeptides
containing aromatic rings with 3-cyclodextrin and its derivatives. Food Chem. 2019, 286, 441-448. [CrossRef]
Zhu, ]J.; Zhong, L.; Chen, W.; Song, Y.; Qian, Z.; Cao, X.; Huang, Q.; Zhang, B.; Chen, H.; Chen, W.
Preparation and characterization of pectin/chitosan beads containing porous starch embedded with
doxorubicin hydrochloride: a novel and simple colon targeted drug delivery system. Food Hydrocoll.
2019, 95, 562-570. [CrossRef]

Li, X,; Fang, Y.; Al-Assaf, S.; Phillips, G.O.; Jiang, F. Complexation of bovine serum albumin and sugar beet
pectin: Stabilising oil-in-water emulsions. J. Colloid Interface Sci. 2012, 388, 103-111. [CrossRef] [PubMed]

Sample Availability: Samples of the OCD/VE inclusion-complex are available from the authors.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/ma030164a
http://dx.doi.org/10.1021/ma001752g
http://dx.doi.org/10.1039/C0SM00917B
http://dx.doi.org/10.1021/acs.jafc.7b03242
http://dx.doi.org/10.1021/ma034260n
http://dx.doi.org/10.1021/ma00128a060
http://dx.doi.org/10.1002/mrc.2176
http://dx.doi.org/10.1016/j.foodchem.2019.02.021
http://dx.doi.org/10.1016/j.foodhyd.2018.04.042
http://dx.doi.org/10.1016/j.jcis.2012.08.018
http://www.ncbi.nlm.nih.gov/pubmed/22975397
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Molecular Simulation and Single-Factor Analysis 
	SEM Analysis 
	AFM Analysis 
	FT-IR Analysis 
	XRD Analysis 
	13C CP/MAS NMR Analysis 
	Emulsions Physical Stabilities 
	Oxidative Stability in Oil-in-Water Emulsions 

	Materials and Methods 
	Materials 
	Molecular Docking 
	Preparation of OCD/VE Inclusion Complex 
	Scanning Electron Microscopy (SEM) 
	Atomic Force Microscopy (AFM) 
	Fourier-Transform Infrared Spectroscopy (FT-IR) 
	X-Ray Diffraction (XRD) 
	13C CP/MAS NMR 
	Emulsion Preparation 
	-Potential Measurements 
	Particle Size Distribution Measurements 
	Creaming Stability Measurement 
	Emulsion Oxidative Stability 
	Statistical Analysis 

	Conclusions 
	References

