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tion and evaluation of the
synthesis of large-ring cyclodextrins (CD9–CD22)
and a-tocopherol with enhanced thermal stability

Chuan Cao, ab Li Xu,a Peng Xie,c Jinwei Hu,a Jun Qi,a Yibin Zhou*a and Lei Caod

Large-ring cyclodextrins LR-CDs (CD9–CD22) were obtained from rice starch using cyclodextrin

glycosyltransferase (CGTase), and were used as a wall material for embedding a-tocopherol. Complexes

of a-tocopherol and LR-CDs were prepared by co-precipitation. A molar ratio of a-tocopherol/LR-CD of

1 : 2 showed the highest encapsulation efficiency. The surface morphology of the complex particles was

observed to vary from irregular flakes to the formation of smaller clusters of particles using scanning

electron microscopy (SEM). Based on 1H NMR and FT-IR observations, the inclusion complexes exhibited

significant chemical shifts of 0.3 ppm and decreased peak signals. In addition, thermal analysis showed

that the microcapsules improved the thermostability of the a-tocopherols. Antioxidant activity analysis

proved the stability of a-tocopherol during storage. This study could serve as a reference for the more

effective use of LR-CDs as wall materials.
1. Introduction

Macrocyclodextrin is a cyclodextrin in which the cyclic glucose
units have a degree of polymerization of more than nine
through 1,4 glycosidic bonds. The structure of macro-
cyclodextrin is different from the hollow barrel structure of
common small cyclodextrins owing to the large degree of
polymerization.1,2 The structure of macrocyclodextrin has been
reported, and it is similar to a hollow structure, with a hydro-
phobic cavity.3 When the degree of polymerization is less than
14, it has a large hydrophobic inner cavity. When the degree of
polymerization is 26, it folds into an “8” shape with two
hydrophobic cavities.4,5 The aqueous solubility of LR-CDs is
greater than that of b-CD, it is biologically similar to starch, and
it is safe and non-toxic. Meanwhile, the structure of the LR-CDs
also reveals unique embedding properties,6 which make it
a good wall material. However, less research has been con-
ducted on macrocyclodextrins specically for the encapsulation
of compounds. The synthesis of LR-CDs from tapioca starch was
evaluated by Kuttiyawong et al. (2015), who optimized the
synthesis reaction and the characterization of the large-ring
cyclodextrin (LR-CD) products, however, no further compari-
sons of the inclusion complexes, physical mixing, and free
forms were studied.7
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Studies on improving the adverse properties of tocopherol,
including complexes of b-cyclodextrin or its derivatives,8 the
nano-encapsulation of osa-starch9 and the formation of lipo-
somes10 have been reported. However, the embedding of mac-
rocyclodextrin and tocopherol has not been studied until now.
The changes in the structure during the formation of the
complex can lead to different physicochemical properties.
Therefore, research into the changes in the structural and
physicochemical properties of the LR-CDs–a-tocopherol inclu-
sion complexes is necessary.

The present study reveals the synthesis of LR-CDs (CD9–

CD22) obtained from rice starch by combining CGTase with
pullulanase. We formed a complex between the LR-CDs and a-
tocopherol using the co-precipitationmethod and characterized
its macrocyclodextrin inclusion complex. The complexation of
macrocyclodextrin protects the guest substance. This research
could serve as a reference for the more effective use of macro-
cyclodextrin as a wall material, accounting for its solubility and
low viscosity, thus expanding the application of LR-CDs in food,
medicine, and other elds.
2. Experimental
2.1 Materials

The LR-CDs standards with degrees of polymerization from
CD22–CD50 were purchased from Ezaki Glico Co., Ltd. (Japan).
Cyclodextrin glucanotransferase (CGTase, EC 2.4.1.19) was ob-
tained from Amano Enzyme Co., Ltd. (Japan). Pullulanase (1498
NPUN/g) and a-tocopherol were provided by Sigma Aldrich
(Chemical Co. St. Louis, MO, USA). Rice starch was obtained
from Guangming Huaixiang biotechnology (Hefei, China).
This journal is © The Royal Society of Chemistry 2020
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2.2 Synthesis of LR-CDs

Rice starch (5% w/v) and acetic acid buffer (0.01 M, pH 5.5) were
added into a 500 mL Erlenmeyer ask, boiled and stirred for
30 min followed by cooling to 55 �C. Then, pullulanase (100 U
g�1) was added, followed by further incubation for 12 h at 55 �C
and at pH 5.5. The reaction was stopped by boiling for 10 min.
The above mixture was cooled to 60 �C, then CGTase (8 U g�1)
was added followed by further incubation for 2 h at 60 �C and
pH 5.5. The reaction products were determined using a previ-
ously reported method.12 Subsequently, ethanol precipitation
was carried out for 12 h at ambient temperature followed by
centrifugation at 5000 rpm for 10 min (JW-1016; Jiaven Equip-
ment Industry Co., Ltd., Jiangsu, P. R. China). Aer centrifu-
gation, the sediments were washed with anhydrous ethanol and
vacuum dried (DGT-G-C; Darth carter Experimental Instrument
Co., Ltd., Shanghai, P. R. China) at 40 �C to obtain the LR-CDs.

2.3 Characterization of the LR-CD product

The matrix assisted laser ionization-time of ight-mass spec-
trometry (MALDI-TOF-MS) (New ultraeXtreme, Bruker Dal-
tonics Inc) spectra were determined using a previously reported
method.13

2.4 Preparation of the inclusion complexes

The a-tocopherol/LR-CDs inclusion complexes were prepared
using the previously reported method14 with some modica-
tions. LR-CDs (2 g) and distilled water were added into a 20 mL
Erlenmeyer ask at 55 �C and stirred for 30 min. Followed by
cooling to ambient temperature, a-tocopherol was added to the
obtained different molar fractions of the a-tocopherol
complexes. The LR-CDs and a-tocopherol were mixed in a molar
ratio of 1 : 1, 1 : 1.5, 1 : 2, 1 : 2.5, 1 : 3. Then, the mixtures were
protected from exposure to direct light and stirred for 4 h at
30 �C. Subsequently, the optimization of the co-precipitation in
aqueous solution was performed using ultrasound for 60 min,
and later it was maintained overnight at 4 �C to achieve
a balanced reaction. The precipitated a-tocopherol/LR-CDs
clathrate was recovered by vacuum drying to obtain the
embedded product.

2.5 Preparation of the a-tocopherol and LR-CD physical
mixture

The physical mixture of a-tocopherol and LR-CD was prepared
at a molar ratio of 1 : 2 at the same ratio of a-tocopherol in the
inclusion complex. LR-CDs were ground into a mortar with a-
tocopherol and the ingredients were mixed with a spatula to
obtain a homogeneous mixture.

2.6 Encapsulation efficiency

Quantitation of a-tocopherol was performed using a spectro-
photometer at 292 nm (UV-vis Spectrophotometer, Beijing
Purkinje general instrument).15 The content of a-tocopherol
formed in the complexes was calculated based on the previously
described procedure.16 The LR-CDs–a-tocopherol complexes
were dissolved in 95% ethanol for 24 h followed by
This journal is © The Royal Society of Chemistry 2020
centrifugation at 4000 rpm for 10 min (JW-1016; Jiaven Equip-
ment Industry Co., Ltd., Jiangsu, P. R. China). Aer centrifu-
gation, the supernatant was retained. The standard curve
regression equation for the ethanol solution of a-tocopherol
was A ¼ 0.00651C �0.01016, R2 ¼ 0.9995 zz at 292 nm.

In which A is the absorbance and C is themass concentration
(mg mL�1).

The encapsulation efficiency (EE) was calculated according
to the following formulas.17

EE ¼ Amount of entrapped active compound

Initial amount of active compound
� 100 (1)
2.7 Analysis of LR-CD–a-tocopherol complexes

2.7.1 Scanning electron microscopy. The morphology of
the starch granules was determined using Hitachi eld emis-
sion scanning electron microscopy (SEM) (SEM S-4800, Hitachi
Japan). The microscopic morphology and structure of the
sample granules were observed. A sample spraying treatment
was performed according to the previous method16 with an
accelerating voltage of 1.0 kV and an amplication factor of
1000 times.

2.7.2 FT-IR spectroscopy. The samples were analyzed using
Fourier-transform infrared spectroscopy (FT-IR) spectra (IS50,
Thermo Nicolet Corporation, America). The samples were
mixed with dry KBr to obtain tablets that were determined in
the range from 4000 to 400 cm�1.

2.7.3 1H NMR spectra. The 1H nuclear magnetic resonance
(NMR) of samples was measured using an NMR spectrometer
(BRUKER AVANCE III 400WB, Swiss, France) based on the
previously described procedure.
2.8 Thermal performance analysis

Thermogravimetric analysis (TGA) was performed using a TGA
Q600 (TA Instruments). Approximately, 5 mg of the samples
were scanned from 25 to 700 �C at a heating rate of 10 �C min�1

under a nitrogen ow of 50 mL min�1.
2.9 Antioxidant activity

The antioxidant activity measured using the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging reaction was evalu-
ated by referring to the previously described procedure.18 The
absorbance was measured at 517 nm. The samples were stored
at room temperature and were taken out at 1, 2, 3, 4, 5, 6, and 7
days for evaluation of the percentage of DPPH scavenging
activity, respectively.
2.10 Statistical analyses

The SPSS statistical soware version 21.0 (SPSS Inc., Chicago,
IL, USA) was employed to analyze the signicant differences
among the means (P < 0.05) using Duncan's multiple range test.
RSC Adv., 2020, 10, 6584–6591 | 6585
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3. Results and discussion
3.1 Characterization of the LR-CDs product

The MALDI-TOF mass spectrometry of the standard LR-CDs
(CD22–CD50) and LR-CDs are shown in Fig. 1. The degree of
polymerization of the LR-CDs mixture produced using rice
starch was in the range of CD9–CD22, in which CD9–CD15 were
the main products (Fig. 1b) and the amount of CD9–CD15 in the
LR-CDs product was about 40 times higher than that obtained
from the LR-CDs standard.7 However, it was observed that the
yield of the cyclodextrins with a size of over 22 was only a trace
amount. As previously reported, raw tapioca starch can be used
to obtain macrocyclodextrin with a degree of polymerization of
CD21–CD24 and CD37–CD39.7 The discrepancy in the degree of
CD polymerization and the yield in raw tapioca and rice starch
was mainly caused by the difference in the amylose and
amylopectin content. According to previous reports, the degree
of polymerization and the yield of LR-CDs obtained are different
depending on the type of enzyme, the substrate ingredients,6

reaction temperature, and reaction time used.19 It can be
concluded that CGTase catalyzes the transglycosylation of rice
starch to produce LR-CDs with the range of CD9–CD22.
Fig. 1 MALDI-TOF mass spectrometry profiles of the LR-CDs: (a) a mixtu
obtained from rice starch.

6586 | RSC Adv., 2020, 10, 6584–6591
It has been elucidated that LR-CDs were embedded as wall
materials to improve the stability or solubility of the guest
molecules.6 CD9–CD12 has a large hydrophobic inner cavity that
is capable of forming a suitable inclusion complex with a guest
molecule, which can be observed by the interaction of the d-CD
and Buckminsterfullerene (C70).5,20 The large cyclodextrin
mixture with a polymerization degree of 20–50 interacted with
guest molecules such as cholesterol and digitoxin. In this test,
we tried to evaluate the process by which a mixture of LR-CDs
(CD9–CD22) and tocopherol forms a substantial complex by
co-precipitation.
3.2 Encapsulation efficiency results

The EE of different molar ratios of a-tocopherol/LR-CDs is
shown in Fig. 2. The choice of guest molecule selected resulted
from the fact that tocopherol was the most important natural
antioxidant in vegetable oil and it has benecial properties to
protect these products from lipid peroxidation. The encapsu-
lation of guest molecules by cyclodextrin requires a particular
conditional process, and the co-precipitated form in aqueous
solution was optimized for the complexation of a-tocopherol
and macrocyclodextrin.
re of standard LR-CDs (CD22–CD50) and (b) the assignment of LR-CDs

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The encapsulation efficiencies (%) of different molar ratios of a-
tocopherol/LR-CDs.
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The EE of the inclusion compound was between 42.8% and
76.4%. By changing the molar ratio of the LR-CDs to a-
tocopherol, it was expressed as a percentage of the tocopherol
content in the mixture and the initial content. It was found that
a-tocopherol was captured in the cavity of the LR-CDs, and
when the ratio increased from 1 : 1 to 1 : 2, more tocopherols
were captured in the cavities of the LR-CDs, and when the ratio
of a-tocopherol : LR-CDs was 1 : 2, the EE reached a maximum,
and the tocopherol in the complex was found to be approxi-
mately 76%. However, as the ratio ranged from 1 : 2.5 to 1 : 3,
a slow decrease in the EE was observed. This may be attributed
to the interaction between the tocopherol and LR-CDs, as well
as the chemical structure and the physico-chemical properties
of the guest molecule.21 We observed that the EE of the physical
mixture was inadequate, and this may be due to the error in the
adsorption of a-tocopherol in the sample. The ratio of the a-
tocopherol/LR-CDs complex was chosen as 1 : 2 owing to the
economic benets of obtaining higher levels of the complex for
further use.
Fig. 3 Scanning electron micrographs of the LR-CDs–a-tocopherol
physical mixture (a), the LR-CDs–a-tocopherol inclusion complex (b),
and the LR-CDs (c). The magnification range of the samples was
1000�.
3.3 Inclusion complex characterization

3.3.1 SEM. The surface morphologies of all of the samples
can be seen in Fig. 3a–c, respectively. The LR-CDs may be a good
wall material for the guest compound to form inclusion
complexes.6 The pure LR-CDs had an irregular aky shape
(Fig. 3c). In Fig. 3a, the physical mixtures revealed spherical
particles mixed with fragments. Aer a-tocopherol was mixed
with the LR-CDs, it was probable that a-tocopherol had adhered
to the surface of the LR-CDs. The particle size and shape of the
structure observed in the physical mixtures changed when
compared to the inclusion complex. Fig. 3b showed the
combination of spherical particles and mixed fragments form
smaller clusters of particles which may indicate the formation
of a complex.22 Kringel11 evaluated the morphology of b-CD and
orange or eucalyptus essential oil inclusions which showed
This journal is © The Royal Society of Chemistry 2020
changes in the particle size and shape compared to pure b-CD.
Thus, the morphologies of the inclusion complexes showed
smaller clusters of particles, mainly because the LR-CDs were
hydrophilic and have a V-shaped structure, which can exert
a protective effect on the adhesion of tocopherols and can
encapsulate a-tocopherols effectively.

3.3.2 FT-IR analysis. The FT-IR spectra of the inclusion
complex, physical mixtures, a-tocopherol, and the LR-CDs are
RSC Adv., 2020, 10, 6584–6591 | 6587
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shown in Fig. 4. No signicant differences in the characteristic
peak shape were found for the inclusion complex as compared
to the free a-tocopherol at the main peak of 955 (O–H), 1158 (C–
O), 1750 (C]O), 2857 (CH3) and 2928 cm�1 (CH2)n. However,
the signal intensity of these bands decreased. According to the
previous reports, the embedding of the guest molecules
decreased the movement and signal intensity of the encapsu-
lated molecules.23,24 Changes in the characteristic bands of the
guest molecules, such as the decrease in the peak intensity,
disappearance, and broadening, were attributed to the limita-
tion of the tensile vibration of the guest molecules contained in
the CD cavity, indicating that these bonds can participate in
these complexes.16 In addition, compared to the LR-CDs, there
was no change in the OH-bending (1641 cm�1) absorption
bands, and the C–O–C bending of the glycosidic bond
(1030 cm�1). The obtained results indicate that the character-
istic peaks of the LR-CDs and a-tocopherol were found in the
complex. The decrease in the peak signal of the two compo-
nents indicated the interaction between the molecules, but the
degree of vibration of the frequency band was not changed.7

In addition, the characteristic absorption band of the phys-
ical mixture showed a combination of the individual spectra of
the a-tocopherol and the LR-CDs, indicating that almost no
interaction between the molecules occurred (Fig. 4). The FT-IR
spectrum of a-tocopherol showed characteristic bands at
1750, 955, and 2928 cm�1 which were considered to be caused
by the stretching of C]O, O–H, and C–H, respectively (see Table
1).25 The FT-IR spectrum of the LR-CDs showed characteristic
bands at 3308 and 1030 cm�1 which were considered to be
caused by the stretching of the O–H and C–O–C, respectively. In
addition, the inclusion complex was compared with the LR-
CDs, and a shi in the OH stretch was changed from 3321 to
3308 cm�1, which indicated that the hydrogen bonding between
the LR-CDs and a-tocopherol also increased signicantly.
Fig. 4 FT-IR spectra of the LR-CDs–a-tocopherol inclusion complex
(a), the LR-CDs–a-tocopherol physical mixture (b), a-tocopherol (c),
and the LR-CDs (d).

6588 | RSC Adv., 2020, 10, 6584–6591
3.3.3 NMR analysis. The 1H NMR spectra of the LR-CDs, a-
tocopherol, the inclusion complexes, and the physical mixture
in DMSO-d6 are shown in Fig. 5. 1H NMR spectroscopy has been
used to study and characterize the embedded tools to verify the
true formation of the LR-CDs–a-tocopherol inclusion
complexes.26 In order to explore the inclusion complex, we
compared the 1H NMR spectra of the inclusion complex, the
physical mixture, and the pure samples. A signicant chemical
shi existed for the O–H of the LR-CDs–a-tocopherol inclusion
complexes. The 1H NMR spectrum of the LR-CDs as an evalu-
ation complex of the inclusion complex clearly demonstrated
that the presence of the framework proton of the LR-CDs
molecule shows a chemical shi of 0.3 ppm. These chemical
shis showed subtle changes as the interaction between them is
a non-covalent bond. The signal for the LR-CDs in the formed
complex was shied compared to the signal for the physical
mixing complex, while the signal for pure a-tocopherol was
changed upon recombination. This observation suggested the
possible inclusion mode of the complex as illustrated in the
NMR spectra (Fig. 6). Combined with the results of the FT-IR
and 1H NMR analysis, it can be concluded that the LR-CDs–a-
tocopherol inclusion complexes have been successfully
prepared.
3.4 Thermogravimetric analysis

Fig. 6 presents the TGA of the LR-CDs, a-tocopherol, the
inclusion complexes, and the physical mixture. This analysis
showed the decomposition of LR-CDs in three zones. The initial
weight loss occurred under 100 �C with an 8.8%mass loss in the
rst zone, which was related to the supercial water associated
with the LR-CDs. The second stage occurred at around 105 �C
with a 2.5% mass loss, which was related to the evaporation of
internal water. However, a third process occurred at around
300 �C with a 73.5% mass loss that could be related to the
degradation of the macrocycles.11

The complex formed by the interaction between macro-
cyclodextrin and tocopherol dramatically improved the thermal
stability of tocopherol. The LR-CDs–a-tocopherol inclusion
complex showed a higher thermal stability,27 with a 83.1%mass
loss and a temperature of decomposition of around 330 �C. In
addition, the three stages of mass loss can also be observed
from the TGA curve of the physical mixture. Themass loss in the
rst stage of the physical mixture was higher than that of the
inclusion complex.28 Meanwhile, the rst zone at around 105 �C
with a 45.4% mass loss was mainly due to the evaporation loss
of the supercial water and a-tocopherol. Furthermore, the TGA
curves of a-tocopherol indicated that the weight loss occurred at
around 163.68 �C presented as 99.1% owing to the evaporation
of the essential components27. Compared to the physical
mixture and a-tocopherol, LR-CDs–a-tocopherol showed
a slower weight loss rate and a reduced total weight loss, which
indicated that the molecules have greater opportunities for
entanglement and aggregation at higher temperatures.18 It can
be concluded that the inclusion complex can enhance the
thermal stability and this suggests the formation of inclusion
complexes.
This journal is © The Royal Society of Chemistry 2020
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Table 1 The main characteristic peaks for a-tocopherol, the LR-CDs and the LR-CDs–a-tocopherol complex.

Wavenumber (cm�1)

a-Tocopherol LR-CDs LR-CDs–a-tocopherol

2857: CH2 3308: O–H (stretching) 3308: O–H (stretching)
1750: C]O (stretching) 2928: CH2 (stretching) 2857: CH3

1158: C–O (stretching) 1641: O–H (bending) 1641: O–H (bending)
2928: CH2 (stretching) 1158 and 1008: C–O and C–O (stretching) 2928: CH2 (stretching)
955: O–H 1030: C–O–C 1030: C–O–C

1158 and 1008: C–O and C–O (stretching)
955: O–H
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3.5 Antioxidant activity

2,2-Diphenyl-1-picrylhydrazyl is widely used to test the antioxi-
dant activities of the different molecules for the scavenging of
free radicals. The antioxidant activity is an essential character-
istic of a-tocopherol. The DPPH scavenging activity assay for the
LR-CDs–a-tocopherol complex, the physical mixture and the
free form of the a-tocopherol can be seen in Fig. 7, respectively.
It can be seen that the antioxidant activity of the LR-CDs–a-
tocopherol complex is signicantly higher than that of the
physical mixture and the free form of a-tocopherol.29 It can be
observed that the physical mixture free radical scavenging
ability was similar to that of the free a-tocopherol. We observed
that three different forms of the antioxidant activity were
Fig. 5 1H NMR spectra of a-tocopherol (a), the LR-CDs (b), the physica

This journal is © The Royal Society of Chemistry 2020
decreased, but the a-tocopherol and the physical mixture were
decreased more rapidly at ambient temperature (25 � 1 �C) for
seven days. This may be due to the presence of the phenolic
hydroxyl groups in the molecule of a-tocopherol.14 The DPPH
scavenging ability of a-tocopherol decreased rapidly from
80.2% to 15.3%. Correspondingly, the complex decreased from
80.6% to 42.7%. This indicated that the LR-CDs–a-tocopherol
inclusion complex could stabilize the antioxidant activity of a-
tocopherol. This may be because LR-CDs were used as a wall
material, which was a barrier to avoid the damage caused by
temperature and oxygen, thereby improving the stability of the
antioxidant. At the same time, it can be concluded that the
embeddedmaterial retained the stability of a-tocopherol during
storage. The LR-CDs–a-tocopherol complexes can improve the
l mixture (c), and the inclusion complex (d).
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Fig. 6 TGA curves for the LR-CDs, a-tocopherol, the inclusion
complex, and the physical mixture.

Fig. 7 The DPPH scavenging activity assay results for the LR-CDs–a-
tocopherol complex, the physical mixture and the free form of a-
tocopherol.
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stability of a-tocopherol and expand their use in the food
industry.
4. Conclusions

To summarize, our study suggested the potential for the
synthesis of CGTase in rice starch, while LR-CDs (CD9–CD22)
successfully encapsulated a-tocopherol. The complex prepared
with a ratio of LR-CDs to a-tocopherol of 1 : 2 showed a high
encapsulation efficiency. SEM images showed changes in the
particle sizes and shapes of the observed structures relating to
the LR-CDs–a-tocopherol inclusion complex, indicating the
combination of spherical particles and mixed fragments. The
formation of a-tocopherol/LR-CDs embedding was conrmed
by X-ray diffraction (XRD), FT-IR, and 1H NMR studies. At the
same time, the LR-CDs–a-tocopherol inclusion complex could
improve the thermal stability and antioxidant activity of a-
tocopherol. Therefore, the use of LR-CDs in the formation of
inclusion complexes showed high potential for being applied to
embedding antioxidants in active food packaging.
6590 | RSC Adv., 2020, 10, 6584–6591
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