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Introduction

The encapsulation of flavor molecules is essential for foods and 
cosmetic materials.1  Encapsulation techniques have been 
developed because most flavor compounds are hydrophobic and 
volatile.  The encapsulation of various flavor molecules has 
been recently achieved.2–4  The preparation of powdered 
inclusion complexes of flavor compounds in cyclodextrins 
(CyDs) is important for the oxidation stability of these 
compounds during storage and for the controlled release of 
these flavor compounds from the powders.5,6  CyDs are cyclic 
oligosaccharides, which are constituted of 6 – 8 glucopyranose 
units that are linked by α-(1,4) bonds; CyDs are versatile 
complexing agents, such as α-, β-, and γ-CyD.  They are 
characterized by a toroidal structure with a hydrophilic external 
surface and a sub-nanometer hydrophobic cavity (average 
internal diameter: α-CyD: 0.57 nm, β-CyD: 0.78 nm, and 
γ-CyD: 0.95 nm) (Fig. 1).  These characteristics allow them to 
interact with various compounds, which results in a more 
enhanced solubility and stable inclusion of complex systems.7,8  
In addition, the inclusion of flavor compounds into CyDs by 
spray-drying has been studied well with respect to flavor release 
and physicochemical structure.9,10  CyDs possessing these 

important properties can encapsulate small molecules in food 
and are used for drug delivery, cosmetics, and the scientific 
research of supramolecular structures.11–14  Structural insights 
into the flavor-CyD inclusion complex in the solid-state are 
important to understand how flavor molecules interact with 
CyDs.  l-Menthol [(1R,2S,5R)-(–)-menthol], which naturally 
occurs in peppermint oils, is a monoterpene that is present 
in  mint oils, and induces a cooling sensation (Fig. 1).15–17  
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Fig. 1　(a) l-Menthol and (b) 6 and 7 glucose units for α-and β-CyD.
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The asymmetric synthesis of l-menthol has been developed, and 
1000 tons of l-menthol per year are industrially synthesized.18–20  
The annual consumption of l-menthol as a flavorant in food and 
cosmetics is more than 7000 tons.15  It is difficult to preserve 
l-menthol by dissolving it in water because it is a volatile and 
hydrophilic compound.  There have been many studies on the 
encapsulation of l-menthol.  An l-menthol inclusion complex in 
β-CyD forms better encapsulation than in α- and γ-CyD to 
prevent flavor loss.21  The structural characterization with XRD 
and FTIR of an l-menthol inclusion complex in hydroxypropyl-
β-CyD prepared by freeze-drying confirmed that l-menthol 
entered the cavity of CyD, which resulted in a slow release of 
menthol flavor.22,23 l-Menthol/hydroxypropyl-β-CyD (1:1) 
inclusion complex nanofibers prepared by electrospinning 
enhance water solubility and thermal stability.24  Solid-state 
NMR experiments can provide the dynamic structure of various 
biological and food-related molecules.  Thus, solid-state NMR 
is frequently used to study various complex systems, such as 
membrane proteins, raw biological samples, Li+-α-CyD-PEO 
conduction systems, and food/drug-related inclusion 
complexes.25–28  The 13C solid-state NMR technique using magic 
angle spinning (MAS) with a wide resonance range (0 – 
220 ppm) can discriminate between the signals of CyD (host) 
and incorporated molecule (guest) in the solid state.28–33  In 
addition, chemical shifts are used to investigate the strength of 
hydrogen bonds and secondary structure on the basis of bond 
dihedral angles.  Vibrational circular dichroism (VCD) 
determines the absolute configurations of chiral molecules, even 
in complex systems.34–36  VCD can observe characteristic intense 
signals and positive/negative signs depending on the crystal 
packing of amino acids, secondary structure of proteins, and the 
supramolecular chirality.37–41

Solid-state NMR allows one to determine the structure of 
target molecule in the solid-state at atomic resolution.42  
VCD  allows one to determine the absolute configuration of 
enantiomers and vibrational mode on the basis of intermolecular 
interactions.43  Especially, using well-resolved VCD and IR 
bands in the mid-infrared region at 1800 – 1200 cm–1, the 
structural analysis of chemical groups such as CH2, OH and 
CONH can be performed.39,40  The combination of vibrational 
and solid-state NMR spectroscopies provides structural insights 
into complex molecular systems.44–46  The complementary use of 
Raman and solid-state NMR provided important structural 
insights of phospholipids into complexed cell membrane 
systems.44  The combined use of solid-state NMR and VCD 
found a γ-turn conformation of D-amino acid-containing 
tripeptide on the self-assembly.45  Here, using the well-known 
complex of l-menthol in CyD, the structure of the inclusion 
complex prepared by the spray-dried method was investigated in 
the solid-state by combining solid-state NMR and VCD.

Experimental

Sample preparation
α- and β-CyD were purchased from Wacker-Chemie.  

l-Menthol crystals were obtained from Sigma-Aldrich.  
A physical mixture was prepared with a menthol:CyD ratio of 
4:6 using an agate mortar.  To prepare the spray-dried sample, 
CyD (90 g) was mixed with 300 mL of deionized water, and 
gently stirred.  Then, l-menthol (10 g) was added to the solution 
and homogenized at 8000 rpm by a high-speed homogenizer 
(HOMO MIXER Mark II, PRIMIX).

Spray-drying
An inclusion complex of l-menthol in CyD was prepared from 

the described feed solution using a spray-dryer (L-8i, 
OHKAWARA KAKOKI).  A fluid nozzle was used to atomize 
the feed solution using compressed air.  The inlet (150°C) and 
outlet (90°C) temperatures of the air were strictly controlled 
with an electric heater.  Spray-dried powders were collected 
from the outlet chamber.

Polarizing microscopy
The morphology of l-menthol inclusion complexes in α- and 

β-CyD was observed using a polarizing microscope (BX51, 
Olympus).

HPLC analysis
As a standard solution, 0.2 g of l-menthol crystals was 

dissolved in 50 mL of methanol (MeOH).  A total of 0.25 g of 
inclusion complexes in α-CyD (0.5 g in β-CyD) was mixed 
with 25 mL of ultrapure water and then diluted to a total of 
50 mL in a measuring flask by adding MeOH.  The content of 
l-menthol in CyDs was determined using an HPLC (Shimazu 
Prominance) instrument equipped with an Inertsil ODS-2 
column that was maintained at 40°C (Table 1).  The eluent was 
acetonitrile/H2O with a 1:1 ratio.  The injection amount was 
20 μL, and the flow rate was 1.0 mL/min.

13C solid-state NMR measurements
13C cross polarization magic angle spinning (CP-MAS) NMR 

experiments were performed at 25°C, and the magic angle 
spinning frequency was adjusted to 12.0 kHz (± 5 Hz) on a 
600 MHz Bruker Avance III spectrometer with a 4.0-mm e-free 
probe.  The contact time was adjusted to 1.0 ms, and the spinal 
64 proton decoupling of 81 kHz was employed during 
acquisition.  13C chemical shifts were referenced to the carbonyl 
resonance of adamantane at 38.480 ppm [tetramethylsilane 
(TMS) at 0.0 ppm].

Vibrational circular dichroism (VCD)
l-Menthol crystals, α- and β-CyD powders, and spray-dried 

l-menthol inclusion complexes in α- and β-CyD were prepared 
for VCD experiments by mixing each sample with KBr in the 
ratio of 0.9 to 120 mg and placing the solid mixture in a 
transparent 10-mm-diameter pellet.  VCD and infrared (IR) 
signals were recorded at 25°C on a JASCO PRSTO-S-2016 
VCD/LD spectrometer.  The IR intensity was adjusted to 
0.7 – 1.0.  The sample cell was rotated along the direction of 
monitoring at the angles of 0 and 45° to confirm VCD reliability.  
The signals for each sample were accumulated for 10000 scans.

Results and Discussion

First, l-menthol crystals were characterized, as shown in Figs. 2 
and 3.  All 13C NMR signals of l-menthol were identified with 
reference to those of l-menthol in CDCl3

47–49 [Figs. 2(a) and 

Table 1　HPLC estimation of l-menthol content in cyclodextrins

Feed amount, % Estimated content, %

α-CyD 10.0 6.9
β-CyD  5.0 5.1

10.0 8.9
20.0 9.3
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2(b), Table 2].  The separated signals of C2 – C5 of the crystal 
indicated polymorphs of a menthol cyclohexane skeleton.  The 
VCD/IR spectra of the l-menthol crystal in KBr are recorded in 
Figs. 3(a) and 3(b).  Some sharp IR bands are observed around 
1450 cm–1 (deformation C–H stretching); 1173, 1093, 1037 cm–1 
(C–O stretching); 1367 cm–1 (O-H bending) in Fig. 3(b).  
Corresponding twelve VCD bands were identified and labeled 
as 1 – 12.  To assign VCD bands, l-menthol was dissolved in 
CCl4 or used as a film.50  The VCD spectra of l-menthol crystals 
showed peaks that almost mirrored those of d-menthol 
[1S,2R,5S)-(+)-menthol] in CCl4.51,52  The weak band 1 at 
1455 cm–1 was assigned to the isopropyl group deformation and 
methyl group symmetric or asymmetric deformation.  The 
intense bands of 10 and 11 at 1049 cm–1 (–) and 1025 cm–1 (+) 
were assigned to the C1–O stretching mode and cyclohexane 
ring deformation, respectively.

The morphology of spray-dried samples was observed with an 
optical microscope, as shown in Figs. 4(a) and 4(b).  The spray-
dried inclusion complexes in α-CyD were needle-type crystals, 

while β-CyD crystals showed a flat and elongated prism form.  
The HPLC analysis of l-menthol embedded in CyD is shown in 
Table 1.  The content of l-menthol determined in α-CyD reached 
6.9% with respect to the feed amount of 10%.  α-CyD, which 
has a smaller size cavity, formed an inclusion complex with 
l-menthol using the spray-dried method.  β-CyD can include a 
larger amount of l-menthol, but it was saturated and reached the 
feed amount of 10%.  Thus, spray-dried samples prepared with 
a feed amount of 10% effectively formed l-menthol/CyD 
inclusion complexes, which were subsequently spectroscopically 
investigated with solid-state NMR and VCD.

The 13C CP-MAS NMR spectra of α-CyD were compared to 
those of l-menthol, the physical mixture of α-CyD/l-menthol, 
and the inclusion complex of 10-wt% l-menthol in α-CyD, as 
shown in Figs. 5(a) – 5(d).  The NMR signals of six carbons 
C1′ – C6′ for one unit of α-CyD are shown in Fig. 5(a) and 
Table 3.  The resonances of C1′ and C4′ appeared at 103 and 
82 ppm.  Apart from the main resonance, the observed isolated 
signals of C1′ and C4′ of α-CyD at 98.5 and 77.4 ppm 
completely disappeared in the inclusion complex spectrum 
[Fig. 5(d)].  C4′ and C6′ signals of the inclusion complex 
emerged at 10 – 15 ppm.  As reported, these signals depend on 
the six-fold symmetrical structure with respect to the dihedral 
angles for 	 and ψ.  The symmetrical complex signals for 169 
and –171° corresponding to C1′ were observed at 101.9 ppm 
and those corresponding to C4′ were observed at 80.9 ppm (for 
sodium benzene sulfonate-α-CyD).  Whereas the asymmetrical 
complex (e.g., H2O-α-CyD complex) signals for 160°/169° and 
–183°/–150° were observed at 99.3 and 102.9 ppm for C1′ and 
at 75.6 and 81.1 ppm for C4′, respectively.28,32,33  The asymmetric 
structure showed higher-field resonances of C1′ and C4′.  
Furthermore, C6′ position signals are also very sensitive to 
gauche(–)–gauche(+) (asymmetrical crystals) (60.7 ppm for the 
H2O-α-CyD complex) or gauche(+)–trans (symmetrical crystals) 
(62.1 ppm for sodium benzene sulfonate-α-CyD) conformations, 
as viewed from the C6′–OH orientation with respect to C4′–C5′ 
and C5′–O5 bonds.28,32,33

Fig. 2　13C NMR spectra of (a) l-menthol crystal and (b) l-menthol in 
CDCl3.

Fig. 3　(a) VCD and (b) IR spectra of the l-menthol crystal.

Table 2　13C chemical shifts of all ten carbons of l-menthol 
(TMS: 0.0 ppm)

l-Menthol

In 
solution

Crystal
Physical 
mixture

α-CyD 
inclusion 
complex

β-CyD 
inclusion 
complex

C1 71.22 70.75 — — —

C2 50.5 48.52 51.28
51.36

51.37
49.09

51.15

C3 23.17 23.48
22.96

23.73
23.9

24.83 24.23

C4 34.7 36.29
35.59

36.93
35.59
35.42

36.22 35.9

C5 31.79 33.06
32.51

32.42
32.7

32.21 
31.47

32.65

C6 45.13 46.01 46.10
46.11

47.36
45.87

46.28

C7 22.26 21.75 21.61
21.89

22.87 22.18

C8 25.60 25.39 26.60 25.76 26.46
C9 21.1 20.63 19.14 21.49 21.63
C10 16.01 17.11 16.62 20.74 16.81
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NMR results showed that α-CyD formed an asymmetrical 
structure with internally bound water in the hydrophobic interior, 
while a symmetrical inclusion complex was generated with 
l-menthol in the interior.

In addition, the 13C NMR signals of the l-menthol inclusion 
complex and physical mixture were identified, except for the C1 
signal, which overlapped with the C6′ signals [Figs. 5(c) and 
5(d), Table 2].  Interestingly, although the signals in the crystal 
and physical mixture appeared at 17.11 and 16.62 ppm, like in 
the CDCl3, the C10 signal of l-menthol only in the inclusion 
complex was shifted toward a lower-field resonance at 
approximately 20.7 ppm [Fig. 2(b), Figs. 5(b) – 5(d) and Table 2].  
It is indicated that the isopropyl–methyl group of l-menthol in 
the crystal form and in the solution usually has a less steric 

hinderance, while the group was sterically affected by the 
narrow space inside α-CyD.  It is considered that the dihedral 
angles of the isopropyl–methyl group are closely related to the 
change in the 13C chemical shifts.49  It has been reported that 
α-CyD exhibits very low affinity to menthol enantiomers by 
gas–liquid chromatography53.  Cyclic terpenes, (R) and (S)-
camphor, formed an inclusion complex sandwiched with an 
α-CyD dimer as 1:2 stoichiometry.54  There are two binding 
modes that take polar and equatorial positions of the carbonyl 
group of camphor inside an α-CyD dimer.54  Therefore, it may 
be suggested that l-menthol takes a specific arrangement inside 
the α-CyD, since there is a probability of the formation of 1:2 
stoichiometry of the l-menthol/α-CyD complex prepared by the 
spray-dried method.  Thus, our NMR result indicates that 
l-menthol forms an inclusion complex with a specific arrangement 
of the guest molecule in the narrow cavity of α-CyD dimer.

In the spectrum of the physical mixture with α-CyD, the 
chemical shifts of l-menthol were considerably different from 
those of l-menthol crystals [Fig. 2(a) and Fig. 5(c)].  Thus, 

Fig. 5　13C CP-MAS NMR spectra of (a) α-CyD, (b) l-menthol 
crystal, (c) α-CyD/l-menthol physical mixture, and (d) spray-dried 
α-CyD/l-menthol inclusion complex.

Fig. 4　Polarizing microscope images of (a) α-CyD/l-menthol and (b) β-CyD/l-menthol inclusion 
complexes (scale bar 15 μm).

Table 3　13C chemical shifts of all six carbons of α- and β-CyD 
(TMS: 0.0 ppm)

α-CyD β-CyD

Free
Physical 
mixture

Inclusion 
complex

Free
Physical 
mixture

Inclusion 
complex

C1′ 103.68
102.85
 98.05

103.22
102.14
100.65
 98.09

103.0
101.8

104.2
103.5
102.5
101.7

104.73
103.51
103.16
101.64
100.67

104.0
102.5

C2′, C3′, 
C5′

 75.64
 74.77
 72.51

 76.71
 75.52
 74.17
 72.90
 72.05

 74.7
 73.7
 73.1

 76.4
 73.9
 72.9

 76.71
 74.15
 73.35
 72.85
 71.01

 73.6
 72.9

C4′  82.96
 81.92
 80.53
 77.79

 83.17
 82.79
 80.59
 79.77
 77.85

 85.3
 84.0
 82.1
 80.3

 84.5
 83.6
 82.5
 81.8
 78.7

 83.23
 81.87
 80.61
 79.28

 81.7
 80.1

C6′  61.66
 60.97

 61.74
 60.56

 63.4
 61.2

 64.0
 62.2
 60.2

 61.4
 60.7

 61.6
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the  C1′ and C4′ signals at 98.5 and 77.4 ppm from α-CyD 
[Figs. 5(a) and 5(c)] correspond to the remaining asymmetric 
structure in the physical mixture because the H2O-α-CyD 
complex, which has bound water molecules inside the CyD, 
give similar resonance positions.28,32  Thus, this result indicated 
that the α-CyD structure in the physical mixture was deformed 
owing to the presence of bound water.  It is indicated that 
l-menthol produced an encounter complex with α-CyD.

The 13C CP-MAS NMR spectra of β-CyD, l-menthol, the 
physical mixture of β-CyD/l-menthol, and the inclusion complex 
of 10-wt% l-menthol in β-CyD were recorded and are shown in 
Figs. 6(a) – 6(d).  In Fig. 6(d), the C1′ and C4′ signals of β-CyD, 
which are related to form the asymmetric structure with the 
water molecule,28,32 completely disappeared.  It was indicated 
that the cyclodextrin skeleton was not deformed by internal 
water in the inclusion complex.  Furthermore, because the 
isopropyl–methyl signals of C9 and C10 of l-menthol in the 
inclusion complex appeared at almost the same position as those 
of its crystal form, the isopropyl–methyl groups inside β-CyD 
were not sterically hindered [Figs. 6(b) and 6(d)].  In addition, 
a  comparison of the 13C NMR signals of l-menthol in Fig. 7 
revealed that the conformation of the isopropyl–methyl groups 
was completely different between the α-CyD and β-CyD 
inclusion complex.  l-Menthol appears to be relatively loosely 
bound within β-CyD.  β-CyD has a larger cavity, and allows to 
form a 1:1 stoichiometry head-to-head complex with l-menthol, 
and l-menthol inserts sufficiently in the β-CyD monomer 
cavity.55  With respects to the thermodynamics of α- and β-CyD 
and the size of l-menthol, the narrower α-CyD should lead to a 
more constrained inclusion structure, which induces stronger 
interactions between α-CyD and l-menthol.56,57  Our solid-state 
NMR results are in good agreement with those observations.

To investigate the symmetry of cyclodextrin forming the 
inclusion complex, VCD and IR spectra of the l-menthol 

inclusion complex in α- and β-CyD were recorded and compared 
with those of α- and β-CyD powders in the range of 1600 – 
900 cm–1, as shown in Fig. 8.  Typical VCD bands of α- and 
β-CyD bands, labeled 1′ – 10′, are shown in Figs. 8(a) and 8(c).  
It was confirmed that the intensity of those bands was 
considerably stronger than that of only KBr pellets.58  The 
intense couplet bands 3′ and 4′ of α- and β-CyD powders 
appeared as a bi-sign pattern at 1180 cm–1 (+)/1154 cm–1 (–), 
which corresponded to the C–O–C asymmetric stretching mode 
of the glycoside bonds.  In the spectra of inclusion complexes of 
α- and β-CyD, the positive VCD band 3′ completely disappeared, 
and the intensity of the negative VCD band 4′ completely 
decreased.  Similarly, the VCD bands 9′ at 993 cm–1 (–) and 10′ 
at 950 cm–1 (–) decreased.  The dissymmetry factors of intense 
VCD bands are less intense in a methyl orange inclusion 
complex of α-CyD because the perturbation by the guest 
molecule lowers the overall VCD intensity of α-CyD.59,60  In our 
VCD results, the markedly different intensities of bands 3′ and 
4′ indicated that l-menthol is effectively bound in the cavity of 
both α- and β-CyD and perturbs the host.  This agrees with the 
disappearance of 13C NMR signals of C1′ and C4′ owing to the 
dissymmetric bonds of cyclodextrins (Fig. 4).  Furthermore, 
only in the VCD spectrum of the α-CyD inclusion complex, the 
intensity of band 8′ at 1023 cm–1 (–), which corresponds to the 
C–C and C–O stretching modes in CyD, was considerably 
decreased.  The intensity of band 7′ at 1043 cm–1 also decreased, 
but was not assigned to a specific vibrational mode of CyDs.  
The original intense VCD bands 10 and 11 of l-menthol may 
contribute to the band intensities of 7′ and 8′ of α-CyD in the 
same region [Fig. 8(a)], although the VCD bands of less 
abundant l-menthol may be part of intense CyD bands.  
Specifically, it is considered that the band intensities of 10 and 
11 corresponding to the C1–O stretching mode and the 
cyclohexane ring deformation of menthol resulted from the tight 
incorporation of menthol into the hydrophobic cavity of α-CyD.  
This concept is consistent with the observation of separated C2, 
C4, and C5 NMR signals and the disappearance of C10 signals 
in the NMR spectrum of the l-menthol/α-CyD inclusion 
complex [Fig. 6(b)].

The combined analysis of solid-state NMR and VCD can be 

Fig. 6　13C CP-MAS NMR spectra of (a) β-CyD, (b) l-menthol 
crystal, (c) β-CyD/l-menthol physical mixture, and (d) spray-dried 
β-CyD/l-menthol inclusion complex.

Fig. 7　Comparison of 13C CP-MAS NMR signals of (a) spray-dried 
β-CyD/l-menthol and (b) α-CyD/l-menthol inclusion complexes in the 
range of 15 – 75 ppm.
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useful to investigate a solid-state structure of a cyclodextrin-
flavor inclusion complex, if there are hardly serious signal 
overlapping between the host and guest molecules.  These 
technologies are important tools to support the design of new 
attractive flavor materials and to understand the characteristics 
of an inclusion complex.

Conclusions

In this study, we demonstrate that the combined analysis of 
solid-state NMR and VCD is a powerful approach that allows 
one to investigate the structure of flavor compound inclusion 
complexes in the solid-state.  To characterize the structure of 
l-menthol inclusion complexes in α- and β-CyD in the solid-
state, 13C CP-MAS NMR and VCD experiments of spray-dried 
samples were conducted.  We showed the different structural 
aspects of l-menthol and CyD in the inclusion complexes 
between α- and β-CyD by analyzing the characteristic NMR 
signals and the VCD bands.  Consequently, we found that the 
structure of included l-menthol was different for α- and β-CyD 
in the spray-dried inclusion complexes.
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