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a  b  s  t  r  a  c  t

The  structure  and  complex  mode  of  the  inclusion  complex  of  astaxanthin  with  hydroxypropyl-�-
cyclodextrin  (HPCD)  were  investigated  by  UV,  FTIR, 1H  NMR  and  molecular  modeling  test.  UV,  FTIR  and
1H  NMR  results  indicated  that  the  hexatomic  ring  of  the  astaxanthin  molecules  were  partly  included
into  the  HPCD  cavities.  The  implementation  of  molecular  modeling  test  confirmed  that  the  complexation
could  reduce  the energy  of  the  system  and  the  complex  of  2:1 host–guest  stoichiometry  had  the  lowest
eywords:
staxanthin
ydroxypropyl-�-cyclodextrin

nclusion complex
tructure

�E  value,  −30.57  kcal/mol,  two  hexatomic  ring  ends  of  one  astaxanthin  molecule  inserted  into  two  HPCD
cavities  respectively,  and  that  should  be  the  most  predominant  configuration.

© 2012 Elsevier Ltd. All rights reserved.
olecular modeling

. Introduction

Astaxanthin is the main carotenoid pigment naturally synthe-
ized in some plants, algae and bacteria, and is amassed in aquatic
nimals including salmon, trout, red seabream, shrimp, lobster and
sh eggs and birds such as flamingoes and quails through food
hains in nature (Guerin, Huntley, & Olaizola, 2003; Lia, Daling,
ianfeng, Songdong, & Guangce, 2011). Astaxanthin cannot be syn-
hesized by animals and must be acquired from the diet. It is
ommercially available either from chemical synthesis or natu-
al resources such as microalgae, yeast and crustacean byproducts
Higuera-Ciapara, Félix-Valenzuela, & Goycoolea, 2006). Astaxan-
hin is closely related to other well-known carotenoids, such as
-carotene, zeaxanthin and lutein, thus they share many of the
etabolic and physiological functions attributed to carotenoids.

arotenoids have been found to provide several common biological
unctions, such as photoprotection, antioxidant effects includ-
ng singlet oxygen quenching, immunomodulatory and anticancer
ctivity, in both humans and rodents (Krinsky & Johnson, 2005). It

as reported that astaxanthin can be significantly more effective
han �-carotene and lutein at preventing UV light photooxida-
ion of lipids (Santocono, Zurria, Berrettini, Fedeli, & Falcioni, 2006)
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and has up to several folds stronger free radical antioxidant activ-
ity than vitamin E and �-carotene (Kurashige, Okimasu, Inoue, &
Utsumi, 1990; Miki, 1991). The antioxidant properties of astaxan-
thin are believed to play a key role in several other properties such
as photoprotectant, protection against age-related diseases or the
promotion of the immune response, liver function and eye health.
Due to the special function properties, astaxanthin has widespread
applications in nutraceutical, cosmetic, food and feed industries
(Guerin et al., 2003; Lorenz & Cysewski, 2000).

However, astaxanthin can easily be decomposed by light and
oxygen, which can cause the loss of antioxidant properties in pro-
cessing and store. Furthermore, it cannot be readily absorbed by the
human body because of its poor bioavailability. The low bioavail-
ability of these kinds of functional lipids is because of their poor
water solubility (Anarjan, Mirhosseini, Baharin, & Tan, 2010).

Cyclodextrins and its derivatives have been used extensively as
the host to increase the solubility of poor water soluble organic
guest molecules by formation of inclusion complexes (Duchêne,
Wouessidjewe, & Ponchel, 1999; Martin Del Valle, 2004). The
resulting noncovalent inclusions or host–guest complexes are
of current scientific and technological interest for their peculiar
physical, chemical and biological properties. Such noncovalent
associations can actually improve the guest water solubility,
bioavailability and stability; they can also regulate the release of

the guest molecules (Loftsson & Duchêne, 2007; Szente & Szejtli,
1999).

Recent years, several studies which focused on the reaction
between cyclodextrins and carotenoids have been carried out.

dx.doi.org/10.1016/j.carbpol.2012.03.033
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:wheat1997@yahoo.com
mailto:jinlab2008@yahoo.com
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te Polymers 89 (2012) 492– 496 493

P
l
l
p
c
c
A
w
c
w
c
(
a
w
i
t
h
s

b
h
o
o
J

u
1

s

2

2

C
f
A
d

2
w

i
d
i
s
t
w
T
u
F

2

i
t
2

(
u
c
2
p

C. Yuan et al. / Carbohydra

fitzner, Francz and Biesalski (2000) have developed a physio-
ogical, water-soluble complex of carotenoids (zeaxanthin, lutein,
ycopene and �-carotene) with methyl-�-cyclodextrin for the
urpose of cell supplementation. The stability of the different
arotenoid/methyl-�-cyclodextrin complex solutions under cell
ulture conditions was found higher than uncomplex carotenoids.

 water-soluble complexes of the dietary carotenoid, lycopene
ith �-cyclodextrin and �-cyclodextrin have been prepared and

haracterized (Mele, Mendichi, Selva, Molnar, & Toth, 2002). Bixin
as investigated to complexation with �-cyclodextrin using both

olumn percolation and sonication by Lyng, Passos and Fontana
2005).  Another group has prepared the inclusion complex of astax-
nthin with �-cyclodextrin (Chen, Chen, Guo, Li, & Li, 2007). Those
orks are mainly focused on the formation and properties of the

nclusion complexes. The molecular structure should have impor-
ant relationship with the character of the inclusion complexes,
owever, there are little reports were found about the molecular
tructure of the carotenoids/cyclodextrins complex.

In our former work, the inclusion complex which formed
etween astaxanthin and hydroxypropyl-�-cyclodextrin (HPCD)
as been successfully prepared. The water solubility and stability
f astaxanthin was obviously increased. Furthermore, the release
f astaxanthin from the inclusion complex was controlled (Yuan,
in, Xu, Zhuang, & Shen, 2008).

The object of this study was to further investigate the molec-
lar structure of the astaxanthin/HPCD complex by UV, FTIR and
H NMR  methods, and find some new information between the
tructure and character.

. Materials and methods

.1. Chemicals

Astaxanthin (purity > 98%) was purchased from Sigma–Aldrich
o. LLC. (Shanghai, China). HPCD (purity > 99%, DS = 5.5) purchased
rom Wako Pure Chemical Industries, Ltd. (Chuoku, Osaka, Japan).
ll other reagents were of analytical grade. The water used was
ouble distilled and deionized.

.2. Preparation of the inclusion complex of astaxanthin
ith HPCD

The preparation method of the inclusion complex was accord-
ng to the former study (Yuan et al., 2008). 2 ml  astaxanthin in
ichloromethane (1 mg/ml) was added to 200 mg  HPCD dissolved

n 8 ml  methanol. The mixture was sealed under a nitrogen atmo-
phere. Then it was put under ultrasonic environment for 5 min
o make the mixture blended thoroughly. The purple suspension
as stirred for 24 h at 35 ◦C and dried in a vacuum concentrator.

he dried residue was redissolved in water and filtered under vac-
um. The orange filtrate was frozen and then lyophilized (Labconco
reeze Dry System/Freezone 4.5, Labconco, Kansas City, MO,  USA).

.3. Characterization of inclusion complex

UV spectra of the inclusion complex, pure astaxanthin and HPCD
n methanol solution were obtained by UNICO 2100 UV–vis spec-
roscopy (Unico, Shanghai, China). The scans were registered from
00 to 800 nm.

FTIR was conducted using a Nicolet 5DXC IR Spectrometer
Nicolet, Madison, WI,  USA). The diffuse reflectance technique was

tilized in the mid-IR (400–4000 cm−1) spectral region. The pro-
edure consisted of grinding the sample together with KBr (about
00–400 mg)  into a fine powder, placing the powder into the sam-
ling cup, smoothing the powder, and compressing the powder bed
Fig. 1. The UV absorption spectra of astaxanthin (b), HPCD (c) and their inclusion
complex (a).

into the holder using a compression gauge. The sample was placed
in the light path and the spectrum was obtained.

1H NMR  spectra were recorded at 25 ◦C using a Bruker AM-400
NMR  spectrometer (Germany) at 500 MHz. HPCD, astaxanthin and
the astaxanthin/HPCD complex were dissolved in DMSO solution
and tested, respectively.

2.4. Molecular modeling

The molecular modeling was carried out by Hyperchem 8.0 soft-
ware. The molecular mechanics MM2  force field method was used
for molecular modeling calculations. The initial structures of astax-
anthin and HPCD were constructed with the help of Hyperchem 8.0
and optimized with PM3. The modeling was  performed by docking
the optimized structure of the astaxanthin molecule into the HPCD
cavity and allowing for full-geometry optimization. Modeling cal-
culations were performed in two  steps. Firstly, for one HPCD and
one astaxanthin (1:1), the hexatomic ring of astaxanthin was step-
wise inserted into the cavity of HPCD. In the second step, for two
HPCD and one astaxanthin, the optimized 1:1 complex above was
docked into the second HPCD cavity from the other end. All modes
were minimized using a conjugate gradient optimization proce-
dure until a root mean square (RMS) value of 0.01 kcal/(mol Å) was
obtained (Wen, Liu, & Zhu, 2005). �E  of the minimum energy mode
was  calculated according to Eq. (1):

�E = Ecomplex − (Ehost + Eguest) (1)

The calculation energy of HPCD, astaxanthin and the inclusion
complex molecules were Ehost, Eguest and Ecomplex (kcal/mol),
respectively.

3. Results and discussion

3.1. UV/VIS spectra

The UV/VIS spectra of astaxanthin/HPCD complex, astaxanthin
and HPCD were recorded respectively, according to the procedure
of UV spectra. Fig. 1 showed that HPCD had no absorption in the
range 225–800 nm and had slight absorption at about 210 nm.
Astaxanthin had 4 absorption peaks in the scanned range, there-
into, the highest absorption peak was  at 478 nm which was K band
absorption generated by � → �* transition of the large conjugated
system of the whole molecule. The absorption peak at 203 nm was
K band absorption of unsaturated hydroxyketone, it was generated

by � → �* transition of the C C and C O conjugated system in
the hexatomic ring of astaxanthin molecule. 250 nm was  K band
absorption of the whole hexatomic ring. The weak absorption peak
at 295 nm was  R band absorption generated by n → �* transition
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Table  1
Variation of 1H chemical shift (ı/ppm) of HPCD before and after forming complex with astaxanthin (DMSO, 300 K).

HPCD H-1 H-2 H-3 H-4 H-5 H-6 OCH2 CH3 OH

ıfree 4.833 3.441 3.751 3.412 3.478 3.615 3.327 1.025 2.501
ıcomplex 4.833 3.439 3.754 3.395 3.465 3.615 3.301 1.025 2.500
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�ı 0.000  −0.002 0.003 −0.007 

f the carbonyl group and it is the characteristic peak of carbonyl
ompounds. There were several changes on the UV/VIS spectra of
staxanthin/HPCD complex compared with that of astaxanthin. The
ntensity of K band absorption peak at 203 nm increased greatly.
he peak at 250 nm increased too, and blue-shifted. The R band
bsorption peak at 295 nm was slightly affected by the forma-
ion of complex. Nevertheless, the peak at 478 nm was not visibly
ffected. Those changes mainly caused by the host–guest interac-
ion of the astaxanthin/HPCD complex for HPCD had no absorption
n the scanned range. It could be speculated that HPCD formed
omplex with the hexatomic ring at the end of the astaxanthin
olecule which contained a carbonyl group from the change of

bsorption peaks. The hexatomic ring entered into the lyophobic
avity of HPCD formed a new hydrogen bond and leaded the change
f density of electron cloud. Therefore, the absorption peaks of the
omplex changed from that of astaxanthin.

.2. FTIR spectra studies

The variation of the shape, shift, and intensity of the IR absorp-
ion peaks of the guest or host can provide enough information
or the occurrence of the inclusion. Fig. 2 showed the IR spectra
f astaxanthin, HPCD and their inclusion complex. The IR spec-
rum of astaxanthin showed its characteristic bands in agreement
ith the previously report (Chen et al., 2007). There was  a very

trong absorption band at 1654 cm−1 for C O stretching vibration.
bsorption band at 1552 cm−1 was denoted for stretching vibra-

ion of C C in the hexatomic ring. 974 cm−1 was  for absorption
and of C H in C, C conjugate system. The IR spectrums of the

nclusion complex are similar to that of HPCD, due to the low quan-
ity of astaxanthin in the system. However, several variations were

−1
ound in the spectra. The absorption band at 1654 cm were dis-
ppeared or shifted to low wavenumbers in the astaxanthin/HPCD
nclusion complex, indicating that the C O stretching vibration was
estricted after the formation of inclusion complex. 1552 cm−1 was

ig. 2. The IR spectra of astaxanthin (a), HPCD (b) and their inclusion complex (c).
−0.013 0.000 −0.026 0.000 −0.001

greatly weakened, indicating that a majority of hexatomic ring of
astaxanthin was  included by HPCD, but maybe a few of astaxanthin
only one hexatomic ring of the two  was  included.

3.3. 1H NMR spectra

1H NMR  spectra are one of the most direct evidence for the for-
mation of the inclusion complex (Hamdi, Abderrahim, & Meganem,
2010). If a guest molecule is incorporated into the HPCD cavity, the
screening constants of the HPCD protons inside the cavity (H-3 and
H-5) should be sensitive to the changed environment, but that of
the outside protons (H-1, H-2, and H-4) should not. This should
result in chemical shift changes of the inside protons (Polyakov,
Leshina, Konovalova, Hand, & Kispert, 2004). The 1H chemical shifts
of HPCD were determined through the 1H NMR  spectra of HPCD,
astaxanthin and their complex and the results showed in Table 1.
The 1H chemical shifts of free HPCD were agreed with former report
(Ge et al., 2011). 1H NMR  spectra of the complex showed the pro-
ton peaks both of HPCD and astaxanthin; furthermore, several 1H
chemical shifts of HPCD were changed. It confirmed that the com-
plex was formed. Table 1 showed that chemical shift of outside
protons H-1 and H-6 had no variation before and after forming
complex, �ı  of the inside protons H-3 and H-5 were 0.003 ppm
and −0.013 ppm, respectively. When the complex was  formed, the
hexatomic ring of astaxanthin should enter the cavity of HPCD, elec-
tron cloud was  dense at the H-5 proton located near the terminal of
the hexatomic ring where electron cloud was  dense made it to be
shielded and upfield shift, while the H-3 proton presented down-
field shift owning to the deshielding zone of the hexatomic ring
which were generated by Van der Waals force. The relative position
between HPCD and the hexatomic ring of astaxanthin was shown
in Fig. 3.

3.4. Molecular modeling studies

In recent years, widespread use has been made of computer
aided molecular modeling to rapidly and simply obtain a three
dimensional image of the most likely structure of the inclusion
complex (Anguiano-Igea, Otero-Espinar, Vila-Jato, & Blanco-
Méndez, 1997; Wen  et al., 2005). Calculations by PM3  method were
performed in order to obtain some global information about the
geometry of the host–guest complexes and to find the intermolec-
ular interaction in HPCD and astaxanthin inclusion complexation.
�E  of the complexation was  calculated for the minimum energy
mode according to Eq. (1) and the data of Ecomplex, Ehost + Eguest, �E
were listed in Table 2. For one HPCD molecule and one astaxanthin
molecule, the �E  values of the model a and model b were −9.39
and −23.29 kcal/mol respectively, while for the 2:1 stoichiometric

ratio of the complex (model c), the �E  value was −30.57 kcal/mol.
It was indicated that the complex of 2:1 host–guest stoichiometry
was  the most predominant configuration of the three modes, both
hexatomic ring ends of one astaxanthin molecule, respectively,
inserted into two HPCD cavities due to hydrophobic interactions
and hydrogen bonds. The three modes of astaxanthin/HPCD com-
plexes with minimum energies were shown in Fig. 3.
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Fig. 3. Energy-minimized modes obtained by PM3 calculations for astaxanthin/HPCD complex.

Table  2
The interaction energy between astaxanthin and HPCD calculated with PM3.

Models HPCD:astaxanthin Ecomplex (kcal/mol) Ehost + Eguest (kcal/mol) �E (kcal/mol)

a 1:1 −27011.60 −27002.21 −9.39
b  1:1 −27025.50 −27002.21 −23.29
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c  1:2 −44173.65 

. Conclusions

In present work, the inclusion complexes of astaxanthin with
PCD were prepared and the structures of the complexes were

nvestigated by UV, FTIR and 1H NMR. The experimental results
howed that the mode of the complex was the hexatomic ring part
f the astaxanthin molecules was included into the HPCD cavi-
ies. Furthermore, the implementation of molecular modeling test
onfirmed that the complex of 2:1 host–guest stoichiometry had
he lowest �E  value, two hexatomic ring ends of one astaxan-
hin molecule inserted into two HPCD cavities, respectively and
t should be the most predominant configuration.
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