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a  b  s  t  r  a  c  t

A  water-soluble  inclusion  complex  of  hypericin  (HY)  with  �-cyclodextrin  polymer  (CDP)  was  achieved  by
supramolecular  interactions  between  HY  and  CDP.  The  inclusion  complex  (HY-CDP)  was  characterized
by 1H  NMR,  FTIR,  and UV–vis  spectroscopies.  Compared  with  HY,  the  water-solubility  of HY-CDP  was
vailable online 13 March 2013
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nclusion complex

greatly  enhanced  because  of the  water-soluble  CDP  host.  The  mole  ratio of  �-cyclodextrin  (�-CD)  unit
in  CDP  to HY was  determined  as 2:1.  At 25 ◦C,  the  dissociated  constant  of HY-CDP  was  measured  as
1.47  × 10−7 mol  L−1 by UV–vis  spectroscopy.  In  the formation  of  inclusion  complexes,  CDP  could  overcome
the  �-CD drawbacks  – such  as  the  poor  water-solubility  and  the  restriction  of  single  cavity  size,  indicating
it  was  able  to  use  as  a universal  solubilizer  for pharmaceutical  application.

© 2013 Elsevier Ltd. All rights reserved.
haracterization

. Introduction

�-Cyclodextrin (�-CD) is cyclic oligosaccharides including
lucose unites linked by �-1,4-glucosidic bonds. Given the
ydrophobic internal cavity and hydrophilic external surface, it
an form supramolecular host–guest complexes with a variety of
ydrophobic molecules (Szejtli, 1998). Through the distinct phys-

cal and chemical properties, �-CD is used in many fields, such as
lectroanalysis (Chen, Zhang, Jiang, & Diao, 2011), biotechnology
Yang, Lin, Chen, & Liu, 2009), environmental protection (Zhang,
hen, Zha, & Diao, 2012), and foodstuff (Hu, Wei, et al., 2012; Hu,
hang, Song, Gu, & Hu, 2012). �-CD appears to be the best natural
yclodextrin for pharmaceutical applications because of its efficient
rug complexation (Hu, Wei, et al., 2012; Hu, Zhang, et al., 2012),
owever, some limitations exist for the applications of �-CD: (1)
he aqueous solubility of �-CD is low. (2) Although some chemical

odifications have been prepared to improve the aqueous solubil-
ty of �-CD, adopted chemical routes usually use the toxic organic
eagent. (3) Only several organic molecules having specific sizes
an form inclusion complexes with CDs and the single and small
ize of CD cavities limit the CD use in pharmaceutical applications.

-Cyclodextrin polymer (CDP) has been obtained by reaction of

he parent �-CD with a cross-linking agent, epichlorohydrin (EP)
Renard, Deratani, Volet, & Sebille, 1997). Especially, CDP as a highly

∗ Corresponding author. Tel.: +86 514 87975436; fax: +86 514 87975244.
E-mail address: gwdiao@yzu.edu.cn (G. Diao).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.03.020
water-soluble polymer is well known to selectively form inclu-
sion complexes. Moreover, the features of CDP have been widely
exploited, e.g., for solubilization and pharmaceutics (Li, Xiao, &
Zhong, 2004; Zhang, Chen, & Diao, 2011; Zhao, Zhao, Zhu, Tian, &
Shen, 2009).

Hypericin (HY) is a natural polycyclic quinone from Hyper-
icum perforatum,  commonly known as St John’s wort (Agostinis,
Vantieghem, Merlevede, & de Witte, 2002). The chemical structure
of HY is shown in Fig. 1(a). This natural product is an effective
antidepressant and anxiolytic (Lavie, Mazur, Lavie, & Meruelo,
1995; Vandenbogaerde et al., 2000), an antiretroviral agent (Lavie
et al., 1995), and a potent photosensitizer suggested for use in
photodynamic therapy of cancer (Saw, Olivo, Soo, & Heng, 2006).
However, HY is very lipophilic and water-insoluble, which makes
intravenous injection problematic and restrains its medical appli-
cations.

Up to date, only a few studies focus on cyclodextrins and HY (de
los Reyes & Koda, 2001; Falk, Sarhan, Tran, & Altmann, 1998; Sattler,
Schaefer, Schneider, Hoelzl, & Lehr, 1997; Vandenbogaerde et al.,
2000), but the water-solubility of HY is not remarkably improved
with CDs and the host–guest interaction of HY with CDs is not
explored carefully. In this paper, we  used CDP as a solubilizing
agent for HY, and studied the formation of a water-soluble inclu-
sion complex between HY and CDP. In this preparation of HY-CDP,

there was  not any chemical synthesis in order to preserve the orig-
inal structure of HY. The method would provide a convenient and
efficient approach for obtaining HY with high water solubility, high
bioavailability and low toxicity.

dx.doi.org/10.1016/j.carbpol.2013.03.020
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.03.020&domain=pdf
mailto:gwdiao@yzu.edu.cn
dx.doi.org/10.1016/j.carbpol.2013.03.020
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unit in CDP was shown in Fig. 1(b). The 1H resonances of CDP
were assigned according to the reported method (Renard et al.,
1997; Zhang et al., 2011). The typical 1H NMR  spectrum of HY was
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Fig. 1. Chemical struc

. Experimental

HY was purchased from Aldrich. �-CD, epichlorohydrin (EP),
thylene glycol, and other reagents were all analytical purity and
urchased from Sinopharm Chemical Reagents Company. Double
istilled and sterilized water was used to prepare all solution.

.1. Apparatus

The FTIR spectrum was used by the Tensor 27spectropho-
ometer (Bruker, Germany). The 1H NMR  spectra were conducted
n a 600 MHz  Bruker spectrometer (Bruker, Germany) at 303.1 K
n deuterium oxide. The UV–vis spectrum was  recorded on

 UV-2550 double-beam spectra photometer (Shimazu, Japan)
quipped with a stoppered quartz cell with 1.0 cm optical path
ength.

.2. Preparation of CDP and HY-CDP inclusion complex

CDP was synthesized by cross-linking �-CD with EP under a
trongly alkaline condition (33 wt% NaOH). The molar ratio of �-
D/EP was 1:7. The details of the synthesis and purification were
hown as in the reference (Zhang et al., 2011).

The preparation of the inclusion complex of HY with CDP was
hown as follow: it was prepared by dissolving 4 g CDP and 0.5 g
Y in 100 ml  water with sufficiently stirring for at least 24 h at

oom temperature. At the end of the reaction, a deep purple solu-
ion contained the inclusion complex was obtained after removing
he residual HY. Then the deep purple product was obtained by
ressure distillation, and it was dried in a vacuum oven at 65 ◦C for
8 h.

.3. Aqueous solubility of HY-CDP

The saturated solubility of HY-CDP in water was  measured at
5 ◦C according to the reference (Zhang et al., 2011). Firstly, an
dequate amount of HY-CDP was added to 5 ml  water to ensure the
olution reaching saturation. The solution was mechanically shaken
or 2 h at 25 ◦C. Secondly, the remaining solid in the solution was
ltrated off using a 0.45 �m Nylon Cameo filter-syringe. Thirdly,
he filtrated HY-CDP was dried in a vacuum oven for 24 h until a
onstant weight being reached. The solubility of HY-CDP in water

ould be calculated from the difference between the initial amount
nd the residual amount of HY-CDP. The measurement repeated
hree times. The saturated concentration of HY-CDP in water was
lso measured by UV–vis spectrophotometry.
f (a) HY and (b) CDP.

3.  Results and discussion

3.1. Characterization of HY-CDP

Fig. 2 shows the FTIR spectra of (a) HY, (b) CDP, and (c) HY-
CDP. The typical IR spectrum of HY was presented in Fig. 2(a),
which was in good agreement with literature (Kapinus, Falk, &
Tran, 1999). The carbonyl and aromatic stretching vibrations at
1595 cm−1 was  exhibited in Fig. 2(a). Fig. 2(b) shows the typical
CDP absorptions, such as the coupled C O C stretching vibra-
tions at ∼1160 cm−1, the coupled C O/C C stretching vibrations at
∼1030 cm−1, CH2 stretching vibrations at ∼2920 cm−1, CH bend-
ing vibrations at ∼1456 cm−1, and OH stretching vibrations at
∼3330 cm−1. As shown in Fig. 2(c), we  found that the FTIR spectrum
of HY-CDP exhibited the typical absorption features of CDP and HY.
Compared with HY, the peak of the carbonyl and aromatic stretch-
ing vibrations shifted to 1554 cm−1 and the peak strength became
much lower, indicating the formation of inclusion complex of HY
with CDP.

The direct evidence for the formation of inclusion complex could
be found from the 1H NMR  spectrum (Schneider, Hacket, Rüdiger,
& Ikeda, 1998). In order to study the possible inclusion mode of
HY-CDP, we  compared the 1H NMR  spectra of HY in the absence
and presence of CDP in Fig. 3. The chemical structure of �-CD
4500 400 0 350 0 300 0 250 0 200 0 150 0 100 0 50 0 0

Wavenumber (cm
-1
)

Fig. 2. FTIR spectra of (a) HY, (b) CDP, and (c) HY-CDP.
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(pH = 7.0, 25 ◦C) was  evaluated as 0.478 L g−1 cm−1. The solubilities
of HY, CDP, and HY-CDP at 25 ◦C in water were listed in Table 1.
Compared with HY, it was clear that the solubility of HY-CDP was

Table 1
Aqueous solubility of HY, CDP, and HY-CDP at 25 ◦C.

Sample Aqueous solubility (g L−1)

HY Insolubility
CDP >100a
ppm (t1) 56.07.08.0

Fig. 3. 1H NMR  spectra of (a) H

howed in Fig. 3(a), which was consistent with the previous report
Tatsis, Exarchou, Troganis, & Gerothanassis, 2008). As illustrated in
ig. 3(b), it confirmed the existence of HY in the inclusion complex.
ompared with the 1H NMR  spectrum of HY, the signal of protons
f C10, C11–CH3 shifted from 2.958 and 2.887 ppm to 2.907 and
.751 ppm, and the signal of protons of C9, C12-H shifted from 8.021
o 7.826 ppm. These great upfield shifts, which was  similar to our
revious studies in cyclodextrin inclusion complexes (Chen, Diao,

 Zhang, 2006; Zhang et al., 2011), suggested HY monomer entered
nto the hydrophobic cavities of CDP. The results indicated that HY
nd CDP could be formed inclusion complex by supramolecular
nteractions. The ratio of HY to �-CD unit in the polymer inclu-
ion complex was determined by the peak area of protons of HY
nd �-CD unit in inclusion complex. The number of the protons
ocated at different positions was measured and listed in Table
1 (in the supporting information). The stoichiometry (1:2 molar
atio) of both HY and �-CD unit in CDP were confirmed by 1H NMR
pectroscopy.

.2. UV–vis spectra and aqueous solubility of HY-CDP

Fig. S1 in the supporting information showed the UV–vis absorp-
ion spectrum of HY in ethanol. The polycyclic aromatic structure
f HY resulted in a strong absorption throughout the UV spectrum
ith peaks at 546 and 595 nm,  which was similar to the refer-

nces (Chen et al., 2001; Huntosova et al., 2012; Smirnov et al.,
999). Fig. 4 showed the UV–vis absorption spectra of HY and HY-
DP saturated aqueous solutions. However, no absorption in water
as observed for pure HY in the range of 400–700 nm as shown in

ig. 4(a), because of the poor water-solubility of HY. In Fig. 4(b), the
wo typical absorption peaks of HY in the inclusion complex were
bserved at 558 and 597 nm,  which was very similar to that of HY in
thanol. However, the spectral profile of HY was markedly affected
y formation of inclusion complex with HY. The main changes that
e could observe in the complex are remarkable descends of the

wo peaks. Because CDP solution had no absorption in UV–vis spec-
rum, Fig. 4(b) could be only found the peaks of HY in the inclusion

omplex. These results indicated that CDP as a solubilizer improved
he aqueous solubility of HY, and formed the inclusion complex of
Y which might penetrate into �-CD cavities in CDP by hydropho-
ic interactions.
Fig. 4. UV–vis spectra of (a) HY and (b) HY-CDP saturated aqueous solutions.

Fig. 5(A) shows UV–vis spectra of HY-CDP with different concen-
trations in aqueous solution (pH = 7.0, 25 ◦C). It was found that the
peak positions at 558 and 597 nm were independent of the concen-
trations of HY-CDP. However, the intensity of the peaks increased
with the concentration of HY-CDP. Plotting the absorbance of HY-
CDP at 558 nm vs. the concentration of HY-CDP, a straight line was
obtained as shown in Fig. 5(B). According to the Lambert-Beer law,
the absorption coefficient (ε) of HY-CDP in the aqueous solution
HY-CDP 1.864b

HY-CDP 1.794a

a The method by Section 2.3.
b Data taken from UV–vis spectrum.
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uch higher than that of HY. These results revealed that the water-
oluble host CDP improved the aqueous solubility of HY remarkably
y the formation of HY-CDP inclusion complex.

.3. Dissociated constant of inclusion complex

Because of the insolubility of HY in water, ethylene glycol, a

uitable solvent for HY and CDP, was chosen to study the dissoci-
ted constant of the inclusion complex. The formation of HY-CDP
n ethylene glycol could be confirmed by the UV–vis spectrum
s shown in Fig. 6(A). The peak position was independent of the
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ig. 6. (A) At 25 ◦C, UV–vis spectra of 2.26 × 10−4 M HY in ethylene glycol with dif-
erent concentrations of �-CD unit in CDP (mM):  (a) 0, (b) 0.326, (c) 0.652, (d) 0.978,
e) 1.63, (f) 1.96. (B) The plot of [H]2

0[G]0/�A  vs. [H]2
0. Data taken from (A).
ution (pH = 7.0, 25 ◦C): (a) 0.033; (b) 0.066; (c) 0.099; (d) 0.132; (e) 0.165, (f) 0.330,
CDP. Date taken from (A).

addition of CDP. However, the peak intensity decreased with CDP.
Assuming the ratio of HY to �-CD unit in CDP was 1:2, the formation
of the inclusion complex could be described as follows:

2H + G = H2G (1)

where H represented the host, �-CD unit in the polymer, G was
the guest, HY, and H2G was  the inclusion complex. The stability of
HY-CDP was described in terms of its formation (KF) or dissociation
(KD = 1/KF) constants. If the initial concentrations of H and G were
[H]0 and [G]0 respectively, and [H]0 � [G]0, the concentration of
H2G at equilibrium was  x, then KD was  calculated according to the
Benesi–Hildebrand method (Tamaki, 1984):

KD = ([G]0 − x)([H]0 − 2x)2

x
(2)

Taking account of the optical path length, l = 1.0 cm,  the UV–vis
absorbance at a given wavelength could be described as follows:

A = εH([H]0 − 2x) + εG([G]0 − x) + εH2Gx (3)

where εH, εG, and εH2G were molar absorption coefficients of H, G,
and H2G, respectively.

Because [H]0 � [G]0, therefore, [H]0 � 2x. Combining Eq. (2)
with Eq. (3),  we had

A − εH[H]0 − εG[G]0

εH2G − εG − εH
= [H]2

0[G]0

KD + [H]2
0

(4)

There was  almost no absorption when wavelength ranges from
400 to 750 nm for CDP, εH could be negligible comparing to εG, and
εH2G. Let �A  = A − εH[H]0 − εG[G]0, �ε  = εH2G − εG, Eq. (4) could
be rearranged as:

[H]2
0[G]0

�A
= [H]2

0
�ε

+ KD

�ε
(5)

Plotting [H]2
0[G]0/�A  vs. [H]2

0, a straight line was obtained. The
experimental result was  shown in Fig. 6(B). The linear relation-
ship between [H]2

0[G]0/�A  and [H]2
0 proved that the assumption of

1:2 ratio of HY to �-CD unit in CDP was correct. According to the
slope and the intercept of the line, KD of the inclusion complex was
evaluated as 1.47 × 10−7 mol  L−1.

The stoichiometry of the inclusion complex was also confirmed
by the continuous variation Job’s method (Ge, Huang, Tian, Huang,
& Zeng, 2012; Job, 1928; Liu, Yang, Chen, & Ding, 2005; Negi &
Singh, 2013). The sum of the concentrations of both components
was kept constant ([HY] + [�-CD unit] = 4 × 10−4 M).  The Job’s plot

of the complex between HY and �-CD unit in CDP was shown in
Fig. 7, where the molar fraction of HY, R (R = [HY]/([HY] + [�-CD
unit]) varied from 0.0 to 1.0 and plotted against absorbance dif-
ference (�A × mole fraction). As shown in Job’s plot the maximum



370 W. Zhang et al. / Carbohydrate Po

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.1

0.2

0.3

ΔA
 x 

m
o

le
 r

a
ti
o

p
i

4

p
C
H
w
f
K
t
i

A

N
2
i
I
J
R
K

A

f
2

R

A

C

C

R

Fig. 7. Job’s plot for different molar ratio of HY and �-CD unit in CDP.

eak was obtained at R = 0.35, which indicated the formation of 1:2
nclusion complex between HY and �-CD unit in CDP.

. Conclusion

In the present work, the water-soluble host, CDP improved the
hysical and chemical properties of the HY guest by forming HY-
DP inclusion complex. This work involved the characterization of
Y-CDP, aiming to gain high solubility, and stable electro-activity in
ater. The inclusion complex between HY and ˇ-CD unit in CDP was

ormed with a stoichiometry of 1:2 and the dissociated constant
D was obtained by UV–vis spectroscopy. All the results suggested
hat the CDP complexation technique was a promising strategy to
mprove the water-solubility of HY.
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