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The inclusion complexes of trans-polydatin (PD)withβ-CD andγ-CDwere prepared. The inclusion complexation
behavior, characterization and interactions of PD with CDs were investigated in both the solution and the solid
state by means of UV–vis, ESI-MS, NMR, FT-IR, XRD, SEM, TG and DSC. All of the characterization information
demonstrated the formation of PD/CDs inclusion complex, and the PD/CDs inclusion complexes exhibited differ-
ent spectroscopic features and properties from PD. The 1:1 stoichiometry of the complexes was visually proven
with the ESI-MS experiment and Job'smethod.Meanwhile, itwas the phenyl group (a and b rings) of the PDmol-
ecule that were included in the CDs cavity from the wide side. Moreover, the water solubility of PD/CDs was sig-
nificantly improved from 0.161 mg/mL to 7.21 mg/mL (PD/β-CD) and 12.02 mg/mL (PD/γ-CD). Consequently,
the bioavailability of PD/CDs inclusion complexes were effectively improved over free PD in vitro. The present
study provides useful information for the potential application of complexationwith PD, a naturally occurringhy-
drophobic polyphenolic compounds herbal medicine.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, several scientific studies have attracted considerable
attention to the fact that moderate but regular red wine consumption
has beneficial effects on human health [1]. Polyphenolic compounds,
which are present in the skin of grapes and in red wine, are proposed
to be responsible for these activities, particularly stilbene compounds,
such as polydatin. It also named piceid (trans-polydatin, 3,4′,5-
trihydroxystilbene-3-β-D-glucoside), the chemical structure of which
is shown in Fig. 1A, is one of the main effective elements of
P. cuspidatum. Polydatin injection which the main component is PD,
the traditional Chinese medicine, is the first to submit an application
for clinical research in the United States as a kind of innovative drugs.
Previously, pharmacological studies and clinical practice have demon-
strated that PD has a number of biological functions, such as against
shock [2–4], ischemia/reperfusion injury [5,6], congestive heart failure
[7], endometriosis [8] and antitumor [9–11]. However, the use of PD
as a natural herbalmedicine is greatly limited by its lowwater solubility
and bioavailability. Therefore, various formulation techniques are ap-
plied to enhance the aqueous solubility of poorly water-soluble drugs,
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including the formulation of amorphous solid forms, nanoparticles,
microemulsions, solid dispersions, melt extrusion, salt formation and
the formation of water-soluble complexes [12,13]. The search for an
efficient and nontoxic carrier for PD has become important in order to
further its clinical applications.

This problemmaybe solved by the formation of inclusion complexes
with cyclodextrin (CD), which usually increases the stability, solubility,
dissolution rate and bioavailability [14–16]. Cyclodextrins are a family
of molecules comprised of several glucopyranoses bound together to
form a ring [17]. Among many types of cyclodextrins occurring in na-
ture, β- andγ-cyclodextrin are torus-shaped oligosaccharide containing
seven or eight glucose units (Fig. 1B) with a hydrophilic outer surface
and a lipophilic inner cavity that can accommodate a wide variety of
lipophilic drugs, forming the inclusion complexes. Our group has
reported that many inclusion complexes of CDs with natural products
significantly enhanced the water solubility and bioavailability of the
products [18–21].

PD has attracted considerable interest for chemists due to its biolog-
ical activities. Recent, the group of He [22] and Liang [23] reported the
inclusion complex of PD with HP-β-CD and 6-O-α-maltosyl-β-CD,
their physicochemical characteristics has been studied and character-
ized. To develop different PD/CDs and their applications, the complexes
of PD with β- and γ-CD were prepared using a simple freeze-drying
method in the present study. UV–vis spectroscopy was used to evaluate
the formation of PD/CDs complexes in aqueous solutions, Drug/CDs in-
teractions in the solution were investigated using a phase solubility
analysis. The interactions in the solid state were characterized using
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Fig. 1. Chemical structure of polydatin (A) and β-, γ-CD (B).
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NMR, FT-IR, XRD, SEM, TG andDSC, aiming to verify the formation of the
inclusion complex. The 1:1 stoichiometry was confirmed by the contin-
uous variation Job's method, and ESI-MS [24,25] examinations gave di-
rect evidence for the 1:1 bindingmodel. Finally, the inhibitory effects of
PD/CDs on cell growthwere evaluated to prove the retaining bioactivity
of free PD.

2. Materials and methods

2.1. Materials

Polydatin (FW=390.13, purity N 99%) was obtained from Sigma-
Aldrich (Dorset, UK). β-CD (FW = 1135, purity N 99%) and γ-CD
(FW = 1297, purity N 99%) were purchased from Adamas Reagent
Co. Ltd. and used without further purification. Other reagents and
chemicals were of analytical reagent grade. All experiments were
carried out using ultrapure water.

2.2. Preparation of the inclusion complexes and physical mixtures

The 1:1 M ratio of the PD/CDs inclusion complexes was prepared
using the freeze-drying method [26]. Accurately weighed amounts of
β- and γ-CD were dissolved in ultrapure water. Subsequently, the solu-
tion of PD in ethanol was added slowly to the aqueous CDs solution. The
resulting suspension was stirred at room temperature for 48 h. It was
then filtered through a 0.22 μm membrane filter before being lyophi-
lized with a freeze dryer (Alpha 2–4, Christ) to obtain the solid com-
plexes. The physical mixtures used to test for possible inclusion were
prepared by mixing the powders at a 1:1 M ratio of PD and CDs in an
agate mortar.

2.3. Stoichiometry determination: Job's method and phase-solubility
studies

The UV–vis absorption spectra of PD, CDs and the inclusion
complexes were recorded using a UV-2401 spectrophotometer
(Shimadzu, Tokyo, Japan) in the range of 200–500 nm. The stoichi-
ometry of the inclusion complex was determined using the continu-
ous variation Job's method [27,28]. To experimentally implement
Job's method, equimolar 1.64 × 10−5 M solutions of PD and CDs
were mixed to a standard volume containing a fixed total concentra-
tion of the species. In the solutions, the R (R = [PD]/([PD] + [CDs]),
[PD] + [CDs] = 3.28 × 10−5 M) is systematically varied from large to
small. The maximum amount of the complex PD should occur at the
stoichiometric ratio from 0.0 to 1.0.
2.4. Inclusion complex characterization

2.4.1. NMR spectroscopy
1H NMR and ROESY spectra were obtained on an Ascend 500 MHz

NMR spectrometer (Bruker, Switzerland). β-CD and γ-CD complexes
and PDwere dissolved in D2O (or DMSO-d6) and DMSO-d6 respectively.
Chemical shifts were reported in ppmwith tetramethylsilane (TMS) as
the internal standard.

2.4.2. Fourier-transform infrared spectroscopy (FT-IR)
FT-IR spectra were recorded on the Fourier transform infrared spec-

trometer (Nicolet 6700, Thermo Fisher Scientific, Waltham, MA) ac-
cording to the KBr disk technique. Samples were prepared as KBr
disks with 1 mg of complex in 100 mg of KBr. The FTIR measurements
were performed in the scanning range of 4000–400 cm−1 at ambient
temperature.

2.4.3. Powder X-ray diffractometry (XRD)
X-ray powder diffraction patterns [29] were performed on a Philips

X'Pert Pro diffractometer using Ni-filtered and Cu Kα radiation (45 kV,
35 mA). The scanning rate employed was 0.15°/min in a diffraction
angle (2θ) range of 3°–50°.

2.4.4. Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) was used to evaluate the mor-

phology of PD, β-CD, and γ-CD inclusion complexes and the physical
mixture. All samples were made electrically conductive by coating
them with a thin layer of gold before the examination using a JEOL
JSM-7500F scanning electron microscope operated at 5.0 kV.

2.4.5. Thermogravimetry
Differential scanning calorimetry (DSC) and thermogravimetric

(TG) measurements were conducted on a 2960 SDT V3·0F instrument
and NETZSCH STA 449F3, respectively, and 3–3.5 mg of each sample
was heated at a rate of 10 °C/min from room temperature to 400 °C
under dynamic nitrogen atmosphere and at a flow rate of 70 mL/min.

2.4.6. Mass spectrometry
The complexes of PD with CDs were prepared by the addition of an

equimolar portion of the PD to an aliquot of CDs in an aqueous solution
(5.5mmol/L). Then, the whole solutionwas shaken for 48 h tomix it ef-
fectively before introducing it to the mass spectrometer. Electrospray
ionization mass spectrometry (ESI-MS) experiments were performed
using an Agilent 1100 LCF MSD TOF mass spectrometer (Agilent, USA)
equipped with an electrospray source. The sample was introduced via
a syringe pump at a flow rate of 3 μL/min. High flow rate nitrogen gas
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was employed as thenebulizing gas, aswell as the drying gas, to aid des-
olation. After optimization of the MS parameters, the spray voltage was
set to 4.0 kV in the positive mode and the heated metal capillary tem-
perature was set at 300 °C. The fragmentor and skimmer voltages
were set at 250 and 75 V, respectively. The mass scale was calibrated
by using the standard calibration procedure and compounds provided
by the manufacturer.

2.5. Cell growth inhibition assay

The cell growth inhibition on human lung adenocarcinoma cell
(A549), human cervical cancer (Hela), human ovarian cancer cell
(SKOV-3) and human breast adenocarcinoma (HepG2) cell lines
were determined by an MTT assay [30] as described previously. In
this assay, the increase or decrease in the number of viable cells is
linearly correlated with the mitochondrial activity, highlighted by
the conversion of the tetrazolium salt (MTT) into formazan crystals,
which can be solubilized and spectrophotometrically quantified.
First, cells were grown in 96-well plates at 5000 cells per well in a
final volume of 200 μL of culture medium per well. Then, the cells
were cultured in an incubator (5% CO2, 37 °C) until the cells reached
70–80% confluency. After culturing the cells in an incubator for 48 h,
20 μL of MTT solution was added to each well and incubated for 2 h.
The culture medium was discarded, and 200 μL of DMSO were added
to eachwell. The solution was then swirled gently and left in the dark
for 10min. The absorbance in each well wasmeasured at 570 nm in a
microtiter plate reader. The cell viability in treated cells was
expressed as the amount of dye reduction relative to that of the un-
treated control cells.

3. Results and discussion

3.1. NMR spectra analysis

1H NMR spectra are some of themost direct evidence for the forma-
tion of the inclusion complex [31–33]. If a guest molecule is incorporat-
ed into the CDs cavity, the screening constants of the CDs protons inside
the cavity (H-3 and H-5) should be sensitive to the changed environ-
ment, 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 [20].
The 1H chemical shifts of CDs were determined through the 1H NMR
spectra of CDs and PD, as well as their complexes. These results are
shown in Table 1.

The chemical shifts for the PD (Fig. 2A(a)) are as follows: 1H NMR
(500 MHz, DMSO-d6) δ 9.60 (s, H-16 of PD), 9.47 (s, H-28 of PD),
7.45–7.39 (m, H-11 and H-15 of PD), 7.05 (d, J = 16.3 Hz, H-8 of PD),
6.89 (d, J = 16.3 Hz, H-9 of PD), 6.81–6.73 (m, H-2, H-12 and H-14 of
PD), 6.59 (t, J = 1.7 Hz, H-6 of PD), 6.36 (t, J = 2.2 Hz, H-4 of PD),
5.31 (d, J = 5.1 Hz, H-17 of PD), 5.12 (d, J = 4.8 Hz, H-24 of PD), 5.05
(d, J = 5.3 Hz, H-23 of PD), 4.82 (d, J = 7.6 Hz, H-27 of PD), 4.66 (t,
J = 5.7 Hz, H-25 of PD), 3.75 (ddd, J = 11.8, 5.3, 2.1 Hz, H-22 of PD),
3.51 (dt, J = 11.9, 6.1 Hz, H-19 of PD), 3.38–3.14 (m, H-20, H-21 and
H-26 of PD). The Δδ in the 1H chemical shift for PD and CDs originating
Table 1
Chemical shifts of 1H NMR of CD protons in the presence and absence of PD.

Protons Chemical shift (ppm)

δβ-CD δPD/β-CD Δδγ δγ-CD δPD/γ-CD Δδγ

H-1 4.916 4.865 −0.051 4.977 4.925 −0.052
H-2 3.495 3.440 −0.055 3.526 3.475 −0.051
H-3 3.815 3.705 −0.110 3.864 3.715 −0.149
H-4 3.434 3.395 −0.039 3.462 3.426 −0.036
H-5 3.707 3.565 −0.142 3.765 3.615 −0.150
H-6 3.720 3.632 −0.088 3.786 3.652 −0.134
from the complexation phenomena was calculated by applying Eq. (1)
as follows:

Δδ ¼ δcomplex−δfree ð1Þ

1HNMR spectra (Fig. 2A) of the complexes showed the proton peaks
of both CDs and PD. Furthermore, several 1H chemical shifts of CDswere
changed. This confirmed that the complexes were formed. Table 1
showed that the chemical shift of outside protons H-1 and H-6 had a lit-
tle variation before and after forming the complex. While significant
chemical shift changes were exhibited by H-5 and H-3 protons in the
inner surface of CD with an up-field shift from −0.110 ppm to
−0.150 ppm. It is noteworthy that the chemical shift variation for H-3
was smaller than H-5 after resulting inclusion complex. Since both H-
3 andH-5 protons from each sugar unit are located in the internal cavity
of CD, we can propose from the 1H NMR data that PD was included in
the CD cavity.

Two-dimensional (2D) NMR [34] provides the most direct evidence
for the spatial proximity between the host and guest atoms following
the observation of intermolecular dipolar cross-correlations. Two pro-
tons closely located in space can produce a Nuclear Overhauser Effect
(NOE) cross-correlation in NOE spectroscopy (NOESY) or rotating-
frameNOE spectroscopy (ROESY) [35]. These NOE cross-peaks between
the protons of the host and guest molecules point to spatial contacts
within 0.4 nm. 2D ROESY off resonance was used to study the inclusion
of PD with β-CD and γ-CD.

Fig. 2B shows a section of the contour plot of the ROESY spectrum of
the PD/γ-CD complex. First of all, it should be noted that the ROESY
spectrum showed a correlation between H-4, H-6, H-8, H-9, H-11, H-
12, H-14 and H-15 of PD and H-3 and H-5 of γ-CD, indicating that the
phenyl group (a and b rings) of PD were incorporated inside the γ-CD
cavity. These observations were not surprising since the most probable
mode of binding in the CD inclusion complexes involved the incorpora-
tion of the less polarmoiety of the guest inside the cavity.We also found
NOE cross peaks with the inner CD protons, and to a larger extent with
H-6, demonstrating the PD binding with outside contribution. 2D NMR
results were in good agreement with results obtained from the 1H
chemical shifts analysis. It was also shown that PD should be included
in the β-CD cavity from the wide side (see Supplementary Data).

3.2. Scanning electron microscopy

Scanning electron microscopy (SEM) [36,37] is a qualitative method
used to visualize the surface structure of raw materials or the prepared
products. The SEM images of the PD, β-CD, and PD/β-CD inclusion com-
plex, as well as their physical mixtures, were illustrated in Fig. 3A. Pure
PD existed in a needle-like crystal with many different sizes (Fig. 3A
(a)), whereas β-CD was observed as rod-like crystals (Fig. 3A (b)). In
the physical mixture, the characteristic β-CD microspheres, which
were mixed with PD crystals or adhered to their surface, were clearly
observed (Fig. 3A (d)). However, the PD/β-CD inclusion complex ap-
peared in the form of irregular block-like particles (Fig. 3A (c)) in
which the original morphology of both components disappeared,
confirming the formation of the inclusion complex of PD and β-CD.
These changes can be taken as proof of the formation of new inclusion
complexes by molecular encapsulation (SEM of γ-CD and inclusion
complex, see the Supplementary Data).

3.3. Stoichiometry determination: Job's method

The standard curvewas performed using a UV–vis spectrophotome-
ter at 317 nm, which was prepared using the concentration (C, mM) as
the x-coordinate and the absorbance (A) as the y-coordinate. The stan-
dard curve of PD can be expressed as A=29.1199C+ 3.8 × 10−3 (R2=
0.9947).



Fig. 2. (A): 1H NMR spectra of PD in the absence and presence of β-CD and γ-CD in D2O at 25 °C, respectively; (B): ROESY spectrum of PD/γ-CD in D2O.
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The stoichiometry of complex formation between PD and CD was
also determined using Job's Method. The Job's plot is shown in Fig. 3B.
As shown in the Job's plot, the maximum peak was obtained at R =
0.5, indicating the formation of 1:1 inclusion complexes between PD
and β-CD or γ-CD, in agreement with the phase solubility study.

3.4. FTIR spectroscopy

FTIR is a useful technique for confirming the formation of the inclu-
sion complex [38,39]. Moreover, the modifications in the FTIR spectra
are typical of the solid-state complexes, due to the loss of the vibrating
and bending of the guest molecule upon complexation. FT-IR spectra of
PD, β-CD and γ-CD inclusion complexes and the physical mixture were
recorded at room temperature in a spectral region between 4000 and
400 cm−1, as shown in Fig. 4A.

We can observe that the FTIR spectra of inclusion complexes and free
CDs were very similar (Fig. 4A (b, c, e, f)). Moreover, bands of PD were
almost completely obscured by very intense and broad CD bands. In
both PD/β-CD and PD/γ-CD inclusion complex spectra, PD absorption
peaks at 3473, 3362, 1596, 1511, 1447, 1321, 1249, 1172, 1079 and
834 cm−1 were no longer able to be identified. However, the bands at
1249 and 834 cm−1, which are respectively attributed to υ (C\\O\\C)
and δ (C\\H) of para-substituted phenyl group of PD, were detected
with a very slight shift and a decreased intensity. Furthermore, we
could see that the band of the centroid of both complexes was shifted
in the range of the OH vibrations towards lower frequencies compared



Fig. 3. (A) SEM: (a) PD, (b) β-CD, (c) PD/β-CD inclusion complex, (d) PD/β-CD physical mixture. (B) Job's continuous variation plot of the PD/β-CD complex.
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to the position of the similar band in the β-CD and γ-CD spectra, respec-
tively. This may be related to a change of hydration bond structure due
to the formation of intramolecular hydrogen bonds between PD and
CDs. In addition, we noticed that no new peaks were observed, proving
that no new chemical bondswere created. The spectrum of the physical
mixturewas equivalent to the simple combination of PD and CDs. Some
characteristic absorption peaks of PD at 3493, 1956, 1447, 1249, 1079,
and 835 cm−1 were easy to observe (Fig. 4A (d, g)), suggesting that
the natural structure of PD still existed without any interactions with
β-CD and γ-CD. All of these results provided further evidence of the in-
clusion of PD in the hydrophobic cavity of β-CD and γ-CD. The overall
FTIR results confirmed that inclusion complex was formed and the ben-
zene ring was included in the CD nano-cavity, which was in accordance
with the NMR results.
Fig. 4. (A) FTIR spectra and (B) DSC patterns: (a) PD, (b) β-CD, (c) PD/β-CD inclusion complex
physical mixture.
3.5. DSC analysis

The DSC curves of pure PD, CDs and solid inclusion complexes are
shown in Fig. 4B. The thermogram of PD (Fig. 4B (a)) shows a sharp en-
dothermic peak (228 °C) [40], corresponding to themelting point of PD.
The thermal profile of CDs (Fig. 4B (b, d)) shows a broad endothermic
peak at 108 °C and 79 °C, corresponding to its dehydration of β-CD
andγ-CD. The decompositionwas 308 °C and 323 °C, respectively. How-
ever, the DSC curves of the PD/CDs complexes changed to new peaks,
corresponding to free PD with endothermic peaks at about 228 °C.
Then, it disappeared, coinciding with the appearance of the endother-
mic peak at 80 °C and 79 °C in the case of the PD/β-CD and PD/γ-CD
(Fig. 4B (c, e)) complexes, respectively. The inclusion compound forma-
tion could be due to the disappearance of the PD melting point, and
, (d) PD/β-CD physical mixture, (e)γ-CD, (f) PD/γ-CD inclusion complex and (g) PD/γ-CD



Table 2
In vitro cytotoxic activities of PD and PD/CD inclusion complex.

Cell lines Compounds IC50 (μM) (±)SD

A549 PD/β-CD complex 19.03 0.31
PD/γ-CD complex 17.16 0.42
PD 27.36 0.36

Hela PD/β-CD complex 31.12 0.25
PD/γ-CD complex 25.09 0.33
PD 44.96 0.49

HepG2 PD/β-CD complex 30.23 0.16
PD/γ-CD complex 20.06 0.38
PD 35.56 0.46

SKOV-3 PD/β-CD complex 30.96 0.52
PD/γ-CD complex 22.53 0.37
PD 68.32 0.65
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these peaks slightly shift, as compared with the dehydration peaks of
the corresponding cyclodextrins. These results further confirm the for-
mation of PD/CDs complexes, and they are evidence of the inclusion of
the PD molecule in the hydrophobic cavities of CDs.

3.6. TG analysis

The thermal properties of the PD/β-CD and PD/γ-CD complexes
were investigated using thermogravimetric methods (Fig. S3). A sys-
temic analysis of the TG curves showed that PD decomposes at ca.
273 °C, β-CD at ca. 275 °C and γ-CD at ca. 290 °C. However, the ther-
mal stability of their inclusion complexes differed; that is, the
Fig. 5. Exponentially growing cells in 96-well plates were continuously treated with the indicat
curves of PD in (A) A549, (B) Hela, (C)HepG2 and (D) SKOV-3 cells 48 h following treatment.
decomposition temperatures were ca. 285 °C and 295 °C for the PD/
β-CD and PD/γ-CD complexes, respectively. These results indicate
that PD's usual thermal properties were altered after inclusion com-
plexation and that the PD/CD complexes possessed high decomposi-
tion temperatures.

XRD and ESI-MS were also used to confirm the structure of the plat-
inum inclusion complex. For analysis details, please see the supporting
information (Fig. S1, S2).

3.7. Solubilization

A solubility studywas carried out according to a previously reported
method [41]. The water solubility of the PD/CD complex was assessed
with the preparation of a saturated solution. An excess amount of the
complex was placed in 2 mL of water (ca. pH 7.0) and the mixture
was stirred for 1 h. After removing the insoluble substance by filtration,
the filtrate was evaporated under reduced pressure to dryness and the
residue was dosed using the weighing method. The results show that
the water solubility of this PD, compared to that of native PD (ca.
0.161 mg/mL) [42], increased remarkably to approximately 7.21 and
12.02mg/mL through the solubilizing effects of β-CD and γ-CD, respec-
tively. In the control experiment, a clear solutionwas obtained after dis-
solving the PD/β-CD 28.17 (mg) and PD/γ-CD 51.98 (mg) complexes,
which were equivalent to 7.21 and 12.02 mg/mL of PD, respectively, in
1 mL of water at room temperature. This confirmed the reliability of
the satisfactorily obtained water solubility of the PD/CD complex,
which will be more conducive for human consumption and absorption
as herbal medicine.
ed concentrations of PD for 48 h and then subjected to MTT viability assay. Dose-response
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3.8. Cell growth inhibition assay analysis

The cytotoxicity of PD and its complexes in 4 cancer cell lines was
determined by MTT assay [27]. The decrease in absorbance in this
assay was due to cell death or reduction in cell proliferation. As shown
in Table 2, compared with the published articles [9–11], free PD exhibit
broad-spectrum growth inhibition and the similar biological activity
against A549, Hela and SKOV-3 cells. However, in this article, the two
PD/CD complexes displayed the better cytotoxicity of free PD against
A549, Hela, HepG2 and SKOV-3 cells, indicating that, owing to the im-
proved water solubility, the anti-tumour bioavailability of the inclusion
complexes also improved.

A dose-dependent inhibition of human cancer cells was shown
(Fig. 5). By comparing the effects of PD/CDs complexes in inhibiting
cell, it was found that 19.5 μM complexes caused 62% (PD/γ-CD com-
plex), 53% (PD/β-CD complex) and 36% (PD) loss of cell viability in
A549 lung cancer cells (Fig. 5A). As shown in Fig. 5 (B, C, D), PD/CDs
complexes also caused a better loss of cell viability than PD at the
same concentration. The results showed that PD/β-CD and PD/γ-CD
have some broad-spectrum anti-tumour activity. Through the report
paper [9,11] and the biological activity of complexes, the PD/CDs com-
plexes will be potentially useful for its application as herbal medicine
or healthcare products.

4. Conclusions

The inclusion complexation behaviors of PD with β-CD and γ-CD
were investigated using SEM, UV–vis, DSC, TG, FT-IR, NMR, XRD and
ESI-MS methods. The spectral shifts revealed that the phenyl group of
PD is entrapped in the CD's cavity by using continuous variation Job's
methods, and 1:1 stoichiometry was confirmed. The 1:1 binding
model of complexes were visually proven through the ESI-MS experi-
ment. As the inclusion systems obviously enhanced PD solubility and
the dissolution rate, the water solubility of PD was significantly im-
proved from 0.161 mg/mL to 7.21 mg/mL (PD/β-CD complex) and
12.02 mg/mL (PD/γ-CD complex). And the anti-tumour activity against
A549, Hela, HepG2 and SKOV-3 cells was also increased. The inclusion
complexation technology may be considered a promising approach
and an important step in the design of novel formulations of PD as an
anticancer therapy or herbal medicine.
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