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a water-soluble and photostable
rubropunctatin/b-cyclodextrin drug carrier

Zhenzhen Ren,a Yanan Xu,a Zhenxin Lu,a Zhenzhen Wang,a Chengqun Chen,b

Yanghao Guo,c Xianai Shi,c Feng Li,c Jianmin Yangc and Yunquan Zheng *ac

The purpose of the current study was to construct a b-cyclodextrin drug carrier for rubropunctatin to

improve its water solubility and light stability for future cytotoxicity studies. The inclusion complexation

behavior of rubropunctatin with b-cyclodextrin was investigated using FESEM, FT-IR and XRD. A

molecular docking study was performed to elucidate the most probable inclusion structure. The

inclusion complex could be completely dispersed in water and had a small size of 121.87 � 2.13 nm (n ¼
3), a good PDI (0.320 � 0.017), and an acceptable potential value of �27.7 � 0.32 mV (n ¼ 3).

Furthermore, the stability of the rubropunctatin in water under light irradiation was found to be greatly

enhanced after being encapsulated in cyclodextrin, and it exhibited a retention rate of over 70% vs.

10.17%. In addition, the cytotoxicity of the inclusion complex was evaluated by MTT assay and Annexin

V-FITC/PI detection using cervical adenocarcinoma HeLa cells. The results showed that the inclusion

complex had comparable toxicity compared to rubropunctatin solubilized with 0.4% DMSO. More

importantly, the formation of the inclusion complex contributed greatly to the intensification of the

bioavailability of rubropunctatin because the use of organic solvent was avoided.
1. Introduction

Monascus pigments, belonging to polyketide compounds, have
been shown to be toxic to various human cancer cells, sug-
gesting that they are natural non-toxic antitumor agents with
great potential in the development of new chemotherapeutic
treatments.1–5 Additionally, our previous study demonstrated
that rubropunctatin showed a higher anti-proliferative effect
than other pigments on BGC-823 cells.6 Furthermore, the
inductive effect of apoptosis can be boosted by light irradiation,
suggesting that rubropunctatin is a promising natural dual
anticancer agent for photodynamic therapy and chemotherapy.7

However, as a water-insoluble drug, its clinical application has
been greatly limited because it cannot be dissolved and is
unavailable for absorption in the gastrointestinal tract.8–10

Various attempts to improve the bioavailability of water-
insoluble drugs have been reported, a common example being
the formation of cyclodextrin inclusion complexes.11 Cyclodex-
trins, which provide the ability to form inclusion complexes
with insoluble drug molecules, are a family of cyclic oligosac-
charides that contain 6–12 a-1,4-linked D-glucopyranose units
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joined to form a hydrophobic cavity structure.12 Cyclodextrins
are widely used as delivery systems in food, drug, cosmetics and
other industries because of their low toxicity and low immu-
nogenicity.13–15 b-cyclodextrins are commonly employed in
pharmaceutical products due to their favorable cavity size for
drug molecules, high potency of cyclodextrin-mediated cyto-
toxicity and economic price.16,17 Once incorporated with drugs,
b-cyclodextrins enhance the solubility, stability and bioavail-
ability of the drug molecules.18,19 As a drug carrier, an available
monograph for b-cyclodextrins was published in both the US
Pharmacopoeia/National Formulary (USP 23/NF 18, 1995) and
European Pharmacopoeia (3rd edn, 1997).20 Moreover, b-cyclo-
dextrins, in addition to a-cyclodextrins and g-cyclodextrins, are
listed on the FDA's GRAS (Certied Safety) list.21

Investigations into b-cyclodextrin inclusion complexes have
emerged, one aer another. Brexin was the rst oral commer-
cially available tablet containing b-cyclodextrin as a carrier.
Pharmacokinetic studies have demonstrated that a piroxicam/b-
cyclodextrin inclusion complex exhibits faster dissolution and
higher wettability than piroxicam, and signicantly reduces the
irritation caused by drugs in the intestine because of the inser-
tion of drugmolecules into the cavity of cyclodextrin.22 Bandarkar
et al. used ball milling technology to prepare MLX/b-cyclodextrin
inclusion complex with enhanced water solubility and dissolu-
tion rate, which overcomes the lack of feasibility associated with
expanding the manufacturing process.23 This achievement
brought the dawn of the actual production and application of b-
cyclodextrin. Nelnavir Mesylate (NM), an anti-HIV drug,
This journal is © The Royal Society of Chemistry 2019
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exhibited increased solubility with decreased crystallinity and an
enhanced intestinal absorption rate when incorporated into the
cavity of b-cyclodextrin.24 Li et al. synthesized b-cyclodextrin-
conjugated hyaluronan hydrogel as a drug carrier suitable for
wound healing. Results showed that the high loading capacity
and sustained drug delivery was caused by the interaction
between b-cyclodextrin and the drug.25 Modied cyclodextrin has
been prepared as an injectable drug carrier, one successful
example being Sporanox.26 Related studies have shown that the
formation of inclusion complexes can be characterized by UV-vis,
SEM, Fourier transform-infrared spectroscopy, molecular dock-
ing, NMR, X-ray diffraction, and other techniques.27,28

So far, no research has been conducted on inclusion
complexes comprising b-cyclodextrin and rubropunctatin.
However, rubropunctatin, as a promising natural dual-
anticancer agent, is water-insoluble and light-insoluble. In our
present work, we report the preparation and characterization of
an inclusion complex formed between rubropunctatin and b-
cyclodextrin. The inclusion complex was characterized using
FT-IR, FESEM and XRD. The most probable structure of the
inclusion complex was proposed by a molecular docking study.
Furthermore, the dispersibility, photostability and cytotoxicity
of the inclusion complex was studied.

2. Experimental section
2.1 Materials

The Monascus pigment, rubropunctatin, was puried in our
laboratory.29 Cervical adenocarcinomaHeLa cells were purchased
from Cell Resource Center of Shanghai Biological Sciences
Institute (Chinese Academy of Sciences, Shanghai, China).
DMEM medium was obtained from Gibco BRL (Gaithersburg,
MD, USA). Fetal bovine serum (FBS) was obtained from Invitrogen
GmbH (Karlsruhe, Germany). Gentamicin, L-glutamine and 1,3-
diphenylisobenzofuran were purchased from Sigma (St. Louis,
MO, USA). PBS (pH 7.2) was obtained from Shanghai Yuanpei
Biotechnology Co., Ltd. (Shanghai, China). Annexin-V/PI staining
kits were purchased from KGI Biotechnology Development Co.,
Ltd. (Nanjing, China). b-Cyclodextrin was purchased from
Shanghai Yuanye Biological Technology Co., Ltd. (Shanghai,
China). All other reagents (analytical grade) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and
used as received without additional purication.

2.2 Cell culture

HeLa cells were cultured with DMEM medium supplemented
with 10% (v/v) FBS, 40 U mL�1 gentamicin, and 20 mmol L�1

L-
glutamine. The culture was incubated at 37 �C in a humidied
atmosphere of 5% CO2 in an incubator (Series 8000WJ, Thermo
Scientic, USA). The medium was replenished every second day
and the cells were subcultured aer reaching conuence.

2.3 Preparation of rubropunctatin/b-cyclodextrin inclusion
complex

Themolar ratio of rubropunctatin to b-cyclodextrin in the entire
reaction was 1 : 1.30 0.3244 g of b-cyclodextrin was added to
This journal is © The Royal Society of Chemistry 2019
20 mL of ultrapure water and dissolved in a 60 �C water bath to
prepare a cyclodextrin saturated solution. Under stirring, 2 mL
of rubropunctatin acetone solution (0.0506 g mL�1) was slowly
added, and the reaction was heated for 6 h. Aer cooling, it was
pre-frozen for 24 h in an ultra-low temperature refrigerator
(ULTS1368, Thermo Fisher (Suzhou) Instrument Co., Ltd.,
China) at �80 �C, and then freeze-dried in a freeze dryer
(SCIENTZ-30ND, Ningbo Xinzhi Biotechnology Co., Ltd. China).

2.4 Dispersion experiment in water

0.020 g of rubropunctatin and rubropunctatin/b-cyclodextrin
inclusion complex were respectively weighed and dissolved in
test tubes each containing 4 mL of water. The samples were
then allowed to stand for 5 min to observe the color and clari-
cation of the solutions. Aer the above-mentioned inclusion
complex was diluted with distilled water for a certain multiple,
the particle size distribution and zeta potential were measured
using a nanometer particle size analyzer (Zetasizer Nano ZS,
Malvern Corporation, UK).

2.5 FESEM assay

To compare the surface morphology of rubropunctatin, b-
cyclodextrin, their physical mixtures (the molar ratio of rubro-
punctatin to b-cyclodextrin was 1 : 1) and the rubropunctatin/b-
cyclodextrin inclusion complex, FESEM measurements were
conducted at 0.2–30 kV on a eld emission scanning electron
microscope (Nova NanoSEM 230, American FEI Company, USA).
For this purpose, each sample was xed on a brass stub using
double-sided tape and then was sputter coated with a conduc-
tive layer of gold using a sputter coating system (K550X,
Quorum Technologies Ltd, UK). We used Image J to analyze the
FESEM images.

2.6 FT-IR assay

FT-IR spectra were obtained for rubropunctatin, b-cyclodextrin,
the physical mixture and the rubropunctatin/b-cyclodextrin
inclusion complex samples using a Fourier infrared spectrom-
eter (Nicolet 410, American Nichols, USA). The samples were
pressed with KBr to form pellets and recorded at frequencies
from 4000–200 cm�1.

2.7 Powder X-ray diffraction (XRD)

Monochromatic Cu Ka radiation (wavelength¼ 1.540598 Å) was
produced by a XPERT-3 X-ray diffractometer (Netherlands
Panalytical, Netherlands). The powdery samples were packed
tightly into rectangular aluminum cells. Then, the packaged
samples were exposed to the X-ray beam at diffraction angles,
2q, from 5 to 60. The diffracted radiation was detected with
a proportional detector.

2.8 Molecular docking study

A molecular docking study was performed to investigate the
binding mode between rubropunctatin and b-cyclodextrin
using Autodock Vina 1.1.2.31 The three-dimensional (3D)
structure of b-cyclodextrin was extracted from the PDB le
RSC Adv., 2019, 9, 11396–11405 | 11397
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3CGT, which was downloaded from the RCSB Protein Data Bank
(http://www.rcsb.org/pdb/home/home.do). The 2D structure of
rubropunctatin was drawn using ChemBioDraw Ultra 14.0 and
converted into a 3D structure using ChemBio3D Ultra 14.0
soware. The AutoDockTools 1.5.6 package was employed to
generate the docking input les.32 The ligand was prepared for
docking by merging non-polar hydrogen atoms and dening
rotatable bonds. The search grid of the b-cyclodextrin was
identied as center_x: 58.584, center_y: 11.891, and center_z:
8.835, with dimensions of size_x: 15, size_y: 15, and size_z: 15.
In order to increase the docking accuracy, the value of exhaus-
tiveness was set to 20. For Vina docking, the default parameters
were used if not mentioned otherwise. The best-scoring pose as
judged by the Vina docking score was chosen and visually
analyzed using PyMoL 1.7.6 soware (http://www.pymol.org/).
2.9 Light stability assay

To research the light stability, the rubropunctatin/b-cyclodex-
trin inclusion complex was dissolved in 80% ethanol solution,
sonicated under a 400 W probe ultrasound system for 2 min, at
a nal concentration of 5 mg mL�1, and then the above solu-
tions were divided into seven parts on average. The absorbance
of one of the samples was measured with an ultraviolet-visible
spectrometer at 300–800 nm to determine the maximum
absorption peak position of the inclusion complex, while the
other six sets were exposed to a tungsten halogen lamp (500 W,
wavelengths: 597–622 nm). The irradiation was stopped at
regular intervals (0.5 h, 1 h, 1.5 h, 2 h, 3 h, and 4 h) to detect
absorbance at 506 nm under the same conditions. According to
the above steps, the control group of rubropunctatin (detection
wavelength: 488 nm) was set. The pigment retention rate was
calculated according to the following equation:

Retention rate after illumination ¼ absorbance at x h with light/

absorbance without light
2.10 Cytotoxicity assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay was carried out to investigate the bioactivity of
the rubropunctatin/b-cyclodextrin inclusion complex and
rubropunctatin solubilized with or without 0.4% DMSO. HeLa
cells were rstly seeded to three 96-well plates at a seeding
density of 1 � 104 cells per well in 200 mL complete medium,
and incubated in a 37 �C humidied incubator with 5% CO2.
Aer 24 h of incubation, the medium in the 96-well plate was
discarded, the cells were rinsed with PBS three times, and 200
mL of medium was added (medium containing the inclusion
complex, or medium containing rubropunctatin solubilized
with or without 0.4% DMSO), each in sextuplicate. It is impor-
tant to note that the concentration of rubropunctatin in the
inclusion complex was the same as that in the rubropunctatin
solution (solubilized with or without 0.4% DMSO) and all the
nal concentrations of rubropunctatin were 0 mmol L�1, 10
mmol L�1, 25 mmol L�1, 50 mmol L�1, 75 mmol L�1 and 100 mmol
11398 | RSC Adv., 2019, 9, 11396–11405
L�1. Every plate was kept in the dark for studying toxicity. Aer
the cells were grown for another 24 h, 100 mL of MTT solution
(0.5 mg mL�1 in pH 7.2 PBS) was added to each well. Aer
incubation for 4 h, the medium containing unreacted MTT was
removed carefully, and 100 mL DMSO was added to each well to
dissolve the produced blue formazan. The absorbance was
measured at a wavelength of 570 nm using an automated plate
reader (SH-1000, Corona Electric, Japan). The results were
expressed as values of mean � SD. The IC50, cytotoxic concen-
tration for 50% cell death, was calculated by probit regression
(SPSS 17.0 soware).

2.11 Annexin V-FITC/PI assay

In order to further evaluate whether rubropunctatin can
continue to play a role in inducing apoptosis aer inclusion by
b-cyclodextrin, the Annexin V-FITC/PI detection kit was applied.
An analysis of phosphatidylserine on the outer leaet of
apoptotic cell membranes was performed using Annexin-V and
PI to distinguish between apoptotic and necrotic cells. HeLa
cells that were both Annexin-V and PI negative represented
survivals, Annexin-V positive and PI negative represented the
early phase of apoptosis, and both Annexin-V and PI positive
represented the late apoptotic/necrotic stage. Aer treatment,
cells (1 � 105 cells per mL) were stained with Annexin-V and PI
according to the manufacturer's instructions. 500 mL of Annexin
binding buffer was added to each tube, and stained cells were
analyzed using a ow cytometer (COULTER EPICS XL, American
Beckman Company, USA).

2.12 Statistical analysis

The results were expressed as the mean � standard deviation
(SD) from three independent experiments. Statistical analysis
was performed by using SPSS 17.0 soware, origin 9.0 and
prism 5.0. Group differences were assessed by Student's t test,
and considered signicant for p < 0.05 (*), and p < 0.001 (***).

3. Results
3.1 Dispersion test

Monascus rubropunctatin is a deep red powder that is insoluble
in water.33 Certain masses of rubropunctatin and rubro-
punctatin/b-cyclodextrin inclusion complex were separately
dissolved in the same volume of distilled water, and were
allowed to stand for 5 min to obtain sample solutions to be
tested.

In Fig. 1c, we can see that most of the rubropunctatin sinks
to the bottom, a small amount oats on the liquid surface, and
a few particles are suspended in the aqueous solution
(Fig. 1c(i)), but the inclusion complex is uniformly dispersed in
the solution, which is orange-yellow in color (Fig. 1c(ii)). The
rubropunctatin solution was colorless and transparent aer
ltering through a 0.22 mm lter (gure not shown). However,
the color of the inclusion complex solution was slightly lighter
than that before ltering. Finally, the average particle size of the
inclusion complex was measured to be 121.87� 2.13 nm (n¼ 3)
(Fig. 1a) with a good PDI (0.320 � 0.017) (n ¼ 3) demonstrating
This journal is © The Royal Society of Chemistry 2019
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that the solution had good homogeneity.34 Regarding the
surface charge, the potential value of the inclusion complex was
�27.7 � 0.32 mV (n ¼ 3) (Fig. 1b), which supported the stand-
point that the inclusion complex solution possesses stability
because its particles exhibit sufficient interparticle repulsion to
prevent aggregation.35 It was reported by Lu et al. that when the
zeta potential of a solution is high, a relatively stable system is
achieved, because the repulsive force exceeds the attraction.36,37

However, the potential value of �27.7 � 0.32 mV is only in an
acceptable potential range and is not exceptional. Compared
with the rubropunctatin, the formation of the rubropunctatin/
b-cyclodextrin inclusion complex signicantly improved the
solubility of rubropunctatin in water.

3.2 Characterization of rubropunctatin/b-cyclodextrin
inclusion complex

3.2.1 FESEM analysis. When the drug molecule enters the
cyclodextrin cavity, its crystallinity is reduced or even lost,
which will change the specic position and spatial structure of
the drug molecule. Thus, the morphologies of rubropunctatin,
b-cyclodextrin, their physical mixture and the inclusion
complex were analyzed using scanning electron microscopy to
judge whether a clathrate is formed or not.38

As shown in Fig. 2, the b-cyclodextrin particles appear as
block crystals with a smooth surface (Fig. 2b), and rubro-
punctatin exists as a rod-like crystal with a smooth surface
(Fig. 2a). The shape of the particles in the rubropunctatin/b-
cyclodextrin inclusion complex is obviously different from that
of the b-cyclodextrin and rubropunctatin particles, and a aky
structure with many lamellar crystals on the surface can be seen
in Fig. 2d. At the same time, we observed no changes in the
surface structure of the physical mixture (Fig. 2c), whose
morphology was a simple mix of the rod-shaped rubropunctatin
Fig. 1 Characterization of rubropunctatin/b-cyclodextrin inclusion co
potential. (c) Photograph showing differences in dispersion: (i) rubropun

This journal is © The Royal Society of Chemistry 2019
and the bulk b-cyclodextrin. The change of the morphology of
rubropunctatin in the inclusion complex and the lack of
structural change in physical mixture conrmed the formation
of the rubropunctatin/b-cyclodextrin inclusion complex.

3.2.2 Fourier-transform infrared spectroscopy (FTIR). The
infrared band usually shis or the intensity changes aer the
guest molecule is encapsulated by b-cyclodextrin.39 In this
study, we determined the FT-IR spectrum of rubropunctatin, b-
cyclodextrin, the physical mixture and the rubropunctatin/b-
cyclodextrin inclusion complex from 4000 to 500 cm�1.

The FT-IR spectrum of b-cyclodextrin (Fig. 3c) is characterized
by a broad band with a transmittance peak of 3288 cm�1 (for the
symmetric and asymmetric –OH stretching vibration due to the
many intermolecular hydrogen bonds), 2926 cm�1 (for the C–H
stretching vibration), 1023 cm�1 (for the symmetric C–O–C
stretching vibration). The main absorption peaks of rubro-
punctatin (Fig. 3d) are located at 2929 cm�1 (for the C–H
stretching vibration), 1725 cm�1 (for the C]O stretching vibra-
tion), 1513 cm�1 (for the C]C stretching vibration), 884 cm�1

(for the ]C–H out-of-plane rocking vibration). The FT-IR spec-
trum of the physical mixture (Fig. 3b) was derived by super-
imposing the spectra of rubropunctatin and b-cyclodextrin.
However, Fig. 3a exhibits the modications in the vibrational
modes of rubropunctatin and b-cyclodextrin. The C]O stretch-
ing vibration (1725 cm�1), C]C stretching vibration (1531 cm�1)
and]C–H stretching vibration (884 cm�1) of rubropunctatin are
absent in the inclusion complex because rubropunctatin is
bound to the cyclodextrin molecule cavity. The transmission
intensity at 1023 cm�1 of b-cyclodextrin is greatly weakened,
demonstrating the diminished interaction among the inclusion
complex molecules. A good indication of the formation of the
inclusion complex is that the broad O–H band of b-cyclodextrin
at 3288 cm�1 was found to be narrowed in the FT-IR spectrum.40
mplex in water: (a) particle size distribution spectrum; (b) the zeta
ctatin; (ii) rubropunctatin/b-cyclodextrin inclusion complex in water.

RSC Adv., 2019, 9, 11396–11405 | 11399
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Fig. 2 The FESEM images of (a) rubropunctatin, (b) b-cyclodextrin, (c) 1 : 1 molar ratio physical mixture, (d) rubropunctatin/b-cyclodextrin
inclusion complex.

Fig. 3 FT-IR spectra for (a) rubropunctatin/b-cyclodextrin inclusion
complex, (b) 1 : 1 molar ratio physical mixture, (c) b-cyclodextrin, (d)
rubropunctatin.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 1

1/
28

/2
02

4 
2:

38
:3

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
3.2.3 XRD results. Further evidence for the formation of
the rubropunctatin/b-cyclodextrin inclusion complex was ob-
tained from XRD, which has been proven to be an effective
11400 | RSC Adv., 2019, 9, 11396–11405
method for the analysis of inclusion complexes.41 The XRD
pattern of the 1 : 1 molar ratio physical mixture (Fig. 4c) is
basically a combination of the signal proles of rubropunctatin
(Fig. 4a) and b-cyclodextrin (Fig. 4b), conrming that no
chemical association has occurred. By contrast, the prepared
inclusion complex (Fig. 4d) showed a sharply distinct prole
from that of the physical mixture, indicating a new crystalline
phase and suggesting inclusion behavior between rubro-
punctatin and b-cyclodextrin.42,43 Simultaneously, most of the
rubropunctatin had complexed with b-cyclodextrin resulting in
none of the characteristic peaks of rubropunctatin being
present in the XRD pattern of the rubropunctatin/b-cyclodextrin
inclusion complex.
3.3 Molecular docking results

The rubropunctatin was docked into the binding pocket of the
b-cyclodextrin and the results are presented in Fig. 5. The 3D
structures of rubropunctatin and b-cyclodextrin are separately
shown in Fig. 5a and b. The evaluated binding energy between
the b-cyclodextrin and rubropunctatin was found to be
�5.6 kcal mol�1. The rubropunctatin adopted a compact
conformation and was wrapped by b-cyclodextrin. Detailed
analysis revealed two key hydrogen bond interactions with bond
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 XRD patterns: (a) rubropunctatin; (b) b-cyclodextrin; (c) 1 : 1
molar ratio physical mixture; (d) rubropunctatin/b-cyclodextrin inclu-
sion complex.
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lengths of 1.9 and 2.4 Å (Fig. 5c and 3e). All these interactions
helped rubropunctatin to anchor to the binding site of b-
cyclodextrin.

In summary, the above molecular simulations gave us
a rational explanation of the interactions between the rubro-
punctatin and b-cyclodextrin, providing valuable information
for the study of the mode of action of the rubropunctatin/b-
cyclodextrin inclusion complex.
Fig. 5 3D structures of (a) rubropunctatin and (b) b-cyclodextrin. Front
view and side view of the rubropunctatin/b-cyclodextrin inclusion
complex: (c and e) wireframe view, (d and f) stick-ball view.

Fig. 6 (I) Changes in preservation rate of rubropunctatin and rubro-
punctatin/b-cyclodextrin inclusion complex after illumination under
light for different times (light source: tungsten halogen lamp, 500 W,
wavelength: 597–622 nm). (II) The influence of different periods of
illumination on the color of (a) rubropunctatin and (b) rubropunctatin/
b-cyclodextrin inclusion complex solutions.

Fig. 7 Cytotoxicity of rubropunctatin/b-cyclodextrin inclusion
complex, and rubropunctatin solubilized with or without 0.4% DMSO
on HeLa cells.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 11396–11405 | 11401
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Fig. 8 Induction of apoptosis by HeLa cells (C1: dead cells; C2: late apoptotic/necrotic cells; C3: non-apoptotic cells; C4: early apoptotic cells;
dosing concentration from left to right, from above to bottom is 0, 10, 25, 50, 75, 100 mmol L�1). (a) Rubropunctatin solubilized with 0.4% DMSO.
(b) Rubropunctatin/b-cyclodextrin inclusion complex. (c) Fluorometric quantification of the apoptotic cells.
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3.4 Light stability test

As illustrated in Fig. 6(I), the preservation rate of rubropuncta-
tin decreased rapidly with the extension of illumination time. At
4 h, rubropunctatin faded signicantly (Fig. 6(II)-a), and the
preservation rate dropped sharply to 10.17%. Compared to
rubropunctatin, the preservation rate of the rubropunctatin/b-
cyclodextrin inclusion complex reduced slowly. The retention
rate of the inclusion complex was 72.67% at 2 h, which was
much higher than that of rubropunctatin (23.22%). When the
irradiation time was extended to 4 h, the retention rate was still
greater than 70%, and no obvious change in the color of the
clathrate solution was observed (Fig. 6(II)-b).

The determination results revealed that the photocatalytic
stability of the rubropunctatin/b-cyclodextrin inclusion
complex was signicantly enhanced. When rubropunctatin
enters the cavity of cyclodextrin, the energy of the direct action
of light on rubropunctatin decreases, which reduces the prob-
ability of a photochemical reaction. The decrease of the pres-
ervation rate of the inclusion complex within 2 h might be
caused by the photodegradation of rubropunctatin dispersed
on the surface.
3.5 In vitro cytotoxicity assay

In this study, the in vitro cytotoxicity assays of the rubro-
punctatin/b-cyclodextrin inclusion complex and rubropunctatin
solubilized with or without 0.4% DMSO were evaluated on HeLa
cell line and their IC50 values were compared. The anti-
proliferative activity of the three prepared samples to HeLa
cells aer 24 h of incubation is illustrated in Fig. 7.

First of all, it is worth noting that the free rubropunctatin did
not exert cytotoxicity without being solubilized in 0.4% DMSO
(Fig. 7c). However, rubropunctatin, solubilized in 0.4% DMSO
(Fig. 7a) and loaded in b-cyclodextrin (Fig. 7b), decreased the
viability of HeLa cells in a dose-dependent manner. The IC50

values were 26.60 � 0.64 mmol L�1 (rubropunctatin, solubilized
in 0.4% DMSO) and 39.37 � 1.03 mmol L�1 (rubropunctatin,
loaded in b-cyclodextrin), which are slightly lower than the value
for rubropunctatin solubilized in 0.4% DMSO. The small
difference in cytotoxicity may be explained by the cytotoxicity of
0.4% DMSO on cells or the incomplete release of rubro-
punctatin in b-cyclodextrin that had not yet had the opportunity
to exert its activity.

Above all, we can conclude that the rubropunctatin/b-cyclo-
dextrin inclusion complex retained its cytotoxicity, not only
because the inclusion complex had signicant activity
compared with free rubropunctatin solubilized without 0.4%
DMSO, but also because the cell cytotoxicity of the inclusion
complex was close to that of rubropunctatin assisted with 0.4%
DMSO.44 More noteworthy, the bioavailability of rubropunctatin
was greatly intensied because the use of organic solvent was
avoided.
3.6 Annexin V-FITC/PI detection

The cytotoxic effects of the rubropunctatin/b-cyclodextrin
inclusion complex and rubropunctatin solubilized with 0.4%
This journal is © The Royal Society of Chemistry 2019
DMSO were further quantied through ow cytometry. HeLa
cells were double-labelled by Annexin-V-FITC/PI aer treat-
ment, which made it possible to distinguish and quantitatively
analyze non-apoptotic cells (Annexin V-FITC negative/PI nega-
tive, C3), early apoptotic cells (Annexin V-FITC positive/PI
negative, C4), late apoptotic/necrotic cells (Annexin V-FITC
positive/PI positive, C2) and dead cells (Annexin V-FITC
negative/PI positive, C1).45,46

As we can see from Fig. 8, the untreated cells (C3) were
primarily Annexin V and PI negative, indicating that they were
viable and not undergoing apoptosis either in the group con-
taining the inclusion complex (Fig. 8b) or in that containing
rubropunctatin solubilized with (Fig. 8a) 0.4% DMSO. In
contrast, all of the treated cells in the group of the inclusion
complex and rubropunctatin solubilized with 0.4% DMSO
resulted in a signicant increase in the HeLa apoptotic pop-
ulation and a decrease in the non-apoptotic population.
Compared to the treatment with rubropunctatin solubilized
with 0.4% DMSO, the data (Fig. 8c) evidenced that the inclusion
complex had almost the same effect on HeLa cells in inducing
apoptosis, that is 95.7 � 1.7% vs. 98.5 � 0.8% apoptosis,
including early apoptotic cells and late apoptotic/necrotic cells
at 50 mmol L�1.

To summarize, we can reach the same conclusion as that
from the MTT assay, which is that the rubropunctatin/b-cyclo-
dextrin inclusion complex could make a great contribution to
the improvement of the bioavailability of rubropunctatin.

4. Conclusions

The present study demonstrates that rubropunctatin was com-
plexed with b-cyclodextrin to form an inclusion complex, which
was certied by the results obtained using FESEM, FT-IR and
XRD. The molecular docking study revealed two key hydrogen
bond interactions between rubropunctatin and b-cyclodextrin.
The water solubility of rubropunctatin was found to be
remarkably increased by complexation with b-cyclodextrin. The
average particle size of the inclusion complex was 121.87 �
2.13 nm (n ¼ 3) with a good PDI (0.320 � 0.017), while the
potential value was �27.7 � 0.32 mV (n ¼ 3). Under light irra-
diation for 4 h, the preservation rate of the rubropunctatin/b-
cyclodextrin inclusion complex was still greater than 70%, while
that of rubropunctatin was only 10.17%, indicating that the
inclusion complex sharply improved the light stability of
rubropunctatin. In the in vitro efficacy studies, the rubro-
punctatin/b-cyclodextrin inclusion complex exhibited compa-
rable cytotoxicity against HeLa cells with an IC50 of 39.37 � 1.03
mmol L�1, which was close to that of rubropunctatin solubilized
with 0.4% DMSO (26.60 � 0.64 mmol L�1). This demonstrated
that the inclusion complex not only retained the anti-cancer
activity of rubropunctatin, but also greatly enhanced the
bioavailability of rubropunctatin because the use of organic
solvent was avoided, which was similarly testied by the
Annexin V-FITC/PI detection.

Our study establishes that the rubropunctatin/b-cyclodextrin
inclusion complex provides an alternative means of overcoming
the low aqueous solubility and light instability of
RSC Adv., 2019, 9, 11396–11405 | 11403
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rubropunctatin. On the other hand, the inclusion complex
would be very likely to be regarded as a promising rubro-
punctatin delivery vehicle for future chemotherapy studies
involving HeLa cells.
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