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Acetylshikonin (AcSh), as a red colored pigment found in roots of the plants from family Boraginaceae,
showed excellent cytotoxic activity. Due to its hydrophobic nature, and thus poor bioavailability, the
aim of this study was to prepare acetylshikonin/b-cyclodextrin (AcSh/b-CD) inclusion complex by using
coprecipitation method, characterize obtained system by using UV/VIS, IR and 1H NMR spectroscopy, and
determine cytotoxic activity. Phase solubility test indicated formation of AL-type binary system (sub-
strate/ligand ratio was 1:1 M/M), with stability constant Ks of 306.01 M�1. Formation of noncovalent
bonds between inner layer of the hole of b-CD and AcSh was observed using spectroscopic methods.
Notable changes in chemical shifts of two protons (�0.020 ppm) from naphthoquinone moiety (C6-H
and C7-H), as well as protons from hydroxyl groups (�0.013 and �0.009, respectively) attached to C5

and C8 carbons from naphthoquinone part indicate that the molecule of AcSh enters the b-CD cavity from
the aromatic side. Cytotoxic activity against HCT-116 and MDA-MB-231 cell lines was measured by MTT
test and clonogenic assay. Mechanisms of action of free AcSh and inclusion complex were assessed by
flow cytometry. In comparison to free AcSh, AcSh/b-CD showed stronger short-term effect on HCT-116
cells and superior long-term effect on both cell lines. Inclusion complex induced more pronounced cell
cycle arrest and autophagy inhibition, and induced increase in accumulation of intracellular ROS more
effectively than free AcSh. In conclusion, AcSh/b-CD binary system showed better performances regard-
ing cytotoxic activity against tested tumor cell lines.
� 2019 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As a natural naphthazarin derivative, acetylshikonin is one of
the major ingredients found in red colored root extracts of the
plants from family Boraginaceae, genera Alkanna, Onosma, Arnebia,
Lithospermum and Echium (Papageorgiou et al., 1999; Cheng et al.,
2008; Kretschmer et al., 2012; Skrzypczak et al., 2015; Vukic et al.,
2017; Mirzaei et al., 2018). Acetylshikonin rich extracts have valu-
able usage as natural food colorants (Davis, 1988; Papageorgiou
et al., 1999; Davies, 2004), while literature data have revealed that
this lipophilic compound exhibits multiple pharmacological effects
such as antibacterial (Papageorgiou et al., 1999; Shen et al., 2002;
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Vukic et al., 2017), cytotoxic (Papageorgiou et al., 1999;
Kretschmer et al., 2012; Vukic et al., 2017; Park et al., 2017),
anti-inflammatory (Cheng et al., 2008; Koike, et al., 2016), antiulcer
(Toker et al., 2013), antigenotoxic (Skrzypczak et al., 2015), anti-
obesity (Gwon et al., 2012; Su et al., 2016) and antiparasitic
(Charan Raja et al., 2016) activities.

On the other hand, lipophilic nature of naphthoquinone moiety,
and thus its low water solubility, will significantly affect bioavail-
ability and pharmaceutical efficiency of acetylshikonin. In addition,
a strong influence of light and oxygen on stability of naphthazarins
should be emphasized, since decomposition products showed low
activities (Cheng et al., 1995, 1996a, 1996b). One approach to over-
coming these problems is encapsulation with b-cyclodextrin (b-
CD). From the point of the stabilization, solubilization, as well as
delivery of the active ingredients, technology of encapsulation is
widely used by food and pharmaceutical industries (Ozdemira
et al., 2018). Previous literature data showed that b-cyclodextrin
inclusion complex improved in vivo anti-cancer activity of cur-
cumin (Zhang et al., 2016). Similarly, better in vitro cytotoxic activ-
ities were observed in cases of encapsulated norathyriol and
lycorine (Han et al., 2014; Liu et al., 2017). Also, it should be noted
that US Food and Drug Administration include b-cyclodextrin into
GRAS (generally recognized as safe) carriers and protectants
(USFDA, 2001). b-Cyclodextrin, as a member of cyclic oligosaccha-
rides, was prepared by enzymatic degradation of starch by
cyclodextrin-glycosyltransferase and contains seven (-1,4)-linked
glucopyranose units (Gong et al., 2016). Together with chemical
and physical stability, this molecule is characterized with a rela-
tively hydrophobic central cavity and hydrophilic outer surface.
Its low cost, as well as specific cavity size (6.0–6.5 Å diameter,
265 Å3 volume) make this cyclic carbohydrate ideal for incorpora-
tion of guest molecules with molecular weights between 200 and
800 g/moL (Li et al., 2018). After embedding of lipophilic com-
pounds into hydrophobic cavity of b-cyclodextrin, external micro-
sphere of formed inclusion complex protects chemically non-
altered guest molecules from light and oxygen (Gong et al.,
2016). To our knowledge, there are no studies investigating encap-
sulation of acetylshikonin using b-cyclodextrin and its specific
cytotoxic activity.

Therefore, the objectives of the present investigation were to
prepare inclusion complex of acetylshikonin with b-cyclodextrin
using co-precipitation method, characterize formation of binary
system by using UV/VIS, IR and 1H NMR spectroscopy, and deter-
mine resulting cytotoxic activity against HCT-116 and MDA-MB-
231 cancer cells.
2. Materials and methods

2.1. Materials

Pure acetylshikonin (AcSh) was isolated previously (Vukic et al.,
2017). b-Cyclodextrin (b-CD), dimethyl sulfoxide-d6 (DMSO d6) and
methanol were purchased from Sigma-Aldrich (Steinheim,
Germany). Water was treated in a Milli-Q water purification
system (TGI Pure Water Systems, Brea, CA, USA).
2.2. Method for preparation of inclusion complex of acetylshikonin/b-
cyclodextrin

The formation of acetylshikonin/b-cyclodextrin (AcSh/b-CD)
inclusion complex was done by modified method of coprecipita-
tion (Calabro et al, 2004). Forty milliliters of deionised water and
one equivalent of b-CD (343.6 mg, 3.03 � 10�4 mol) were added
in round bottom flask. After dissolution of b-CD during continuous
stirring for 1 h at room temperature, 10 mL of methanolic solution
of acetylshikonin (100 mg, 3.03 � 10�4 mol) was successively
added. The obtained mixture was intensively stirred in a period
of 3 h at 60 �C, then at room temperature for 6 h. After formation
of inclusion complex, methanol was evaporated under reduced
pressure by using rotary evaporator, violet precipitate of AcSh/b-
CD was filtered and dried at 50 �C for 24 h.

2.3. Characterization of the complex

2.3.1. Phase solubility studies
In accordance with literature data (Higuchi and Connors, 1965),

the phase solubility studies were performed in aqueous medium at
room temperature and pH = 7. An excess amount of AcSh (20 mg)
was added to 10 mL of deionized water with the increase of b-CD
concentration (0–0.012 mol/L). Then, each of mixed solutions was
stirred for 48 h at ambience temperature (25 �C) and without light.
After the equilibrium had been established, all the examined solu-
tions were filtered using a 0.45 m membrane filter to remove
excess of AcSh. The absorbances of AcSh were measured by a UV/
VIS spectroscopy at 520 nm. The concentrations of AcSh in tested
solutions were obtained though comparing the measured values
of absorbances with the standard curve of free AcSh (0.001–0.012
mol/L). This experiment was repeated three times. The apparent
complexation constant (Ks) of AcSh/b-CD inclusion complex was
calculated from the slope of the linear portion of the phase solubil-
ity diagrams, according to the following equation:

Ks ¼ Slope=S0 1 - Slopeð Þ; ð1Þ
where S0 is the solubility of AcSh in the absence of AcSh/b-CD.

2.3.2. Ultraviolet–visible (UV/VIS) spectroscopy
The UV/VIS spectra of the methanolic solutions of AcSh, AcSh/b-

CD inclusion complex and b-CD were recorded in the region of
200–800 nm, by using Agilent Cary 300 UV–VIS spectrophotometer
(Agilent Technologies, Palo Alto, USA).

2.3.3. Fourier transform infrared (FT-IR) spectroscopy
The FT-IR spectra of KBr pellets of AcSh, b-CD and AcSh/b-CD

binary system were recorded (as KBr pills) at room temperature
in a spectral region between 4000 and 450 cm�1 on a Thermo Sci-
entific Nicolet 6700 FT-IR spectrometer.

2.3.4. 1H NMR spectroscopy
1H NMR spectra of AcSh, b-CD and AcSh/b-CD binary system

were recorded on a Varian Gemini 200 spectrometer (Varian, Palo
Alto, CA). Samples were dissolved in DMSO d6 at 25 �C with tetram-
ethylsilane (TMS) as the internal standard.

2.4. Cytotoxic activity

2.4.1. Cell cultures, drugs and chemicals
Human colorectal carcinoma (HCT-116) and human breast ade-

nocarcinoma (MDA-MB 231) cell lines were obtained from Ameri-
can Type Culture Collection (ATTC, Manassas, VA, USA). Both cell
lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% heath-inactivated fetal bovine serum
(FBS), L-glutamine (2 mM), non-essential amino acids (0.1 mM),
penicillin (100 IU/mL) and streptomycin (100 g/mL) (all from
Sigma, Germany) under standard culture conditions, at 37 �C in
an atmosphere of 5% CO2 in a humidified incubator. Cells were sub-
cultured at 70% of confluency using combination of 0.25% trypsin
and 0.53 mM EDTA and plated at 96-, 24- or 6- well microtiter
plates (Thermo Scientific, New York, NY) depending on experimen-
tal design.
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2.4.2. Test sample preparation
The stock solutions (50 mg/mL) of acetylshikonin (AcSh),

acetylshikonin/b-cyclodextrin (AcSh/b-CD) and -cyclodextrin (b-
CD) were prepared by dissolving in DMSO. The AcSh/b-CD stock
was prepared according to AcSh content in complex. Afterwards,
working solutions of different concentrations were prepared by
diluting the stock solutions with complete medium. The final
concentration of DMSO in all the experiments did not exceed
0.5% (v/v).
2.4.3. MTT assay
Cell viability was monitored by 3-(4,5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide (MTT) tetrazolium reduction assay
(Mosmann, 1983), based on conversion of yellow soluble tetra-
zolium salt to a purple formazan by enzymes in living cells. Both
cell lines were seeded in 96-well plates at density of 3 � 103 per
well. After overnight incubation, the cells were treated with differ-
ent concentration of AcSh, AcSh/b-CD and b-CD (1 g/mL, 3 g/mL,
10 g/mL, 30 g/mL, 100 g/mL) or supplemented media alone (con-
trol) and incubated during 24 h, 48 h and 72 h. Next, treatment
solutions were removed and 100 L of freshly prepared MTT
(0.5 mg/mL of MTT in un-supplemented medium) was added to
each well. Following 2 h incubation period, the supernatant was
discarded and DMSO (150 L) was added to solubilize the insoluble
formazan purple crystals. The plates were shaken for 5 min and the
absorbance was measured at 550 nm with a multiplate reader
(Zenyth 3100, Anthos Labtec Instruments GmbH, Austria). All
experiments were repeated at least three times in triplicates. Cell
growth inhibition was calculated according to the formula:
[1 � (OD Treated/OD Control (untreated))] � 100. The concentra-
tion that inhibits cellular growth by 50% compared to untreated
cells (control) (IC50) was calculated using Trend function in
Microsoft Excel 2010.
2.4.4. Clonogenic assay
Human HTC-116 and MDA-MB-231 cells were plated into 6-

well dishes with initial number of 300 cells/well and 100 cells/well,
respectively. After overnight incubation, the cells were treated
with acetylshikonin as well as acetylshikonin/b-cyclodextrin with
five concentrations (1 g/mL, 3 g/mL, 10 g/mL, 30 g/mL, 100 g/
mL). Treated cells were left to form colonies in a CO2 incubator
at 37 �C for 15 days with a regular addition of medium every fourth
day. After that, the colonies were rinsed with PBS, fixed in ice-cold
methanol for 15 min and stained with 10% Giemsa solution for
15 min at room temperature, photographed and counted manually,
under the light microscope. The groups of more than 50 cells were
scored as an individual colony. Survival fraction (SF), which repre-
sents the fraction of cell surviving a given treatment, was calcu-
lated using formula: no. of colonies formed after treatment/(no.
of cells seeded � PE), where PE is defined as the ratio of the num-
ber of colonies to the number of cells seeded.
2.4.5. Flow cytometry analysis
For flow cytometric analysis experiments, HCT-116 and MDA-

MB-231 cells were plated in 24-well microtiter plates at a density
of 1 � 105 per well and incubated overnight for cell attachment
and recovery. Subsequently, the cells were exposed to acetyl-
shikonin and acetylshikonin/b-cyclodextrin in concentrations cor-
responding to their IC50 values or supplemented media alone
(control) for 48 h at 37 �C in an atmosphere of 5% CO2 and absolute
humidity. Incubation period was terminated by harvesting cells for
examination of cell cycle perturbations, expression of Bcl-2, Bax,
p62 and active caspase-3. The samples were analyzed by Flow
cytometer Cytomics FC500 (Beckman Coulter, USA).
2.4.6. Cell cycle analysis
Cells were seeded and treated as described in FACS analysis.

After 48 h, cell monolayer was harvested, cells washed in PBS
and fixed overnight with 1 mL of ice-cold ethanol at +4 �C. The
fixed cells were rinsed and resuspended with PBS, incubated in
presence of RNase A (500 g/mL PBS) during 30 min at room tem-
perature and, in the final step, stained with 5 L of propidium-
iodide (10 mg/mL PBS) during 15 min in dark. The DNA content
was recorded by the flow cytometer and the data were analyzed
using FlowJo Software (https://www.flowjo.com). Results were
presented by histograms.
2.4.7. Detection and quantification of acidic vesicular organelles
(AVOs) with acridine orange

Acridine orange is a cell-permeable fluorescent dye which accu-
mulates in acid vesicles, such as lysosomes and phagolysosomes.
Being protonated due to low pH, acridine orange emits bright red
fluorescence in lysosomes and phagolysosomes, whereas cytoplas-
mic and nuclear acridine orange fluoresces bright green. Thus, it is
possible to track the formation of acidic vesicular organelles
(AVOs) with acridine orange staining. For detection of autophagy,
at the end of treatment period, cells were collected, washed in
PBS and stained with acridine orange at the final concentration
of 1 g/mL for 15 min. Thereafter, cells were washed and resus-
pended in 300 L of PBS. Flow cytometry was used to determine
the number of cells with acidic vesicular organelles. The data were
analyzed using Flowing Software (http://www.flowingsoft-
ware.com/) and expressed as percent of red/green cells.
2.4.8. Analysis of apoptosis-and autophagy-related proteins
After treatment cells were collected, washed in PBS, fixed and

permeabilized using Fixation and Permeabilization Kit (eBio-
science, USA). In order to verify apoptosis, the cells were incubated
with primary anti-Bcl-2 (Life technologies, USA), anti-Bax (Santa
Cruz Biotech Inc, USA) or anti-cleaved caspase-3 antibody (Cell sig-
naling Technology, Danvers, USA) for 20 min at room temperature.
Subsequently, the cells were washed in PBS and stained with sec-
ondary FITC-conjugated antibody (Abcam, USA) for 20 min at room
temperature in the dark. After washing cells were resuspended in
PBS and the samples were analyzed by flow cytometry. For autop-
hagy detection, permeabilized cells were stained with FITC-
conjugated anti-p62 monoclonal antibody (Abcam, USA). The
expression of Bcl-2, Bax, and p62, presented as mean fluorescence
intensity (MFI), and the percent of cells displaying cleaved caspase-
3 were evaluated using Flowing Software (http://www.flowing-
software.com/) and the results were presented by histograms.
2.4.9. Reactive oxygen Species assay (ROS assay)
The oxidant-sensitive dye DCFDA was used for ROS detection

(DCFDA/H2DCFDA - Cellular Reactive Oxygen Species Detection
Assay Kit, Abcam, USA). Briefly, cells cultured in 25 cm2 flasks were
harvested, suspended in tubes at a density of 1 � 105/mL, cen-
trifuged, resuspended in 100 L 20 M DCFDA and incubated for
30 min at 37 �C. The cells were then treated with 100 L of corre-
sponding IC50 of acetylshikonin and acetylshikonin/b-cyclodextrin
inclusion complex, supplemented DMEM, or with 200 M TBHP as a
positive control for 2 h, 4 h and 6 h. After incubation, 200 L of PBS
was added to each tube and samples were immediately analyzed
by the Flow cytometer Cytomic F500. Data from 10.000 cells per
experimental condition were analyzed using Flowing Software
(http://www.flowingsoftware.com/). ROS changes in treated cells
were determined as percentage of control after background sub-
traction and the results were presented by histograms.

https://www.flowjo.com
http://www.flowingsoftware.com/
http://www.flowingsoftware.com/
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2.5. Statistical analysis

All experiments were carried out in three replicates and the
results were presented as a mean ± standard deviation (SD). Statis-
tical significance was determined using the Student’s t-test. A p
value < 0.05 was considered as significant. Statistical analysis of
the data was performed using Microsoft Office Excel 2010 and SPSS
commercial version 20.0 (SPSS Inc., Chicago, Illinois, USA) software.
IC50 values (concentration that inhibited cell survival by 50%) for
each cell line were calculated in Microsoft Excel 2010 using trend
line.
Fig. 2. UV/VIS absorption spectra of: (a) pure acetylshikonin, (b) b-cyclodextrin and
(c) acetylshikonin/b-cyclodextrin inclusion complex.
3. Results and discussion

3.1. Phase solubility study

In order to find the stoichiometric ratio, as well as apparent
stability constant (Ks) of the inclusion complex between AcSh
and b-CD, phase solubility study was carried out.

As can be seen from the phase solubility diagram presented in
Fig. 1, the solubility of AcSh in water linearly increased with an
increased amount of b-CD, and in accordance with literature
(Higuchi and Connors, 1965) can be classified as AL-type. On the
other hand, since the slope of the straight line was lower than
unity, substrate/ligand ratio was 1:1 M/M. Also, apparent stability
constant (Ks = 306.01 M�1 ± 2.11 M�1) indicated that the formed
inclusion complex between AcSh and b-CD was quite stable, as
well as that embedded active compound would be protected
against external factors with slower release from the hole of host
molecule (Zyzelewicz et al., 2018).
3.2. Ultraviolet–visible (UV/VIS) spectral analysis

UV/VIS absorption spectra recorded in methanol of bioactive
naphthazarin derivative, cyclic oligosaccharide and appropriate
inclusion complex are presented in Fig. 2.

In accordance with literature (Zhang et al., 2016), electronic
absorption spectra of b-cyclodextrin as a molecule without chro-
mophores will not give absorptions in selected region of wave-
lengths (Fig. 2c). Conversely, polyunsaturated system of
naphthoquinone moiety of acetylshikonin will cause existence of
series of absorption bands (Fig. 2a) in ultraviolet region
(at 217 nm, 231 nm and 274 nm), as well as in visible part of elec-
tromagnetic spectrum (at 488 nm, 519 nm and 560 nm). Experi-
mental results revealed that formation of binary system, as a
result of hydrophobic interaction of the coating material of the
hole of b-cyclodextrin on guest molecule of acetylshikonin will
Fig. 1. The phase solubility diagram of acetylshikonin with b-cyclodextrin in
distilled water at 25 �C. Values are shown as the mean ± SD of three different
experiments.
reflect to perturbations of electron densities (Cheirsilp and
Rakmai, 2016). Thus, for inclusion complex (Fig. 2b), two batho-
chromic shifted absorption maxima in ultraviolet part of spectra
at 236 nm and 281 nm were observed. The visible region is charac-
terized with one blue shifted maximum at 414 nm (in acethyl-
shikonin at 488 nm) and two red shifted maxima at 544 nm and
566 nm (in acethylshikonin at 519 nm and 560 nm).

3.3. Fourier transform infrared (FT-IR) spectral analysis

Infrared absorption spectra of acethylshikonin, b-cyclodextrin
and appropriate acetylshikonin/b-cyclodextrin inclusion complex
are presented in Fig. 3.

Comparison of data of wavenumbers and intensities of absorp-
tion bands in infrared region are very important for confirmation of
formation of inclusion complex (Shanmuga priya et al., 2018).
Changes of wavenumbers and intensities of absorption bands of
guest bioactive molecule are results of hydrophobic interactions
with inner layer of host cyclodextrin cavity (modification of
microenvironment and restriction of the stretching vibration).
The FT-IR spectrum of AcSh (Fig. 3a) was characterized by broad
band from OAH stretching vibration at 3650–3250 cm�1, low
intensive @C-H band at 3042 cm�1 from naphthoquinone moiety,
series of bands from alkyl stretching vibration (at 2971 cm�1,
2932 cm�1, 2912 cm�1 and 2855 cm�1), intensive ester C@O band
at 1733 cm�1, C@C naphthoquinone bands (at 1610 cm�1,
1603 cm�1, 1575 cm�1 and 1455 cm�1) and series of bands which
belong to CAO and CAOAC stretching vibrations (at 1237 cm�1,
1219 cm�1, 1209 cm�1 and 1115 cm�1). These results are consis-
tent with those previously obtained (Vukic et al., 2017). The FT-
IR spectrum of b-CD (Fig. 3b) showed intensive and broad band
at 3650–3140 cm�1 from OAH stretching vibrations, medium
intensive CAH stretching vibrations at 2923 cm�1 and
2894 cm�1, band from H-OH bending vibrations at 1647 cm�1, as
well as series of intensive bands which belong to CAO and CAOAC
stretching vibrations (1157 cm�1, 1080 cm�1, 1032 cm�1 and
1028 cm�1). Similar results had been previously observed by FT-
IR analyses (Rosa et al., 2013; Amruta et al., 2018). The FT-IR spec-
trum of AcSh/b-CD inclusion complex (Fig. 3c) revealed intensive
and broad band from O-H stretching vibrations in a region of
3670–3150 cm�1, overlapped bands from C-H stretching vibrations
at 2923 cm�1, band which belonged to stretching vibration of ester
carbonyl group at 1745 cm�1, band from H-OH bending vibrations
at 1614 cm�1, C@C naphthoquinone bands at 1590 cm�1 and
1572 cm�1, and series of stretching vibrations of CAO and CAOAC
groups (bands at 1230 cm�1, 1201 cm�1, 1157 cm�1, 1080 cm�1,
1035 cm�1 and 1029 cm�1, respectively). Seven glucopyranose
units from the guest molecule of b-CD and its numerous OAH,
CAH, CAO and CAOAC functional groups will give the most inten-
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sive bands in the FT-IR spectrum of formed host/guest system.
Thus, inside of formed AcSh/b-CD binary system, appropriate
OAH and CAH stretching vibrations from the host molecule of
AcSh will be overlapped with OAH and CAH bands which belong
to host molecule of b-CD. Similar situation was found for a region
of CAO and CAOAC stretching vibrations. The exception was
observed in a case of stretching vibrations of CAO groups from aro-
matic part and CAOAC ester group which give bands of low inten-
sities shifted to lower wavenumbers (1230 cm�1 and 1201 cm�1,
respectively). Also, as a result of changing of microenvironment,
C@C naphthoquinone bands absorb at lower wavenumbers
(1590 cm�1 and 1572 cm�1). Conversely, a band from stretching
vibration of ester C@O group from AcSh/b-CD was observed at
higher frequency (1745 cm�1) then in pure AcSh. These results
confirmed embedding of AcSh in AcSh/b-CD inclusion complex.

3.4. 1H NMR spectral analysis

As a result of insertion of guest molecule into cavity of b-CD,
variations in chemical shifts of protons will occur (Li et al.,
2018). These changes are caused by the formation of noncovalent
bonds, which further reflects on changed microenvironments of
observed protons from guest molecule, as well as C5-H and C3-H
protons located inside of the hole of host molecule. Thus, compar-
isons of 1H NMR spectra of free guest molecule, host molecule of b-
CD and guest/host system (together with observations of changed
chemical shifts of specific spin active nucleus), will provide direct
evidence of formation of inclusion complex. The 1H NMR spectra
of AcSh, b-CD and AcSh/b-CD binary systems are presented in
Fig. 4, while the values of chemical shifts are listed in Table 1.

After embedding of AcSh, signals of C16-H, C15-H, C2‘-H and C12-
Hb protons were slightly shifted to higher fields (0.003 ppm,
0.001 ppm, 0.009 ppm and 0.002 ppm, respectively), while chem-
ical shifts of C12-Ha, C13-H, C11-H and C3-H protons were observed
at slightly higher frequencies (�0.003 ppm, �0.003 ppm,
�0.001 ppm and �0.005 ppm, respectively). On the other hand,
after complexation, two protons from naphthoquinone moiety
(C6-H and C7-H) were significantly shifted to lower field
(�0.020 ppm) (Table 1, Fig. 4). Also, notable changes in resonances
were observed for protons from hydroxyl groups attached to C5

and C8 carbons from naphthoquinone part (Table 1). These facts
indicate that the molecule of AcSh enters the b-CD cavity from
the naphthoquinone side. This mode of embedding of AcSh may
be confirmed by strongly shifted signals of C5-H and C3-H protons
(located into hydrophobic part of b-CD cavity) to lower fields
(�0.037 ppm and �0.038 ppm, respectively) (Table 1, Fig. 4). Such
mode of orientation of naphthoquinone moiety into the hole of b-
CD will modify density of electron clouds around of C5-H and C3-H
protons, which will result in change of shielding constants of
observed protons and the appearance of their signals at higher val-
ues of chemical shifts (Fig. 5).

3.5. In vitro cytotoxic activities of acetylshikonin (AcSh) and
acetylshikonin/b-cyclodextrin (AcSh/b-CD) binary system

3.5.1. Acetylshikonin/b-cyclodextrin inclusion complex exhibits
cytotoxic activity against HCT-116 and MDA-MB 231 cancer cells

To explore cytotoxic effect of AcSh/b-CD inclusion complex
against HCT-116 and MDA-MB-231 cancer cells and compare it
to the cytotoxic effects of AcSh and b-CD, cancer cells were exposed
to different concentrations (1 g/mL, 3 g/mL, 10 g/mL, 30 g/mL and
100 g/mL) of either AcSh/b-CD, free AcSh or b-CD for 24 h, 48 h and
72 h, and the percentage of cytotoxicity was determined by MTT
assay (Fig. 6).

Also, IC50 values for both cell lines were calculated (Table 2).
The obtained results clearly demonstrated that the
acetylshikonin/b-cyclodextrin inclusion complex displayed signifi-
cant cytotoxicity against both HCT-116 and MDA-MB-231 cancer
cells in a dose-dependent manner; however the time-dependent
cytotoxicity of AcSh/b-CD was exhibited only in HCT-116 cells with
IC50 values of 40.8 g/mL, 11.2 g/mL and 1.2 g/mL for 24 h, 48 h and
72 h of treatments, respectively. Moreover, following 72 h treat-
ment AcSh/b-CD exhibited significantly higher cytotoxicity toward
HCT-116 cells in comparison to the cytotoxicity of free AcSh (IC50



Fig. 4. 1H NMR spectra of: (a) pure acetylshikonin, (b) b-cyclodextrin and (c) acetylshikonin/b-cyclodextrin binary system.
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Table 1
Variation of the 1H NMR chemical shifts (/ppm, DMSO d6) of AcSh and AcSh/b-CD protons in free and in binary system.

Substance Proton Free (/ppm) Binary system (/ppm) (ppm)

AcSh C16AH 1.540 1.537 0.003
C15AH 1.645 1.644 0.001
C2‘AH 2.119 2.110 0.009
C12AHa 2.412 2.415 �0.003
C12AHb 2.570 2.568 0.002
C13AH 5.119 5.122 �0.003
C11AH 5.834 5.835 �0.001
C3AH 7.075 7.080 �0.005
C6AH and C7AH 7.318 7.338 �0.020
C5AOH 12.229 12.242 �0.013
C8AOH 12.344 12.353 �0.009

b-CD C5AH 3.579 3.616 �0.037
C3AH 3.631 3.669 �0.038

Fig 5. Possible inclusion mode of acetylshikonin into b-cyclodextrin cavity.

Fig. 6. Dose-response curves of cytotoxic effect of various concentrations of AcSh, AcSh/b-CD and b-CD against HCT-116 and MDA-MB-231 cancer cells after 24 h, 48 h and
72 h treatment, as determined by MTT assay. The obtained results are from three separate experiments presented as mean ± SD.
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Table 2
IC50 (g/mL) values of free AcSh and acetylshikonin/b-cyclodextrin (AcSh/b-CD) binary system towards HCT-116 and MDA-MB-231 cells after 24 h, 48 h and 72 h of treatment, as
determined by MTT assay.

aIC50 (g/mL)

Cell lines HCT-116 MDA-MB 231

24 h 48 h 72 h 24 h 48 h 72 h

AcSh 47.9 ± 5.9 15.9 ± 1.2 7.8 ± 0.9 23.5 ± 2.9 19.7 ± 7.8 21.6 ± 0.8
AcSh/b-CD 40.9 ± 29.4 11.2 ± 1.7 1.2 ± 2.7 35.5 ± 1.8 32.5 ± 10.5 34.5 ± 5.0

a Results are from three separate experiment presented as mean ± SD.
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1.22 g/mL vs. 7.8 g/mL). However, AcSh/b-CD demonstrated lower
cytotoxicity on MDA-MB-231 at each time point of treatment
(Table 2). Importantly, free b-CD carrier exhibited no evident cyto-
toxicity toward both cell lines.

Taken together, these results suggest that AcSh/b-CD effectively
inhibits the growth of HCT-116 and MDA-MB-231 cancer cells after
short-term treatment. Moreover, examined binary system showed
significantly higher cytotoxic effect against HCT-116 cancer cells
compared to the cytotoxic effects of free AcSh and b-CD treated
cells.
3.5.2. Acetylshikonin/b-cyclodextrin inclusion complex (AcSh/b-CD)
more effectively inhibits long term survival of tumor cells

Since the effective short term cytotoxic effects of AcSh/b-CD in
HTC-116 and MDA-MB-231 tumor cells were demonstrated by
MTT assay, the next goal was to investigate and to com-pare the
Fig. 7. Clonogenic survival of HCT-116 and MDA-MB-231 cells treated with various co
assay; (B.) Graphs showing survival fractions of AcSh and AcSh/b-CD-treated HCT-116
mean ± SD.
long term cytotoxic effects of different concentrations of AcSh/b-
CD and free AcSh on cancer cells by clonogenic survival assay.

The results indicated that both free AcSh and inclusion complex
significantly decreased survival fractions (SF) of cancer cells inves-
tigated in dose dependent manner. Importantly, at the lowest con-
centration (1 g/mL) the survival fraction of AcSh/b-CD treated cells
was 2 fold lower in HCT-116 cells and by up to 20 fold lower in
MDA-MB-231 cells in in comparison to survival fractions of free
AcSh treated cells (Fig. 7). Therefore, prepared binary system
demonstrated superior inhibition of clonogenic survival on both
cell lines.

3.5.3. Acetylshikonin/b-cyclodextrin inclusion complex (AcSh/b-CD)
have superior effect on cell-cycle arrest in HCT116 and MDA-MB 231
cells

Since the results from the proliferation assays demonstrated
strong short-term and superior long-term cytotoxic effect of
ncentrations of AcSh and AcSh/b-CD. (A.) Representative images of the clonogenic
and MDA-MB-231 cells. Results are from three separate experiment presented as
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AcSh/b-CD in HCT-116 and MDA-MB-231 cells, we next investi-
gated the mechanisms underlying this growth inhibition. Flow
cytometric analysis was employed to measure and compare the
effect of AcSh and AcSh/b-CD on cell-cycle progression by measur-
ing cellular DNA content in treated cells.

The results indicated that the treatment of HCT-116 and MDA-
MB-231 cells with IC50 values of AcSh/b-CD for 48 h resulted in a
significant arrest of 49.3% of cells in the G2/M and 81.8% of cells
in G0/G1 phases of cell cycle, respectively. Comparatively, the
HCT-116 cells treated with free AcSh had no significant alterations
in cell cycle compared to control, while the cell cycle progress of
AcSh treated MDA-MB-231 cells was blocked at the G0/G1 phase
(73.5%) (Fig. 8). Therefore, treatment of both cell lines with AcSh/
b-CD induces stronger cell cycle arrest compared to free AcSh cells
treatment.
3.5.4. Acetylshikonin/b-cyclodextrin (AcSh/b-CD)-induced cytotoxicity
depends on the accumulation of intracellular ROS in HCT116 and
MDA-MB 231 cells

The overproduction of intracellular ROS (oxidative stress) could
be generated not only by abnormal metabolism, but also by various
drugs therapy. Oxidative stress has been widely implicated in
drug-induced cytotoxicity (Deavall et al., 2012). Therefore, we
evaluated the production of ROS in HCT-116 and MDA-MB-231
cells treated with IC50 values of AcSh/b-CD for 2 h, 4 h and 6 h
and compared it to the ROS production in free AcSh treated and
control cells. The results demonstrated that AcSh/b-CD increased
the generation of intracellular ROS in both cancer cells with fluo-
rescence intensities increased up to 2 fold in HCT-116 and 1.5 fold
in MDA-MB-231 cells, compared to the control. Moreover, AcSh/b-
CD treatment of cells increased the ROS production by average of
1.3 fold in HCT-116 and by 1.1 fold in MDA-MB-231 cells in com-
parison to AcSh treated cells (Fig. 9). Therefore, these results sug-
gest that AcSh/b-CD complex induce increase in accumulation of
intracellular ROS more effectively than free AcSh.
3.5.5. AcSh/b-CD inclusion complex induces apoptosis in HCT-116 cells
by regulating the expression of Bcl-2, Bax and active caspase-3

Since our results indicated AcSh/b-CD as an effective anti-tumor
drug towards HCT-116 and MDA-MB-231 cancer cells, we next
evaluated its potential apoptotic effect by flow cytometric analysis
of the expression of key regulatory apoptotic proteins, Bcl-2, Bax
and active caspase-3 (Papaliagkas et al., 2007), and compared it
to the apoptotic effect of AcSh treated cells.

The results indicated that the treatment of HCT-116 cells with
IC50 values of both AcSh/b-CD and AcSh for 48 h resulted in a sig-
nificant increase of pro-apoptotic Bax expression, while the
Fig. 8. Effects of AcSh and AcSh/b-CD binary system on cell cycle progression in HCT-1
phases of cell cycle. Results are from three separate experiment presented as mean ± SD
expression of anti-apoptotic Bcl-2 was markedly down-regulated
consequently leading to the decrease of Bcl-2/Bax protein ratio
compared to control cells. Additionally, both AcSh/b-CD and AcSh
induced considerable elevation of active caspase-3 in HCT-116
cells compared to control. Moreover, AcSh/b-CD induced 1.2 fold
stronger up-regulation of active caspase-3 expression in compar-
ison to the expression of active caspase-3 in AcSh treated cells.
However, neither AcSh/b-CD nor AcSh had a significant effect on
the expressions of Bcl-2, Bax and active caspase-3 proteins levels
in MDA-MB 231 cells (Fig. 10) indicating engagement of some
other death pathways.
3.5.6. AcSh/b-CD inclusion complex enhanced the inhibition of
autophagy in HCT-116 and MDA-MB-231 cells

Autophagy can be utilized as a survival mechanism in cancer
cells and is often upregulated in response to cancer treatment
(Degenhardt et al., 2006). Therefore, inhibition of autophagy can
be of benefit in cancer treatment (Mulcahy Levy et al., 2017).
Autophagy is characterized by formation of acidic vesicular orga-
nelles (AVOs) which can be detected and measured by staining
with acridine orange. Acridine orange is a vital dye that crosses
freely through biological membranes. When accumulated in acidic
compartments, it emits bright red fluorescence. Therefore, to
detect autophagy and to quantify the accumulation of AVOs, we
performed flow cytometric analysis of acridine orange-stained
HCT-116 and MDA-MB-231 cells treated with IC50 values of both
AcSh/b-CD and AcSh for 48 h and compared it to control. As pre-
sented in Fig. 11A, although both AcSh and AcSh/b-CD inhibited
autophagy, inclusion complex decreased the percentage of red/-
green cells in both HCT-116 and MDA-MB-231 cells more effi-
ciently (16.9% and 25.2%, respectively in comparison to AcSh
treated cells-28.0% and 42.9%, respectively) (Fig. 11A). Elevated
expression of protein p62, an autophagy marker, confirmed autop-
hagy inhibition in both treated cell lines (Fig. 11B).
4. Conclusion

In conclusion, we described the procedure of preparation of
acetylshikonin/b-cyclodextrin inclusion complex by using copre-
cipitation method. The results of phase solubility study revealed
on formation of AL-type binary system. Calculated stability con-
stant Ks of 306.01 M�1 indicated that the formation of the inclu-
sion complex increases the aqueous solubility of acetylshikonin.
Further, UV/VIS, IR and 1H NMR spectroscopy confirmed embed-
ding of acetylshikonin in acetylshikonin/b-cyclodextrin inclusion
complex. Acetylshikonin encapsulation improved its cytotoxic
activity against HCT-116 and MDA-MB-231 tumor cell lines. More
16 and MDA-MB-231 cells. Graphs are showing the proportion of cells in different
.



Fig 9. Effect of free AcSh and AcSh/b-CD on intracellular ROS production in HCT-116 and MDA-MB-231 cells. Results are from three separate experiment presented as
mean ± SD.

Fig. 10. Expression of apoptosis regulatory proteins in HCT-116 and MDA-MB-231 cells treated with IC50 values of free AcSh and AcSh/b-CD for 48 h was analyzed by flow
cytometry. (A) Bcl-2/Bax protein levels ratio in treated and control cells; (B) Percentage of treated and untreated cells expressing active caspase-3. Results are from three
separate experiment presented as mean ± SD.

Fig. 11. Effects of AcSh and AcSh/b-CD on autophagy in HCT-116 and MDA-MB-231 cells. (A) Percentage of red/green cells in AcSh and AcSh/b-CD treated HCT-116 and MDA-
MB-231 cells in relation to control; (B) expression of p62 protein in AcSh and AcSh/b-CD treated HCT-116 and MDA-MB-231 cells in relation to control. Results are from three
separate experiment presented as mean ± SD.
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pronounced cell cycle arrest, autophagy inhibition and intracellu-
lar ROS generation resulted in superior long-term cytotoxic effect
of inclusion complex in relation to free acetylshikonin.

In overall, since encapsulation increases the level of
cytotoxic activity toward tested cancer cells, this binary system
should be regarded as a useful approach for the design of a novel for-
mulation of acetylshikonin for clinical purposes, with the fact that
further studies should be performed in order to examine efficiency
of cellular uptake and release of acetylshikonin from the micro-
sphere of b-cyclodextrin.
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