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logical activity enhancement of
docetaxel via formation of inclusion complexes
with three alkylenediamine-modified b-
cyclodextrins

Xiang-Yu Chen,a Hui-Wen Yang,a Shao-Ming Chi,a Lu-Lu Yue,a Qiong Ruan,a Ze Lei,b

Hong-You Zhub and Yan Zhao *a

Docetaxel (DTX) is an effective and commonly used chemotherapeutic drug for cancer. However, its

efficacy is greatly compromised because of its toxicity and poor water solubility. In order to overcome

these disadvantages, three inclusion complexes between DTX and alkylenediamine-modified b-

cyclodextrins (H1–3) with ethylene, propylene and butylene segments were prepared and characterized.

The phase solubility studies demonstrated that the stoichiometry of the inclusion complexes between

H1–3 and DTX were 1 : 1. The binding abilities of host H1–3 towards DTX decrease in the following

order: H3 > H2 > H1, which had good consistency with the decreasing alkylene lengths of these hosts.

The water solubility of DTX is remarkably increased 216, 242 and 253 times after forming inclusion

complexes with H1–3, respectively. In vitro release studies of DTX from H1–3/DTX into NaAc–HAc

buffer solution (pH 5.0) or PBS (pH 7.4) exhibited a preliminary stage burst effect and followed by a slow

drug release. The cytotoxicity studies revealed that the H1–3/DTX inclusion complexes exhibited better

cytotoxicity profiles against MCF-7, SW480 and A-549 cells than that of DTX. Furthermore, compared

with the treatment of DTX, the H1/DTX inclusion complex significantly increased the cell apoptosis

percentage from 17.2% to 30.2% (5 mg mL�1), 19.0% to 31.0% (10 mg mL�1), and 19.3% to 32.2% (15 mg

mL�1), respectively. These results will provide useful information for H1–3/DTX inclusion complexes as

safe and efficient anticancer drug formulations.
1 Introduction

Paclitaxel is an antitumor diterpenoid, and it is approved by the
US Food and Drug Administration (FDA) for the treatment of
breast cancers, ovarian cancers and a variety of other tumors.1,2

It is a valuable plant-derived drug, but supply was limited due to
the poor extraction yields caused by low accumulation levels in
plants.3 Docetaxel (DTX, Fig. 1) is a semisynthetic taxoid,
analogue of paclitaxel, and it is one of the most effective drugs
in chemotherapy. Furthermore, DTX exhibits a better affinity to
tubulin and higher antitumor bioactivity compared to pacli-
taxel.4 In recent years, it has been extensively applied for treat-
ing various tumors, such as gastric cancer, ovarian cancer,
breast cancer, prostate cancer and non-small cell lung cancer.4–8

The mechanism of action of DTX involves the stabilization of
the microtubule structure by promoting the polymerization of
microtubule and inhibit depolymerization, thereby impeding
gineering, Yunnan Normal University,

ina. E-mail: zhaooyann@163.com; Fax:

echnology Co., Ltd, Shantou, 515098,

3

the mitosis of tumor cells and eventually causes apoptosis.7,9

Although DTX has favorable antineoplastic activities, the clin-
ical application has been limited due to its poor water solubility
and toxicity.10,11 Tween-80 has been used to enhance DTX's
solubility, however it can cause adverse hypersensitivity reac-
tions, febrile neutropenia and dose-limiting toxicities.12,13 In
order to reduce the adverse reactions and increase the solubility
of the DTX, a new strategy is needed.

Cyclodextrins (CDs) are a kind of cyclic oligosaccharides.14

The native CDs typically contains six (a-CD), seven (b-CD) eight
(g-CD) D-glucopyranose units linked by 1,4-glucoside bonds.15–17

In terms of structure, CDs possess a hydrophilic outer surface
and hydrophobic central cavity.18 Because of the distinctive
molecular structure of CDs, they are used as hosts to form
inclusion complexes with various inorganic, organic and bio-
logical molecules.19–21 In recent years, the inclusion complexes
of native CDs and their derivatives with drugs have been the
subject of widespread research efforts aiming at improving
water solubility, stability and bioavailability of drugs.22–25

Nevertheless, the application of native CDs is restrict on
account of their poor water solubility and low binding ability
toward the drug molecule. Fortunately, chemically modied
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The chemical structure of guest DTX.
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CDs have been used to solve these problems. In recent years, the
DTX formulations encompassing chemically modied CDs have
been widely studied. Xu et al. reported biocompatible hyper-
branched polyglycerol modied b-CDs (b-CDs-HPG) derivatives
for DTX delivery. In vitro antitumor experiments showed that b-
CDs-HPG/DTX effectively inhibited proliferation of human
breast adenocarcinoma cells.26 Tao et al. reported that the DTX/
folate acid-CDs (FA-CDs) inclusion complexes induced
apoptosis in KB cells via the intrinsic mitochondrial pathway
and displayed antitumor activity in vivo.27 Ren et al. reported
that the inclusion complex of DTX with sulfobutyl ether b-CDs
Fig. 2 The synthesis routes for hosts H1–3.

© 2021 The Author(s). Published by the Royal Society of Chemistry
(DTX–SBE-b-CDs) was successfully prepared by using the satu-
rated aqueous solution method. The inclusion complex could
improve the oral bioavailability and enhance the cytotoxicity of
cancer cells compared to free DTX.28 Mazzaferro et al. reported
that the DTX aqueous solubility was successfully enhanced
about 5374 times by using methyl-b-CDs (Me-b-CDs).29 These
results indicate that the solubility, stability, and biological
activity of the DTX guest molecules were improved aer the
formation of inclusion complexes with chemically modied
CDs. Therefore, three alkylenediamine-modied b-CDs (H1–3,
Fig. 2) with different alkylene segment lengths were researched
in this paper. Compared with the native CDs, the
alkylenediamine-modied b-CDs possess the amino group in
side chain, providing more potential multiple recognition sites,
thus remarkable increase molecular binding ability and water
solubility.30,31

The aim of the present work was the preparation and char-
acterization of three water-soluble inclusion complexes, which
were formed by DTX and alkylenediamine-modied b-CDs (H1–
3) with different alkylene segment lengths. Meanwhile, we
systematically discussed the host–guest interactions of H1–3/
DTX inclusion complexes based on side chain lengths of
alkylenediamine-modied b-CDs. We wish to investigate the
binding behavior and solubilization effect of alkylenediamine-
modied b-CDs toward DTX. Furthermore, we are particularly
interested in exploring the in vitro release behavior, cytotoxicity
and ability to induce apoptosis of the corresponding inclusion
complexes. The research provides a useful approach for
preparing novel DTX formulations with higher water solubility,
better biological activity and lower toxicity.
RSC Adv., 2021, 11, 6292–6303 | 6293
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2 Materials and methods
2.1 Materials

b-Cyclodextrin (b-CD) and N,N-dimethylformamide (DMF) were
purchased from Adamas Reagent Co., Ltd; p-toluenesulfonyl
chloride (TsCl), ethylenediamine, 1,3-diaminopropane, and 1,4-
diaminobutane were acquired from Shanghai Titan Technology
Co., Ltd; DTX was obtained from ChengduMust Bio-Technology
Co., Ltd; leukemia (HL-60), lung cancer (A-549), breast cancer
(MCF-7), colon cancer (SW480), liver cancer (SMMC-7721) and
human normal lung epithelial cells (BEAS-2B) were obtained
from the American Type Culture Collection (ATCC); fetal bovine
serum (FBS) was purchased from Israel Kibbutz Beit Haemek
Company; Annexin V-FITC and PI apoptosis kit were purchased
from BD Pharmingen Company. Mono-[6-O-(p-toluene-
sulfonyl)]-b-CD (tosylate) was synthesized by the reaction of the
b-CD with TsCl,32 and the synthetic route is shown in Fig. 2.

2.2 Synthesis of three alkylenediamine-modied b-CDs (H1–
3)

The synthesis routes for H1–3 are shown in Fig. 2. Mono-[6-(2-
aminoethyl)-6-deoxy-b-CD] (H1) was synthesized according to
a procedure described in the literature.31 Tosylate (3.0 g) was
dissolved in ethylenediamine (30 mL), and the reaction mixture
was stirred at 80 �C for 8 h under nitrogen atmosphere. On
completion of the reaction, the reaction mixture was evaporated
under reduced pressure to dryness, and the residue was
subsequently dissolved in water. Then the resultant solution
was slowly dripped into acetone and stirred to obtain precipi-
tate. Aer ltration, washing and drying, the crude product was
collected. Finally, the crude product was chromatographed on
a Sephadex C-25 column with NaCl as eluent in order to obtain
the pure sample H1, yield about 38%. 1H NMR (500 MHz, D2O,
ppm): d 4.90–4.97 (m, 7H, H-1 of CD), d 3.69–3.87 (m, 28H, H-3,
6, 5 of CD), d 3.37–3.56 (m, 14H, H-2, 4 of CD), d 2.71–3.01 (m,
4H, C–CH2–N); FT-IR (KBr) n/cm�1: 3448, 2932, 1636, 1400,
1155, 1031; ESI-MS: m/z 1177 M.

Mono-[6-(3-aminopropyl)-6-deoxy-b-CD] (H2) was synthe-
sized via a method similar to that followed for the synthesis of
H1. The yield of H2 was 35%. 1H NMR (500 MHz, D2O, ppm):
d 4.91–4.97 (m, 7H, H-1 of CD), d 3.68–3.86 (m, 28H, H-3, 6, 5 of
CD), d 3.41–3.54 (m, 14H, H-2, 4 of CD), d 2.51–2.74 (m, 4H, C–
CH2–N), d 1.53–1.67 (m, 2H, C–CH2–C); FT-IR (KBr) n/cm�1:
3415, 2932, 1639, 1407, 1157, 1030; ESI-MS: m/z 1191 M.

Mono-[6-(4-aminobutyl)-6-deoxy-b-CD] (H3) was synthesized
via a method similar to that followed for the synthesis of H1.
The yield ofH3 was 42%. 1H NMR (500 MHz, D2O, ppm): d 4.96–
5.00 (m, 7H, H-1 of CD), d 3.71–3.90 (m, 28H, H-3, 6, 5 of CD),
d 3.46–3.57 (m, 14H, H-2, 4 of CD), d 2.74–2.80 (m, 4H, C–CH2–

N), d 1.45–1.57 (m, 4H, C–CH2–C); FT-IR (KBr) n/cm�1: 3423,
2932, 1637, 1405, 1156, 1031; ESI-MS: m/z 1205 M.

2.3 Preparation of inclusion complexes

The H1–3/DTX inclusion complexes were prepared via the
saturated aqueous solution method.33 Initially, H1 (0.01 mmol)
and DTX (0.03 mmol) were dissolved in 3 mL of distilled water
6294 | RSC Adv., 2021, 11, 6292–6303
and 2 mL of ethanol, respectively. Thereaer, the ethanol
solution of DTX was added to the aqueous solution of H1, and
the mixture was stirred for 48 h at 45 �C. The obtained solution
was dried and then dissolved in water. The unreacted DTX was
ltered through a 0.45 mm cellulose membrane. Finally, the
resulting ltrate was dried under vacuum to obtain the H1/DTX
inclusion complex. The H2/DTX and H3/DTX inclusion
complexes were prepared following a similar procedure.

2.4 Phase solubility studies

Phase solubility studies were conducted based on the method
already reported by Higuchi and Connors.34 Briey, an excess
amount of DTX was added to the H1–3 aqueous solutions with
the concentrations ranging from 0 to 1.8 mM. The mixed
solution was shaken for 3 days, and then ltered using a 0.45
mm cellulose membrane. Aer that, the absorbance of the
ltrate was detected at 230 nm by an UV-Vis spectrophotometer.

2.5 Characterization of inclusion complexes
1H NMR and 2D ROESY spectra of DTX, H1–3 and H1–3/DTX
were recorded at 298 K with Bruker-Avance-DRX500 spectrom-
eter. Prior the analysis, H1–3 and H1–3/DTX were dissolved in
D2O, while the DMSO can be used as a solvent for DTX.

FT-IR spectra of DTX, H1–3 and H1–3/DTX were recorded on
a FT-IR spectrometer (IR Affinity-1, Shimadzu) at a scanning
range of 4000–400 cm�1. Before measurement, the samples
were mixed with KBr and compressed to form tablets.

The X-ray diffractometry (XRD) patterns of DTX, H1–3 and
H1–3/DTX were obtained using an X-ray diffractometer
(DX2700). Data was collected at a 2q diffraction angle range of
10–50� with a scan rate of 5� min�1 in 2q.

The SEM images of DTX, H1–3 and H1–3/DTX were deter-
mined by a scanning electron microscope (NOVA NANOSEM-
450) at 5.0 kV. Before electron microscope scans, a thin layer
of gold is coated on the sample to make it electrically
conductive.

2.6 Entrapment efficiency

Based on a previously reported procedure, the actual amount of
DTX incorporated into inclusion complexes was calculated.35

The absorbance of the solution was detected at 230 nm by an
UV-Vis spectrophotometer. The entrapment efficiency (EE%)
was calculated according to the following eqn (1):

EEð%Þ ¼ m1

m2

� 100% (1)

where m1 is the weight of DTX entrapped in the inclusion
complex, m2 is the weight of DTX used in the preparation of
inclusion complex.

2.7 Water solubility test

The water solubility experiments of the H1–3/DTX inclusion
complexes were carried using the saturated solution method.36

During the process of preparing the supersaturated solutions,
excess amount of H1–3/DTX were added to the 400 mL distilled
water and kept stirring at 25 �C for 2 h. Aer ltered with a 0.45
© 2021 The Author(s). Published by the Royal Society of Chemistry
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mm cellulose membrane, the absorbance value of the solution was
determined using the UV-Vis spectrophotometer. The DTX stan-
dard curve used ethanol as solvent, and the concentration range
was 0.031–0.25 mg mL�1. The solubility of the H1–3/DTX inclu-
sion complexes were calculated by the standard curve of DTX.
2.8 In vitro release study

The in vitro release studies were performed to measure the
released amount of DTX at various time points and evaluate its
release properties. The H1–3/DTX inclusion complexes were
weighed and dissolved in normal saline, and then the 1 mL
prepared solution was placed in a 1000 Da dialysis bag. The
dialysis bag was suspended into centrifuge tubes containing
5 mL of PBS (pH 7.4) and placed in a shaker at a temperature of
37 �C. Within a predetermined time interval, the whole release
medium was taken out for analysis and replaced with fresh PBS
of the same volume. The amount of the released DTX into PBS
was determined by UV-Vis spectrophotometry. The same
method was used to determine the release of the DTX in NaAc–
HAc buffer solution (pH 5.0). In addition, the release amount of
free DTX was determined under the same experimental
conditions.
2.9 Cytotoxicity assay

The cytotoxicity of the samples were measured using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay.37 The H1–3/DTX inclusion complexes were dissolved in
distilled water and DTX was dissolved in DMSO. The colon
cancer (SW480), lung cancer (A-549), leukemia (HL-60), breast
Fig. 3 The phase solubility diagrams for guest DTX in the presence of H

© 2021 The Author(s). Published by the Royal Society of Chemistry
cancer (MCF-7), liver cancer (SMMC-7721), and human normal
lung epithelial cells (BEAS-2B) were cultured in a medium
containing 10% fetal bovine serum (FBS). Cells were seeded into
96-well plates at a density of 8000 cells per well in a total volume
of 100 mL. Aer incubation in 5% CO2 at 37 �C for 24 h, certain
amounts of DTX and H1–3/DTX inclusion complexes were used
to treat the cells. Aer 48 h incubation, MTT was added into
each culture well and incubated for 4 h at 37 �C. The absorbance
of solution in each well was measured, each group experiment
was measured three times in parallel and cisplatin (DDP) was
used as the positive control. The cell inhibition rate (%) was
calculated according to the following eqn (2):

Growth inhibition ð%Þ ¼
�
ODcontrol �ODtreated

ODcontrol

�
� 100% (2)
2.10 Cell apoptosis analysis by ow cytometry

Apoptosis analysis was carried out by the Annexin V-FITC
(Annexin V) and propidium iodide (PI) dualstaining assay as
described previously.38 Briey, MCF-7 cells in logarithmic
growth phase were seeded in 6-well plates at a density of 3� 105

cells per well and incubated overnight. The MCF-7 cells were
treated with various concentrations of DTX and H1/DTX (5 mg
mL�1, 10 mg mL�1, 15 mg mL�1), respectively. Aer 48 h of
treatment, cells were harvested and washed twice with PBS,
resuspended in 100 mL of 1� binding buffer. Cells were further
incubated in 5 mL Annexin V and 5 mL PI at room temperature in
the dark for 15 min, and then analyzed using ow cytometer
(BD, FACSCelesta, America).
1–3 (a–c) at 25 �C.

RSC Adv., 2021, 11, 6292–6303 | 6295

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09720a


Table 1 Complex stability constant (Ks) and Gibbs free energy change
(�DG�) for H1–3/DTX inclusion complexes at 25 �C

Host Guest Ks (M
�1) Log Ks

�DG�

(kJ mol�1)

H1 DTX 2697.8 3.43 8.50
H2 DTX 5910.8 3.77 9.34
H3 DTX 6787.4 3.83 9.49
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3 Results and discussion
3.1 Phase solubility analysis

The phase solubility diagrams (Fig. 3) showed that the solubility
of DTX in water increased linearly with increasing concentra-
tion of H1–3. On the basis of the Higuchi and Connors's theory,
these three diagrams can be classied as AL type. It means that
the inclusion complexes stoichiometric ratio between H1–3
with DTX were 1 : 1. The stability constants (Ks) of the H1–3/
DTX were calculated according to the phase solubility diagrams
and eqn (3), where S0 is the solubility of DTX at 25 �C in the
absence of H1–3 and Slope means the corresponding slope of
Fig. 4 The 1H NMR spectra of (a) H1, (b) H1/DTX, (c) H2, (d) H2/DTX, (e

6296 | RSC Adv., 2021, 11, 6292–6303
the phase solubility diagrams. The calculated values of Ks were
2697.8, 5910.8 and 6787.4 M�1 for inclusion complexes of DTX
with H1–3, respectively.

Ks ¼ Slope

S0ð1� SlopeÞ (3)
3.2 Binding ability

Amid the various non-covalent weak interactions, van der Waals
and hydrophobic interactions play a crucial role in the forma-
tion of inclusion complexes of host CDs with guest molecules.
As inferred from Table 1, the binding abilities of hosts H1–3
towards DTX decrease in the following order: H3 > H2 > H1,
which were in good consistency with the decreasing alkylene
lengths of these hosts. Among them, H3 had the strongest
binding ability toward DTX, and its Ks value was 6787.4 M�1.
This may be attributed to the fact that the introduction of more
methylene groups in side chain extends the hydrophobic cavity
of alkylenediamine-modied CDs. With increasing chain
lengths in host H1–3, more methylene groups helped to
strengthen van der Waals and hydrophobic interactions of
alkylenediamine-modied CDs towards the DTX, thus
) H3, (f) H3/DTX, and (g) DTX (a–f in D2O, g in DMSO).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The 2D ROESY spectrum of H1/DTX inclusion complex in D2O; (b) possible binding mode of H1 with DTX.

Table 2 Chemical shifts values (d) of H1–3 protons in the presence and absence of DTX

H1 H1/DTX

Dd

H2 H2/DTX

Dd

H3 H3/DTX

Ddd d d d d d

H-1 4.93 4.90 �0.03 4.94 4.91 �0.03 4.99 4.94 �0.05
H-2 3.53 3.52 �0.01 3.52 3.50 �0.02 3.56 3.53 �0.03
H-3 3.86 3.81 �0.05 3.84 3.80 �0.04 3.86 3.81 �0.05
H-4 3.45 3.44 �0.01 3.43 3.42 �0.01 3.50 3.46 �0.04
H-5 3.82 3.78 �0.04 3.82 3.79 �0.03 3.84 3.78 �0.06
H-6 3.73 3.70 �0.03 3.71 3.69 �0.02 3.75 3.72 �0.03
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facilitating the formation of inclusion complexes. Conse-
quently, van der Waals and hydrophobic interactions are
regarded as signicant factors for the stability of H1–3/DTX
inclusion complexes.
3.3 Characterization

3.3.1 NMR investigations. NMR spectroscopy is one of the
most effective methods for studying the formation of host–
guest inclusion complexes.39 With the formation of inclusion
complexes, the chemical shis of host and guest molecules
would be affected. The 1H NMR spectra of DTX,H1–3 andH1–3/
Fig. 6 (a) The 2D ROESY spectrum of H2/DTX inclusion complex in D2O

© 2021 The Author(s). Published by the Royal Society of Chemistry
DTX inclusion complexes are shown in Fig. 4. The major
chemical shis of H1 protons (Fig. 4a) are presented at 2.5–
5.0 ppm, which are distinct from those of DTX (Fig. 4g) protons
at 1.0–2.5 ppm and 7.0–8.0 ppm. As illustrated in Fig. 4b, the
H1/DTX inclusion complex possesses the characteristic protons
both of H1 and DTX. Additionally, the chemical shis and
changes in the H1–3 inclusion complexes are summarized in
Table 2. Aer forming the H1/DTX inclusion complex, the H-1,
H-2, H-3, H-4, H-5 and H-6 protons of host H1 displayed upeld
shis. It is noteworthy that the H-3 and H-5 protons exhibited
relatively evident upeld shis (Dd ¼ �0.05, �0.04 ppm)
; (b) possible binding mode of the H2 with DTX.
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Fig. 7 (a) The 2D ROESY spectrum of H3/DTX inclusion complex in D2O; (b) possible binding mode of the H3 with DTX.
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compared with H-1, H-2, H-4 and H-6 protons. Because the H-3
and H-5 protons are located in the inner cavity of CD, we can
deduce that the DTX may have entered into the CD cavity and
Fig. 8 FT-IR spectra of (a)H1, (b)H1/DTX, (c)H2, (d)H2/DTX, (e)H3, (f)
H3/DTX, and (g) DTX.

6298 | RSC Adv., 2021, 11, 6292–6303
formed the inclusion complex of H1/DTX. Furthermore, similar
results can also be obtained from the 1H NMR spectra of H2/
DTX and H3/DTX.

The 2D ROESY experiments were performed to further
investigate the possible inclusion modes between the H1–3
hosts and DTX. The 2D ROESY spectrum of H1/DTX inclusion
Fig. 9 XRD patterns of (a) H1, (b) H1/DTX, (c) H2, (d)H2/DTX, (e) H3, (f)
H3/DTX, and (g) DTX.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Water solubility of the H1–3/DTX inclusion complexes at 25
�C

Solubility
(mg mL�1) Fold increase

DTX 0.0019 —
H1/DTX 0.41 216
H2/DTX 0.46 242
H3/DTX 0.48 253
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complex (Fig. 5a) displays the obvious correlations (peak A)
between H70, H80 and H90 protons of DTX with H-3 and H-5
protons of H1. It can also be observed from peak A that the
corresponding DTX protons had a stronger correlation with the
H-5 protons of CD than those of H-3 protons. Since H-3 protons
are located near the wide side of the CD cavity, whereas the H-5
protons are near the narrow side, it can be inferred that the H70,
H80 and H90 protons of DTX were included in the CD cavity from
the narrow side. According to the aforementioned results, along
with the 1 : 1 stoichiometry, the possible inclusion mode ofH1/
DTX inclusion complex is shown in Fig. 5b. In addition, similar
inclusion modes were acquired from H2/DTX (Fig. 6b) and H3/
DTX (Fig. 7b) inclusion complexes.

3.3.2 FT-IR analysis. FT-IR spectra is an important tool to
conrm the formation of inclusion complexes between guest
and host molecules.40 The FT-IR spectra of DTX, H1–3 and H1–
3/DTX inclusion complexes are represented in Fig. 8. The
spectrum of DTX (Fig. 8g) showed characteristic sharp peaks at
3550 cm�1 (for –OH stretching vibrations), 3414 cm�1 (for –NH
stretching vibrations), 1637 and 1617 cm�1 (for C]O stretching
vibrations). The characteristic peaks of H1 (Fig. 8a) appeared at
3448 cm�1 (for –OH stretching vibrations), 2932 cm�1 (for –CH
and –CH2 stretching vibrations), 1636 cm�1 (for H–O–H
bending), and 1031 cm�1 (for C–O–C stretching vibrations).
Aer forming the H1/DTX inclusion complex (Fig. 8b), the
absorption peaks of DTX at 3550 cm�1, 3414 cm�1, 1637 cm�1
Fig. 10 SEM images of (a) DTX, (b) H1, (c) H2, (d) H3, (e) H1/DTX, (f) H2/

© 2021 The Author(s). Published by the Royal Society of Chemistry
and 1617 cm�1 were shied to 3548 cm�1, 3415 cm�1,
1638 cm�1 and 1618 cm�1, respectively. Besides, some other
absorption peaks of DTX between 1500 and 800 cm�1 dis-
appeared. Meanwhile, the shapes and strength of the peaks for
H1/DTX inclusion complex were different from H1 at 3448 and
1636 cm�1. These phenomena demonstrated the formation of
H1/DTX inclusion complex. The similar results conrm the
formation of H2/DTX and H3/DTX inclusion complexes as
illustrated in Fig. 8c–f.

3.3.3 XRD analysis. The formation of the inclusion
complex has been researched further by powder X-ray diffrac-
tion (XRD) method. The XRD patterns of DTX, H1–3 and H1–3/
DTX inclusion complexes are displayed in Fig. 9. The XRD
pattern of DTX (Fig. 9g) displayed several distinct diffraction
peaks at 2q ¼ 10.3�, 11.2�, 11.8�, 13.1�, 17.6�, 21.7� and 26.9�,
which indicated its crystalline state. On the other hand, the H1
DTX, and (g) H3/DTX.
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Fig. 11 (a) The release profile of free DTX into PBS (pH 7.4) or NaAc–HAc buffer solution (pH 5.0); in vitro release profile of DTX from (b)H1/DTX,
(c) H2/DTX, and (d) H3/DTX into PBS (pH 7.4) or NaAc–HAc buffer solution (pH 5.0).
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(Fig. 9a) showed broad peaks consistent with its amorphous
nature. For the H1/DTX inclusion complex (Fig. 9b), the
diffraction pattern was similar with the amorphous state of the
H1, while the crystalline peaks of DTX were entirely dis-
appeared. In addition, the diffraction pattern of the H1/DTX
inclusion complex is quite different from a superimposition of
H1 and DTX. These results clearly support the successful
preparation of the H1/DTX inclusion complex. Similar results
were obtained to conrm the formation ofH2/DTX andH3/DTX
inclusion complexes.

3.3.4 SEM analysis. SEM can be used as a qualitative
method to research on the surface morphology of substances.41

The SEM images of the DTX, H1–3 and H1–3/DTX inclusion
complexes are illustrated in Fig. 10. The SEM images show that
Table 4 The cytotoxicity of DTX and H1–3/DTX inclusion complexes
against five human cancer cell lines

Compounds

IC50 (mM)

HL-60 A-549 MCF-7 SW480 SMMC-7721

DTX <0.00256 9.98 0.078 0.277 <0.00256
H1/DTX <0.00256 — 0.038 0.228 0.89
H2/DTX 0.111 4.54 0.742 3.142 7.69
H3/DTX 0.287 5.02 0.811 3.069 7.26
Cisplatin 2.19 17.73 9.72 9.11 5.88

6300 | RSC Adv., 2021, 11, 6292–6303
DTX (Fig. 10a) forms rod-like structure of different sizes, while
in the case of H1–3 (Fig. 10b–d) irregular blocks with smooth
surface was observed. In the case of the H1–3/DTX inclusion
complexes (Fig. 10e–g) blocks of large dimensions, different in
size and shape from the structures originated from the DTX and
H1–3, were apparent. These results conrmed the formation of
H1–3/DTX inclusion complexes.
3.4 Entrapment efficiency

The entrapment efficiency (EE%) is a quantitative parameter for
determining the entrapment amount of active compounds in
the inclusion complex. In the present study, EE% of H1–3/DTX
inclusion complexes was 83.78%, 78.82% and 90.34%
respectively.
Table 5 The impact of DTX and H1–3/DTX inclusion complexes
toward human normal lung epithelial cells (BEAS-2B)

Compounds IC50 (mM) SD

DTX 20.76 1.16
H1/DTX 3.886 0.26
H2/DTX 20.47 0.81
H3/DTX 21.55 1.37

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.5 Water solubility

The water solubility of the H1–3/DTX inclusion complexes was
evaluated and the results are shown in Table 3. The result
demonstrated that the water solubility of DTX (0.0019 mgmL�1)
Fig. 12 Flow cytometric analysis of the apoptotic effect induced by vario
DTX on MCF-7 cells. Frames are divided into four quadrants: (Q1) necrosi
cells.

© 2021 The Author(s). Published by the Royal Society of Chemistry
signicantly increased upon formulating the corresponding H–

3/DTX inclusion complexes to 0.41, 0.46 and 0.48 mg mL�1,
respectively. The water solubility of H1–3/DTX inclusion
complexes were signicantly increased by approximately 216,
242 and 253 times as compared with free DTX, respectively. This
us concentrations (5 mg mL�1, 10 mg mL�1, 15 mg mL�1) of DTX and H1/
s cells, (Q2) late apoptotic cells, (Q3) early apoptotic cells, and (Q4) live
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result indicates that the effect of increasing the water solubility
was in good agreement with the result of the stability constants.

3.6 In vitro release studies

The in vitro release proles of DTX from H1–3/DTX inclusion
complexes into PBS (pH 7.4) or NaAc–HAc buffer solution (pH
5.0) are shown in Fig. 11. This studies depicted sustained
release behavior of DTX over a period of 48 h. The cumulative
release prole of free DTX was a relatively slow release pattern
(Fig. 11a). In 10 h, the release percentage of free DTX into PBS
(pH 7.4) or NaAc–HAc buffer solution (pH 5.0) was approxi-
mately 33% and 14%, respectively. In contrast, the cumulative
release proles of DTX from H1–3/DTX inclusion complexes
(Fig. 11b–d) in different release mediums are shown an initial
burst phase followed by slow sustained release phase. As
inferred from Fig. 11b–d, DTX release showed a very rapid
initial burst and approximately 60% of the drug content was
released from the inclusion complex. The second phase was
a relatively slow release pattern and approximately 90% of the
drug content was released in 10 h. Compared with free DTX, the
release percentage of DTX from H1–3/DTX inclusion complexes
into PBS (pH 7.4) or NaAc–HAc buffer solution (pH 5.0) was
higher. Meanwhile, the cumulative release proles of the DTX
from H1–3/DTX inclusion complexes are similar in different
release mediums.

3.7 Cytotoxicity assay

The cytotoxicity of DTX and H1–3/DTX against HL-60, A-549,
MCF-7, SW480 and SMMC-7721 cells were evaluated through
MTT assay, using cisplatin as the positive control. As evidenced
in Table 4, the cytotoxicity of DTX and H1–3/DTX against ve
human cancer cell lines (HL-60, A-549, MCF-7, SW480, and
SMMC-7721) was amplied as compared with the control
cisplatin. Compared with the DTX, the H1/DTX displayed
higher cytotoxicity against MCF-7 and SW480 cells, while the
cytotoxicity of H2/DTX and H3/DTX against A-549 cells was
found to be signicantly increased. These results indicated that
enhanced anticancer activity was obtained by encapsulating
free DTX with H1–3.

Furthermore, Table 5 shows the half-maximal inhibitory
concentration value (IC50) of DTX andH1–3/DTX toward human
normal lung epithelial cell BEAS-2B. It's worth noting that the
cytotoxicity of H2/DTX and H3/DTX to the normal cells was
similar to that of DTX.

3.8 Cell apoptosis analysis

The apoptosis of MCF-7 cells was determined by Annexin V-
FITC/PI assay aer treatment with different concentrations of
DTX and H1/DTX. As shown in Fig. 12, treatment of DTX
increased the percentage of apoptotic cells from 2.7% (control)
to 17.2% (5 mg mL�1), 19.0% (10 mg mL�1), and 19.3% (15 mg
mL�1), respectively. Meanwhile, compared with the treatment
of DTX, the H1/DTX inclusion complex signicantly increased
the cell apoptosis from 17.2% to 30.2% (5 mg mL�1), 19.0% to
31.0% (10 mg mL�1), and 19.3% to 32.2% (15 mg mL�1),
respectively. The ow cytometry results indicated that the MCF-
6302 | RSC Adv., 2021, 11, 6292–6303
7 cells exposed to H1/DTX inclusion complex underwent dose-
dependent apoptosis.
4 Conclusions

In summary, this work reveals that the complexation with H1–3
is an effective strategy to prepare a novel DTX formulation with
a higher water solubility, higher activity and lower toxicity,
which is expected to contribute to its clinical application in
cancer treatment.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by the National Natural Science
Foundation of China (No. 21961046, No. 21362046 and No.
21062030) and YangFan Innovative & Entepreneurial Research
Team Project (No. 201312S09), which are gratefully
acknowledged.
References

1 I. Takeuchi and K. Makino, Colloids Surf., B, 2019, 177, 356–
361.

2 M. Ashrazadeh, A. Zarrabi, F. Hashemi, E. R. Moghadam,
F. Hashemi, M. Entezari, K. Hushmandi,
R. Mohammadinejad and M. Naja, Life Sci., 2020, 256,
DOI: 10.1016/j.lfs.2020.117984.

3 J. H. Li, I. Mutanda, K. B. Wang, L. Yang, J. W. Wang and
Y. Wang, Nat. Commun., 2019, 10, 4850.

4 F. R. Gong, R. R. Wang, Z. Q. Zhu, J. Y. Duan, X. Teng and
Z. K. Cui, Drug Delivery, 2020, 27, 238–247.

5 B. Lai, P. Q. Zhu, H. L. Li, L. Hu and J. W. Wang, Oncol. Lett.,
2019, 18, 442–448.

6 S. Ganta, A. Singh, Y. Rawal, J. Cacaccio, N. R. Patel,
P. Kulkarni, C. F. Ferris, M. M. Amiji and T. P. Coleman,
Drug Delivery, 2016, 23, 958–970.

7 M. Li, L. W. Zhao, T. Zhang, Y. Shu, Z. G. He, Y. Ma, D. Liu
and Y. J. Wan, Acta Pharm. Sin. B, 2019, 9, 421–432.

8 B. P. S. Belderbos, K. G. A. M. Hussaarts, L. J. van Harten,
E. Oomen-de Hoop, P. de Bruijn, P. Hamberg, R. J. van
Alphen, B. C. M. Haberkorn, M. P. Lolkema, R. de Wit,
R. J. van Soest and R. H. J. Mathijssen, Br. J. Clin.
Pharmacol., 2019, 85, 986–992.

9 T. T. Ye, W. Xu, T. Y. Shi, R. Yang, X. G. Yang, S. J. Wang and
W. S. Pan, Asian J. Pharm. Sci., 2015, 10, 64–72.

10 E. Ghassami, J. Varshosaz, A. Jahanian-Najafabadi,
M. Minaiyan, P. Rajabi and E. Hayati, Int. J. Nanomed.,
2018, 13, 493–504.

11 H. Y. Zhang, K. M. Wang, P. Zhang, W. X. He, A. X. Song and
Y. X. Luan, Colloids Surf., B, 2016, 142, 89–97.

12 L. Zhang, Y. R. Shen and L. Y. Qiu, RSC Adv., 2017, 7, 26161–
26169.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09720a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 5
:3

0:
12

 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
13 C. H. Kim, T. H. Kang, B. D. Kim, T. H. Lee, H. Y. Yoon,
Y. T. Goo, Y. S. Choi, M. J. Kang and Y. W. Choi, Int. J.
Pharm., 2020, 583, DOI: 10.1016/j.ijpharm.2020.119393.
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