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In this study, the formation of a host—guest inclusion complex between cucurbit[7]uril (CB[7]) and
thymoquinone (TQ) was investigated in aqueous solution. The formation of a stable inclusion complex,
CBI[7]-TQ, was confirmed by using different techniques, such as *H NMR and UV-visible spectroscopy.
The aqueous solubility of TQ was clearly enhanced upon the addition of CBI[7], which provided an
initial indication for supramolecular complexation. The complexation stoichiometry and the binding
constant of the inclusion complex were determined through a combination of two sets of titration
methods, including UV-visible and fluorescence displacement titrations. Both methods suggested the
formation of a 1:1 stoichiometry between CBI[7] and TQ with moderate binding affinity of 3 x 10°
M~ Density functional theory (DFT) calculations were also performed to verify the structure of the
resulted host—guest complex and to support the complexation stoichiometry. The theoretical
calculations were in agreement with experimental results obtained by *H NMR spectroscopy. Most
importantly, the cytotoxic effect of the CB[7]-TQ complex was investigated against cancer and
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enhanced by the complexation with CBI[7], while no significant effect was observed in MCF-7 cells.
DOI-10.1039/d1ra08460g The results also confirmed the low toxicity of the CB[7] host molecule that supports the use of CB[7]

rsc.li/rsc-advances as a drug carrier.

agent through different modes of action. For example, TQ is
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Nigella sativa (also called black seed or black cumin) is
a promising medicinal plant, especially in the Mediterranean
region and Western Asian countries including India, Pakistan,
and Afghanistan.” It has been used to treat a range of health
conditions for many years, such as lung diseases, arthritis, and
hypercholesterolemia. The biological activity of nigella sativa is
mainly related to one of its main active components, namely,
thymoquinone (TQ, 2-isopropyl-5-methylbenzo-1,4-quinone,
Fig. 1).* Several studies have been established to investigate
the therapeutic effect of TQ. These studies showed strong
indications that TQ has a very interesting and significant ther-
apeutic effect in cancer, inflammation, and as an antioxidant
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able to arrest tumor cells at different stages of their progres-
sion.”> Recently, TQ showed a potential inhibition activity
against coronavirus infections.*®

Despite the promising therapeutic efficiency of TQ, the lack
of bioavailability, pharmacokinetic parameters, and formula-
tion problems deferred the usage of TQ in the clinical devel-
opment.®> The bioavailability problem (for example, poor
solubility in water) is mainly related to the fact that TQ is
a hydrophobic molecule. In addition, it has been reported that
TQ has stability problems in solution; in particular, TQ is very
sensitive to heat and light.® Many attempts have been done to
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Fig.1 Structure of thymoquinone (TQ, left), and cucurbit[7]uril (CB[7],
right).
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overcome the bioavailability and stability difficulties. The most
important attempt was established by encapsulating TQ within
different nanomaterials (vehicles/carriers). For example, several
drug delivery systems were used, such as liposomes,” lipids,®
cyclodextrins (CDs),>"® nanoparticles," etc. These studies
showed that encapsulation of TQ within the new environments
(carrier/vehicle) can improve its bioavailability, stability
(thermal/light), and activity as an anti-cancer agent.

In this work, we are interested in introducing another and
new host molecule to TQ, for the purpose of defining possible
improvements in the performance of TQ pharmaceutical
properties when associated with this host. Then we compare the
obtained results with the previous studies that used different
host molecules. Cucurbit[n]urils (CB[n], Fig. 1) are another
attractive class of water soluble macrocyclic host molecules,
which, like CDs and calixarenes, have a cavity that can accom-
modate different sizes of hydrophobic guest molecules.”> CBs
are composed of a different number of glycoluril units (n = 5-
10) joined by pairs of methylene bridges.**'* The members of
this family have a pumpkin shaped, highly symmetrical and
rigid structure. They also possess a hydrophobic cavity and two
identical partially-negatively charged carbonyl portals (hydro-
philic).** The binding of guest molecules to CB[x] can be driven
by ion-dipole, and dipole-dipole interactions (suitable for
cationic moiety parts), or through the hydrophobic effect
(suitable to bind neutral and hydrophobic residues).*® Cucurbit
[7]uril (CB[7], Fig. 1) is the most soluble member of the CB[x]
family.'*"”

Recent studies start to give notable interest to the CB[x]
family in the biological and medicinal fields.® Particular focus
has been given to the CB[rn] family in the drug delivery area, and
many studies have been using CB[n]-type molecular hosts as
a drug delivery vehicle for a large number of drugs.*® Based on
the previous studies, it has been suggested that CB[n] showed
significant advantages over the CD host molecule, which is the
most common choice in the drug delivery area. For example, the
binding constants (K) of CB[n]-guest complexes are higher than
those of CDs in aqueous medium.*® Also, the encapsulation of
drug molecules in CB[n] provides a method for slow drug
release, facilitate drug targeting, improve chemical and thermal
stability, reduction in toxicity, and enhance the aqueous solu-
bility of poorly soluble drugs. Most importantly, CBs are
a promising drug delivery system, being non-toxic and highly
biocompatible.?**

Herein, we report for the first time the formation of a stable
inclusion complex between TQ and CB[7] in aqueous solution.
The complexation is investigated by "H NMR and UV-visible
spectroscopy. The binding constant is determined by using
UV-visible and fluorescence displacement titrations. In addi-
tion, a theoretical evaluation of the CB[7]-TQ inclusion complex
stoichiometry and energy measurements are performed. More-
over, the antiproliferative effect of the CB[7], TQ, and CB[7]-TQ
complex is investigated against two breast cancer cell lines,
MDA-MB-231 and MCF-7, and compared to the effect against
human dermal fibroblast cell line, HDF, to evaluate retaining
toxicity of TQ after complexation with CB[7]. A previously
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reported BCD-TQ complex was used for comparison with CB[7]-

TQ.

Experimental section
Chemicals and instruments

Thymoquinone, acridine orange base (AO), B-cyclodextrin (BCD)
and D,O (99 atom % D) were purchased from Sigma-Aldrich
(USA). Cucurbit[7]uril (CB[7]) was prepared according to litera-
ture.”® All reagents and chemicals were used without further
treatment. 'H NMR spectra were performed on a Bruker
AVANCE-III 400 MHz NanoBay FT-NMR spectrometer, in D,O
and referenced in ppm with respect to a tetramethylsilane
(TMS). The UV-visible absorption spectra were measured on
Cary-100 Bio instrument. Fluorescence experiments were per-
formed using Jasco spectrofluorometer (FP-6500).

"H NMR titration of TQ and CB[7]

CB[7] stock solution (host) was prepared by dissolving 0.01 g of
CB[7]in 0.7 mL D,0, heating and sonication were used to speed
the dissolution; the CB[7] concentration was corrected to 80%
content. The CB[7] solution was then filtrated using syringe
filter (0.45 um, nylon). Different aliquots of CB[7] stock solution
were then added into a solution of TQ (9.7 mM) in D,O to obtain
1: 1 ratio of CB[7] : TQ.

UV-visible titration of TQ and CB[7]: complexation
stoichiometry and binding study

Stock solution of CB[7] was prepared first (11 mM), different
aliquots of CB[7] stock solution were added to a solution of TQ
(1 mM). The UV-visible spectrum was recorded after each
addition until getting a 1: 1 ratio of CB[7] : TQ. The complex-
ation stoichiometry and the binding constant of CB[7]-TQ
inclusion complex were determined using the Benesi-Hilde-
brand equation based on the data from UV-visible spectropho-
tometry. Eqn (1) and (2) were used for 1:1 and 1: 2 binding
models.

L N 1 A
A—A° A — 4> K(A — 4°)[host]

[ 1 @)
A—4A A -4 KA — 4°)host]

According to the design of Benesi-Hildebrand experiment,
A° is absorbance of the free TQ, while A is absorbance at
different CB[7] concentrations, A’ is absorbance at the
maximum concentration of the host. The association constant
(K) is calculated from the Benesi-Hildebrand equation, after
plotting (1/A — A°) against (1/[host]) for 1 : 1 (host : guest stoi-
chiometric ratio), or (1/[host]*) for 1: 2 (host : guest stoichio-
metric ratio). Binding constant is then calculated as:

1
K= Slope(4' — Y°) 3)
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Fluorescence titration of CB[7] with AO dye and binding
constant of CB[7]-AO inclusion complex

An aqueous solution contains CB[7] and AO (1 mM CB[7] and 1
UM AO dye) was prepared first. Different aliquots of this solu-
tion were added into a solution of AO (1 uM). The emission peak
of AO at Aer, = 521 nm (4., = 470 nm) was followed to study the
effect of adding CB[7] on the emission of AO. The additions
were stopped after obtaining a plateau in the experimental
fluorescence data. Binding constant of CB[7]-AO inclusion
complex was obtained by fitting the titration data®>** at Ay, =
510 nm by using Origin program.

Displacement titration and binding constant of CB[7]-TQ
inclusion complex

An aqueous solution contains 10 uM CB[7] and 1 pM AO dye,
was prepared first. Then, a solution of 10 uM CB[7], 1 pM AO
dye, and 1.6 mM TQ was prepared. For displacement titration,
different aliquots of TQ solution were added into the first
solution (CB[7]-AO). The emission peak of AO encapsulated
species at Aoy, = 510 nm (Aex = 470 nm) was followed to study
the effect of adding TQ on the emission. The additions were
stopped after obtaining a plateau in the experimental fluores-
cence data. Binding constant of CB[7]-TQ inclusion complex
was obtained by fitting the titration data®>* at A, = 510 nm by
using Origin program.

Quantum chemical calculations

Density functional theory (DFT) calculations were performed
using Gaussian 09.” The dispersion-correct DFT method
(WwB97XD)** was used with the 6-31G* basis set. All calculations
were performed in the gas phase.

Cells culture

Human breast adenocarcinoma (MDA-MB-231) and human
dermal fibroblast (HDF) cell lines were cultured in Dulbecco's
Modified Eagle Medium (DMEM) (Euroclone SpA, Italy), while
Human breast cancer (MCF-7) cell line was cultured in RPMI-
1640 medium (Euroclone SpA, Italy). Both DMEM and RPMI-
1640 were supplemented with 10% (v/v) fetal bovine serum
(FBS), 100 U mL " penicillin, 100 mg mL ™" streptomycin, and
2 mM r-glutamine, and maintained in an incubator (Memmert,
Germany) at 37 °C under an atmosphere of 5% CO, and 90%
relative humidity. The cells were sub-cultivated approximately
every 2 to 3 days using 0.05% (w/v) trypsin-EDTA.

Cell viability assay

MDA-MB-231, MCF-7 and HDF (5 x 10° cells per well) were
seeded in 96-well plates. After 24 h, the cells were treated with
serial dilution of each of the CB[7], BCD, TQ, BCD-TQ complex,
CB[7]-TQ complex in a concentration range of 0 to 1000 uM for
72 h (the host-guest solutions were prepared in 1:1 molar
ratio). After 72 h of incubation at 37 °C, treatment was removed
from the wells, followed by adding 15 pL of 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyltetrazolium Bromide (MTT) solution
and 100 pL of the medium. After 3 h of incubation, the medium
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was removed, then 50 pL of dimethyl sulfoxide (DMSO) was
added for dissolving the formazan. The absorbance was
measured at a wavelength of 570 nm using Glomax microplate
reader (Promega, USA).

Results and discussion
CB[7]-TQ inclusion complex

The inclusion complex between TQ and CB[7] (structures shown
in Fig. 1) was investigated using several spectroscopic methods.
In particular, NMR is a very powerful technique for studying
guest-host complexation since it is highly influenced by any
changes in the microenvironment of the nucleus under study in
addition to its chemical identity capabilities. Several NMR
experiments are useful in gaining insights on type and location
of interaction between molecules such as the chemical shift
(A0), relaxation time (7;) and diffusion measurements (DOSY
experiments). However, simple "H NMR experiments to observe
chemical shift changes upon complexation (or interaction) are
very efficient. The "H NMR spectrum of free TQ in D,0O is shown
in Fig. 2a, the protons' signals are broadened due to the low
solubility of TQ in water, and the possible aggregation.

Upon the addition of different aliquots of CB[7] to TQ solu-
tion, the proton of the guest experienced complexation induced
chemical shifts (A¢), and the shape of the signals changed
suggesting the formation of CB[7]-TQ inclusion complex. As
shown in Table 1, a significant upfield shift was noticed in H,,
Hy and Hc signals of TQ (+Aé = 0.66, 0.89, 0.84 ppm, respec-
tively), this indicated that these protons are accommodated
deep inside the CB[7] cavity, and that the observed upfield shift
is related to the shielding effect of the hydrophobic cavity of CB
[7].***> On the other hand, protons Hy, and Hg are positioned out
of the cavity of CB[7], and close to the carbonyl rims, as indi-
cated by the downfield shift (—A¢).>® In addition, the shape of
TQ protons in the "H NMR spectra was largely affected by CB[7]
additions. The signals (protons B, C, D and E) in D,O were
broad (Fig. 2a), indicating their presence in an aggregated state
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Fig.2 'H NMR titration of TQ and CBI7], (a) the spectrum of free TQ,
(b—g) the spectra of CB[7]-TQ at different molar ratio, in D,O at
ambient temperature.
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Table 1 Chemical shift difference (Ad) in ppm of *H NMR resonances
of free TQ compared to the 1: 1 CB[7]-TQ inclusion complex in D,O
at ambient temperature

Proton Orq (1q : c[7)) i

A 1.00 0.34 0.66
B 2.88 1.99 0.89
C 6.62 5.78 0.84
D 6.62 6.73 —0.11
E 1.88 1.90 —0.02

% A positive A¢ indicates an upfield shift.

and not as free hydrated TQ molecules. This behavior has been
reported in literature regarding self-assembly of small organic
molecules in aqueous solutions.?* Upon the addition of CB[7],
an enhancement in solubility is achieved due to complexation
and the aggregates start breaking giving sharp "H NMR signals
(Fig. 2b-g).?” No further shift in the TQ peaks was noticed after
reaching 1:1 mole ratio (host:guest), which indicated the
formation of 1:1 stable inclusion complex of CB[7]-TQ. The
gradual disappearance of some signals of free TQ and the
appearance of CB[7]-TQ inclusion complex signals, suggested
slow exchange on the NMR time scale.

The formation of inclusion complex CB[7]-TQ was further
investigated by using UV-visible spectroscopy. The free TQ
showed two absorption peaks, at 334 nm and at 434 nm (as
a shoulder) in aqueous medium. As shown in Fig. 3a, addition
of CB[7] into the TQ solution (1 mM) resulted in gradually
decrease of the absorption peak at ~334 nm (A4 Of the free TQ)
until almost disappeared at 1 : 1 mole ratio of CB[7] : TQ. Also,
a decrease in the absorbance of the shoulder peak of TQ (A =
434 nm) with bathochromic shift (from 434 nm to 447 nm) was
observed upon CB[7] addition. These changes confirmed the
formation of host-guest inclusion (CB[7]-TQ
complex).”

complex

Complexation stoichiometry and binding constant
determination

The UV-visible spectrophotometry was used to investigate the
host-guest complex formation of CB[7]-TQ, the spectra ob-
tained for successive additions of CB[7] to TQ in aqueous
solution are shown in Fig. 3a. The complexation stoichiometry
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Fig. 3 The UV-visible absorbance spectra of the titration experiment
of TQ (1 mM) and CB[7] in water at ambient temperature (a), Benesi—
Hildebrand plots of 1/AAbs versus 1/[CB7] for CB[7]-TQ inclusion
complex using UV-visible titration data (b).
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and the binding constant of CB[7]-TQ inclusion complex were
determined using the Benesi-Hildebrand equation based on
the titration data from UV-visible spectrophotometry.?® A linear
dependence of the type 1/(A — A°) vs. 1/[CB7]", with n = 1,
indicated the presence of 1 : 1 stoichiometry of the CB[7]: TQ
complex. Fig. 3b represents the Benesi-Hildebrand plot for CB
[7]-TQ inclusion complex using UV-visible spectrophotometric
titration for 1 : 1 stoichiometry. A Good linear correlation was
obtained for n = 1 (Fig. 3b), with a binding constant (K) of 2.5 x
10®> M. Fitting the data according to nonlinear model also
provided a K of 3 x 10> M.

The binding of TQ and CB[7] was also investigated using
optical dye displacement titration. This method relies on the
competitive displacement of a fluorescent dye from a host
molecule by the guest we intend to study.”**° Different dyes were
used in the indicator displacement titration with CB[7].**** In
this study, acridine orange dye (AO) was used for this purpose.
Upon the addition of CB[7] to aqueous solution of AO, a blue
shift (from A.,, = 521 nm for free AO, to Ae;,, = 510 nm after
adding CB[7]) and a large enhancement in the emission peak of
AO were observed (Fig. 4a). The binding constant of CB[7]-AO
inclusion was found to be 1.6 x 10° M™" based on the titration
experiment (Fig. 4b), which is in line with the reported value.*

For displacement titration, different aliquots of TQ solution
were added into an aqueous solution of the encapsulated
adduct CB[7]-AO, a continuous decrease in the emission spec-
trum of CB[7]-AO was observed (Fig. 4c). The addition of TQ was
stopped after reaching a plateau in the experiment data, which
confirmed reaching the equilibrium between the encapsulated
and the free TQ. By fitting the data of fluorescence displacement
titration experiment (adding TQ to CB[7]-AO solution), the
value of the binding constant of CB[7] and TQ was obtained (K =
3.2 x 10°> M) (Fig. 4d). This value was almost similar to the
value obtained from UV-visible titration (2.5 x 10° M™).
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Fig. 4 (a) Fluorescence titration spectra of AO (1 uM) with different

concentrations of CBI7], (b) fitted titration data of AO with CB[7], (c) the
displacement titration of TQ and CBI[7]-AQO, (d) fitted titration data of
the displacement titration of TQ with CB[7]-AO.
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DFT calculations

The optimized structures of the free TQ, CB[7], and the CB[7]-
TQ complex are shown in Fig. 5. The cavity volume of CB[7] (242
A%) can accommodate only one residue of TQ (size 161 A%),
resulting in a packing coefficient (PC% = guest size/cavity
volume) of 67%, which verified the experimentally observed
1:1 binding stoichiometry. The calculations showed the
formation of an inclusion complex was stabilized by
—37 keal mol " in the gas phase compared to the free compo-
nents. The obtained structure of the CB[7]-TQ complex showed
that the benzoquinone was fully encapsulated inside the
hydrophobic cavity of CB[7], while the methyl substituent was
positioned inside the cavity and close to the carbonyl rim. In
contrast, the isopropyl substituent was partial excluded and
more exposed to the surrounding. These structural results are
in line with the '"H NMR data.

Cytotoxicity

The cytotoxic effect of the CB[7]-TQ complex was investigated
against breast cancer using MTT assay. Moreover, the toxicity of
the CB[7], BCD, free TQ, and BCD-TQ complex were assessed
and compared to CB[7]-TQ complex. To do so, triple-negative
human breast cancer cell line (MDA-MB-231), estrogen
receptor (ER)-positive human breast cancer cell line (MCF-7),
and normal human dermal fibroblast cell line (HDF) were
used. The three cell lines were treated with different concen-
trations of CB[7], BCD, free TQ, BCD-TQ complex, or CB[7]-TQ
complex for 72 h. In general, the results revealed higher toxicity
for free TQ, BCD-TQ complex, and CB[7]-TQ complex to both
breast cancer cell lines (Fig. 6a, b) compared to normal fibro-
blast (Fig. 6¢). Furthermore, based on ICs, values (Table 2), it
was noticed that the toxicity of BCD-TQ and CB[7]-TQ
complexes was higher than the free TQ in MDA-MB-231 cells
compared to no significant differences in the cytotoxicity of TQ,
BCD-TQ complex, and CB[7]-TQ complexes in MCF-7 cells
(Table 2). Importantly, there was no significant toxicity against
the three tested cell lines obtained from BCD and CB[7] treat-
ment. All of these results confirmed that the anticancer activity
of TQ was almost not affected by the kind of the host molecule
that used to form the inclusion complexes (based on ICs,
values, Table 2). An interesting finding in the current work was
the similar antiproliferative effect of TQ when complexed with
CB[7] or BCD counterparts. The similar effect is most likely due
to the formation of 1 : 1 inclusion complexes and the ability of
both CB[7] and BCD to deliver and release of TQ into the cells in
a similar manner. Moreover, an intensive and comparative

Fig.5 DFT-optimized structures of (a) TQ, (b) CB[7], and (c) CB[7]-TQ
complex in gas phase.
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Fig. 6 The dose-response curves of CBI[7], BCD, TQ, BCD-TQ
complex, CB[7]-TQ complex. (a) MDA-MB-231, (b) MCF-7 and (c) HDF
cells were treated with serial concentrations of CB[7], BCD, TQ, BCD-
TQ complex, CB[7]-TQ complex for 72 h. The cell viability was
determined by the MTT assay. Data mean + SD (n = 3).

study of uptake and release of TQ from CB[7] and BCD is of high
interest for more understanding.

The antiproliferative activity of TQ loaded into different
nanocarriers have been described by several studies and have
been shown either higher or equal activity in comparison to free
TQ.>**% For instance, Bhattacharya et al. reported similar
antiproliferative effect of TQ-loaded into polymeric nano-
particles against MCF7 when compared to free TQ.>” Moreover,
Ganea et al. reveled twofold higher toxicity of TQ-loaded into
PLGA nanoparticles in MDA-MB-231 cells compared to free
TQ.* In contrary, Odeh et al. showed that the encapsulation of
TQ in BCD, enhanced its antiproliferative activity against
MCF7.° Encapsulation of TQ in liposomes also enhanced its
solubility and hence its bioavailability against MCF7 and MDA-
MB-231 cell lines.”

The TQ's mode of action on different cell lines is an impor-
tant factor in deciding the suitable carrier aside from enhanced
solubility and bioavailability. For example, Sunoqrot et al. re-
ported the encapsulation of TQ in polymeric particles and
tested their activity on various cell lines.*® Their results showed
no enhancement of the antiproliferative activity of TQ-polymer
compared to free TQ, but the selectivity index and in vivo
bioavailability were more prominent. TQ, either free, encapsu-
lated in a nanocarrier or in combination with other chemo-
therapeutics, is very promising against many cancers including
cancer stem cells.**** Moreover, the results also confirmed the
low toxicity of CB[7] that supports the use of CB[7] as a drug
carrier. Previously described reports about toxicity and safety of
CB[n] demonstrated the relative safety and acceptable toxicity in
vitro and in vivo.42,43 For example, Oun et al. reported the lack
of significant tissue specific toxicity of CB[6] and CB[7] using ex

Table 2 Summary of ICsy values for CBI[7], BCD, TQ, BCD-TQ
complex, CB[7]-TQ complex, see Fig. 6

ICso £ SD (uM, n = 3)

MDA-MB-231 MCF-7 HDF
CB[7] >1000 >1000 >1000
BCD >1000 >1000 >1000
TQ 42.5 £ 1.5 123.7 £ 11.3 407.9 + 14.0
CB[7]-TQ 29.2 £1.7 118.3 £ 8.8 370.8 £ 33.3
BCD-TQ 28.6 £ 2.7 121.3 £ 6.2 332.3 £19.9

© 2022 The Author(s). Published by the Royal Society of Chemistry
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vivo rat model.*> Moreover, Hettiarachchi et al. revealed the very
low toxicity of CB[5] and CB[7] and high cell tolerance at
concentrations of up to 1 mM when tested against normal
human cell lines originated from kidney, liver, and blood
tissues.*

Conclusion

The inclusion complex CB[7]-TQ was successfully prepared in
1 : 1 mole ratio of CB[7] : TQ with moderate strength binding (K
of 3 x 10> M™") in aqueous solution. As a result of this inclusion
process, the solubility of TQ was clearly enhanced (based on "H
NMR spectroscopy study), which is useful in increasing the
bioavailability of TQ in aqueous solution. The experimental and
computational theoretical results are consistent with inclusion
of a single TQ molecule within CB[7] cavity. The cytotoxic effect
of the CB[7]-TQ complex was investigated against cancer and
normal cell lines, which revealed that the anticancer activity of
TQ can be enhanced by forming a stable inclusion complex with
CB[7]. Results showed also that the anticancer activity of TQ was
not affected by the kind of the host molecule that used in the
complexation process. Overall, the results highlight the poten-
tial implementation of supramolecular complexation in
medicinal chemistry and drug delivery applications.
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