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Psoralidin—cucurbit[7]uril complex with improved
solubility to tackle human colorectal cancer:
experimental and computational studyf

Fortuna Ponte,* Nada K. Sedky, 2 1° Iten M. Fawzy, (2 Fatma Mokhtar, ¢
Emilia Sicilia®® *® and Sherif Ashraf Fahmy (2 *©

Nowdays, natural compounds are extensively studied for the prevention and treatment of various types
of cancer due to their remarkable healing properties. In this field, encapsulating such natural anticancer
agents into different delivery systems is a promising strategy for improving their therapeutic efficacy,
selectivity, uptake into target tumor cells, and reducing adverse side effects. In this study, the
supramolecular host—guest complexation of one of the promising bioactive compounds, Psoralidin (Ps),
with cucurbit[7]uril (CB7) has been experimentally and computationally investigated. The Ps@CB7
complex has been characterized using *H NMR and UV spectroscopy, phase solubility method, and DFT
calculations. The phase solubility study suggests the 1:1 stoichiometry for the formed complexes and
reveals the enhancement of the Ps solubility upon complexation. The stability constant of the host—
guest complex has been computed to be 2.9 x 10* M™%, which corresponds to a complexation-free
energy of —6.0 kcal mol™. Morphology and dissolution studies have been performed. Ps, CB-7, and
Ps@CB7 cytotoxicity was tested against colon cancer cells (HT-29). This was followed by apoptotic
assay and cell cycle investigations for both the free drug (Ps) and the formulated complex (Ps@CB7). The
obtained results clearly indicate that the guest molecule forms a stable complex with the CB7 host.
Calculations show that non-covalent van der Waals interactions play the most decisive role in forming a
stable adduct between the host and the guest. The formed Ps@CB7 exhibits a 9-fold enhanced
cytotoxic activity against HT-29 colorectal cells compared to Ps. Apoptotic assay findings also revealed a
remarkably higher percent cell population among the early apoptosis, late apoptosis, and necrosis
quartiles in HT-29 cells treated with Ps@CB7 than their comparable, which were treated with Ps only (P-
value < 0.001). Ps@CB7 superseded the effects of Ps alone in arresting the cells at the G2 phase and
reducing the number of cells undergoing DNA synthesis in the S phase (P-value < 0.01). In conclusion,
the novel Ps@CB7 complex would be an effective supramolecular system in the fight against cancer.

Introduction

Colorectal cancer has been reported as the second leading
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cause of death after lung cancer, with about 2.5 million
diagnosed cases. Currently, chemotherapy, radiotherapy, or
tumorectomy are extensively used alone or in combination to
treat different types of tumors.> Nonetheless, these treatment
options are challenging owing to the systemic side effects due
to the non-selectivity effects on healthy cells, modest pharma-
cokinetics, high probabilities of cancer recurrence and
multiple-drug resistance (MDR).>® Moreover, high doses for
long periods are required to be administered to achieve the
desired effects, leading to more toxic reactions.>”?

Nature is prosperous with thousands of natural therapeutic
phytochemicals that are well-accredited for their anticancer
activities. In addition, natural compounds have several

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Molecular structure of Psoralidin.

advantages, including lower side effects and the ability to
overcome MDR, which have given them a superior preference
over conventional chemotherapeutics.*® Furthermore, natural
compounds have been co-administered with chemotherapeu-
tics to achieve synergistic and protective effects. Thus, phyto-
chemicals have been proposed as potential alternatives for
synthetic anticancers owing to their abundant content of
biologically active metabolites, such as coumarins, flavonoids,
phenolic compounds, saponins, isocyanins, and others. These
therapeutic metabolites have shown considerable anticancer
effects through different mechanisms.**°

Psoralidin (Ps) is a phenolic coumarin isolated from Psoralea
corylifolia L. seeds which are cultivated in several regions in
Asia and Europe. Several reports studied the anticancer activ-
ities of Ps, whose structure is presented in Scheme 1, against
several tumors, such as lung, esophageal, breast, and colon
cancers." ™ The anticancer activities of Ps are attributed to its
ability to stimulate apoptotic pathways, generate DNa anoma-
lies, and inhibit the proliferation of cancer cells.""'? Albeit its
hopeful anticancer effects, the clinical translation of PS has
been hindered by its water insolubility, poor targeting affi-
nities, high therapeutic concentrations needed, and poor
biodistribution.”* Thus, it is inspiring to innovate an unortho-
dox approach to address the obstacles that prevent the clinical
use of Ps in cancer therapy.

Recent advances in drug delivery have enabled the transport
of several medicinal phytochemicals, overcoming their short-
comings and improving their hydrophilicity, bioavailability and
hence, their therapeutic effectiveness.™*™”

Drug delivery systems based on supramolecular systems
have recently gained enormous attention for their ability to
host several therapeutically active molecules inside their cav-
ities. Supramolecules, such as calix[n]arenes, cyclodextrins,
cucurbit[n]urils, and pillar[n]arenes, have been extensively used
as potential host molecules for different drug molecules owing
to their extraordinary physicochemical and dynamic structural
features. Such features have permitted the accommodation of
several bioactive compounds inside their cavities, increasing
their water solubility, improving their bioavailability, and even-
tually, escorting the payloads selectively to the intended sites of
action.'723

Captivatingly, cucurbit[n]urils have shown considerable ben-
efits, such as the facile methods of fabrication, the ability to be
decorated with different functional groups, and their potential
to form host-guest complexes with various molecules. This

© 2023 The Author(s). Published by the Royal Society of Chemistry
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presents a promising approach for carrying phytochemicals to
the targeted organs while reducing their off-target effects.'®"’

To this end, this study utilized cucurbit[7]uril (CB7) to host
Ps via host-guest complexation forming Ps@CB?7. Several char-
acterization tests have been performed to assess the obtained
system features, such as "H NMR, UV spectrophotometry, phase
solubility study, morphological properties, and dissolution
study. Moreover, computational investigations have been con-
ducted to characterize the host-guest supramolecular adducts
that can be formed by Ps and CB7. Biological investigations
were also performed to test the potentiated effects of Ps
complexation with CB7 compared to free Ps treatment on colon
cancer cells (HT-29). In vitro studies included the assessment of
cell viability, apoptosis, and cell cycle kinetics following the
treatment of HT-29 cells with Ps and Ps@CB7. To the best of
our knowledge, no previous studies involved the complexation
of Ps with CB7 intending to overcome its shortcomings in
cancer therapy.

2. Materials and methods

2.1. Materials

Cucurbit[7] uril, Psoralidin, and all other chemicals have been
purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s
modified Eagle’s medium (DMEM), Fetal bovine serum, and
phosphate-buffer saline (PBS) were obtained from Lonza, Basel,
Switzerland. Penicillin-Streptomycin Solution was purchased
from Corning (Life Science, USA). Annexin V-FITC/PI Apoptosis
Detection Kit was obtained from Elabscience (Wuhan, China).
HT-29 cell line was purchased from ATCC (Manassas, VA, USA).

2.2. Host-guest complex formation

The complexation of Ps@CB7 has been prepared in a molar
ratio 1:1 in an aqueous solution at 24 °C.

2.3. Instrumentation

UV spectrophotometric measurements have been conducted on
a UV-Vis spectrophotometry (Peak instruments T-9200, USA) at
357 nm. Proton (*H) NMR spectra have been recorded using
NMR Bruker™ spectrometer (Bremen, Germany).

2.4. Phase solubility study

The Ps@CB7 complex has been analyzed by the phase solubility
study, which has been carried out using Higuchi and Connors’s
method, with modifications.?"?° In brief, an excess amount of
Ps has been added to aqueous solutions comprising various
concentrations of CB7 (0-14 mM). Then, solutions were kept at
24 °C, shaken for 24 h, and left until equilibrium had been
reached. Then, the solutions were filtered through a 0.45 um
membrane filter and measured at 357 nm using a UV-Vis
spectrophotometer (Peak instruments T-9200, USA).

The complex’s stability constant (K) has been calculated
using eqn (1).°

S

K=sii-s) g
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S is the linear correlation’s slope, and S, is the free intrinsic
solubility of Ps in an aqueous solution.

Then, Gibb’s rule (eqn (2)) was used to estimate the free
energy of the formed Ps@CB7 complex, as follows:

AG° = —RTInk (2)

2.5. Morphological features of Ps@CB7

The morphological features and size range of the formed
complex have been studied using a transmission electron
microscope (JEOL-JEM 2100, Musashino, Akishima, Tokyo,
Japan), operating at 160 kV.

2.6. In vitro dissolution study

In vitro dissolution study has been conducted for free Ps and
Ps@CB7 complex, as previously detailed, with some
modifications.?” The dissolution assay was carried out employ-
ing a shaking incubator (Jeio Tech SI-300, Seoul, Korea), rotat-
ing at 120 rpm with a temperature kept at 37 °C & 0.2 °C. In
brief, 1 mL of free Ps or Ps@CB7 complex has been placed in a
dialysis sac inserted into a dissolving container containing 150
mL of PBS adjusted at pH 7.4. Samples (1 mL) have been
withdrawn at pre-determined time slots and restored with an
equal volume of fresh buffer medium. Then, samples were
centrifuged and quantified using UV-vis spectrophotometry at a
wavelength of 357 nm. The release % of Ps has been deter-
mined utilizing eqn (3)

Release % — Amount of released Ps

Initial amount of loaded Ps x 100 ()

2.7. Cell culture

HT-29 cell lines have been purchased from the American type of
culture collection (ATCC, Wesel, Germany). DMEM media has
been used to culture the cells. A mixture of penicillin-strepto-
mycin, along with 10% of heat-inactivated fetal bovine serum,
have been used to supplement the culture media. After that,
cells were kept in a humidified, 5% (v/v) CO, incubator at 37 °C.

2.7.1. Cytotoxicity. Cell viability has been assessed through
the utilization of SRB assay as follows. At first, 100 pL of cell
suspension (5000 cells) was incubated in 96-well plates in
complete culture media for 24 h. After that, 100 pL of media
containing CB7, Ps, and Ps@CB7 at ten different concentra-
tions (0.01-300 pg mL~") were added to each well and incu-
bated for 72 h. After that, the media was replaced, cells were
fixed by adding 150 pL of 10% TCA, then left for incubation at
4 °C for 1 h. Directly afterward, the TCA solution was aspirated,
and cells were washed with distilled water (5x), followed by
adding 70 pL SRB solution at a concentration of 0.4% w/v and
incubating it in a dark place at room temperature for 10 min.
Plates have been washed 3 times with 1% acetic acid. There-
after, plates have been allowed to dry overnight. To dissolve the
protein-bound SRB stain, 150 puL of TRIS (10 mM) has been
added. Ultimately, the absorbance has been measured at
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540 nm using a BMGLABTECH ®-FLUOstar Omega microplate
reader (Ortenberg, Germany).

2.7.2. Flow cytometry and cell apoptosis assay. Annexin
V-FITC apoptosis detection kit (Abcam Inc., Cambridge Science
Park, Cambridge, UK) has been used to determine apoptotic
and necrotic cell population percentages coupled with two
fluorescent channels flow cytometry. Cells were treated with
test compounds (Ps and Ps@CB?7) at their ICs, concentrations
for 48 h, then (100000 cells) were collected by trypsinization
and washed twice with ice-cold PBS (pH 7.4). After that, 0.5 mL
of Annexin V-FITC/PI was added to the cells and incubated for
30 min at room temperature in the dark. After incubation, cells
were injected in ACEA Novocyte™ flow cytometer (ACEA Bios-
ciences Inc., San Diego, CA, USA). The cells have been evaluated
for FITC and PI fluorescent signals using FL1 (leyem 488/
530 nm) and FL2 (Aexem 535/617 nm) signal detectors, respec-
tively. A number of 12000 events have been obtained per
sample, and positive FITC and/or PI cells have been computed
using ACEA NovoExpress™ software (ACEA Biosciences Inc.,
San Diego, CA, USA).

2.7.3. Cell cycle analysis. Cell cycle analysis has been
applied to determine the exact cell cycle kinetics after exposure
of HT-29 cancer cell lines to Ps and Ps@CB?7 as described in the
literature.>® Nontreated cells have been considered the control
group. Both cell lines have been treated with Ps and Ps@CB7 at
IC50s concentrations and incubated for 48 h. After that, cells
were harvested and exposed to two sequential wash steps with
ice-cold PBS (pH 7.4). Cells have been resuspended for fixation
in two milliliters of 60% ice-cold ethanol. This has been
followed by incubation at 4 °C for 1 h. PBS (pH 7.4) was
used to wash the fixed cells two times. Then, cells were
resuspended in 1 mL of PBS containing 50 pg mL~' RNAase
Aand 10 pg mL ™" propidium iodide (PI). Directly afterward, the
cells have been left for 20 min in a dark place. Flow cytometry
has been used to analyze the DNA content of the cells using FL2
(Zexfem 535/617 nm) signal detector (ACEA Novocyte™ flow
cytometer, ACEA Biosciences Inc., San Diego).

2.8. Statistical analysis

Statistical analysis has been performed using GraphPad Prism
software version (GraphPad, San Diego, CA, USA). All experi-
ments have been performed in triplicate, and standard devia-
tions (SD) have been calculated. A one-way analysis of variance
(ANOVA) test has been used for multiple group analysis,
followed by the post hoc Tukey-Kramer test to compare between
two individual groups. The threshold of significance is denoted
by (*); p-value < 0.05, (*¥) = P < 0.01, (***); and p-value <
0.0001. Meanwhile, ns refers to non-significant.

2.9. Computational details

All the calculations presented in this paper have been carried
out with the Gaussian 16 suite of programs® employing the
DFT method.

The geometries of the investigated host-guest complexes
have been fully optimized in water media employing the
B97-D exchange and correlation functional, including Grimme

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dispersion corrections.>® Geometry optimizations have been
performed using the 6-311G(d,p) basis set for all the atoms of
the studied systems. The impact of solvation effects has been
considered to carry out geometry optimization using the con-
tinuum solvation model based on density (SMD).*" whereas
seven explicit water molecules in close proximity to the border
of the host cavity have been added. In order to confirm the
minimum character of the intercepted structures, vibrational
frequency analysis has been carried out at the same level of
theory, and frequency calculations within the harmonic
approximation have been used to calculate the Gibbs free
energies for the formation of host-guest complexes between
cucurbit[7]uril (CB7) cavity and Psoralidin (Ps).

The complexation free energies in solution AG,), in implicit
water, have been calculated as the difference between the free
energy in a solvent of the host-guest complex (GHGcomPlex)
and the free energies of the separated species in the solvent
(Gg)l and GSOI):

H-G complex _ ~H-Gcomplex
AGsol - Gsol -

(Gior + Gol)
It is worth mentioning that when explicit water molecules are
added at the border of the host, the free energy of the host is
calculated for the whole system comprising the water mole-
cules bound to the host. The complexation energies have been
calculated, including the corrections for the basis set super-
position error (BSSE) estimated using the Boys-Bernardi coun-
terpoise technique.®* In order to apply this correction, two
fragments have been considered: fragment 1 formed by the
host, and fragment 2 made up of the guest. When additional
water molecules are added, fragment 1 is formed by the host
and 7 water molecules, and fragment 2 is made up of the guest.
Non-covalent interactions (NCI) in the formed clusters have
been investigated by using the method proposed by Johnson
et al.,>®> RDG (Reduced Density Gradient) analysis, using the
Multiwfn 3.8 software** and VMD visualization program.>® The
generated colored RDG maps allow precisely locating the
interaction regions where the blue, green, and red regions
denote the presence of H-bond and van der Waals interactions
and steric effect, respectively.

3. Results & discussion

3.1. Spectrophotometric analysis of the interaction between
Ps and Cb7

The "H NMR spectra of the Ps, CB7, and Ps@CB7 are presented
in Fig. 1 and 2, in which TMS has been used as an internal
standard and chemical shifts have been expressed as ppm. 'H-
NMR (400 MHz, CDCl,) has been detailed in Fig. 1, where Ps
showed aromatic hydrogens at ¢ 7.63-7.59 (d, 1H, ArH), 7.11-
7.06 (m, 1H, ArH), 6.94-6.92 (d, 1H, ArH), 6.34-6.30 (d, 1H,
ArH) and 5.89 (s, 1H, ArH), while the aliphatic hydrogens
appeared at ¢ 4.74-4.72 (t, 1H, methylene CH), 4.71-4.69 (d,
2H, CH,) and the two methyl groups appeared at ¢ 3.95 and
3.94 as two singlets (s, 3H, CH;). The hydroxy group has proved
to be at ¢ 5.1 since the exchangeable peak disappeared in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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performed D,O supplied in the supplementary. On the other
hand, the "H NMR (400 MHz, CDCl,) of CB7 showed no peaks
in the aromatic region, and only aliphatic hydrogens appeared
at ¢ 4.16-4.13 (b) for the CH, protons and ¢ 3.71-3.60 (a) for
the other CH, protons. Meanwhile, ¢ 3.95-3.73 (c) was shown
for CH protons.

The "H-NMR (400 MHz, CDCl,) of the mixture approved the
existence of peaks corresponding to both Ps and CB7, as shown
in Fig. 2, revealing the complexation of Ps with CB7 via the
downfield shift evident for both (b) and (c) peaks of CFb7. Due
to the complexation, -CH, protons (b) have been shifted down-
field from ¢ 4.16-4.13 to J 4.25-4.21, while CH protons down-
shifted from 6 3.95-3.73 to 6 4.19-4.13. This could be explained
by the formation of hydrogen bonds between Ps and Cb7 since
the crowding of hydrogens displayed by hydrogen bonds always
deshields hydrogens to the downfield.

The UV spectra attained from the aqueous solutions com-
prising a fixed concentration of Ps guest molecule (0.24 mM)
and varying concentrations of CB7 (0-0.27 mM) are illustrated
in Fig. 3.

The spectrum of CB7, in the absence of Ps, shows no
absorbance in the range of 250-750 nm, while the spectrum
of Ps, on the other hand, shows strong UV absorbance with a
distinctive absorption maximum at 357 nm in the absence of
CB7. The spectra of the mixtures also show a hypochromic
shift, as evident by the observed decrease in absorbance of Ps
with increasing concentrations of CB7 until a very weak absor-
bance of Ps has been observed when the concentration of CB7
has been equal to that of Ps (0.24 mM). Throughout this
hypochromic trend of decreased absorbance, the observed
absorption spectrum of Ps has been shown to diminish with
increasing concentrations of CB7 used while the Ps concen-
tration has been kept fixed. This proposed that Ps has been
being complexed with CB7 and suggested the formation of a
complex between Ps guest molecule and CB7 host. This is in
line with previous studies showing a similar trend upon the
complexation of various guest molecules with different host
supramolecules,>*>>>*-36738

3.2. Phase solubility study

The phase solubility method has been used to evaluate the
aqueous solubility of Ps upon its complexation with CB7
at 25 °C, as demonstrated in Table 1 and Fig. S1 (ESIY).
In addition, the phase solubility method has been employed
to estimate the stoichiometry, stability constant, and comple-
xation-free energy of the Ps@CB7 complex.

The solubility of Ps increased linearly as a function of CB7,
indicating a linear correlation with an R* value of 0.994. Based
on previous reports, the observed phase solubility diagram
(PSD) is classified as AL-type, suggesting a 1:1 complex for-
mation between Ps and CB7 (Ps@CB7).>*"*° Additionally, the
solubility of Ps has been dramatically increased by about
twenty-four times higher than its intrinsic solubility upon com-
plexation with CB7. The calculated complex stability constant (Kj)
and complexation free energy have been 2.9 x 10* M~ and
—6.0 keal mol ™", respectively, as presented in Table 1, indicating

Mater. Adv,, 2023, 4, 5324-5337 | 5327
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Fig.1 The 'H NMR spectra of Ps and CB7.

the outstanding stability of the developed complex. The obtained
Ks value is within the previously reported stability constants range
(0.02 x 10°-14 x 10°) M~ ', envisioned for delivering various
biologically active guest molecules,>*>>7>*40-4>

3.3. Morphology and dissolution study

The morphological features and size range of the developed
Ps@CB7 have been studied using TEM, as presented in Fig. 4A.
The TEM analysis revealed the formation of spherical particles
in the nanoscale range of 12-15 nm, which agrees very well with
previous work reporting the design of host-guest complexes
using cucurbiturils as host molecules.*®

5328 | Mater. Adv., 2023, 4, 5324-5337

Dissolution profiles of free Ps and Ps@CB7 complex
are depicted in Fig. 4B. The dissolution rate of Ps has been
found to increase in the CB7 complex, as evidenced by
increased time-dependent release % in the case of Ps@CB7,
as compared to free Ps. The Ps exhibited a high release rate
from the Ps@CB7 (69%) within 72 h, as compared to free Ps
(16%). Thus, the designed complex demonstrated a faster
dissolution rate than free Ps. These findings align with the
phase solubility study results and support the ability of the CB7
to improve the aqueous solubility and bioavailability of the
hydrophobic guest molecules via the formation of host-guest
complexes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.4. Cell viability assay

Ps has precedently demonstrated potent antiproliferative activ-
ity against different types of tumors, including gastric, colon,
breast cancer, and liver cancer cells.** CB7 is a host supramo-
lecule that may alter the efficacy and safety of anticancer agents
by forming complexes with them. For instance, CB7 improved

© 2023 The Author(s). Published by the Royal Society of Chemistry

the antitumor activity of carboplatin and oxaliplatin, platinum-
based anticancer drugs.*’

The anticancer activity of Ps against HT-29 and HCT-116
colon cancer cells has been previously established.*® Several
mechanisms have been suggested. For example, Ps has been
reported to induce apoptosis and inhibit tumor cell
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Table 1 Stability constant (Ks) and complexation-free energy of Psoralidin with cucurbit[7]uril (Ps@CB7) calculated from PSDs
Equation R Stability constant (K;, M) AG® (kcal mol') PSD type
Ps@CB7 Y =0.9043x — 0.1183 0.994 2.9 x 10* —6.0 Ay
80
$43 (A) ‘ (B) -A-Free Ps  -@-Ps@CB7
v
9: 7% .
.
¢ L
L
£
100 nm : €
—————— b 80
2 Time [h]
Fig. 4 (A) TEM image of Ps@CB7 and (B) dissolution profiles of free Ps and Ps@CB7 complex.

proliferation in the colon®” and esophageal cancers.*® Ps treat-
ment caused a significant decrease in the gene expression of
the forskolin-induced corticotrophin-releasing factor.*’ Ps
treatment also hindered the activity of the protein tyrosine
phosphatase 1B.*°

In the current study, human colorectal adenocarcinoma
cells (HT-29) have been treated for 48 h with 10 different
concentrations (ranging from 0.01-300 pg mL™') of blank
CB7, Ps, and Ps@CB7. SRB assay has been then applied to
determine the cellular viability of HT-29 following each of the
investigated treatments. Our findings showed that Ps had an
ICs, value of 76.88 pg mL™ ' on HT-29 cells, which improved to
8.19 ug mL~" when complexed with Cucurbit{7]uril host mole-
cule (Ps@CB7) as demonstrated by Fig. S2 and Table 1 (ESIT).
Accordingly, Ps@CB?7 resulted in a 9-fold increase in cytotoxic
activity as compared to free Ps treatment. This may be attrib-
uted to the improved solubility and bioavailability of Ps upon
its complexation with CB7.>" Furthermore, CB7 host molecule
has previously demonstrated potential use in drug delivery,
providing physical and chemical stability and improving hydro-
philicity for various therapeutic molecules.>?

A similar strategy has been reported previously where a
stable host-guest complex was designed between oxaliplatin
and CB7 with potent and anticancer activity and lesser side
effects. CB7 caused a significant decrease in the protein bind-
ing of oxaliplatin and a remarkable reduction in the side
effects.”® This reinforces the substantial enhancement in the
biological properties due to drug complexation with CB7.

To warrant the safety of CB7 as a vehicle encapsulating
the examined drug (Ps), the cytotoxicity of blank CB7 has
also been tested on HT-29. Our findings showed that the
IC50 of CB7 against HT-29 cellular has been 211.8 pg mL ™"
(i.e., >100 ug mL '), Fig. S2 and Table 2 (ESI{). As such, the
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Table 2 Cytotoxicity of the test compounds against HT-29 after 48 h
treatment with the corresponding agent

Treatment ICso on HT-29 (ug mL ™ 1)
Cucurbit[7]uril (CB7) 211.8

Psoralidin (Ps) 76.88
Psoralidin/Cucurbit[7] uril complex (Ps@CB7)  8.19

complex is rendered a safe vehicle for carrying Ps. The SRB
assay findings drove potential interest to evaluate further the
effects of Ps and Ps@CB7 on apoptosis and cell cycle kinetics.

3.5. Apoptosis

Colon cancer (HT-29) cells have been treated with the corres-
ponding IC50 concentrations of Ps and Ps@CB7 for 48 h.
Nontreated HT-29 cells have been deployed as the negative
control, and results are displayed in Table 3 and Fig. 5. Ps has
been shown to significantly increase the percentage of cells
undergoing late apoptosis while causing only a slight increase
in the percentage of cells undergoing early apoptosis. Cells pre-
incubated with Ps demonstrated a 10-fold increase in the late
apoptosis quartile compared to the control (untreated). More-
over, Ps treatment resulted in a noticeable decrease in the
viable cells quartile (~7.3% less than the control). Similar
previous observations have been recorded upon exposure to
Ps for a shorter period (8 h), where it caused a dose-dependent
increase in apoptosis, especially the early apoptosis quartile
among both types of colon cancer cells, HT-29 and HCT-116.*°
Previous work also indicated that exposure to Ps for 48 h
resulted in apoptosis of esophageal carcinoma cells (Eca9706)
in a dose-dependent manner.*® As such, the apoptotic effects of
Ps on cancer cells are highly ascertained.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Apoptosis assay quadrants of HT-29 cells after treatment with Ps, and Ps@CB7 at the corresponding ICsq values for 48 h

Percent HT-29 cell population

Apoptotic stage Control Ps Ps@CB7

Necrosis (Q2-1, AV/PI+) 0.487 + 0.095 1.677 £+ 0.524 ***04¢ 8.56 & 1.22
Late apoptosis (Q2-2, AV+/PI+) 0.617 + 0.119 6.483 + 2.722%* *x%449 16.86 £ 0.515
Viable cells (Q2-3, AV—/PI-) 98.63 + 0.237 91.30 + 3.441* *¥*¢44 65.13 + 0.860
Early apoptosis (Q2-4, AV+/PI—) 0.273 + 0.035 0.543 + 0.202 **x400 10.12 £ 0.291

The reported percent is the average of triplicates + standard deviation. The symbols (*) and (+) refer to statistical significance from control and Ps,
respectively. The existence of any symbol once corresponds to statistical significance at P-value < 0.05. The duplication of any symbol indicates
statistical a P-value < 0.01, and the repetition of any symbol thrice refer to values < 0.001.
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Fig. 5 Apoptosis assay results of HT-29 cells preincubated for 48 h with the tested compounds (Ps and Ps@CB7). Cytograms of annexin-V/Propidium
lodide-stained untreated HT-29 cells as negative control (A), HT-29 cells treated with Ps (B), HT-29 cells treated with Ps@CB7 (C), and bar chart graph
representing the four quadrants of apoptosis assay following each treatment (D). The reported percentage is the average of triplicates + standard
deviation (SD). The symbols (*) and (#) refer to statistical significance from control and Ps, respectively. The existence of any symbol once corresponds to
statistical significance at a P-value < 0.05. The duplication of any symbol indicates a statistical P-value < 0.01, and the repetition of any symbol thrice
refers to values < 0.001.
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Table 4 Cell cycle phases of HT-29 cells after exposure to Ps and Ps@CB7 for 48 h

HT-29 cell cycle phases Control (untreated)

Ps (76.88 ug mL ") Ps@CB7 (8.19 pg mL )

Freq Sub-G1 0.36 £+ 0.181
Freq G1 52.9 + 1.839
Freq S 20.33 + 1.466
Freq G2 21.54 £+ 0.8997

0.87 £ 0.218

**X¥ 13.7 £ 2.243
*17.92 + 2.144
*** 67.51 + 4.396

0.447 4 0.085

***¢ 10.52 £ 0.581
**%Xe¢ 12.94 £ 0.735
**%*¢¢ 76.09 £ 0.268

The displayed data are the mean of triplicate individual runs + standard deviation (SD). Freq stands for the frequency of cells at the different

phases of the cell cycle.

As anticipated, Ps@CB7 has been much more potent at
inducing apoptosis. Treatment with Ps@CB7 reduced the per-
centage of cells in the viable quartile by 33.5% and 26%
compared to untreated (control) and free Ps-treated groups,
respectively. Such findings came to assert and provide further
evidence for the cytotoxicity assay. Ps@CB7 caused a remark-
able increase in both early and late apoptosis quartiles by 37
and 27-fold compared to untreated cells. Ps@CB7 also signifi-
cantly increased- 19-and 3-folds in early and late apoptosis
compared to Ps sole treatment. Furthermore, Ps@CB7 complex
exerted an additional effect by significantly promoting necrosis.
Ps@CB7 complex could induce necrosis at 18 and 5 times
higher than untreated and pure Ps treatment groups. Conse-
quently, Ps@CB7 has been more efficient at reducing the
number of HT-29 cancer cells by activating both apoptotic
and necrotic pathways. A similar pattern was described upon
complexation of photosensitizers with CB7; simply, the
complex possessed higher photodynamic, apoptotic, and necro-
tic effects on neuroblastoma cells than pure photosensitizer
treatment, owing to the production of more significant
amounts of reactive oxygen species (ROS).>

3.6. Cell cycle analysis

DNA flow cytometry analysis has been implemented to study
the cell cycle kinetics of HT-29 cells after 48 h exposure to Ps
and Ps@CB7 treatments. Untreated HT-29 cells have been
employed as the control group. The assay aimed to determine
the specific cell cycle phase mostly affected by Ps and Ps@CB7
treatments.

G2 is a gap phase that follows the S phase (DNA synthesis
phase) and prepares the cell to continue with mitosis (M-phase)
and cell division. Thus, the sequestration of cells at the G2
phase and preventing their passage to the next phase (mitosis)
is a successful strategy to inhibit uncontrolled cell division and
cancer progression.’ Our findings suggested that Ps could trap
HT-29 cells in the G2 phase and cause cycle arrest at G2/M of
the cell cycle. A 3-fold increase in the frequency of cells at the
G2 phase has been observed upon exposure to Ps treatment as
compared to the control group (Table 4 and Fig. 6). Likewise, Li
and colleagues found that Ps treatment resulted in G2/M cell
cycle arrest of liver cancer cells (HepG2).””

Nevertheless, the effect of Ps treatment on human lung
cancer A549 cells has been somewhat different, where it
induced cell cycle arrest at the G1 phase and caused a sig-
nificant increase in the cell population at the G1 stage.>® S-
phase is considered of utmost importance because it is the

5332 | Mater. Adv., 2023, 4, 5324-5337

limiting step towards cell division. This is because the genetic
material is copied or duplicated at this phase in preparation for
cell division.” The current study also noted that Ps decreased
the frequency of cells in the S-phase by ~12% and, thus,
proved successful at reducing the number of cells undergoing
DNA synthesis.

Ps@CB7 treatment surpassed Ps effects and resulted in
more potentiated actions. PS@CB7 induced a 3.5-fold increase
in cells at the G2 phase compared to the control group. More-
over, Ps@CB7 has been highly distinguished at reducing the
number of cells undergoing DNA synthesis in the S-phase by
36% less than the control group. Consequently, CB7 complex
augmented the biological effects of Ps, where Ps@CB7 complex
displayed much better biological properties than Ps, improved
its cytotoxic activity apoptotic effects, and caused significant
interference with the different phases of the cell cycle.

3.7. QM investigation of the host-guest interaction between
Ps and CB7

Quantum mechanical calculations, especially when the DFT
approach is used, are considered a powerful tool for the
investigation of supramolecular interactions established
between drugs and host molecules such as calix[n]arenes
(CXs), cyclodextrins (CDs) and cucurbiturils (CBs). Several
computational studies have been carried out during the
past few years involving the encapsulation of several drug
molecules such as carboplatin,”  paracetamol and
ibuprofen,®® vemurafenib,’ pyrazinamide and isoniazid®® into
the cavity of CB. To the best of our knowledge, no previous
computational studies reported the encapsulation of coume-
stan derivatives using CB7.

In this work, psoralidin (Ps), a coumestan derivative having
an isopentenyl substituent in the C-2 position of coumestrol,
has been chosen as a guest molecule.

The interaction of the CB7 cavity with Ps molecule has been
studied by considering different inclusion modes. Owing to the
symmetrical structure of the CB7 cavity, the guest insertion
only from the upper rim of the macrocycle has been considered.
Several initial positions of the guest with respect to the host
have been examined, placing the guest very far and close to the
host. All reasonable modes of inclusion were computationally
examined converging to two structures reported in Scheme 2.

In particular, Ps can assume two different orientations with
respect to the host macrocycle. The arrangement in which the
coumestrol moiety (Co) of Ps points towards the inside of the
cavity and the isopentenyl group (Ip) points outside the cavity is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Cytogram showing cell cycle analysis of HT-29 cells after 48 h incubation of nontreated HT-29 cells (control) (A), HT-29 cells treated with Ps (B),
HT-29 cells treated with Ps@CB7 (C), and percentage of HT-29 cell population in various cell cycle phases (D). P-Values are denoted as: * < 0.05, **

<0.01 and *** <0.001 vs. control; ¢ < 0.05 and ¢¢ < 0.01 vs. Ps.

labeled as A, while the label B indicates the disposition in
which the unsaturated chain of Ps, Ip, points towards the
interior of the cavity and the Co group is outwardly oriented.

All the reliable examined geometries describing the inclu-
sion modes have been optimized, adopting the B97-D DFT
functional in an implicit aqueous solution. The use of
the B97-D functional, able to take into account non-covalent
interactions, whose inclusion is critical for the proper repro-
duction of the properties of the investigated systems, is sup-
ported by its successful use for previous host-guest system
investigations.>®>32%:10,61,62

Seven explicit water molecules around the host cavity have
been added. These seven water molecules have been added to
avoid that, since the impact of the solvent is taken into
consideration adopting an implicit approach, weak interactions
established with the peripheral carbonyl oxygens on the rim
could block the inclusion of the guest inside the host cavity.
Fig. 7 shows the optimized geometries of the corresponding
host-guest complexes between CB7 host and Ps guest in A
and B arrangements. Amongst the adopted distinct spatial
arrangements of the Ps with respect to the CB7 molecule, the

© 2023 The Author(s). Published by the Royal Society of Chemistry

one that should favor the inclusion is identified as ‘“perpendi-
cular” with respect to the host portal. Therefore, optimized
geometries have been obtained starting from such perpendi-
cular arrangments for both A and B conformations. Despite
these precautions, the drug does not enter the cavity and
establishes weak interactions with the macromolecule at its
border.

The graphical visualizations of non-covalent interactions
obtained using the RDG analysis of non-covalent interactions
are reported for each supramolecular aggregate. The energies of
complexation have been calculated in solution, including the
effect of basis set superposition error (BSSE) and entropy
change corrections, and are reported in Fig. 7.

The DFT results suggest that the complexation process of Ps
and CB?7 is thermodynamically favorable in only one of the two
investigated conformations, named A, supporting a good pro-
pensity of the macrocycle to maximize interactions with this
guest. For the most stable A conformation host-guest adduct,
the calculated complexation-free energy is —4.0 kcal mol .
Instead, the adduct in B conformation is not stabilized as the
complexation-free energy of 7.6 kcal mol ', which implies

Mater. Adv., 2023, 4, 5324-5337 | 5333
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Scheme 2 Two possible inclusion modes of Ps through the upper rim of
the CB7 cavity were investigated computationally. The coumestrol frag-
ment (Co) is colored orange, while isopentenyl group (Ip) is colored blue.

lower adaptability of the host cavity when the Ps is rotated with
the unsaturated Ip chain pointing inside it. Furthermore, the
complexation of the Ps molecule induces, in both supramole-
cular complexes, small structural variations in the CB7 cavity.

From the analysis of the colored RDG map, in both config-
urations, it can be deduced that intramolecular interactions
inside the host cavity are dominated by steric repulsion. At the
same time, the prevailing color green indicates that the inter-
actions in the intermolecular region are of van der Waals type.
Precisely, in A conformation, the system is stabilized by weak
interactions. A single hydrogen bond is formed, marked in blue

View Article Online

Paper

AG =-4.7 kcal mol 1

Fig. 8 B97-D optimized geometrical structure of the Ps@CB7 supramole-
cular complex in A conformation obtained forcing manually the encapsula-
tion together with the calculated complexation free energies (kcal mol™).

and indicated with an arrow, between the phenolic OH group of
Co and a carbonyl oxygen atom of the macrocyclic host. 'H-
NMR experiments have evidenced the formation of such an H-
bond.

Furthermore, a representation of the host-guest A and B
arrangements, in which a model of interpenetrating spheres of
van der Waals radii has been used for the guest, is reported in
Fig. S3 of the ESIL.{ It appears that, although the Ps guest should
be included into the CB7 host cavity, the rigidity of its structure
does not allow, when both terminal parts of the molecule
interact with the rim atoms, that further interactions are
established with the internal regions of the cavity driving the
inclusion.

Additionally, the encapsulation of the guest has been forced
including manually the Ps guest into the CB7 host cavity
avoiding interactions at the border to be established

-4.0 kcal mol?

Fig. 7 B97-D optimized geometrical structures of Ps@CB7 supramolecular complexes, iso-surface map of RDG (with RDG = 0.5 isovalue),

7.6 kcal mol?
and

calculated complexation free energies (kcal mol™?) for A and B conformations.
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hampering the encapsulation. The optimized geometrical
structure of the obtained host-guest inclusion complex in
conformation A is reported in Fig. 8. The complexation free
energy has been calculated in solution, including the effect of
the basis set superposition error (BSSE) and entropy change
correction, and is reported in the same Fig. 8. The value of the
calculated free energy change of the inclusion complex
formed by including manually the guest inside the host is
—4.7 kecal mol ™' compatible with the value estimated
experimentally.

4. Conclusions

The present work provides a comprehensive study for forming
supramolecular host-guest complexes between cucurbit[7]uril
and Psoralidin, a natural molecule with multiple therapeutic
effects proven in preclinical studies.

The phase solubility studies show that Ps and CB7 form a
1:1 host-guest inclusion complex. CB7 binds to Ps molecule in
an aqueous solution with good affinity (K = 2.9 x 10* M" that
corresponds to a complexation-free energy of —6.0 kcal mol ™).
According to DFT calculations, the dominating intermolecular
interactions in the most stable adduct are of van der Waals
type, with additional contributions coming from the inter-
action of the phenolic OH group of the coumestrol with the
CB7 guest cavity. As a result, the complex Ps@CB7 in its
conformation with the coumestrol moiety pointing towards
the host cavity, is formed in an aqueous solution. The calcu-
lated complexation free energy of —4.0 kecal mol™" is in very
good agreement with the experimental value. The guest can be
also placed manually inside the cavity, bypassing the interac-
tions that prevent the encapsulation, forming an inclusion
complex, whose complexation fre energy is calculated to be
—4.7 keal mol . This value, if it is assumed that the complex
can be forced to be encapsulated, fits well the estimated
experimental value.

The IC5, on human colorectal adenocarcinoma cells (HT-29)
of Ps@CB7 complex is 8.19 ug mL ™" compared to free Ps, (76.88
pg mL™"). The ability of CB7 to strengthen the cytotoxic and
apoptotic effects of Ps was confirmed through the apoptosis
assay and cell cycle analysis. Ps@CB7 treatment resulted in a
significant increase in the percent cell population among both
apoptotic and necrotic quartiles as compared to free Ps.

Ps@CB7 also showed distinguished ability at trapping HT-
29 cells in the G2 phase of the cell cycle and markedly
decreasing the number of cells undergoing DNA synthesis in
the S-phase.

It is clear that the host-guest complex between Ps and
CB7 enhances the bioavailability, solubility, and stability of
the natural drug and improves its desired pharmacological
activities.
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