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Sherif Ashraf Fahmy, a Fortuna Ponte,b Iten M. Fawzy,c Emilia Sicilia b

and Hassan Mohamed El-Said Azzazy *a

p-Sulfonatocalix[n]arenes have shown excellent potential for accommodating chemotherapeutic drugs

through host–guest complexation and enhancing their anticancer activity. Betaine has been reported to

exert an anticancer effect at high concentrations. In order to increase its concentration in cancer cells,

we have complexed it with p-SC4, which releases its content in an acidic environment typical of cancer

tissue. In this work, a host–guest complex of the chemically stable, natural, and safe active methyl donor

(betaine) and p-sulfonatocalix[4]arenes (p-SC4) was designed and characterized using 1H NMR, UV, Job's

plot analysis, DFT calculations, and molecular modeling for use in cancer therapeutics. The peak

amplitude of the prepared host–guest complexes was linearly proportional to the concentration of

betaine in the range of 1.0 � 10�5 M�1 to 2.5 � 10�4 M�1. The reaction stoichiometry between p-SC4

and betaine in the formed complex was 1 : 1. The stability constant for the complex is 8.9 � 104 M�1

which corresponds to a complexation free energy of �6.74 kcal mol�1. Complexation between betaine

and p-SC4 was found to involve the insertion of the trimethylammonium group of betaine into the p-

SC4 cavity, as supported by the experimental data. The complex displayed enhanced cytotoxic activities

against breast adenocarcinoma cells (MCF-7) and cervical cancer cells (HeLa) compared to free betaine.

In conclusion, the host–guest complexation of betaine with p-SC4 increases its concentration in cancer

cells, which warrants further investigation for cancer therapy.
1. Introduction

Anomalies in genetic and epigenetic mechanisms cause cancer.1

Typically, the epigenetic mechanisms involve various pathways
responsible for gene expression regulation without manipulating
the DNA sequence. DNA methylation, one of the epigenetic
mechanisms, involves methylation of cytosine residues in cyto-
sine–guanine (CG) pairs to form 5-methylcytosine.1–3 Genomic
deformations and loss of DNA integrity might occur due to hypo-
methylation of CG sites. This may lead to the initiation of specic
proto-oncogenes, such as c-Myc, and the inactivation of tumor
suppressors such as p16, resulting in the development and
progression of tumor cells.4 Under normal physiological condi-
tions, optimalmethylation proles aremaintained by achieving an
s & Engineering, The American University

iro 11835, Egypt. E-mail: sheriffahmy@

+20 2 2795 7565; Tel: +20 2 2615 2559

Technologies, University of Calabria,

fortuna.ponte@unical.it; emilia.sicilia@

aculty of Pharmaceutical Sciences and

ty in Egypt, Cairo 12311, Egypt. E-mail:

tion (ESI) available. See DOI:

the Royal Society of Chemistry
equilibrium between DNA methylation and demethylation
processes. However, many pathological events, including oxidative
stress, inammation, and cancer, disrupt this equilibrium.5 Thus,
the DNAmethylation process has attracted attention as a target for
cancer therapy because of its reversible nature.6 In this regard,
some studies reported the impact of diet and nutrients on DNA
methylation via stimulating methyl donor production at specic
CG sites.7–9 This interface between nutrients and epigenetics (nutri-
epigenomics) is a promising arena that may pave new avenues for
future utilization of bioactive nutrients in cancer therapy. These
include folic acid, vitamin B12, choline, and betaine which are
considered essential methyl donors for DNA methylation.3 Thus,
they may exert preventive and curative effects against cancer.

Betaine, trimethylglycine, is a chemically stable, natural, and
safe (at a dose up to 15 g per day) active methyl donor that
supports the standard DNA methylation patterns.10–12 Betaine is
found in many dietary sources such as shrimps, wheat germ,
wheat bran, spinach, and sugar beets.12 Many studies reported
betaine's ability to prevent and treat cancer, in vitro, via
different mechanisms. One study reported the ability of betaine
to induce tumor cell apoptosis via altering caspase proteins.13

Betaine was found to affect pro-inammatory cytokines levels,
such as tumor necrosis factor-alpha inside various tumor
cells.14 Another study reported betaine's capability to stabilize
multiple tumor suppressors and proto-oncogenes' methylation
RSC Adv., 2021, 11, 24673–24680 | 24673
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patterns and regulate their expression.15 Researchers reported
the cytotoxic activity of different betaine doses on human
prostate cancer cells (DU-145).16 However, high doses of betaine
are required to exert its anticancer action.17

The use of various delivery vehicles to reformulate natural
anticancer agents is a promising approach that may improve their
uptake into target tumor cells while simultaneously providing
a shield that protects these agents from degradation in the circu-
lation.18 Many studies reported the use of various delivery vehicles
to accommodate several anticancer agents.19–24 The host–guest
complexation chemistry (macrocycles) has recently attractedmuch
attention as promising drug delivery vehicles.25,26 Many studies
reported the possible use of supramolecular structures as hosts for
different antineoplastic drugs to enhance their water solubility,
chemical stability and improve their selective uptake into tumor
cells.26–29 Particularly, calix[n]arenes (n ¼ 4, 6, and 8) signify
a crucial class ofmacrocycles that have beenwidely utilized in drug
delivery. Calixarenes are ideal host molecules formed of phenolic
units linked by methylene bridges comprising an upper rim with
para-substituent of a phenolic ring, a lower rim with a phenolic
hydroxyl group, and a hydrophobicp electron-rich core cavity. This
unique structure of calix[n]arenes permits their facile functionali-
zation using sulfonate groups via their phenolic rings' para-posi-
tion, forming the water-soluble derivative (>0.1 mol L�1), para-
sulfonatocalix[n]arenes.26–29 para-Sulfonatocalix[n]arenes are
nontoxic to human cells at in vivo doses up to 103 mg kg�1.
Furthermore, in aqueous media, para-sulfonatocalix[n]arenes
demonstrated an ability to host different guest molecules in their
cavities via inclusion complexation.30,31

In this study, the complexation between p-SC4 and betaine in
an aqueous solution was studied for potential application in
cancer therapeutics. The proposed complex has been charac-
terized by UV, 1H NMR spectroscopy, and computational
studies. The stoichiometry and binding constant were
computed utilizing Job's plot (continuous variation method).
Density functional theory (DFT) calculations were carried out to
characterize the structure of the host–guest adduct. Moreover,
the anticancer activities of the complex against breast adeno-
carcinoma (MCF-7) and cervical cancer (HeLa) were studied.
2. Experimental and computational
details
2.1. Reagents

Betaine and para-sulfocalix[4]arene, p-SC4, were obtained from
BLD Pharmatech Co., Limited (Cincinnati, OH). Deuterium
oxide and HPLC grade water were purchased from Sigma-
Aldrich. Streptomycin, penicillin, fetal bovine serum, tri-
chloroacetic acid (TCA), Dulbecco's Modied Eagle's Medium
(DMEM), SRB, and tris(hydroxymethyl)aminomethane (TRIS)
were purchased from Lonza (Basel, Switzerland).
2.2. Instrumentation

UV spectrophotometric measurements were carried out on
a CARY 500 UV-vis-NIR Scan dual-beam spectrophotometer
(Varian, Palo Alto, CA). 1H NMR spectra were measured on
24674 | RSC Adv., 2021, 11, 24673–24680
a JEOL type GSX-270 or JNM-ECA 500II spectrometer (Jeol,
Peabody, MA).
2.3. Cell viability assay

Breast adenocarcinoma (MCF-7) and cervical cancer (HeLa)
were obtained from American Type Culture Collection (Mana-
ssas, VA). The cells were sustained in DMEM medium supple-
mented with streptomycin (100 mg mL�1), penicillin (100 units
per mL), and 10% heat-inactivated fetal bovine serum. Cells
were incubated in 5% (v/v) CO2 at 37 �C.
2.4. Sulforhodamine B colorimetric assay (SRB)

To investigate the cytotoxicity of the designed betaine/para-
sulfocalix[4]arene, MCF-7 and HeLa cancer cell lines were
treated with different concentrations of p-SC4, individual
betaine, and B/p-SC4. The cell viability of either cancerous or
non-cancerous cells was examined employing the SRB assay,
and the IC50 (in mg mL�1) was calculated using our methods
described previously.28,29,32–34
2.5. DFT calculations

All the electronic calculations were performed using the
Gaussian 09 package35 in the framework of the density func-
tional theory (DFT). The geometries of the investigated host–
guest complexes were fully optimized in water media employing
the B97-D exchange and correlation functional.36

The geometry optimizations were performed using the
double-zeta 6-31G(d,p) basis set for all the involved atoms,
except for oxygen atoms, for which a diffuse function was
included. The solvation effects were computed using the
continuum solvation model based on density (SMD),37 as
implemented in Gaussian 09. To conrm the minimum char-
acter of the intercepted structures, vibrational frequency anal-
ysis was carried out at the same level of theory, and frequency
calculations, within the harmonic approximation, were used to
calculate the Gibbs free energies for the inclusion of betaine (G)
into calixarenes (H).

The inclusion Gibbs free energies in solution DGsol, in
implicit water, was calculated as the difference between the free
energy in solvent (GHG complex

sol ) of the complex and the free
energies of the separated species in solvent (GH

sol and GG
sol):

DGHG complex
sol ¼ GHG complex

sol � (GH
sol + GG

sol)

Counterpoise correction calculations, as formulated by Boys
and Bernardi38 were carried out to estimate the Basis Set
Superposition Error (BSSE).

The characterization of molecular interactions responsible
for the formation of the betaine–p-SC4 adducts was performed
using the theory of atoms in molecules (AIM) suggested by
Bader,38,39 using the AIMAll program.40

The analysis of the electron density r(r) around the inter-
acting species allows identication of the chemical bonding
nature of the optimized geometries.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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The values of r(r) and its derivatives at the CPs (Critical Points;
points where the gradient of the density is zero, Vr(r) ¼ 0)
provides information about the nature and the strength of the
established interactions. To characterize the CPs, it is necessary
to explore the second-order derivatives of r(r). Only nine deriv-
atives are possible, useful to generate a real and symmetric
Hessian matrix of r(r). The diagonalization of the matrix, using
a unitary transformation, allows nding the corresponding
eigenvalues (ln). CPs are marked by the rank u and the signa-
ture s, respectively. The rank of the diagonalized matrix is given
by the number of non-zero eigenvalues (non-zero curvatures of
r(r) at the CPs). The signature of a CP, s, is dened as the
algebraic sum of the signs of the eigenvalues (signs of curva-
tures of r(r) at the CPs). CP with u ¼ 3 and s ¼ +1, corre-
sponding to (3, +1) CP, has two positive curvatures, and r is
a minimum at CP in the plane dened by their corresponding
axes while at CP along the third axis, perpendicular to this
plane, r is a maximum. The CP (3, �1), with u ¼ 3 and s ¼ �1,
highlights that electronic charge density is located within
a chemical bond between the involved atoms. Such a point is
called the bond critical point (BCP).
3. Results
3.1. H NMR spectroscopy
1H NMR measurements carried out in D2O were implemented
to inspect the complexation between betaine and p-SC4. The 1H
NMR spectra for each of p-SC4, betaine, and 1 : 1 molar ratio
mixture of p-SC4 and betaine are presented in Fig. S1A–C;†
respectively. The 1H NMR ndings showed that the protons of
betaine had exhibited remarkable upeld shis upon adding p-
SC4 (Table 1 and Fig. S1†) relative to those of the betaine alone.
These shis are attributed to the shielding effect of the aromatic
rings of p-SC4. Previous studies reported the direct relationship
between the degree of the chemical shi of a guest molecule's
protons and their depth of penetration inside the hollow cavity
of the host molecule, designating the formation of host–guest
inclusion complexes.28,29,41,42 The most signicant upeld shi
of�0.58 ppmwas observed for the protons of the methyl groups
bonded to the quaternary ammonium head of betaine, Hc

(Table 1 and Fig. S1†) showing that they possessed the most
signicant shielding effect. These indications suggest the
Table 1 Detected shielding (ppm) for allocated protons in p-SC4,
betaine, and 1 : 1 M ratio mixture in D2O. Proton labels are demon-
strated in Fig. S1a

Proton signals Individual molecules 1 : 1 molar ratio

Ha 7.39 7.52
Hb 3.84 3.65
Hc 3.08 2.50
Hd 3.71 3.64

a Ha and Hb represent the aryl and methylene bridge protons in p-SC4,
respectively. Hc and Hd represent the methyl and methylene protons in
betaine, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
possible insertion of betaine inside the p-SC4 cavity through its
N-terminal moiety. Moreover, the signals of the aryl and
methylene bridge protons (Ha and Hb; respectively) of p-SC4,
exhibited some chemical shis upon betaine addition, which
indicates the formation of host–guest inclusion complex (Table
1 and Fig. S1†).27–29
3.2. UV-vis spectroscopy

The formation of host–guest inclusion complexes between
betaine and p-SC4, was investigated using UV-Vis spectros-
copy.27–29 The UV absorbance spectra of 0.2 mM betaine, 0.2 mM
p-SC4, and a mixture comprising a mixture of 0.2 mM of each of
betaine and p-SC4 in deionized water are presented in Fig. 1.
Betaine exhibited weak absorbance across the wavelength range
of 240–340 nm. The individual p-SC4 spectrum, conversely,
showed remarkable absorption maxima at 277 and 284 nm. The
spectrum of the mixture displays the merging of the two
absorption maxima, distinctive to individual p-SC4, forming
a new single peak at 282 nm. As previously reported, this is
attributed to the formation of the betaine/p-SC4 inclusion
complex.27–29 The UV absorbance spectra of mixtures
comprising increasing betaine concentrations (ranging from
0.01–0.25 mM) and a xed concentration (0.2 mM) of p-SC4 in
all mixtures were measured. A gradual merging of the pair of
absorption maxima, distinctive of the individual p-SC4, was
observed along with a remarkable hyperchromic shi, corre-
lated with the increase of betaine concentration in the range of
0.01–0.25 mM (Fig. S2†).

The hyperchromic shi observed with increasing betaine
concentrations was obtained by dividing the zero-order spectra
of the prepared mixtures by the spectrum of p-SC4 where the
rst derivative of the ratio spectra was computed using a scaling
factor of 10 and Dl ¼ 4 nm.27–29 The values of the peak ampli-
tudes of the rst derivative of the ratio spectra for the mixtures
were then measured at 264 nm. A plot of the obtained peak
amplitudes and the equivalent concentrations of betaine is
presented in Fig. 2. The idyllic linear relationships illustrated in
Fig. 2 proposed that the hyperchromic shi detected in betaine/
p-SC4 is due to the formation of host–guest inclusion complex
between betaine and p-SC4.

The stoichiometry and the stability constants of the host–
guest inclusion complex were examined using Job's plot (the
method of continuous variation) utilizing the derivative ratio
method as described previously.27–29 From Job's plots, we
noticed that the maximum amplitudes were spotted at molar
fractions of 0.5, signifying a host–guest inclusion complex
stoichiometry of 1 : 1 for betaine/p-SC4. A normalized form of
this Job's plot for betaine/p-SC4, where each amplitude value, S,
was divided by the corresponding maximum amplitude, Smax, is
depicted in Fig. 3. The stability constant of the betaine/p-SC4
inclusion complex computed employing methods detailed
previously27–29 was 8.9 � 104 M�1 which corresponds to the
complexation free energy of�6.74 kcal mol�1. This value agrees
well with the stability constants (0.01 � 103 to 1.7 � 105 M�1)
previously reported for host–guest inclusion complexes
proposed to be applied in drug delivery. Many of them showed
RSC Adv., 2021, 11, 24673–24680 | 24675
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Fig. 1 Absorbance spectra of 0.2 mM betaine, 0.2 mM p-SC4, and a mixture encompassing 0.2 mM of each betaine and p-SC4 all in aqueous
media.

Fig. 2 Plot of peak amplitudes at 264 nm attained from the mixtures containing sequentially increasing concentrations of betaine (0.01–0.25
mM) and a fixed concentration of 0.2 mM p-SC4.
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enhanced stability, therapeutic activity, and selective targeting
to the desired site of action.27–29,43–54
3.3. In vitro cell viability assay

The cytotoxicity of p-SC4, individual betaine, and the betaine/p-
SC4 complex on MCF-7 and HeLa cancer cells was evaluated
using SRB assay.27–29 Aer 72 h incubation with the cells, p-SC4
and free betaine showed negligible effect on cell viability. On
the other hand, the betaine/p-SC4 complex demonstrated
notable in vitro cytotoxicity compared to free betaine. The
cytotoxic activities (IC50 in mg mL�1; computed by Sigma plot) of
p-SC4, individual betaine, and the betaine/p-SC4 complex
against cancer cell lines are presented in Table 2. The IC50 of the
betaine/p-SC4 complex was found to be 1.6 � 1.4 and 3.3 � 1.1
mg mL�1 against MCF-7 and HeLa cells, respectively. Although
the use of natural products such as betaine in cancer treatment
24676 | RSC Adv., 2021, 11, 24673–24680
is promising, it is still challenging to be applied clinically in
cancer therapy. Betaine and other natural anticancer agents fail
to target cancer cells at effective concentrations exclusively.
Some studies reported the requirement of high doses of betaine
to exert its anticancer action.17 Hence, betaine delivery as
a complex with p-SC4, which releases contents in an acidic
environment typical of cancer tissues, represents a useful
approach to delivering high betaine concentrations into cancer
cells. The capability of various host molecules to accommodate
anticancer drugs and selectively escort them to cancer cells was
previously reported.28,29,55–57 Cancerous cells possess acidic pH
of 5.7, healthy cells have a pH of 7.4, while late endosomes and
lysosomes have pH values ranging from 4.5 to 5.5. This pH
difference is crucial because pH-sensitive carriers would selec-
tively release their cargo in the acidic tumor microenviron-
ment.28,29,55–57 Previous studies reported the ability of calixarenes
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Normalized Job's plot where each of the amplitude values, S, of the first derivative ratio spectra peaks were divided by the maximum
amplitude, Smax, are plotted against the mole fraction of the equivalent p-SC4 molar fraction.

Table 2 In vitro cytotoxic activities of p-SC4, betaine, and betaine/p-
SC4 against MCF-7 and HeLa. The treatment period was 72 ha

Cells

In vitro cytotoxic activity (IC50 in mg mL�1)

p-SC4 Betaine Betaine/p-SC4

MCF-7 >300 >220 1.6 � 1.4
HeLa >300 >220 3.3 � 1.1

a Data represent the mean � standard deviation of triplicate.
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to selectively release anticancer drugs in a controlled pH-
dependent mechanism.28,29,55–57 This would focus the action of
betaine as a methyl donor on cancer cells while exerting
minimal nonspecic effects on normal cells. Betaine's anti-
cancer activity is attributed to its ability to regulate tumor
necrosis factor-alpha (TNF-a) inside various tumor cells and
stabilize multiple tumor suppressors and proto-oncogenes'
methylation patterns and hence regulate their expression. Also,
betaine induces apoptotic pathways via caspase 3 signaling
leading to the prevention of tumor growth.14–16 Thus, this work
Fig. 4 B97-D optimized structures of p-SC4: (a) side view and (b) top view

© 2021 The Author(s). Published by the Royal Society of Chemistry
highlights the potential use of the betaine/p-SC4 complex for
targeting cancer cells.
3.4. DFT calculations

The most stable structure of the para-sulfonato-calix[4]arene (p-
SC4), as shown in Fig. 4, assumes a typical cone-shaped
conformation stabilized by intramolecular H-bond, between
the OH groups, in the lower rim. The p-SC4 is characterized by
upper and lower rim distances of 8.207 Å and 5.240 Å, respec-
tively. As previously reported, such a conformation suggests
that the preferred entrance channel of guest molecules is that
from the side of the upper rim.29

The inclusion of guest molecules in the host cavity, as was
shown recently, can be predicted based on their volumes. For p-
SC4, the inner cavity volume results to be 652 Å3, while betaine
has a volume of 114 Å3. Based on the calculated volumes, the
penetration of betaine inside the p-SC4 receptor, in principle,
could take place, even if, in the formation of the host–guest
inclusion compounds, several aspects must be taken into
consideration as illustrated below.
. Upper (d1) and lower (d2) rim diameters of the calixarene are reported.

RSC Adv., 2021, 11, 24673–24680 | 24677
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Scheme 1 Computationally investigated inclusion modes of betaine
into the p-SC4 cavity.

Table 3 Electron density values r(r), Laplacian of electron density
V2r(r), for 1H-G and 2H-G complexes. All data are in a.u.

Conformation BCP rBCP V2rBCP

1H-G 1 0.011 0.750
2 0.024 0.138

2H-G 1 0.054 0.138
2 0.054 0.148
3 0.025 0.077
4 0.054 0.136
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The potential insertion modes, computationally explored, of
the betaine into the host molecule are reported in Scheme 1. In
particular, the betaine can assume two different possible
orientations with respect to the p-SC4 macrocycle. In the
arrangement labelled as 1, the positively charged trimethy-
lammonium group points inwards the host cavity, and the
carboxylate group points outwards, while the disposition in
Fig. 5 B97-D optimized geometrical structures of 1H-G and 2H-G complex
(Å), calculated complexation free energies, and BCPs present.

24678 | RSC Adv., 2021, 11, 24673–24680
which the carboxylate group points towards the inside of the
cavity and the trimethylammonium group is outwardly oriented
is labelled as 2.

The optimized geometries obtained for the formation of
host–guest complexes (or adducts) between betaine and p-SC4
receptor are illustrated in Fig. 5. In the same gure, the most
relevant distances together with the highlighted Bond Critical
Point (BCPs) and the values of the complexation free energies
are reported. The energy of complexation was calculated,
including the effect of basis set superposition error (BSSE) and
entropy change corrections in the solution.

In the optimization process, any constraints were imposed.
In the intercepted structure labelled as 1H-G, the betaine pene-
trates deeper into the host cavity, maximizing the electrostatic
interactions. In particular, in this insertion complex, the
quaternary ammonium group is located inside the p-SC4 cavity,
while the carboxylate group points towards the upper ring
establishing hydrogen bond interactions with the protonated
oxygen atoms of the two closest sulfonate groups. The data
computationally obtained for this inclusion complex reects
the information coming from 1H NMR analysis. The formation
of this betaine/p-SC4 adduct leads to an energy gain compared
to separate species, and the value of the calculated complexa-
tion free energy is �12.8 kcal mol�1.

In the 2H-G adduct, the betaine guest interacts with the cavity
of the receptor through the carboxylate group of betaine, and
the trimethylammonium group points outwards. In particular,
the carboxylate group of the host interacts with all the sulfonate
es are reported together with themost relevant geometrical parameter

© 2021 The Author(s). Published by the Royal Society of Chemistry
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groups of the guest through intermolecular hydrogen bonds,
causing the closure of the upper rim, whose diameter decreases
by 0.537 Å. The free energy of complexation for the 2H-G complex
calculated to be �3.2 kcal mol�1 is smaller than the 1H-G

complex.
With the aim to investigate more in-depth the host–guest

interactions, the AIM tool was used.39,40 The electron density (r)
value and its Laplacian V2r(r) at the bond critical point (BCP)
were estimated by AIM calculation to determine the nature and
the strength of the interactions between the species forming
both 1H-G and 2H-G complexes. In particular, for van der Waals
interactions r(r) is 10�3 a.u., while for hydrogen bonding r(r) is
�10�2 a.u. or less. For both interactions, the corresponding
Laplacian V2r(r) is positive. Table 3 reports the results obtained
from the AIM analysis.

In both complexes generated by the betaine guest and the
calix p-SC4 host, the electron density values fall in the expected
range for H-bonds, namely, 0.0102–0.0642 a.u.,39 and for all the
BCPs, the Laplacian sign is positive. The strength of these
hydrogen interactions in the identied complexes is established
by the highest positive values of the Laplacian.

As reported in Fig. 5, two BCPs, 1BCP1 and 1BCP2, respec-
tively, are predicted for the 1H-G complex. The value of Laplacian
is larger for BCP1 than for BCP2, indicating a stronger inter-
action. In the 2H-G complex, as shown in Fig. 5, four critical
points indicated as 2BCP1, 2BCP2, 2BCP3, and 2BCP4 are
established. All the BCPs correspond to hydrogen bonds and are
dened by values of the Laplacian that are positive and of the
same magnitude, except for BCP3 which is described by
a smaller Laplacian value indicating a lower interaction. The
formation of these H-bonds increases the stability of the adduct
with respect to the separate species.

4. Conclusions

Betaine has been reported to exert an anticancer effect at high
concentrations. To increase its concentration in cancer cells,
a complex of betaine/p-SC4 has been designed, which releases
its content in cancer cells (pH 5.5). Data from 1H NMR, UV
spectroscopy, Job's plot, and theoretical calculations supported
the successful formation of the host–guest inclusion complex
between p-SC4 and betaine in a 1 : 1 molar ratio. The stability
constant of betaine/p-SC4 was computed to be 8.9 � 104 M�1,
which corresponds to the free energy of complexation of
�6.74 kcal mol�1. The stability of the prepared complex in an
aqueous medium supports its application in cancer drug
delivery. Both 1H NMR spectroscopy and DFT calculations
indicate that betaine was included within the cavity of p-SC4,
and the complexation involves the insertion of the trimethy-
lammonium group of the guest into the host cavity. Data from
the SRB assay showed that the IC50 of betaine/p-SC4 was 1.6 �
1.4 and 3.3 � 1.1 mg mL�1 against MCF-7 and HeLa cells,
respectively, compared to individual betaine, which exerted
a negligible decline of cell viability.

In summary, the complexation between p-SC4 and betaine
was thoroughly investigated experimentally and computation-
ally. To the best of our knowledge, there are no reports on
© 2021 The Author(s). Published by the Royal Society of Chemistry
encapsulation of betaine in nanocarriers or supramolecular
structures. A remarkable enhancement of the cytotoxic activities
of betaine/p-SC4 was observed in two different cancer cell lines
as compared to free betaine. This work presents a novel
approach for delivering high betaine concentrations into cancer
cells and supports the potential use of the designed complex as
a possible effective supplement to cancer therapeutics.
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