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Abstract

Many drug molecules have low solubility in aqueous media and, hence, poor bioavailability.
The formation of a host-guest complex with some other compound which has a good
solubility profile can facilitate solubilization of hydrophobic drugs. Complex formation
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relies upon the formation of non-covalent interactions between the host molecule and the

drug guest. The use of calix[n]arenes, a well-characterized class of cyclic oligomers, has
been investigated for their ability to form complexes with a variety of ionic and molecular
species. This review highlights those studies which have demonstrated the potential of

calix[n]arenes as host molecules in novel drug delivery systems.
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Introduction

The administration of drug molecules to the body requires them
to be formulated into a suitable dosage form that may be dictated
by the fundamental properties of the drug or the site of the drug
target and disease being treated. It is essential for a drug to have a
high degree of bioavailability so the choice of formulation can be
critical if the drug is to progress from the drug discovery phase to the
clinic. More specifically, many hydrophobic drugs suffer from poor
bioavailability so there is a need for specific formulations to overcome
this, thus enhancing the efficacy of these drugs and enabling the
administration of lower dosages. This is particularly important for
certain drug classes, especially cytotoxic agents which are used in
cancer chemotherapy. In order for drug molecules to be administered
effectively intravenously they need to be readily soluble in aqueous
media. This is often problematic and complex systems of excipients
are used to aid such solubility. However, many conventional excipients
experience disadvantages such as instability upon dilution, viscosity
implications and adverse side effects. As such novel formulation
technologies are being introduced to overcome such hurdles and
render drug compounds useable which would have otherwise been
redundant. Amongst these technologies emerging as suitable vehicles
for drug delivery are calix[n]arenes and calix.*resorcinarenes.

Calix[n]arenes and the closely related calix.*resorcinarenes area
group of cyclic oligomers with characteristic structures prepared easily
from the reaction of a phenolic substrate with an aldehyde, typically
under acidic conditions. The synthesis, properties and potential of
calix[n]arenes and calix.‘resorcinarenes has been described.!* Calix[n]
arenes and calix.*resorcinarenes have found use in supramolecular
chemistry, catalysis and separation science but they have attracted
much interest for their potential use in drug design and delivery.*'
The compounds consist of substituted aromatic rings joined together
by a bridging atom, normally the carbon within a methylene group, to
form a cyclic structure typically represented as a truncated cone with
an upper and lower rim (Figure 1). Substituents on these peripheral
rims confer specific chemical, structural and physical properties on
the molecules. Closely related series of compounds, heterocalix[n]
arenes in which the phenolic residues are bridged by sulfur atoms
and calix.*pyrroles, for example, have also been studied but not to the
same extent as the parent compounds. This review will focus on the
use of calix[n]arenes and calix.*resorcinarenes bearing functionalities
on the upper and lower rims in facilitating the solubilization of drug
molecules in aqueous media.
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Figure | Representation of the idealized cone-like calix[n]arenes and calix[4]
resorcinarenes.

Drug solubilization and delivery using calix[n]arene aggregates
or calix[n]arenes that have been assembled into or form part
of larger supramolecular structures has been reported .'"'* For
example, sulfonatocalix[n]arenes have been incorporated into larger
architectures in which the hydrophobic drug molecule becomes
encapsulated within a supramolecular assembly; the capsule walls
of these assemblies contains the calix[n]arene.'!” Release of the
drug molecule contained within such a complex may be triggered
by an external stimulus, facilitating site-specific delivery. Such
supramolecular chemistry is out with the scope of this review. The
use of calix[n]arenes and calix.‘resorcinarenes as drug delivery
systems is still a relatively novel concept and as such, the number of
reported studies are much fewer compared with other technologies
such as cyclodextrins. However, these structures do offer a number
of advantages including their ease of synthesis and modification and
low toxicity. There is also the opportunity to develop formulations
which enhance the site-specific delivery of drug molecules using
novel formulation strategies and the development of image guided
theranostics is a progression of this, combining imaging capability
with site specific drug delivery. The main disadvantage of these
systems is their tendency to be non-universal solubilizers since
solubilization is dependent on molecular size of drug or complexation
ability. Additionally, it is possible for aggregation to occur during long
term storage which would hinder drug incorporation.
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Calix[n]arene Structure

The most familiar and widely studied calix[n]arenes are the
calix.*arenes, molecules which consist of four phenolic residues
bridged by methylene groups. Besides the familiar cone conformation
which presents a bowl-like cavity, calix[4]arenes can exist in several
other conformations (Figure 2). Conceptually the bowl-shaped cone
attracts the most attention in host-guest chemistry due to the obvious
presence of an interior cavity. Many other studies of significance
employ substituted calix.®arenes and calix.*arenes, which consist
of six or eight phenolic residues joined through methylene bridges,
respectively (Figure 3). Of course, as the number of phenolic residues
within the calix[n]arene core structure increases so does the number
of possible conformations. The greater number of rotatable bonds in
these larger oligomers can present a challenge: for example, there are
four possible conformations which can be adopted by calix.‘arenes
but this increases to sixteen for calix.®arenes, each conformation
having different properties and, hence, potential for host-guest
complex formation .'® Most studies into calix[n]arene facilitated drug
solubilization have focused upon the synthesis of novel calix[n]arene
derivatives bearing, for example, ionizable groups or rich functionality
on either or both the upper and lower rims. Such calix[n]arenes are
often amphiphilic and may self-assemble into larger networks in an
aqueous environment, sometimes an advantage for solubilization of
small molecules.!” Calix[n]arenes and calix.*resorcinarenes with more
complex functionalities that also have biological activity and potential
for solubilization have been reported, glycosylated calix[n]arenes and
other multivalent calix[n]arenes for example.??
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Figure 2 The four possible conformations of a calix.‘arene.
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Figure 3 The structures of a calix.6arene and a calix.8arene.

Calix.‘resorcinarenes are arelated class of cyclic tetramers prepared
by reacting resorcinol with an aldehyde to give a cone-like structure
(Figure 4).2* The key features of this class of compounds is that unlike
the calix[n]arenes, which are prepared from the reaction of a phenol
with methanal to form the methylene bridges, calix.*resorcinarenes
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can be prepared from the reaction of resorcinol with quite complex
aldehyde precursors, usually in the presence of a suitable acid catalyst.
For example, a glycosylated calix.*resorcinarene was readily prepared
from the condensation of resorcinol with a glycosylated benzaldehyde
(Figure 5).* The calix.*resorcinarenes are often represented as a
truncated cone functionalized on the upper and lower rims. However,
anumber of well-characterized conformations of calix.“resorcinarenes
may be isolated and the distribution of these conformations depends
upon the starting materials in addition to the reaction conditions
used.?*?” Tt is possible to lock the calix.*resorcinarene into a cone-like
structure by adding additional methylene bridges between the phenolic
oxygen atoms on adjacent aromatic rings to form a generic structure
colloquially known as a cavitand (Figure 6). This obviously removes
some opportunities to functionalize the upper rim of the molecule but
standard aromatic chemistry can be used to add additional functional
groups and the lower rim can be decorated with diverse functionalities
also. The chemistry and uses of calix.*resorcinarenes and cavitands
has been described: cavitands and analogues form the basic structural
unit of a widely studied series of supramolecular assemblies which
have been used as hosts for small molecular species, molecular
containers (carcerands) and catalysts.?*!

Figure 4 The structure of a calix.*resorcinarenes.
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Figure 5 A tetraglycosylated calix.*resorcinarenes.

Figure 6 A simple cavitand.

Unfunctionalized calix[n]arene and calix.*resorcinarene molecules
are typically hydrophobic in nature and insoluble in aqueous media.
They must be functionalized with suitable groups in order to make
them soluble and relevant for studies in drug solubilization. Shinkai
et al. first reported the synthesis of water-soluble calix[n]arenes
bearing sulfonate functional groups on the upper rim and alkyloxy
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groups on the lower rim.*>3 The interior cavity of calix[n]arenes and
calix.*resorcinarenes in the cone conformation is typically hydrophobic
and this can be exploited to form reversible host-guest complexes
with small organic molecules via non-covalent interactions. In studies
such as these the calix[n]arenes are often referred to colloquially as
‘nano-baskets’, indicating their proposed use. Many early studies
into complex formation with calix[n]arenes have been undertaken in
non-aqueous environments. Once in an aqueous environment water-
soluble calix[n]arenes can, in some cases, enhance the solubility of
hydrophobic drugs via a non-covalent hydrophobic interaction within
the core of the calix[n]arene. Studies in aqueous environments in
which there is an abundance of water molecules capable of forming
hydrogen bond networks with polar functional groups present on the
calix[n]arene have shown that the solubilization of specific drugs with
particular structural features depends not only upon this hydrophobic
interaction but also the functional groups on the upper and lower
rims and the size of the calix[n]arene, whether it is a calix.‘arene
or calix.’arene for example. Larger molecules or those with specific
functional groups, for example groups which can form hydrogen
bonds, may actually form complexes with the functional groups on the
upper or lower rims of the calix[n]arene rather than enter the cavity at
all. Often, though, the principal consideration to be overcome is that
in order to increase the binding capacity for hydrophobic molecules
within the calix[n]arene the size of the cavity must be appropriate. This
should then allow complexation with larger, more sophisticated drug
molecules. Effectively, the hydrophobic cavity must be sufficiently
deep or wide, or in a specific conformation. However, this is not the
sole factor to consider and the majority of examples of calix[n]arenes
which have demonstrated enhanced drug solubilization potential have
ionisable substituents on the upper rim and, perhaps, the lower rim
also. In some studies the solubilizing potential of calix[n]arenesis
compared directly with that of cyclodextrin analogues.

It should be noted here that derivatization of calix[n]arenes by
changing the functionality on the lower rim, especially by attaching
pendant groups or the joining of two calix[n]arene units together, and
their use in delivery of molecules of pharmaceutical relevance has
been reported.’® Such lower rim-functionalized molecules can form
complexes with other species, with metal ions in the development of
sensors for example, but have not received the same attention for drug
solubilization.

Biocompatibility of Calix[n]arenes

Biological studies of the toxicity of calix[n]arenes investigated for
clinicalusehave beenreported alongside studies into drug solubilization
and other applications.?”® These studies have shown that the calix[n]
arenes are biocompatible with negligible toxicity in vivo. This is
obviously critical if they are to be clinically useful in pharmaceutical
formulations to enhance drug solubilization and facilitate delivery. A
fluorescent probe derived from an aminocalix.‘arene was shown to
be no more toxic towards Chinese hamster ovary cells (CHO) and
human promyelocytic leukemia (HL-60) cells than PBS buffer over
a range of concentrations.” Para-sulfonatocalix.‘arene-was screened
for cytotoxicity against human ovarian carcinoma cell line A2780 and
the corresponding cisplatin-resistant daughter line A2780cis. Results
from the MTT test indicate that the calix.*arene is not cytotoxic.*’

Para-Sulfonatocalix.*arene and substituted analogues do
not give rise to haemolysis at concentrations up to 200 mM.
Increased haemolysis is observed for the corresponding para-
sulfonatocalix.®arene and para-sulfonatocalix[8]arene at the same
concentration but this is much reduced for all sulfonated calixarenes at
lower concentrations.*' No haemolytic effects were observed for solid
lipid nanoparticles derived from a series of amphiphilic calixarenes.*
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The three para-sulfonatocalix[n]arenes showed no activation of
neutrophils, even at relatively high concentrations, indicating that
they do not illicit an immune response.*

In contrast to the minimal observed toxicity of calix[n]arenes with
potential use for drug solubilization and delivery, it should also be
noted here that calix[n]arenes have been developed as molecules with
clinically relevant biological activity in their own right. Functionalized
calix[n]arenes have been demonstrated to have antibacterial,
antifungal, antiviral and anticancer activity.*’*® They have also been
used in enzyme inhibition and gene transfection studies.** Calix[n]
arenes have also been used as a non-therapeutic residue in prodrug
assemblies.* The use of calix[n]arenes as pharmaceutical agents in
their own right is not detailed within this review but such compounds
do provide opportunities for dual use.

Calix[n]arenes for drug solubilization

Within the area of drug solubilization using calix[n]arenes, it is the
anionic calix[n]arenes which dominate reported studies. Such calix[n]
arenes have been demonstrated to form host-guest complexes with
amino acids and other biomolecules and knowledge gained from these
investigations informs the pharmaceutical applications.*** Sulfonated
calix[n]arenes are attractive for applications in drug delivery because
they are highly soluble in water and readily form host-guest complexes
with hydrophobic molecules in aqueous media. The sulfonate groups
on the upper rim of sulfonatocalix[n]arenes are completely ionized at
pH 0.4 but most studies are conducted at pH 7.4 with few examining
drug association at pH 2.0. In many cases the sulfonate groups on
the upper rim play a complementary role and aid in the formation
of complexes by combining ionic interactions and hydrogen bonding
with other non-covalent interactions within the hydrophobic
cavity. Interestingly, it has been reported that the hydrophobic
cavity within para-sulfonatocalix.‘arenes is not sufficiently large
to accommodate small, substituted benzene derivatives. It is not
surprising, therefore, that para-sulfonatocalix.’arenes and para-
sulfonatocalix.®arenes have dominated drug solubility studies.

Sulfonatocalix[n]arenes for drug solubilization

Para-Sulfonatocalix.*arene, para-sulfonatocalix.®arene and para-
sulfonatocalix.®arene (Figure 7) were investigated for their
potential to form complexes with testosterone in aqueous media.
Predictably, para-sulfonatocalix.‘arene formed a weak complex
and measurements indicated that the steroid had not entered the
hydrophobic cavity. The solubility of testosterone was enhanced by
1:1 complex formation with para-sulfonatocalix.’arene and para-
sulfonatocalix.®arene, studied across a range of pH; it was noted here
that the conformation of a para-sulfonatocalix[n]arene in solution
may affect the stability of any complex formed. In fact, the solubility
enhancement exceeded that which is observed when testosterone is
complexed with B-cyclodextrin, demonstrating at this stage the great
potential of sulfonatocalix[n]arenes.>!

HO,s HO3S SOH SOH

OH OH Qo4 HO

p-Sulfonatocalix[4Jarene

SO.H
HO3S

SO:H SO-H

HO:S

SOH
HO:S HO,S

HO.S HOsS =
| HOq A

SOH SOH
L HO3S i

: wo~ Yhoo “Ho Ho~ THO
OH o on oM OH  om OH on O

p-Sulfonatocalix[d]arene p-Sulfonatocalix{4]arene

Figure 7 Para-Sulfonatocalix[n]arenes most commonly used in solubilization
studies.
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Sulfonatocalix[n]arenes of various sizes have thus been shown
to form simple host-guest complexes with drug substances in which
the drug molecule is partially inserted within the hydrophobic
cavity of the calix[n]arene. Studies with the sodium salt of para-
sulfonatocalix.*arene revealed that it was capable of forming a
complex with topotecan, a topoisomerase I inhibitor used in the
treatment of a number of different cancer types.*> The hydrochloride
salt of topotecan is soluble in aqueous media but the non-protonated
form is only sparingly so, therefore careful formulation is required
in order for it to be clinically appropriate. A strong stoichiometric
complex was formed between topotecan and para-sulfonatocalix.*
arene. Nuclear magnetic resonance (NMR) spectroscopy was used to
determine the structure of the complex formed and the various non-
covalent interactions which were involved, in particular. It was shown
that the relatively hydrophobic quinolone-containing moiety of the
complexed topotecan molecule is held within the hydrophobic cavity
of the calix[n]arene whilst the more hydrophilic hydroxylated lactone
portion resides outside of the cavity. Solubility of the complexed
topotecan was five-fold greater than topotecan alone .

Carvediol, a non-selective -antagonist used in the treatment of
hypertension is freely soluble in dimethylsulfoxide but practically
insoluble in water, hampering administration. The drug molecule
forms a 1:2 complex with para-sulfonatocalix.*arene and a 1:1
complex with the corresponding para-sulfonatocalix.®arene, both of
which were markedly more soluble than the free drug. Additionally,
there was no increase in the toxicity observed for the free drug
when compared to each of the complexes in in vivo studies.™ This
exciting study highlights the potential of these systems to act as drug
solubilizers without increasing the event of any adverse side effects.

A derivative of para-sulfonatocalix.*arene bearing tetrabutyloxy
groups in place of the hydroxyl groups on the lower rim was shown
to form a stoichiometric complex with ascorbic acid in water.>*
Interestingly the association constant, determined by fluorescence
spectroscopy, increased dramatically as the temperature of the
solution increased, indicating that entropy plays a significant role in
determining the degree of complexation. NMR studies demonstrated
that the ascorbic acid molecule was complexed such that the
hydroxylated chain was embedded within the hydrophobic cavity,
leaving the unsaturated lactone moiety projected out of the cavity
facilitating the formation of a hydrogen-bonded network with the
sulfonate functional groups .>*

Para-Sulfonatocalix.’arene was shown to form complexes with
the local anaesthetics tetracaine and proparacaine in their protonated
forms, which would be present in vivo at physiological pH.*¢
para-Sulfonatocalix.’arene formed a strong, stoichiometric host-
guest complex with each molecule which was confirmed by NMR
and other spectroscopic studies. The association between para-
sulfonatocalix.’arene and the non-protonated proparacaine was
demonstrated to be considerably weaker. Indeed, studies revealed
that the ionized amino groups are held closely to the calixarene
cavity, highlighting the importance of ionic interactions in complex
formation with calix[n]arenes in addition to any considerations of the
hydrophobic effect .

Para-Sulfonatocalix.arene and para-sulfonatocalix.’arene were
employed in investigations into the solubilization of the hydrophobic
anticonvulsant drug carbamazepine.”” The drug suffers from poor
bioavailability and is thus an excellent investigational tool to
determine if increased solubility by complex formation may enhance
the clinical utility of a drug molecule. It was shown that carbamazepine
forms stable complexes with both calix[n]arenes, with a 1:1
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stoichiometry for the complex with para-sulfonatocalix.®arene and
a 2:1 stoichiometry for the complex with para-sulfonatocalix.*arene.
Dissolution studies confirmed that the differing sizes and, hence,
cavity volumes of the calix[n]arenes used influenced the increased
solubility of carbamazepine. Importantly the dissolution rates of the
carbamazepine complexes were increased significantly as compared
to the drug alone .°” These results indicate that the novel formulations
were more effective and showed great potential as drug carriers for
carbamazepine.

The sodium salts of para-sulfonatocalix.*arene and para-
sulfonatocalix.’arene were investigated for their ability to form
a complex with the tuberculostatic drug isoniazid with the goal of
developing a system for protecting the drug from the biological
environment before it reached the site of action.”® Analysis of the
stoichiometric complexes formed between the sulfonated calixarenes
indicated that the isoniazid molecule is held with the planar pyridine
residue occupying the hydrophobic cavity within the calix whilst the
hydrazine residue interacted with the sulfonate groups on the upper
rim. The activity of each of the isoniazid: calixarene complexes
against Mycobacterium tuberculosis was investigated and determined
to be close to the activity of isoniazid alone.>® These studies highlight
the potential of these systems in the protection of drug molecules in
their in vivo journey before reaching their desired site of action.

Para-sulfonatocalix[8]arene was investigated as a solubilizing
agent for fluroquinolone antibiotics, more specifically norfloxacin.*
As would be expected from its structure the solubility of norfloxacin
in aqueous media is pH-dependent and it is least soluble at plasma
pH of 7.4. Experiments conducted over a range of pH and in the
presence of various co-solvents and surfactant demonstrated that a
stoichiometric complex is formed between norfloxacin and para-
sulfonatocalix.®arene with association predominantly governed by
electrostatic and hydrogen bonding interactions rather than any
hydrophobic effect. Interestingly the addition of bovine serum albumin
to a solution containing the complex caused the norfloxacin to be
released and associate with the serum protein, thus demonstrating the
potential of calixarenes for the controlled release of drug molecules.”

Para-Sulfonatocalix.‘arene, para-sulfonatocalix.®arene and para-
sulfonatocalix.®arene, each with various cavity volumes dependent
upon confirmation, have been investigated for their ability to solubilize
a range of drug molecules with widely differing structural features
and, thus, requirements for complex formation. The drug molecules
used in three linked studies suffered from extremely poor solubility
in water, ranging from 38 pgmL"' for the diuretic furosemide, SpgmL-
' for calcium channel blocker nifedipine and 230 ngmL" for the
anthelmintic niclosamide, which is detrimental to their bioavailability.
For furosemide the solubilizing effects of each para-sulfonatocalix[n]
arene was studied across a pH range designed to mimic the acidic gastric
environment. Each of the para-sulfonatocalix[n]arenes studied formed
a stable 1:1 complex with furosemide, with the molecule occupying
the central cavity. Para-Sulfonatocalix.®arene increased the solubility
of furosemide the greatest, followed by para-sulfonatocalix[8]arene
and para-sulfonatocalix.*arene. The solubility of niclosamide was
increased by complex formation with para-sulfonatocalix.tarene
and para-sulfonatocalix.‘arene but the experimental data indicated
that the complexes with each of the calix[n]arenes investigated became
insoluble at higher concentrations. The solubility of nifedipine was
increased when complexed with para-sulfonatocalix.®arene and para-
sulfonatocalix.‘arene whereas it was decreased when challenged
with para-sulfonatocalix.®arene. In each case solubilization of the
drugs by the sulfonatedcalix[n]arenes investigated reflected a tangible
dependence upon a number of factors, including calix[n]arene cavity
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size, conformations of both the drug molecule and the calix[n]arene
across a range of pH and concentration of the calix[n]arene .%-%2

Phosphonatocalix[n]arenes for drug solubilization

The fundamental properties and chemistry of calix[n]arenes
functionalized with phosphonate groups has been described.®®
They have been demonstrated to form complexes with small
molecules due to non-covalent interactions, specifically those
which exploit the phosphonate moieties. The sodium salts of para-
phosphonatocali.[*arene, ~ para-phosphonatocalix[6]arene,  para-
phosphonatocalix.®arene and a partially phosphorylated calix.*arene
bearing two tert-butyl groups (Figure 8) were investigated for their
ability to also solubilize furosemide, nifedipine and niclosamide.
Analyses indicated that each of the phosphonatocalix[n]arenes in this
series formed 1:1 complexes with the drugs investigated. The aqueous
solubility of both furosemide and nifedipine was increased greatly
by complexation with the partially phosphorylated calix.*arene; in
the case of furosemide the phenyl residue again occupied the central
cavity. Niclosamide was solubilized by complex formation with
para-phosphonatocalix.*arene and para-phosphonatocalix.®arene with
experimental data again indicating that the substituted aryl residue
becomes embedded within the calixarene cavity; this is particularly
interesting because the polar nitro group is also taken up by the cavity
64,65
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Figure 8 Para-Phosphonato calix[n]arenes used in solubilization studies.
Aminocalix[n]arenes for drug solubilization

The synthesis and properties of diverse series of calix[n]arenes
that bear amino- functional groups and other basic residues has been
studied .° This includes calix[n]arenes bearing basic functional
groups on both upper- and lower-rims. However, their potential for
drug solubilization has not been explored as widely as the sulfonated
and phosphonated calix[n]arenes, for example. As mentioned above
aminocalix[n]arenes typically have other inherent pharmacological
properties which makes them attractive for further studies in
nanomedicine. The key differentiator is that the aminocalix[n]arenes
may be protonated to present positive charge to interacting drug
molecules. Also, the hydrophilicity and, hence solubilizing potential,
of the amino-substituted calix[n]arenes depends upon the interplay
between several factors including: whether the amino substituent
is bonded directly to the calixarene annulus, the accessibility of the
charged moiety to water molecules and the aggregation behavior of
amphiphilic calix[n]arenes. As with the sulfonated and phosphonated
calix[n]arenes the pH of the aqueous media also plays a key role in
determining solubility of aminocalix[n]arenes. For example, at neutral
pH calix[n]arenes bearing both amino- and phenolic hydroxyl groups
exist in the zwitter ionic form and become appreciably less soluble as
pH increases.

The potential of an aminocalix.’arene bearing tetra-alkyl
ammonium residues on the upper rim and propyloxy groups on
the lower rim was compared to that of f-cyclodextrin with respect
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to the solubilization of a series of drug molecules at pH 7.4. The
aminocalix.*arene was notably better in facilitating the solubilization
of lidocaine, paracetamol, ketoprofen and hydrophobic steroids,
with 17B-estradiol being the most affected. However, observations
suggested that aggregation of the aminocalix[n]arene may be
influential and the formation of stoichiometric complexes should not
be assumed .°768

A natural extension to the work described above is the study of
calix[n]arenes which bear charged residues on both the upper and
lower rims. Such amphoteric calix[n]arenes have potential for the
retention and release of a complexed drug molecule by varying the
pH of the aqueous environment enabling site-specific delivery, for
example. A multi functionalised calix.*arene bearing anionic sulfonate
residues on the upper rim and cationic tetra-alkyl ammonium
groups on the lower rim self-condenses as expected through ion-ion
interactions to form particulate species. However, the broad spectrum
antibiotic ciprofloxacin can be accommodated within the condensed
material, partially occupying the hydrophobic core of the calix.*arene
and forming hydrogen bonds with groups on the upper rim. Drug
release from the complex was extremely pH-dependent; little release
of ciprofloxacin was observed at pH 7.4 but this increased greatly
as the pH was varied either side of physiological pH. This sort of
complex formation sits at the interface between supramolecular
chemistry and the formation of 1:1 host-guest complexes with simple
calixarenes bearing either anionic or cationic groups.®

Sulfonated resorcinarenes for drug delivery

The potential of calix[n]arenes in drug solubilization has been
demonstrated, particularly the para-sulfonatocalix[n]arenes. However,
use of the corresponding calix.*resorcinarene analogues has not been
studied so widely despite calix.*resorcinarenes being readily prepared
and modified and also the focus of many studies in supramolecular
chemistry. The solubility of the immunosuppressant mycophenolate
mofetil was enhanced by host-guest complex formation with the
readily available para-sulfonatocalix.‘resorcinarene (Figure 9):
mycophenolate mofetil is practically insoluble in water but in the
presence of para-sulfonatocalix.‘resorcinarene a 1:2 complex was
formed which was markedly more soluble. In vivo studies also indicated
that the toxicity of the drug was much reduced by complex formation
% In a more recent report the para-sulfonatocalix.*resorcinarene
was demonstrated to form a 1:1 complex with the common potent
anticonvulsant drug lamotrigine; this was characterized using various
analytical techniques and supported by molecular modelling. The
complex was stabilized by hydrogen bonding and n-m interactions.
The complex was also reported to display much reduced toxicity in
animal studies when compared to the free drug .”!

Conclusion

In conclusion, water-soluble calix[n]arenes and
calix.*resorcinarenes have been demonstrated to improve the
solubility of a variety of drug molecules in aqueous media. The
reported low toxicity of the calix[n]arenes makes them attractive in
comparison to other common solubilizing agents. Complex formation
is not simply determined by the chemical and physical properties of
the host calix[n]arene and the guest drug molecule. The various non-
covalent interactions that mediate complex formation are influenced
greatly by the aqueous environment, especially pH, and this may limit
the potential of certain calixarenes due to the formation of aggregates
and other architectures in solution. There is thus a requirement to
further study and develop the range of calix[n]arenes available for
drug solubilization.
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Future Outlook

Calix[n]arenes and calix.*resorcinarenes are increasingly attracting
attention in the field of nanoscience and, hence, nanomedicine.
Though the number of reports of the use of derivatized calix[n]arenes
and calix.*resorcinarenes in various situations continues to increase
the full potential of simple calix[n]arenes and calix.*resorcinarenes for
drug solubilization has not been realized. Supramolecular assemblies
incorporating calix[n]arenes are attractive to study but it may be
argued that the clinical application of these materials may be limited
by their complexity. Simple calix[n]arenes with equal or superior
solubilizing potential as compared to cyclodextrins are probably more
likely to have wide clinical application. As has been highlighted in
this review studies have indicated that some calix[n]arenes do exceed
the potential of cyclodextrins and so further investigation is certainly
justified.

Acknowledgments

None.

Conflicts of interest

None.

References

1. Gutsche CD Calixarenes: An Introduction. (2" edn), The Royal Society
of Chemistry, Cambridge. 2008

2. Sliwa W, Kozlowski C Calixarenes and Resorcinarenes: Synthesis,
Properties and Applications. Wiley-VCH, Weinheim, pp. 304. 2009

3. Mokhtari B, Pourabdollah K, Dalali N Molecule and ion recognition of
nano-baskets of calixarenes since 2005. J Coord Chem. 2011;64(5):743-
794.

4. da Silva E, Lazar AN, Coleman AW Biopharmaceutical applications of
calixarenes. J Drug Del Sci Tech. 2004;14(1):3-20.

5. de Fatima A, Fernadez SA, Sabino AA Calixarenes as new platforms for
drug design. Curr Drug Discov Technol. 2009;6(2):151-170.

6. Rodik RV, Boyko VI, Kalchenko VI Calixarenes in bio-medical research.
Curr Med Chem. 2009;16(13):1630-1655.

7. Mokhtari B, Pourabdollah K Applications of calixarene nano-baskets in
pharmacology. J Incl Phenom Macrocyl Chem. 2012;73(1-4):1-15.

8. Shah MD, Agrawal YK Calixarene: A new architecture in the analytical
and pharmaceutical technology. J Sci Ind Res India. 2012;71(1):21-26.

9. Mokhtari B, Pourabdollah K Applications of nano-baskets in drug
development: high solubility and low toxicity. Drug Chem Toxicol.
2013;36(1):119-132.

10. Varejao EVV, de FatimaA, Fernadez SA Calix[n]arenes as goldmines for
the development of chemical entities of pharmaceutical interest. Curr
Pharm Design. 2013;19(36):6507-6521.

11. Lee M, Lee SJ, Jiang LH Stimuli-responsive supramolecular
nanocapsules from amphiphilic calixarene assembly. J Am Chem Soc.
2004;126(40):12724-12725.

12. Pojarova M, Ananchenko GS, Udachin KA et al. Solid lipid nanoparticles
of p-hexanoylcalix[4]arene as a controlling agent in the photochemistry
of a sunscreen blocker. Chem Mater. 2006;18(25):5817-5819.

13. Sansone F, Baldini L, Casnati A et al. Calixarenes: from biomimetic
receptors to multivalent ligands for bio molecular recognition. New J
Chem. 2010;34(13):2715-2728.

14. Weeden C, Hartlieb KJ, Lim LY Preparation and physicochemical
characterization of a novel paclitaxel-loaded amphiphilic aminocalix

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Copyright:
©2015 Hoskins ecal. 70

arene nanoparticle platform for anticancer chemotherapy. J Pharm
Pharmacol. 2012;64(10):1403-1411.

. GuoD-S, Liu Y Supramolecular chemistry of p-sulfonatoclix[n]arenes

and its biological applications. Acc Chem Res. 2014;47(7):1925-1934.

. Wang K, Guo D-S, Wang X et al. Multistimuli responsive supramolecular

vesicles based on the recognition of p-sulfonatocalix arene and its
controllable release of doxorubicin. ACS Nano. 2011;5(4):2880-2894.

. Guo DS, Wang K, Wang Y-X et al. Cholinesterase-Responsive

Supramolecular Vesicle. J Am Chem Soc. 2012;134(24):10244-10250.

. Guo D-S, Wang K, Liu Y Selective binding behaviors of p-sulfonato

calixarenes in aqueous solution. J Incl Phenom Macrocycl Chem.
2008;62(1-2):1-21.

. Helttunena K, Shahgaldian P Self-assembly of amphiphilic calixarenes

and resorcinarenes in water. New J Chem. 2010;34(12):2704-2714.

Fulton DA, Stoddart JF Neoglycoconjugates based on cyclodextrins and
calixarenes. Bio conjugate Chem. 2001;12(5):655-672.

Baklouti L, Cheriaa N, Mahouachi M et al. Calixarene-based dendrimers.
A timely review. J Incl Phenom Macrocycl Chem. 2006;54(1-2):1-7.

Baldini L, Casnati A, Sansone F et al. Calixarene-based multivalent
ligands. Chem Soc Rev. 2007;36(2):254-266.

Dondoni A, Marra A Calixarene and calixresorcarene glycosides: their
synthesis and biological applications. Chem Rev. 2010;110(9):4949-
4977.

Timmerman P, Verboom W, Reinhoudt DN Resorcinarenes. Tetrahedron.
1996;52(8):2663-2704.

Curtis ADM Novel calix[4]resorcinarene glycosides. Tetrahedron Lett.
1997;38(24):4295-4296.

Hogberg AGS Cyclooligomeric  phenol-aldehyde condensation
products. 2. Stereoselective synthesis and DNMR study of two
1,8,15,22-Tetraphenyl[ 14]metacyclophan-3,5,10,12,17,19,24,26-octols.
J Am Chem Soc. 1980;102(19):6046-6050.

Wand I, Wzorek A Introduction to the Chirality of Resorcinarenes. Mini-
Rev Org Chem. 2009;6(4):398-411.

Sherman JC. Carceplexes and hemicarceplexes: molecular encapsulation-
from hours to forever. Tetrahedron. 1995;51(12):3395-3422.

Cram DJ, Cram JM. Container molecules and their guests (Monographs
in supramolecular chemistry) Stoddart JF (Ed). The Royal Society of
Chemistry, London. 1997.

Roach P, Warmuth R. The room-temperature stabilization of
bicyclo[2.2.2]oct-1-ene and bicyclo[3.2.1]oct-1-ene. Angew Chem Int
Ed. 2003;42(26):3039-3042.

Hooley RJ, Rebek J. Chemistry and catalysis in functional cavitands.
Chem Biol. 2009;16(3):255-264.

Shinkai S, Mori S, Tsubaki T, et al. New water-soluble host molecules
derived from calix[6]arene. Tetrahedron Lett. 1984;25(46):5315-5318.

Shinkai S, Tsubaki T, Sone T, et al. New syntheses of calixarene-
p-sulphonates and p-nitrocalix arenes. J Chem Soc Perkin Trans I.
1987;2297-2299.

Morzheriny Y, Rudkevich DM, Verboom W, et al. Chloro sulfonylated
calix[4]arenes: Precursors for neutral anion receptors with a selectivity
for hydrogen sulfate. J Org Chem. 1993;58(26):7602-7605.

Makha M, Raston CL. Direct synthesis of calixarenes with extended
arms: p-phenylcalix[4,5,6,8]arenes and their water-soluble sulfonated
derivatives. Tetrahedron Lett. 2001;42(35):6215-6217.

Jose P, Menon S. Lower-rim substituted calixarenes and their
applications. Bioinorg Chem Appl. 2007;65815.

Citation: Hoskins C, Curtis AD. Simple calix[n]arenes and calix[4]resorcinarenes as drug solubilizing agents. | Nanomed Res. 2015;2(3):65-71.

DOI: 10.15406/jnmr.2015.02.00028


https://doi.org/10.15406/jnmr.2015.02.00028
http://www.amazon.in/Calixarenes-Introduction-Monographs-Supramolecular-Chemistry/dp/085404258X
http://www.amazon.in/Calixarenes-Introduction-Monographs-Supramolecular-Chemistry/dp/085404258X
http://www.organicworldwide.net/content/calixarenes-and-resorcinarenes-synthesis-properties-and-applications
http://www.organicworldwide.net/content/calixarenes-and-resorcinarenes-synthesis-properties-and-applications
http://www.tandfonline.com/doi/abs/10.1080/00958972.2011.555538#.VSjQafDd6M8
http://www.tandfonline.com/doi/abs/10.1080/00958972.2011.555538#.VSjQafDd6M8
http://www.tandfonline.com/doi/abs/10.1080/00958972.2011.555538#.VSjQafDd6M8
http://www.sciencedirect.com/science/article/pii/S1773224704500011
http://www.sciencedirect.com/science/article/pii/S1773224704500011
http://www.ncbi.nlm.nih.gov/pubmed/19519339
http://www.ncbi.nlm.nih.gov/pubmed/19519339
http://www.ncbi.nlm.nih.gov/pubmed/19442137
http://www.ncbi.nlm.nih.gov/pubmed/19442137
http://link.springer.com/article/10.1007%2Fs10847-011-0062-z
http://link.springer.com/article/10.1007%2Fs10847-011-0062-z
http://nopr.niscair.res.in/handle/123456789/13323
http://nopr.niscair.res.in/handle/123456789/13323
http://www.ncbi.nlm.nih.gov/pubmed/22360609
http://www.ncbi.nlm.nih.gov/pubmed/22360609
http://www.ncbi.nlm.nih.gov/pubmed/22360609
http://www.ncbi.nlm.nih.gov/pubmed/23656461
http://www.ncbi.nlm.nih.gov/pubmed/23656461
http://www.ncbi.nlm.nih.gov/pubmed/23656461
http://www.ncbi.nlm.nih.gov/pubmed/15469237
http://www.ncbi.nlm.nih.gov/pubmed/15469237
http://www.ncbi.nlm.nih.gov/pubmed/15469237
http://pubs.acs.org/doi/abs/10.1021/cm061993o
http://pubs.acs.org/doi/abs/10.1021/cm061993o
http://pubs.acs.org/doi/abs/10.1021/cm061993o
http://pubs.rsc.org/en/Content/ArticleLanding/2010/NJ/c0nj00285b#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2010/NJ/c0nj00285b#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2010/NJ/c0nj00285b#!divAbstract
http://www.ncbi.nlm.nih.gov/pubmed/22943171
http://www.ncbi.nlm.nih.gov/pubmed/22943171
http://www.ncbi.nlm.nih.gov/pubmed/22943171
http://www.ncbi.nlm.nih.gov/pubmed/22943171
http://www.ncbi.nlm.nih.gov/pubmed/24666259
http://www.ncbi.nlm.nih.gov/pubmed/24666259
http://pubs.acs.org/doi/abs/10.1021/nn1034873
http://pubs.acs.org/doi/abs/10.1021/nn1034873
http://pubs.acs.org/doi/abs/10.1021/nn1034873
http://pubs.acs.org/doi/abs/10.1021/ja303280r
http://pubs.acs.org/doi/abs/10.1021/ja303280r
http://link.springer.com/article/10.1007%2Fs10847-008-9452-2
http://link.springer.com/article/10.1007%2Fs10847-008-9452-2
http://link.springer.com/article/10.1007%2Fs10847-008-9452-2
http://pubs.rsc.org/en/Content/ArticleLanding/2010/NJ/c0nj00123f#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2010/NJ/c0nj00123f#!divAbstract
http://www.ncbi.nlm.nih.gov/pubmed/11562183
http://www.ncbi.nlm.nih.gov/pubmed/11562183
http://link.springer.com/article/10.1007/s10847-005-6994-4
http://link.springer.com/article/10.1007/s10847-005-6994-4
http://www.ncbi.nlm.nih.gov/pubmed/17264928
http://www.ncbi.nlm.nih.gov/pubmed/17264928
http://www.ncbi.nlm.nih.gov/pubmed/20496911
http://www.ncbi.nlm.nih.gov/pubmed/20496911
http://www.ncbi.nlm.nih.gov/pubmed/20496911
http://www.sciencedirect.com/science/article/pii/0040402095009841
http://www.sciencedirect.com/science/article/pii/0040402095009841
http://www.sciencedirect.com/science/article/pii/S0040403997008836
http://www.sciencedirect.com/science/article/pii/S0040403997008836
http://pubs.acs.org/doi/abs/10.1021/ja00539a012
http://pubs.acs.org/doi/abs/10.1021/ja00539a012
http://pubs.acs.org/doi/abs/10.1021/ja00539a012
http://pubs.acs.org/doi/abs/10.1021/ja00539a012
http://www.eurekaselect.com/85118/article
http://www.eurekaselect.com/85118/article
http://www.sciencedirect.com/science/article/pii/0040402094010728
http://www.sciencedirect.com/science/article/pii/0040402094010728
http://www.ncbi.nlm.nih.gov/pubmed/12851965
http://www.ncbi.nlm.nih.gov/pubmed/12851965
http://www.ncbi.nlm.nih.gov/pubmed/12851965
http://www.ncbi.nlm.nih.gov/pubmed/19318207
http://www.ncbi.nlm.nih.gov/pubmed/19318207
http://www.sciencedirect.com/science/article/pii/S0040403901815926
http://www.sciencedirect.com/science/article/pii/S0040403901815926
http://pubs.rsc.org/en/Content/ArticleLanding/1987/P1/p19870002297#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/1987/P1/p19870002297#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/1987/P1/p19870002297#!divAbstract
http://doc.utwente.nl/12563/1/K12563__.PDF
http://doc.utwente.nl/12563/1/K12563__.PDF
http://doc.utwente.nl/12563/1/K12563__.PDF
http://www.sciencedirect.com/science/article/pii/S0040403901012187
http://www.sciencedirect.com/science/article/pii/S0040403901012187
http://www.sciencedirect.com/science/article/pii/S0040403901012187
http://www.ncbi.nlm.nih.gov/pubmed/17611612/
http://www.ncbi.nlm.nih.gov/pubmed/17611612/

Simple calix[n]arenes and calix[4]resorcinarenes as drug solubilizing agents

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

Perret F, Lazar AN, Coleman AW. Biochemistry of the para-sulfonato-
calix[n]arenes. Chem Commun. 2006;42(23):2425-2438.

Perret F, Coleman AW. Biochemistry of anionic calix[n]arenes. Chem
Commun (Camb). 2011;47(26):7303-7319.

Lalor R, Baillie-Johnson H, Redshaw C, et al. Cellular uptake of a
fluorescent calix[4]arene derivative.JAm Chem Soc.2008;130(10):2892-
2893.

Wheate NJ, Abbott GM, Tate RJ, et al. Side-on binding
of p-sulphonatocalix[4]arene to the dinuclear platinum complex trans-
[{PtCI(NH3)2}2l-dpzm]2+ and its implications for anticancer drug
delivery. J Inorg Biochem. 2009;103(3):448-454.

Da Silva E, Shahgaldian P, Coleman AW. Haemolytic properties of
some water-soluble para-sulphonato-calix-[n]-arenes. Int J Pharm.
2004;273(1-2):57-62.

Shahgaldian P, da Silva E, Coleman AW. A first approach to the study
of calixarene solid lipid nanoparticle (SLN) toxicity. J Inc/ Phenom
Macrocycl Chem. 2003;46(3-4):175-177.

Paclet MH, Rousseau CF, Yannick C, et al. An absence of non-specific
immune response towards para-sulphonato-calix[n]arenes. J Inc/
Phenom Macrocycl Chem. 2006;55(3-4):353-357.

Rodik RV, Klymchenko AS, Mely Y, et al. Calixarenes and related
macrocycles as gene delivery vehicles. J Incl Phenom Macrocycl Chem.
2014;80(3-4):189-200.

Dibama HM, Clarot I, Fontanay S, et al. Towards calixarene-based
prodrugs: Drug release and antibacterial behaviour of a water-soluble
nalidixic acid/calix[4]arene ester adduct. Bioorg Med Chem Lett.
2009;19(10):2679-2682.

Antipin IS, Stoikov IL, Pinkhassik EM, et al. Calix[4]arene based
a-aminophosphonates: Novel carriers for zwitter ionic amino acids
transport. Tetrahedron Lett. 1997;38(33):5865-5868.

Arena G, ContinoA, Gulino FG, et al. Complexation of native L-f-
aminoacids by water soluble calix[4]arenes. Tetrahedron Lett.
1999;40(8):1597-1600.

Da Silva E, Coleman AW. Synthesis and complexation properties
towards amino acids of mono-substituted p-sulphonato-calix-[n]-arenes.
Tetrahedron. 2003;59(37):7357-7364.

Arena G, Casnati A, Contino A, et al. Inclusion of naturally occurring
amino acids in water soluble calix[4]arenes: a microcalorimetric and
IH NMR investigation supported by molecular modeling. Org Biomol
Chem. 2006;4(2):243-249.

Millership JS. A preliminary investigation of the solution complexation
of 4-sulphonic calix[n]arenes with testosterone. J Incl Phenom
Macrocycl Chem. 2001;39(3-4):327-331.

Da Silva E, Valmalle C, Becchi M, et al. The use of electrospray mass
spectrometry (ES/MS) for the differential detection of some steroids as
calix-[n]-arenesulphonate complexes. J Incl/ Phenom Macrocycl Chem.
2003;46(1-2):65-69.

Wang G-S, Zhang H-Y, Ding F, et al. Preparation and characterization
of inclusion complexes of topotecan with sulfonatocalixarene. J Incl
Phenom Macrocycl Chem. 2011;69(1-2):85-89.

Menon SK, Mistry BR, Joshi KV, et al. Evaluation and solubility
improvement of carvedilol: PSC[n]arene inclusion complexes with
acute oral toxicity studies. J Inc/ Phenom Macrocycl Chem. 2012;73(1-
4):295-303.

Zhou Y, Ding X, Fang X, et al. Studies on the inclusion behavior
of amphiphilic p-sulfonatocalix[4]arene with ascorbic acid by
spectrofluorometric titrations. Opt Photonics J. 2011;1(2):59-64.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Copyright:
©2015 Hoskins etal. /1

Fernandes SA, Cabega LF, Marsaioli AJ, et al. Investigation of tetracaine
complexation with beta-cyclodextrins and p-sulphonic acid calix[6]
arenes by nOe and PGSE NMR. J Incl Phenom Macrocycl Chem.
2007;57(1-4):395-401.

Arantes LM, Scarelli C, Marsaioli AJ, et al. Proparacaine complexation
with B-cyclodextrin and p-sulfonic acid calix[6]arene, as evaluated by
varied 1H-NMR approaches. Magn Reson Chem. 2009;47(9):757-763.

Panchal JG, Patel RV, Menon SK. Preparation and physicochemical
characterization of carbamazepine (CBMZ): para-sulfonated calix[n]
arene inclusion complexes. J Incl Phenom Macrocycl Chem. 2010;67(1-
2):201-208.

deAssis JV, Teixeira MG, Soares CGP, et al. Experimental and theoretical
NMR determination of isoniazid and sodium psulfonatocalix[n]arenes
inclusion complexes. Eur J Pharm Sci. 2012;47(3):539-548.

Wang X, Luo C, Lv Z, Lu F. Investigation of the inclusion behaviour
between p-sulfoniccalix [8] arene and norfloxacin by fluorescence
spectroscopy. J Lumin. 2011;131(9):1986-1990.

Yang W, de Villiers MM. Aqueous solubilization of furosemide by
supramolecular complexation with 4-sulphonic calix[n]arenes. J Pharm
Pharmacol. 2004;56(6):703-708.

Yang W, de Villiers MM. The solubilization of the poorly water soluble
drug nifedipine by water soluble 4-sulphonic calix[n]arenes. Eur J
Pharm Biopharm. 2004;58(3):629-636.

Yang W, de Villiers MM. Effect of 4-sulphonato-calix[n]arenes and
cyclodextrins on the solubilization of niclosamide, a poorly water
soluble anthelmintic. 44PS. 2005;7(1):241-248.

Martin AD, Raston CL. Multifunctional p-phosphonated calix arenes.
Chem Commun (Camb). 2011;47(35):9764-9772.

Bayracki M, Ertul S, Yilmaz M. Phase solubility studies of poorly
soluble drug molecules by using O-phosphorylated calixarenes as drug-
solubilizing agents. J Chem Eng Data. 2011;56(12):4473-4479.

Bayracki M, Ertul §, Yilmaz M. Solubilizing effect of the p-phosphonate
calix[nJarenes towards poorly soluble drug molecules such as
nifedipine, niclosamide and furosemide. J Inc!/ Phenom Macrocycl
Chem. 2012;74(1-4):415-423.

Ukhatskaya EV, Kurkov SV, Matthews SE, et al. Encapsulation of drug
molecules into calix[n]arene nano baskets. Role of aminocalix[n]arenes
in biopharmaceutical field. J Pharm Sci. 2013;102(10):3485-3512.

Ukhatskaya EV, Kurkov SV, Matthews SE, et al. Evaluation of a cationic
calix[4]arene: solubilization and self-aggregation ability. /nt J Pharm.
2010;402(1-2):10-19.

Xue Y, Guan Y, Zheng A, et al. Amphoteric calix[8]arene-based
complex for pH-triggered drug delivery. Colloids Surf B Biointerfaces.
2013;101:55-60.

Menon SK, Modi NR, Mistry B, et al. Improvement of some
pharmaceutical properties of mycophenolate mofetil (MMF) by
parasulfonatocalix [4] resorcinarene inclusion complex. J Incl Phenom
Macrocycl Chem. 2011;70(1-2):121-128.

Patel MB, Valand NN, Modi NR et al. Effect of p-sulfonatocalix [4]
resorcinarene (PSC [4] R) on the solubility and bioavailability of
a poorly water soluble drug lamotrigine (LMN) and computational
investigation. RSC Advances. 2013;36(3):15971-15981.

Acharya A, Samanta K, Rao CP Conjugates of calixarenes emerging
as molecular entities of nanoscience. Coord Chem Rev. 2012;256(17-
18):2096-2125.

Citation: Hoskins C, Curtis AD. Simple calix[n]arenes and calix[4]resorcinarenes as drug solubilizing agents. | Nanomed Res. 2015;2(3):65-71.
DOI: 10.15406/jnmr.2015.02.00028


https://doi.org/10.15406/jnmr.2015.02.00028
http://pubs.rsc.org/en/Content/ArticleLanding/2006/CC/b600720c#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2006/CC/b600720c#!divAbstract
http://www.ncbi.nlm.nih.gov/pubmed/21552631
http://www.ncbi.nlm.nih.gov/pubmed/21552631
http://www.ncbi.nlm.nih.gov/pubmed/18278915
http://www.ncbi.nlm.nih.gov/pubmed/18278915
http://www.ncbi.nlm.nih.gov/pubmed/18278915
http://www.sciencedirect.com/science/article/pii/S0162013408003085
http://www.sciencedirect.com/science/article/pii/S0162013408003085
http://www.sciencedirect.com/science/article/pii/S0162013408003085
http://www.sciencedirect.com/science/article/pii/S0162013408003085
http://www.ncbi.nlm.nih.gov/pubmed/15010130
http://www.ncbi.nlm.nih.gov/pubmed/15010130
http://www.ncbi.nlm.nih.gov/pubmed/15010130
http://link.springer.com/article/10.1023%2FA%3A1026301906487
http://link.springer.com/article/10.1023%2FA%3A1026301906487
http://link.springer.com/article/10.1023%2FA%3A1026301906487
http://link.springer.com/article/10.1007/s10847-006-9107-0
http://link.springer.com/article/10.1007/s10847-006-9107-0
http://link.springer.com/article/10.1007/s10847-006-9107-0
http://link.springer.com/article/10.1007%2Fs10847-014-0412-8
http://link.springer.com/article/10.1007%2Fs10847-014-0412-8
http://link.springer.com/article/10.1007%2Fs10847-014-0412-8
http://www.ncbi.nlm.nih.gov/pubmed/19395263
http://www.ncbi.nlm.nih.gov/pubmed/19395263
http://www.ncbi.nlm.nih.gov/pubmed/19395263
http://www.ncbi.nlm.nih.gov/pubmed/19395263
http://www.sciencedirect.com/science/article/pii/S0040403997013051
http://www.sciencedirect.com/science/article/pii/S0040403997013051
http://www.sciencedirect.com/science/article/pii/S0040403997013051
http://www.sciencedirect.com/science/article/pii/S0040403998026549
http://www.sciencedirect.com/science/article/pii/S0040403998026549
http://www.sciencedirect.com/science/article/pii/S0040403998026549
http://www.sciencedirect.com/science/article/pii/S0040402003011372
http://www.sciencedirect.com/science/article/pii/S0040402003011372
http://www.sciencedirect.com/science/article/pii/S0040402003011372
http://www.ncbi.nlm.nih.gov/pubmed/16391766
http://www.ncbi.nlm.nih.gov/pubmed/16391766
http://www.ncbi.nlm.nih.gov/pubmed/16391766
http://www.ncbi.nlm.nih.gov/pubmed/16391766
http://link.springer.com/article/10.1023%2FA%3A1011196217714
http://link.springer.com/article/10.1023%2FA%3A1011196217714
http://link.springer.com/article/10.1023%2FA%3A1011196217714
http://link.springer.com/article/10.1023/A%3A1025685628493
http://link.springer.com/article/10.1023/A%3A1025685628493
http://link.springer.com/article/10.1023/A%3A1025685628493
http://link.springer.com/article/10.1023/A%3A1025685628493
http://link.springer.com/article/10.1007%2Fs10847-010-9817-1
http://link.springer.com/article/10.1007%2Fs10847-010-9817-1
http://link.springer.com/article/10.1007%2Fs10847-010-9817-1
http://link.springer.com/article/10.1007%2Fs10847-011-0056-x
http://link.springer.com/article/10.1007%2Fs10847-011-0056-x
http://link.springer.com/article/10.1007%2Fs10847-011-0056-x
http://link.springer.com/article/10.1007%2Fs10847-011-0056-x
http://www.scirp.org/journal/PaperInformation.aspx?PaperID=5512#.VSjAnvDd6M8
http://www.scirp.org/journal/PaperInformation.aspx?PaperID=5512#.VSjAnvDd6M8
http://www.scirp.org/journal/PaperInformation.aspx?PaperID=5512#.VSjAnvDd6M8
http://link.springer.com/article/10.1007%2Fs10847-006-9224-9
http://link.springer.com/article/10.1007%2Fs10847-006-9224-9
http://link.springer.com/article/10.1007%2Fs10847-006-9224-9
http://link.springer.com/article/10.1007%2Fs10847-006-9224-9
http://www.ncbi.nlm.nih.gov/pubmed/19557725
http://www.ncbi.nlm.nih.gov/pubmed/19557725
http://www.ncbi.nlm.nih.gov/pubmed/19557725
http://link.springer.com/article/10.1007%2Fs10847-009-9698-3
http://link.springer.com/article/10.1007%2Fs10847-009-9698-3
http://link.springer.com/article/10.1007%2Fs10847-009-9698-3
http://link.springer.com/article/10.1007%2Fs10847-009-9698-3
http://www.ncbi.nlm.nih.gov/pubmed/22841846
http://www.ncbi.nlm.nih.gov/pubmed/22841846
http://www.ncbi.nlm.nih.gov/pubmed/22841846
http://www.sciencedirect.com/science/article/pii/S0022231311002043
http://www.sciencedirect.com/science/article/pii/S0022231311002043
http://www.sciencedirect.com/science/article/pii/S0022231311002043
http://www.ncbi.nlm.nih.gov/pubmed/15231034
http://www.ncbi.nlm.nih.gov/pubmed/15231034
http://www.ncbi.nlm.nih.gov/pubmed/15231034
http://www.ncbi.nlm.nih.gov/pubmed/15451538
http://www.ncbi.nlm.nih.gov/pubmed/15451538
http://www.ncbi.nlm.nih.gov/pubmed/15451538
http://www.ncbi.nlm.nih.gov/pubmed/16146345/
http://www.ncbi.nlm.nih.gov/pubmed/16146345/
http://www.ncbi.nlm.nih.gov/pubmed/16146345/
http://www.ncbi.nlm.nih.gov/pubmed/21629880
http://www.ncbi.nlm.nih.gov/pubmed/21629880
http://pubs.acs.org/doi/abs/10.1021/je200992c
http://pubs.acs.org/doi/abs/10.1021/je200992c
http://pubs.acs.org/doi/abs/10.1021/je200992c
http://link.springer.com/article/10.1007%2Fs10847-012-0135-7
http://link.springer.com/article/10.1007%2Fs10847-012-0135-7
http://link.springer.com/article/10.1007%2Fs10847-012-0135-7
http://link.springer.com/article/10.1007%2Fs10847-012-0135-7
http://www.ncbi.nlm.nih.gov/pubmed/23925981
http://www.ncbi.nlm.nih.gov/pubmed/23925981
http://www.ncbi.nlm.nih.gov/pubmed/23925981
http://www.ncbi.nlm.nih.gov/pubmed/20858540
http://www.ncbi.nlm.nih.gov/pubmed/20858540
http://www.ncbi.nlm.nih.gov/pubmed/20858540
http://www.ncbi.nlm.nih.gov/pubmed/22796772
http://www.ncbi.nlm.nih.gov/pubmed/22796772
http://www.ncbi.nlm.nih.gov/pubmed/22796772
http://link.springer.com/article/10.1007/s10847-010-9870-9
http://link.springer.com/article/10.1007/s10847-010-9870-9
http://link.springer.com/article/10.1007/s10847-010-9870-9
http://link.springer.com/article/10.1007/s10847-010-9870-9
http://pubs.rsc.org/en/Content/ArticleLanding/2013/RA/c3ra41625a#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2013/RA/c3ra41625a#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2013/RA/c3ra41625a#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2013/RA/c3ra41625a#!divAbstract
http://www.sciencedirect.com/science/article/pii/S0010854512001336
http://www.sciencedirect.com/science/article/pii/S0010854512001336
http://www.sciencedirect.com/science/article/pii/S0010854512001336

	Title
	Abstract 
	Keywords: 
	Introduction 
	Calix[n]arene Structure
	Biocompatibility of Calix[n]arenes
	Calix[n]arenes for drug solubilization
	Sulfonatocalix[n]arenes for drug solubilization
	Phosphonatocalix[n]arenes for drug solubilization
	Aminocalix[n]arenes for drug solubilization
	Sulfonated resorcinarenes for drug delivery

	Conclusion
	Acknowledgments
	Conflicts of interest
	References

