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Applications of nano-baskets of calixarenes are assessed and reviewed in six main divisions,
medical sciences and technologies including hematology, pathology, pharmacy a
cology, infectious diseases, nuclear medicine, and chemotherapy.#ilthough 4
distinguish a boundary between medical and biological studies, the %
research rather than biological using more than 50 references. A
focused on the synthesis, optimization, and application
calixarenes, this review deals with synthesis and beha
medical platforms to illustrate potential in the medical
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nes, macrocyclic compounds of phenolic units linked by
2,6-positions, present some requirements to serve as platforms
ical, medical, biological, and industrial investigations. Calixarenes have
en subjected to extensive research in development of transporters, extractants,
jonary phases (using gas chromatograph, Teif Gostar Faraz Co.), electrode
ionophores, optical sensors, and medical research [1-8]. In the nineteenth century,
Baeyer [9] synthesized them via reaction of formaldehyde with p-substituted phenols in
basic or acidic environments. In the 1940s, Zinke and Ziegler [10] discovered that the
products possessed cyclic tetrameric structures. In 1975, Gutsche [11] introduced the
presently accepted name of calixarene.

Calixarenes are considered as host molecules after cyclodextrins and crown ethers
[12] and are used in various applications including chromatography, purification,
enzyme mimics, ion channels, self-assembling monolayers, transport across membranes,
catalysis, ion selective electrodes, and phase transfer [13]. The poor solubility of most
calixarenes precludes applications in aqueous media [14]. Numerous calixarene
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derivatives have been synthesized and various functionalizing methods have been
developed for them during the past decades. They are easily functionalized to a variety
of donor groups by comparatively straightforward reactions due to their
phenolic hydroxyls in the lower rim and receive intensive investigations in
host: guest phenomena, mainly those functionalized on the upper rim with p-tert-
butyl groups or hydrogen on the lower rim. Although the identities of substituents in
parapositions relative to the phenolic oxygens influence their ionophoric propensities,
this feature has been much less explored owing to the lack of suitable functionalization
on the upper rim. The lower rim functional moieties are mainly responsible for physical
properties of calixarenes, while different complexing moieties at the upper rim attract
desirable molecules with pre-defined selectivity [15].

Cornforth et al. [16] in 1955 reported the first medical application of a calixarene
derivative (Macrocyclon). Rodik er al. [17] discussed antiviral, antithrombotlai
bactericidal, antituberculosis and anticancer activities as well as toxicity, membra
tropic properties, and specific protein complexation of modified calixarenes in a rg

In section 2 of this article, the application of calixarenes in hematology g
reviewed. Then, sections 3 and 4 focus on the role of,calixarens
pharmacy, and pharmacology. After that, application of &
diseases and nuclear medicine is reviewed in sections 5 a
about chemotherapic applications.

2. Hematology

coagulation prevent undue loss of
hrombosis is inappropriate coagulation of blood,
is or in response to some insults including
deviCes or surgery. Blood clots break loose and become
e cerebrovascular or pulmonary circulatory systems. Hwang

Hemostasis and

ing effective dose of calixarene derivatives. They compared the physical properties of
thesized macrocycles, which included tetrameric macrocyclic compounds or
mixtures with predominantly tetrameric forms, using absorption spectroscopy, mass
spectrometry and nuclear magnetic resonance (NMR) spectroscopy. The approach
involved administering to the subject a therapeutically effective dose of a calix[n]arene,
which was derivatized at its ring positions meta to the bridge attachments to the ring,
with polar substituents having terminal sulfonate moieties, including amides and esters,
which were cleavable in vivo. One exemplary compound of this type was a tetramer of
phenol para-sulfonic acid subunits linked by methylene bridges.

Paclet et al. [19] investigated the cytotoxicity of three water-soluble para-sulfonato-
calix[4,6,8]arenes, examining activation of NADPH oxidase in polymorphonuclear
neutrophils (PMNs) by those calixarenes; they did not stimulate the neutrophils. The
results revealed that the para-H-calix[4]arene and the para-sulfonato-calix[4,6, or
8larenes were not cytotoxic. Even by further in vitro evaluation, those calixarenes
proved to be appropriate candidates for bio-pharmaceutical applications. Figure 1 shows
the effect of 0.1 and 10 umolL™" calixarene treatment on NADPH oxidase activity
in PMNG.
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Figure 1. Effect of 0.1 pumolL™" (left) and 10umolL™" (right) calixarenes treatment on the activity of
NADPH oxidase in PMNs.

3. Pathology

mortality and are responsible for more than 30% of d
of cancers exhibits resistance to multiple drugs (Multiple D
is dramatic not only from a therapeutic point of view but ¢

economic problem. Therefore, compo
are needed. Specific cafixare i

or treating cancer
and make it possible to

patented a calixarene d i ic4 gent and illustrated the anticancer effect
ofamimsl4]areng different tumor cells in culture, in particular
ic cells. Moreover, they compared the anticancer

onic derivatives used by Anthony et al. The effect of C4diP on a culture of
osensitive human acute lymphoblastic leukemic cells revealed a mortality of 50%
for a mean concentration of 7.33 pmol L™" of C4diP with a standard deviation of 3.06.

The contribution of chloride channels to the pathology of several diseases as well as
the physiology of various cell types is well-known. Owing to unavailability of high
affinity ligands, chloride channels were studied by para-sulfonated calixarenes, which
are potent blockers of outwardly rectifying chloride channel (ORCC) with long block
times and subnanomolar inhibition constants. Singh ez al. [21] used both ion channel
kinetic analysis and computational chemical methods to investigate such channels.
The kinetic analysis, which is determined from critical-closed-time plots, emphasizes the
estimation of the block-time constant. The computational chemical methods are used to
deduce the features of the disulfonic stilbene molecule necessary for potent blockade of
ORCC. Based upon those methods, para-sulfonated calixarenes were potent blockers of
ORCC with subnanomolar inhibition constants and exceptionally long block times.
Other calixarene derivatives were also assessed to investigate those chloride channels
[22, 23]. Figure 3 depicts some of the calixarenic structures, which were synthesized and
studied by Atwood et al. [22].
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lix[

atives in Anthony et al.’s [20]

enes bearing alkyl ester and alkyl acid moieties at
alix[4]arenes bearing two hydrazide function or

th 4-3,5-bis-(2-hydroxyphenyl)-1,2,4-triazol-1-yl-benzoic acid as a new oral chelator.
antiproliferative effects of the compounds, which were inhibited by intracellular
iron level, were studied and the results revealed that the antiproliferative effect was due
to their cytotoxicity. Substituted calix[4]arenes open the way to valuable medicinal
chemistry scaffolding. Krenek et al. [27] linked calixarenes substituted with
2-acetamido-2-deoxy-beta-D-glucopyranose by a thiourea spacer and tested it as
activation receptors for the human macrophages and rat natural killer
cells;  5,11,17,23-tetrakisN-(2-acetamido-2-deoxy-beta-D-glucopyranosyl)-thioureido-
25,26,27,28-tetrapropoxycalix4arene (figure 4) has the best ligand abilities toward the
human macrophages.

Harris [28] described acylic phenyl-formaldehyde oligomers, calixarenes or oxacalix-
arenes, cyclotriveratrylene derivatives, cyclic tetrameric resorcinol-aldehyde derivatives
known as Hogberg compounds, which have anti-human immunodeficiency virus (HIV),
anticancer, and antiviral activity. Krishnan and Lohrmann [29] described calixarene
conjugates for diagnostic imaging agents and tomography.

Photodynamic therapy is a treatment for cancer and even for certain non-cancerous
diseases, which are generally characterized by overgrowth of abnormal or unwanted
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Figure 4. The chemical structure of calixarene derivative was studied by Krenek et al. [27].

cells. The therapy is based upon retention of photosensitizers in tumor cells and
activation of them (within the tumor) through irradiation with light of appropriate
wavelength. The destructive potential of photosensitizers depends mainly on generation
of reactive oxygen species produced by the light activated photosensitizers. Neagu et al.
[30] studied the antitumoral effect of p-sulfonato-calix[6,8]arenes on human K562
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po
gmL™

myelogenous leukemia cell line in experimental ph
that the larger cavities would geometri ser and stronger
interaction than the smaller one 0O ¢ ali ene had less effect than
calix[6]arene due to the@
(more optimal for th il ation capacity. Post-irradiation of

e it as a radio immunotherapeutic agent. Yordanov et al. [31] synthesized and
acterized a tetramer-captocalix[4]arene and its >''At complex. The group evaluated
complex stability in nude mice for the purpose of @-radioimmunotherapy of cancer. The
result of their experiments was contrary to what they predicted; they revealed that this
complex lacked adequate stability. Bezouska et al. [32] investigated the role of
thiacalix[4]arene and carboxylated calixarenes (figure 6) for protection of leukocyte
killer cells in combined animal tumor therapies. Three calixarene scaffolds were
assessed, revealing that thiacalix[4]arene had the highest affinity for CD69 leukocyte
membrane receptor. Carboxylated calixarenes were effective in protection of CD69
lymphocytes from apoptosis triggered by a multivalent ligand or antibody.

4. Pharmacy and pharmacology

Calixarenes have well-defined conformational properties and cavities with molecular
dimensions that encapsulate guest drugs. They have antibacterial, antiviral, antifungal,
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Figure 7. Chemical structure of a calix[4]arene bearing nalidixic acid as a prodrug.

and anticancer activities (including HIV as target). Fatima et «/. [33] provide an
overview and discussed the importance of calixarenes for drug development.

When hydrophobic calixarene derivatives are designed, the lack of solubility in
biological media makes them unsuitable for in vitro standard evaluation as antimicro-
bial agents. Gaining hydro-solubility allows assessing the biological activities. Thus,
researchers are developing synthetic strategies leading to water-soluble analogs via
introduction of hydrophilic groups at the upper and lower rims of the calixarene
scaffold. Dibama et al. [34] synthesized a water-soluble calixarene bearing nalidixic
acid, a quinolone antibiotic, and examined its prodrug behavior in vitro by high
performance liquid chromatography. Figure 7 presents the chemical structure of the
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synthetic prodrug. As the result, various Gram-negative and Gram-positive strains
reveal antibacterial activities.

Nifedipine is a calcium-channel blocker that is practically insoluble in water. Yang
et al. [35] investigated its complexes toward para-sulfonato calix[8]arene to produce
stable complexes in water and confirmed it using electrospray ionization mass
spectroscopy and thermal analysis. Stability and solubility of complexes were maximum
for para-sulfonato calix[8]arene, intermediate for para-sulfonato calix[6]arene and
minimum for para-sulfonato calix[4]arene. The first complex was bioequivalent to a
nifedipine polymeric polyethylene glycol (PEG)-solution and oxidative degradation of
the drug was greatest when combined with the calix[6]arene. Yang and Villiers [36]
studied aqueous solubility of niclosamide as a poorly water-soluble drug to produce
stable complexes with six water-soluble 4-sulfonato-calx[n]arenes using phase
solubility studies and thermal analysis. The selected calixarene derivaty
were 4-sulfonato-calix[6]arene + hydroxypropyl-B-cyclodextrin, 4-sulfonal
calix[6]arene + B-cyclodextrin, 4-sulfonato-calix[6]arene + y-cyclodextrin, 4-sulfgu
calix[6]arene, 4-sulfonato-calix[8]arene, and 4-sulfonato-calix[4]arene.

Yang and Villiers [37] studied the water solubility of furgsemide d
calix[n]arenes and showed that the concentration of the cali
size of the 4-sulfonic calix[n]arenes increased the solubility

cavities of the calixarenes, when n was seclected $80lubility of
furosemide was improved +73-81% espectively. They
discussed the driving fgrce of i tion of non-polar water
interfacial surface after i
host.

on-specific alkaline phosphatases because
of phosphate monoesters, synthesizing a series of
ibitors and Ca®* exchange regulators and examining
ibition activity and Ca®" exchange regulation properties of

Other research focused on the pharmaceutical and pharmacological aspects of
calixarenes, summarized in table 2.

Table 1. Enantioselective inhibition for porcine kidney alkaline phosphatase by
chiral aminophosphonous acids.

Inhibitor Inhibition constant (umol L") Selectivity
B-(R) 73 2.28
B-(S) 32 2.28
C-(RR) 1.7 50.5

C-(SS) 86 50.5
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Figure 8. The chemical structure of calcium exchange regulators. Structures (b) and (c) are
enantioselective inhibitors of porcine kidney alkaline phosphatase bearing the chiral aminophos
acids.

Table 2. Tabulated pharmaceutical and pharmacological studies using c:

Drug Calixarene

Atropine

Pyrrolizidine
Drug carriers

Carbamazepine
Phepathiazine

d calix[6]arene
[8]arenes
ulfonatocalix[8]arene

5. Infectious diseases

Co-infection with both hepatitis C virus (HCV) and HIV is a public health challenge,
afflicting more than 10 million people. With the advancement of highly active
antiretroviral therapy (HAART), liver disease has emerged as a leading cause of death
among HIV infected patients. Such therapies result in more liver toxicity and no specific
anti-HCV drug is available yet. Therefore, a dual drug candidate would be desirable to
block HCV and HIV infection. Tsou et al. [49] reported dual inhibition of a
tetrabutoxy-calix[4]arene derivative for both HCV and HIV, studying the upper rim
interacting head groups and lower rim alkylation on the roles of calix[4]arene in dual
antiviral activities. Hence, they used a range of lower and upper rim modifications (such
as aspartate, isophthalate, and glutamate) on the activity of the main scaffold. The
substitutions of tetrabutoxy-calix[4]arene derivatives are presented in figure 9.
Maintaining the cone conformation of the calixarene scaffold is important for
antiviral activity. Preorganization of the scaffold into a cone conformation for
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Figure 9. Tetrab, s for HCV and HIV
i s ap be important for both anti-HCV and

ith four hydroxyl groups at the lower rim can
conformation through mtramolecular hydrogen

o’&e

ptons in the "H NMR spectrum, benzylated calixarenes exist in a cone conformation.
et al. also studied the importance of projected diacid moieties and aromatic
substitutions on the upper rim, suggesting that aromatic substitutions were superior to
aliphatic derivatives at the upper rim for HIV inhibition, while anti-HCV activity was
not as sensitive to that change.

Tuberculosis is the leading cause of death among infectious diseases, accounting for
more than two million deaths annually and its incidence is increasing owing to the
resurgence of drug-resistant strains of mycobacterium tuberculosis. Calixarenes are able
to modify its growth and macrocyclon is effective in controlling its infections. Colston
et al. [50] revealed that macrocyclons (figure 10) were effective in athymic and
synthesized a number of structurally related calixarenes expressing significant
antimycobacterial activity. Macrocyclon significantly affected mycobacterial growth
in murine macrophages by a mechanism involving l-arginine metabolism and inducible
nitric oxide synthase (iNOS) activity. They also described the antimycobacterial activity
of calixarenes bearing t-octyl group at the upper rim or PEG chain lengths at the lower
rim. It was demonstrated that the PEG chain of six repeat units was sufficient to
produce calixarenes with high antimycobacterial activities, while a chain extension to
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is an average of 12.5; 5: R = (CHyCHy0)g -H

HOC: R = H is major oligomer

Figure 10. The chemical structures of macrocyclons used by Colston er al. [50].

NaO(HO)(O)P- P(O)(%'? ())(g?'| JONa

Figure 11. The synthesized scaffolds bearing carboxylate, sulfonate, and phosphonate moieties on the upper
rim and 2,2’-bithiazole and hydroxyl groups on the lower rim.

PEG-12 offered no significant advantages. Finally, it was suggested that ring cavity size
may be important when there is no functionalization at the lower rim.

Other studies of calixarenes with antimycobacterial activity have been reported
[S1, 52]. Mourer et al. [53] synthesized nine anionic water-soluble calix[4]arene
derivatives as anti-HIV agents and detected their toxicities. The scaffolds incorporated
carboxylate, sulfonate and phosphonate moieties on the upper rim and 2,2’-bithiazole
groups on the lower rim (figure 11). Although most showed antiviral activity in the
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Figure 12. Illustration of the GKP(D)V peptide attached to the calix[4]arene compound via a PEG-
tether link, which was then coated onto glass.

derivatives on the two cell lines MT4 and CEM-SS and
toxicity as the CCsy was not reached at 100 pumol L'

anti-inflammatory hor
a- MSH calixarenes (ﬁ

ing calixarene chemistry and retained
rategy supported future research into its applica-
ating for biomaterials.

uclear medicine

Al-Jammaz et al. [55] synthesized p-tert-butylcalix[4]arene tetra-di-isopropylacetamide
and studied the extraction of radioactive TI" and TI**, which are used in the production
of 2°'T1 of pharmaceutical quality.

The chemistry of rhenium has developed rapidly owing to the recent introduction of
B~ emitting isotopes '*°Re and '"®Re in radiotherapy. The most commonly used
chelates for rhenium are N»S, ligands. Bommel et al. [56] synthesized N>O, and N»S,
tetradentate calix[4]arene rhenium complexes both in organic and water solvents, and
demonstrated stability in a phosphorus-buffered saline solution. The ReO(PPhs),Cls
substrate was reacted with tetradentate N,O,-calix[4]Jarene and produced a
mixed-ligand rhenium complex with the structure ReO(N,O,-calix)OEt (figure 13).
Attempts to crystallize that complex resulted in formation of a dimeric structure
(figure 14). Synthesis and characterization of the N,S,-calix[4]arene rhenium complex is
shown in figure 15. They determined crystal structures of mono- and bimetallic
complexes, which have potential applications as radiopharmaceuticals.
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ReO(PPh,),Cl,

Et,N
—_—

CH,CI,, EtOH
reflux

Figure 13. The synthesis for N,O,-calix rhenium complex.

KSC(O)CH,

_—
DMF, overnight

ReO(PPhy),Cl,

K,CO,4 NBu,OAc
—_—

MeOH, H,0 MeOH
reflux reflux

Figure 15. The synthesis of N,S;-calix rhenium complex.



Downloaded by [Renmin University of China] at 10:27 13 October 2013

3202 B. Mokhtari and K. Pourabdollah

Based upon the results, calix[4]arenes are good platforms for syntheses of potential
radiopharmaceuticals. Both N,O,- and N,S,-calix[4]arene rhenium complexes were
compared and the latter showed more stability in PBS solutions.

7. Chemotherapy

Topotecan (TPT), a derivative of camptothecin, is a chemotherapy agent, a topoisom-
erase I inhibitor, used in the treatment of many diseases including small cell lung,
ovarian, and cervical cancers. A problem is low solubility, which means that the agents
need to be prepared as a TPT-hydrochloride to improve solubility. Wang et al. [57]
prepared inclusion complexes of TPT (figure 16) with a sulfonatocalixarene derivative
(figure 16); the dimethylaminomethyl group of TPT and the quinoline ring
encapsulated in sulfonatocalixarene and the complex was more soluble than free

regarded as an important choice in the design of nove
medicine.

OH OH OH OH

igure 16. hemical structure of TPT (left) and encapsulating sulfonatocalixarene. derivative (right).

Figure 17. Schematic illustration of encapsulated TPT in sulfonatocalixarene.
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