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Abstract: The self-assembly properties of the amphiphilic 5,11,17,23-tetra-carboxy-25,26,27,28-tetradode-
cyloxycalix[4]arene have been investigated at the air-water interface as monomolecular Langmuir layers and in
water. The interactions of this amphiphile with salicylic acid (SA), acetyl-salicylic acid (ASA) and acetaminophene
(APAP) have been studied at the air-water interface by means of the Langmuir balance technique. It has been
demonstrated that the calix-arene molecules, when self-assembled as Langmuir monolayers, have the ability to
interact with all the tested compounds. While APAP causes a stabilization of the monolayer, ASA and SA cause a
slight loss of stability and a drastic change of the compressibility of the monolayer. The study of the self-assembly
properties of the title compound in water revealed that this amphiphile can be self-assembled as solid lipid
nanoparticles (SLNs). The atomic force microscopy investigations of the colloidal suspension, spread on a solid
surface and dried, revealed the coexistence of the SLNs with layered structures.
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Introduction

Calixarenes are most probably one of the
most important class of macrocyclic com-
poundsusedinsupramolecularchemistry.!]
Produced by the base-catalyzed reaction
of para-substituted phenols and formal-
dehyde, the number of the phenolic units
forming the macrocycle can be tuned by
changing the experimental conditions. The
possibility to control the chemical modi-
fication of either the upper or the lower
rim of the macrocycle opened up the pos-
sibility to produce a broad range of calix-
arene derivatives that have been used for
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various applications including artificial
enzymes,!l non-linear optic material,l’]
sensors,#l catalysts,! protein!!] or nucleic
acid ligands,!®! to name but a few. The pos-
sibility to graft on the macrocycle both
hydrophobic groups and aliphatic moi-
eties allows the production of amphiphilic
systems that have been shown to possess
self-assembly properties at interfaces as
Langmuir or Langmuir Blodgett films,
self-assembled monolayers (SAMs),[7! in
water as vesicular®! or nanoparticulate sys-
tems[®! and in the solid-state.[®) Langmuir
monolayers and Langmuir Blodgett films
of calix-arenes have been demonstrated to
possess molecular recognition properties
of bio-molecules (nucleosides,!'9 nucleo-
tides, ! amino acids,[!2! proteins!!3]), small
organic molecules!!*! and ions.['] The ri-
gidity of the calix[4]arene (i.e. possessing
four phenolic units) and the relative rigid-
ity of the calix[6]arene make these macro-
cycles attractive to control the orientation
of the chemical units grafted on the mac-
rocycle. In fact, most of the amphiphilic
calixarenes developed are based on these
macrocycles. More recently, the group of
Coleman developed new calixarene-based
amphiphiles using bigger macrocycles
containing eight or nine units.[®10]

We have recently reported on the syn-
thesis, self-assembly and molecular rec-
ognition properties of para-amino amphi-
philic calix[4]arenes.[!”] We have demon-

strated that this poly-cationic molecule has
the ability to self-assemble at the air—water
interface as stable insoluble monolayers
which can serve as a charged surface for
binding DNA. In the present study, we re-
port on the self-assembly properties of a
poly-anionic amphiphilic calixarenes and
its ability to self-assemble at the air—water
interface and in water. The interactions of
these self-assembled systems with three
pharmaceutically and environmentally
relevant molecules, namely salicylic acid
(SA), acetyl-salicylic acid (ASA) and
acetaminophene (APAP) (cf. Fig. 1) are
described.

Experimental

General

All chemicals were purchased from
Sigma-Aldrich (Switzerland) and used
without further purification.

5,11,17,23-tetra-carboxy-25,26,27,28-
tetradodecyloxycalix[4]arene (1) was pro-
duced following the previously reported
method,!!8! the analytical data measured
('"H NMR, “C NMR and MALDI-TOF)
were found to be in perfect agreement with
that reported.

Self-assembly in Water
To 1.5 ml of a solution of 1 in THF
(5 mg/ml), under magnetic stirring, was
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Fig. 1. Chemical

B formulae of salicylic
acid (A), acetamino-
phene (B), acetyl-
salicylic acid (C) and
5,11,17,23-tetra-
carboxy-25,26,27,
28-tetradodecyloxy-
calix[4]arene (1) (D)
on a pure water sub-
phase.

COCH

added 50 ml of water at a flow rate of ap-
proximately 500 ml/min. The resulting
suspension is stirred for an additional min-
ute and the THF evaporated under reduced
pressure at 40 °C.

Particle Size and {-Potential
Measurements

Photon correlation spectroscopy exper-
iments were carried out using a Zetasizer
Nano ZS system (Malvern Instruments
Ltd., UK). The samples were prepared di-
luting the calixarene suspension produced
as described above to a concentration of 50
mg/l in water, at 298 K.

Langmuir Monolayer Studies
Langmuir film experiments were carried
out using a Nima 112D system (Nima Tech-
nology, Coventry, UK). The trough and the
barriers were cleaned with analytical grade
chloroform and water. Surface tension was
monitored using a Wilhelmy plate system.
Compressions were performed continuous-

ly at a speed rate of 5 cm®min'. The drug-
containing subphases were prepared by
dissolving the appropriate amount in pure
water. Compressions without monolayer
spread on the surface were performed in or-
der to ensure the absence of surface-active
molecules in the sub-phase; in no case was a
relevant change in surface tension observed.
Spreading solutions were prepared by dis-
solving 1 in chloroform at a concentration
of 1 mg/ml. 5 pl of this solution was spread
on the aqueous subphase using a Hamilton
gas-tight microsyringe, 20 min were al-
lowed for total evaporation of the solvent
and equilibration of the amphiphiles at the
interface.

Atomic Force Microscopy

The sample was prepared by spread-
ing 10 ul of the calixarene colloidal sus-
pension at a concentration of 300 mg/l on
freshly cleaved mica surface; and dried
overnight at room temperature. Imaging
was carried out in non-contact mode in air

using a NTegra Prima system (NT-MDT,
Moscow, Russia) equipped with a silicon
rectangular cantilevers with a resonant fre-
quency of 250 kHz (NT-MDT). Prior to the
measurements, the system was calibrated
using a calibration grid.

Scanning Electron Microscopy
(SEM)

SEM samples were prepared spreading
10 pl of the calixarene colloidal suspen-
sion on freshly cleaved mica surfaces and
dried at room temperature. After Au-Pd
sputter coating, imaging was carried using
a Supra 40V system (Carl Zeiss, Switzer-
land) at an accelerating voltage of 10 kV
using an in-lens detector.

Results and Discussion

Compound 1 was produced via hy-
drolysis of the corresponding tetra-nitrile
compound using the methods described by
Gutschel'®2l and Shuker.[!8b The Langmuir
isotherm of 1 has been measured on a pure
water subphase and is presented in Fig. 2.
It shows an apparent molecular area of 139
A?and a collapse pressure of 52 mNm. In
addition to the liquid-expanded to liquid-
condensed phase transition, an additional
kink is observed at a pressure of 38 mNm™'.
These values are in good agreement with
those reported by Strobel et al.,®dl the
slight shift observed in the isotherm might
be due to different experimental conditions
(e.g. compression rate). The kink observed
was also reported and attributed to a reor-
ganization—relaxation of the amphiphiles
within the monolayer.

The isotherms of 1, on subphases con-
taining salicylic acid (SA), acetyl-salicylic
acid (ASA) and acetaminophene (APAP)
at a concentration of 10 mM have been
measured and are presented in Fig. 3; the
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Fig. 2. Compression isotherm of 1 on a pure water subphase.

ASA, APAP.

Fig. 3. Compression isotherm of 1 subphases containing 10 mM SA.
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Table 1. Characteristic values extracted

from isotherms of 1 subphases of 10 mM of
acetyl-salicylic acid (ASA), salicylic acid (SA)
and acetaminophene (APAP). TI_ and A_,
represent the surface pressure and the surface
area at the collapse of the monolayer, A, A,
and A, represent apparent molecular areas

for surface tensions of 10, 1 and 0 mN.m""
respectively; A, the extrapolation of the linear

part of the isotherm on the x axis; IT_, is given

in MmN m™', the other values are in

A2 molecule.
Sub-
phase 1_[coll Ac:oll A10 A1 AO AIim
- 50 120 138 144 146 148
ASA 40 157 207 312 328 212
SA 38 151 192 257 287 176
APAP 53 151 140 151 163 158

characteristic values of the measured iso-
therms are presented in Table 2.

From these results it can be seen that
APAP has only a slight effect on the com-
pression isotherm of 1 causing a shift of
the collapse area from 120 A2 molecule™
to 151, and A0 from 146 to 163 while
the collapse pressure increases from 50
to 53 mN m'. This suggests that at this
concentration there is a stabilization ef-
fect due to the interaction of APAP with
the monolayer. In the case of ASA and
SA, the main effect observed is a dras-
tic expansion of the monolayer revealed
for example by an A| value shifting from
144 A? molecule™! to 287 and 328, for
ASA and SA respectively. In both cases,
the monolayer stability is decreased with
collapse pressure value dropping from 50
mN m™ to 40 and 38 mN m™' respectively.
This could be attributed to the fact that
the interactions of the calixarene-based
amphiphile with the molecules dissolved
in the sub-phase cause an expansion of
the monolayer due either to the inclusion
of the aromatic moiety of the drug in the
cavity of the calixarene causing a higher
change density at the surface, or at the in-
teraction of one drug molecule with more
than two calixarenes, as already observed
with DNA.[171 Co-crystallization of 1 with
these guest molecules is expected to help
the understanding of the observed results
at the air—water interface.

Strobel et al. have demonstrated, us-
ing cryo-transmission electron micros-
copy, that 1 forms a mixture of large and
small vesicles, distorted vesicles, and
isolated lamellae. We have previously
demonstrated that a wide range of am-
phiphilic calixarenes can be assembled
as stable solid lipid nanoparticles, in the

200 nm

—

Fig. 4. AFM images of a suspension of 1 spread on a mica surface (top) at scan ranges of 15 (left)
and 2 um (right) and SEM images of 1-based SLNs.

absence of an additional stabilizing sur-
factant, using a different method based
on nano-precipitation.l'l In the present
work, this method has been applied to 1.
Photon correlation spectroscopy carried
out on the colloidal suspension revealed
that the polydispersity of the sample is
high which prevented us from measuring
a consistent size distribution. In order to
assess the composition of the samples, the
suspension was spread on a mica slide and
imaged by atomic force microscopy and
scanning electron microscopy. The results
are presented in Fig. 4.

The AFM investigations revealed the
co-existence of two different species at
the surface of the same sample. The first
ones are round shaped objects of around
200 nm in diameter, quite heterogencous
in size, exhibiting only a moderate flat-
tening which can be compared to that
observed for calixarene-based SLNs and
which is in contrast with the imaging of li-
posomes directly dried on a surface which
typically shows a pronounced flattening.
The SEM observation confirmed the solid
structure of the particles which can stand
the high vacuum necessary for the coat-
ing of the sample and its imaging. The
second type of structure observed was a
much more unexpected layered system.
Showing a height of 1.5-2 nm, the layers
look very similar to supported lipid bilay-
ers. Nevertheless, any hypothesis regard-
ing the structure of these layers would be

highly speculative and many more addi-
tional experiments are needed.

Conclusion

We have demonstrated that the title
compound, when self-assembled as Lang-
muir monolayers, possesses the ability
to interact with aromatic drugs, namely
salicylic acid, acetyl-salicylic acid and
acetaminophene. The nanoprecipitation
method used for this amphiphile yield a
heterogeneous mixture composed of SLNs
and layer-forming structures, presumably
liposomes.

Received: December 18, 2009

[1]1 C. D. Gutsche, ‘Calixarenes: An Introduction’,
RSC Publishing, Cambridge, 2008, and
references therein.

[2] a) Y. K. Agrawal, H. Bhatt, Bioinorg. Chem.
Appl. 2004, 2, 237; b) G. Izzet, B. Douziech,
T. Prange, A. Tomas, I. Jabin, Y. Le Mest, O.
Reinaud, Proc. Natl. Acad. Sci. USA 2005,
102, 6831; ¢) R. V. Rodik, V. I. Boyko, V. L.
Kalchenko, Curr. Med. Chem. 2009, 16, 1630;
d) Y. Rondelez, G. Bertho, O. Reinaud, Angew.
Chem., Int. Ed. 2002, 41, 1044.

[3] a) A. Datta, S. K. Pati, Chem.-Eur. J. 2005,
11, 4961; b) X. Guo, L. Zhang, G.-Y. Lu, C.-
Z. Zhang, C.-M. Jin, M.-H. Liu, Supramol.
Chem. 2005, 17, 271; ¢) F. Vocanson, P. Seigle-
Ferrand, R. Lamartine, A. Fort, A. W. Coleman,
P. Shahgaldian, J. Mugnier, A. Zerroukhi, J.
Mater. Chem. 2003, 13, 1596.

[4] a) V. Arora, H. M. Chawla, S. P. Singh,
ARKIVOC 2007, 172; b) A. Casnati, F. Sansone,
R. Ungaro, Adv. Supramol. Chem. 2003, 9, 163;
¢) A. W. Coleman, FE. Perret, A. Moussa, M.



48

CHIMIA 2010, 64, No. 1/2

From CHEMICAL RESEARCH TO INDUSTRIAL APPLICATIONS

(51

(6]

(71

(8]

[91

[10]

[11]

Dupin, Y. Guo, H. Perron, Top. Curr. Chem.
2007, 277, 31; d) B. Valeur, 1. Leray, Inorg.
Chim. Acta 2007, 360, 765.

a) D. M. Homden, C. Redshaw, Chem. Rev.
2008, 708, 5086; b) C. Limberg, Eur. J. Inorg.
Chem. 2007, 3303.

a) C. J. Breitkreuz, R. Zadmard, T. Schrader,
Supramol. Chem. 2008, 20, 109; b) M. Dudic, A.
Colombo, E. Sansone, A. Casnati, G. Donofrio,
R. Ungaro, Tetrahedron 2004, 60, 11613; c) F.
Sansone, M. Dudic, G. Donofrio, C. Rivetti, L.
Baldini, A. Casnati, S. Cellai, R. Ungaro, J. Am.
Chem. Soc. 2006, 128, 14528.

a) A. Mulder, T. Auletta, A. Sartori, S. Del
Ciotto, A. Casnati, R. Ungaro, J. Huskens, D.
N. Reinhoudt, J. Am. Chem. Soc. 2004, 126,
6627; b) S. Xu, G. Podoprygorina, V. Boehmer,
Z. Ding, P. Rooney, C. Rangan, S. Mittler, Org.
Biomol. Chem. 2007, 5, 558; c) S. Zhang, L.
Echegoyen, Tetrahedron Lett. 2003, 44, 9079.
a) S. Houmadi, D. Coquiere, L. Legrand, M. C.
Faure, M. Goldmann, O. Reinaud, S. Remita,
Langmuir 2007, 23, 4849; b) F. Liu, Y. Wang,
G.-Y. Lu, Chem. Lett. 2005, 34, 1450; c) N.
Micali, V. Villari, G. M. L. Consoli, F. Cunsolo,
C. Geraci, Phys. Rev. E Stat., Nonlinear, Soft
Matter Phys. 2006, 73, 051904/051901; d)
M. Strobel, K. Kita-Tokarczyk, A. Taubert, C.
Vebert, P. A. Heiney, M. Chami, W. Meier, Adv.
Funct. Mater. 2006, 16, 252; e) Y. Tanaka, M.
Mayachi, Y. Kobuke, Angew. Chem., Int. Ed.
1999, 38, 504.

A. W. Coleman, S. Jebors, P. Shahgaldian,
G. S. Ananchenko, J. A. Ripmeester, Chem.
Commun. 2008, 2291.

Z.-S. Wang, G.-Y. Lu, X. Guo, H.-M. Wu,
Supramol. Chem. 2003, 15, 327.

a) F. Liu, G.-Y. Lu, W.-J. He, M.-H. Liu, L.-G.
Zhu, Thin Solid Films 2002, 414, 72; b) F. Liu,
G.-Y. Lu, W.-J. He, M.-H. Liu, L.-G. Zhu, H.-
M. Wu, New J. Chem. 2002, 26, 601.

[12] a) P. Shahgaldian, U. Pieles, M. Hegner,
Langmuir 2005, 21, 6503; b) F. Liu, G.-Y. Lu,
W.-J. He, M.-H. Liu, L.-G. Zhu, Thin Solid
Films 2004, 468, 244.

[13] R. Zadmard, M. Arendt, T. Schrader, J. Am.
Chem. Soc. 2004, 126, 7752.

[14] a) A. V. Nabok, A. K. Hassan, A. K. Ray, J.

Mater. Chem. 2000, 10, 189; b) A. V. Nabok, A.

K. Hassan, A. K. Ray, O. Omar, V. I. Kalchenko,

Sens. Actuators 1997, B45, 115.

a) G. Capuzzi, E. Fratini, L. Dei, P. LoNostro,

A. Casnati, R. Gilles, P. Baglioni, Colloids

Surf., A 2000, 167, 105; b) T. D. Chung, J. Park,

J. Kim, H. Lim, M.-J. Choi, J. R. Kim, S.-K.

Chang, H. Kim, Anal. Chem. 2001, 73, 3975; ¢)

A. K. Hassan, A. V. Nabok, A. K. Ray, F. Davis,

C. J. M. Stirling, Thin Solid Films 1998, 327-

329, 686; d) E. Houel, A. Lazar, E. Da Silva,

A. W. Coleman, A. Solovyov, S. Cherenok, V.

1. Kalchenko, Langmuir 2002, 18, 1374; e) P.

Shahgaldian, A. W. Coleman, Langmuir 2001,

17, 6851; f) J. C. Tyson, J. L. Moore, K. D.

Hughes, D. M. Collard, Langmuir 1997, 13,

2068; g) L. Zhang, Y. Zhang, H. Tao, X. Sun, Z.

Guo, L. Zhu, Thin Solid Films 2002, 413, 224.

a) B. B. Ghera, Q. Wu, A. Leydier, A. W.

Coleman, J. Inclusion Phenom. Macrocyclic

Chem. 2009, 64, 367; b) S. Jebors, F. Fache, S.

Balme, F. Devoge, M. Monachino, S. Cecillon,

A. W. Coleman, Org. Biomol. Chem. 2008, 6,

319.

[17] P. Shahgaldian, M. A. Sciotti, U. Pieles,
Langmuir 2008, 24, 8522.

[18] a) C. D. Gutsche, P. F. Pagoria, J. Org. Chem.
1985, 50, 5795; b) J. S. Sasine, R. E. Brewster,
K. L. Caran, A. M. Bentley, S. B. Shuker, Org.
Lett. 2006, 8, 2913.

[19] P. Shahgaldian, E. Da Silva, A. W. Coleman, B.
Rather, M. J. Zaworotko, Int. J. Pharm. 2003,
253,23.

[15]

[16]



