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Calix[n]arenes1 have found numerous applications in many fields
including complexation of anions2 and cations3 for sensing and
waste remediation and catalysis.4 Recently, interest has focused on
the use of calixarenes in biological systems. Proposed applications
include their use as mimics of ion channels,5 as enzyme mimics,6

as agents for the surface recognition of proteins,7 as platforms for
magnetic resonance imaging agents,8 as gene transfection vectors,9

and drug delivery systems, including solid lipid nanoparticles10 and
antimicrobials.11 While some limited cell viability,12 immuno-
genicity,13 and toxicity studies7 have been performed for calix[4]-
arene derivatives, to the best of our knowledge, no information on
the cellular uptake processes and cellular fate for calix[4]arenes
has been reported. The preparation of fluorescent derivatives of
calix[4]arenes would enable ready investigation of uptake and
localization in cellular organelles and provide useful information
for researchers developing calix[4]arenes as drugs and as drug
delivery systems. In fact the fluorescent probe could itself be
considered to be a ‘model drug’. 4-Chloro-7-nitrobenzofurazan
(NBD chloride)14 is a particularly attractive fluorescent probe. On
conjugation it undergoes a change in fluorescence intensity from
weak to strong, its photophysical properties make it suitable for
use with a fluorescein isothiocyanate (FITC) filter, and its introduc-
tion is straightforward.

This choice of probe necessitated the preparation of a water-
soluble calixarene bearing a single aliphatic amine functionality
for attachment. Upper-rim tetraamino derivatives are particularly
attractive as they are readily synthesized from their nitro precursors15

and their salts are water-soluble. Additionally, due to their
straightforward protection, as the Boc derivatives,16 they are
amenable to further chemical modification of the macrocyclic core
at the lower-rim for preparation of asymmetrically functionalized
derivatives incorporating a single fluorescent unit, which is
important to avoid intermolecular quenching. The fluorescent probe
4 was prepared following a two-step synthesis from the known
protected monofunctionalized derivative 5,11,17,23-tetra-Boc-
amino-25,26,27-tripropoxy-28-aminopropoxycalix[4]arene2.9a The
fluorescent marker was introduced by treatment of2 with NBD
chloride (EtOAc, 4 h, 60°C),17 which following purification by
column chromatography over silica gel gave NBD derivative3.
The upper-rim Boc amino protection was removed using HCl gas
to give the water-soluble fluorescent calixarene derivative4 for
evaluation in cultured cells. Tetraamino calix[4]arene tetrapropyl
ether518 was prepared as its hydrochloride salt for evaluation as a
nonfluorescent water-soluble calixarene control for comparison in
biological studies.

As calixarenes have been proposed for a variety of biological
applications, the imaging studies were designed to answer two major
questions, how the calixarene enters the cell and how it is processed

by the cell. Thus we focused on three main areas: the suitability
of 4 for imaging cells, its use to determine the method of cell uptake
and its localization, and an evaluation of its cytotoxicity at ideal
imaging concentrations. Imaging was performed initially using a
150 mM solution of4 in H2O. Clear images of Chinese Hamster
Ovary (CHO) cells were acquired (Figure S1, Supporting Informa-
tion), and control studies using both5 (the nonlabeled calixarene
derivative) and NBD chloride indicated that imaging was a
consequence of the NBD conjugate rather than of the calixarene
aromatic core or free NBD chloride (Figure S2, Supporting
Information). Uptake was rapid, with high quality images being
seen after a 10 min incubation time, and no loss of imaging ability
was observed over a 60 min time-course (Figure S1, Supporting
Information). Acceptable cellular imaging was achieved on further
decrease of the probe concentration to 15 mM well within the safe
cellular concentration.

While treatment of cells withâ-cyclodextrin leads to visible
deformation of the cell surface,19 this was not the case with the
calixarene, although the exact nature of the uptake mechanism is
still unclear. Competitive imaging studies with inhibitors of cell
uptake by clathrin coated pits and lipid rafts20 were undertaken to
elucidate this mechanism. Images acquired (Figure S3a, Supporting
Information) following coincubation of4 with filipin, 21 a selective
disrupter of caveolae and caveolae-like structures responsible for
internalization, showed no inhibition of the uptake of4. This
indicates that uptake is not based on caveolae-linked endocytosis
or lipid-raft processes, where uptake occurs through the formation
of invaginations into the membrane which are subsequently pinched
off as endosomes into the inside of the cell. Equally, preincubation
with sucrose22 (Figure S3b, Supporting Information), a selective
inhibitor of clathrin-coated pit endocytosis, or withâ-cyclodextrin23
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Scheme 1. Synthesis of Fluorescently Labeled Water-Soluble
Calix[4]arene 4 and Structure of Unlabeled Control 5
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(Figure S3c, Supporting Information), which inhibits mainly
caveolae, had no effect on uptake into cells demonstrating that4
does not enter the cell by either of the two common pathways.

Visualization of localization within the cells was achieved using
confocal microscopy with an anti-CCR5 receptor IgG counterstain.24

This counterstaining shows that there is no accumulation of4 within
the cell membrane, where a high concentration of the IgG is located,
and that4 accumulates within the cytoplasm and is not taken up
into the nucleus of the cell (Figure 1a-c). Additional colocalization
studies, in the presence of uptake inhibitors, clearly demonstrate
that the uptake of the calixarene conjugate is unaffected by inhibitors
of clathrin-coated pits or lipid rafts (Figure 1d-f).

The use of calixarenes as biological probes requires low toxicity
at concentrations appropriate for imaging. The viability of CHO
cells and HL-60 cells in the presence of4 and5 were investigated
using an MTS assay. Both were of low toxicity, comparable to
that of PBS buffer over a range of concentrations (0.0015-15 mM)
with IC50 ) 82 mM for 4 and IC50 ) 81 mM for 5 in CHO cells
(Figure S4a, Supporting Information). In HL-60 cells the IC50 is
about 10-fold lower (IC50 ) 8 mM for 4 cf., IC50 ) ∼0.l mM for
â-cyclodextrin). The IC50 indicates the concentration at which 50%
cell death is observed. Thus incorporation of the fluorescent marker
in 4 does not affect overall cell viability. An additional coincubation
study with cyclodextrin indicated that the IC50 of 4 was unaffected
(Figure S4b, Supporting Information) by the presence of this
cholesterol-sequestering macrocycle and that there was no syner-
gistic toxicity due to disruption of the cell membrane.

In this preliminary study, the suitability and applicability of a
fluorescent calixarene for cell imaging has been demonstrated
clearly. The nature of the cellular uptake of the derivative has been
probed and shown, in this case, to be a nonspecific process, not
linked to either of the main endocytic pathways (clathrin coated
pits and lipid rafts) which results in accumulation of the probe
within the cell cytoplasm.

Acknowledgment. We thank the Whitelaw Frater Cancer Trust,
The Association for International Cancer Research (03-256), and
UEA for financial support and the EPSRC Mass Spectrometry
Service, University of Swansea for providing characterization.

Supporting Information Available: Full experimental procedures
(Figures S1-S4). This material is available free of charge via the
Internet at http://pubs.acs.org.

References

(1) Böhmer, V.Angew. Chem., Int. Ed. Engl. 1995, 34, 713-745.
(2) Quinlan, E.; Matthews, S. E.; Gunnlaugsson, T.J. Org. Chem. 2007, 72,

7497-7503. Quinlan, E.; Matthews, S. E.; Gunnlaugsson, T.Tetrahedron
Lett. 2006, 47, 9333-9338.

(3) Matthews, S. E.; Schmitt, P.; Felix, V.; Drew, M. G. B.; Beer, P. D.J.
Am. Chem. Soc. 2002, 124, 1341-1353. Matthews, S. E.; Parzuchowski,
P.; Garcia-Carrera, A.; Gru¨ttner, C.; Dozol, J.-F.; Bo¨hmer, V. Chem.
Commun. 2001, 417-418.

(4) Redshaw, C.; Rowan, M. A.; Warford, L.; Homden, D. M.; Arbaoui, A.;
Elsegood, M. R. J.; Dale, S. H.; Yamato, T.; Casas, C. P.; Matsui, S.;
Matsuura, S.Chem. Eur. J. 2007, 13, 1090-1107.

(5) Wright, A. J.; Matthews, S. E.; Fischer, W. B.; Beer, P. D.Chem. Eur. J.
2001, 7, 3474-3481. Tanaka, Y.; Kobuke, Y.; Sokabe, M.Angew. Chem.,
Int. Ed. Engl. 1995, 34, 693-694. de Mendoza, J.; Cuevas, F.; Prados,
P.; Meadows, S. E.; Gokel, G. W.Angew. Chem., Int. Ed. 1998, 37, 1534-
1537. Paquet, V.; Zumbuehl, A.; Carreira, E. M.Bioconjugate Chem.2006,
17, 1460-1463. Iqbal, K. S. J.; Allen, M. C.; Fucassi, F.; Cragg, P. J.
Chem. Commun.2007, 3951-3953. Sidorov, V.; Kotch, F. W.; Abdra-
khmanova, G.; Mizani, R.; Fettinger, J. C.; Davis, J. T.J. Am. Chem.
Soc.2002, 124, 2267-2278.

(6) Izzet, G.; Douziech, E.; Prange, T.; Tomas, A.; Le, Mest, Y.; Reinaud,
O. Proc. Natl. Acad. Sci., U.S.A.2005, 102, 6831-6836. Rondlez, Y.;
Bertho, G.; Reinaud, O.Angew. Chem., Int. Ed.2002, 41, 1044-1046.

(7) Park, H. S.; Lin, Q.; Hamilton, A. D.Proc. Natl. Acad. Sci. U.S.A.2002,
99, 5105-5109. Park, H. S.; Lin, Q.; Hamilton, A. D.J. Am. Chem. Soc.
1999, 121, 8-13. Oshima, T.; Goto, M.; Furusaki, S.Biomacromolecules
2002, 3, 438-444. Memmi, L.; Lazar, A.; Briode, A.; Ball, V.; Coleman
A. W. Chem. Commun. 2001, 2474-2475. Francese, S.; Cozzolino, A.;
Caputo, L.; Esposito, C.; Martino, M.; Gaeta, C.; Troisi, F.; Neri, P.
Tetrahedron Lett.2005, 46, 1611-1615. Mecca, T.; Consoli, G. M. L.;
Geraci, C.; Cunsolo F.Biorg. Med. Chem.2004, 12, 5057-5062. Dings,
R. P. M.; Chen, X.; Hellebrekers, D. M. E. I.; van Eijk, L. I.; Zhang, Y.;
Hoye, T. R.; Griffioen, A. W.; Mayo, K. H.J. Natl. Cancer Inst. 2006,
98, 932-936.

(8) Aime, S.; Barge, A.; Botta, M.; Casnati, A.; Fragai, M.; Luchinat, C.;
Ungaro, R.Angew. Chem., Int. Ed. 2001, 40, 4737-4739. Bryant, L. H.;
Yordanov, A. T.; Linnoila, J. J.; Brechbiel, M. W.; Frank, J. A.Angew.
Chem., Int. Ed.2000, 39, 1641-1643.

(9) Lalor, R.; DiGesso, J. L.; Mueller, A.; Matthews, S. E.Chem. Commun.
2007, 4907-4909. Sansone, F.; Dudic, M.; Donofrio, G.; Rivetti, C.;
Baldini, L.; Casnati, A.; Cellai, S.; Ungaro, R.J. Am. Chem. Soc.2006,
128, 14528-14536. Horiuchi, S.; Aoyama, Y.J. Controlled Release2006,
116, 107-114.

(10) Da Silva, E.; Lazar, A. N.; Coleman, A. W.J. Drug. DeliVery Sci. Tech.
2004, 14, 3-20. Ehrler, S.; Pieles, U.; Wirth-Heller, A.; Shahgaldian, P.
Chem. Commun.2007, 2605-2607. Gualbert, J.; Shahgaldian, P.; Cole-
man, A. W.Int. J. Pharm.2003, 257, 69-73. Gualbert, J.; Shahgaldian,
P.; Coleman, A. W.Int. J. Pharm.2003, 253, 23-38.

(11) Cornforth, J. W.; Hart, P. D.; Nicholls, G. A.; Rees, R. J. W.; Stock, J.
A. Br. J. Pharmacol. Chemother.1955, 10, 73-86. Colston, M. J.; Hailes,
H. C.; Stavropoulos, E.; Herve, A. C.; Herve, G.; Goodworth, K. J.; Hill,
A. M.; Jenner, P.; Hart, P. D.; Tascon, R. E.Infect. Immun.2007, 72,
6318-6323. Loiseau, F. A.; Hill, A. M.; Hii, K. K.Tetrahedron2007,
63, 9947-9959.

(12) Shahgaldian, P.; Da Silva, E.; Coleman, A. W.J. Inclusion Phenom.
Macrocyclic Chem.2003, 46, 175-177. Da Silva, E.; Shahgaldian, P.;
Coleman, A. W.Int. J. Pharm. 2004, 273, 57-62.

(13) Gansey, M. H. B. G.; de Haan, A. S.; Bos, E. S.; Verboom, W.; Reinhoudt,
D. N. Bioconjugate Chem.1999, 10, 613-623. Paclet, M. H.; Rousseau,
C. F.; Yannick, C.; Morel, F.; Coleman, A. W.J. Inclusion Phenom.
Macrocyclic Chem.2006, 55, 353-357

(14) Ghosh, P. B.; Whitehouse, M. W.Biochem. J.1968, 108, 155-156.
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Figure 1. Colocalization studies of4 (15 mM) and anti CCR5 receptor
IgG (HEK/1/85a/7a) counterstain in CHO (a)4, (b) HEK/1/85a/7a, (c)
overlay of 4 and HEK/1/85a/7a, and (d) preincubation with filipin, (e)
sucrose, and (f)â-cyclodextrin. Arrows indicate receptor in membrane.
Images taken after 10 min incubation using a Leica TCS SP2 UV Confocal
Imaging system.
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