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Amphiphilic �-cyclodextrins with alkylthio chains at the
primary-hydroxyl side and galactosylthio-oligo-(ethylene
glycol) units at the secondary-hydroxyl side, which form
nanoparticles and vesicles, show multivalent effects in their
binding to lectin.

Cyclodextrin oligosaccharides (CDs) contain six, seven or eight
α(1–4)-linked glucopyranosyl units (α, β, or γ-CD) in their
macrocyclic structures and can act as host molecules to
form inclusion complexes with lipophilic guests.1 Lipophilic
modifications to CDs bestow cell-membrane permeation
ability.2 When further modified with polar groups, lipophilic
CDs become amphiphilic and can form monolayers and
nanoparticles,3 thermotropic liquid crystals 4 or micelles.5 More
recent examples have been shown to form bilayer vesicles.6

Targeting to cell receptors for drug delivery and trans-
fection are other main goals in adapting CDs for pharma-
ceutical applications. In line with this concept, a number of
glycosylated CDs have been synthesised to demonstrate their
binding properties towards saccharide-specific cell wall lectins.7

They have included multi-glycosylated CDs intended to exploit
glycosyl-cluster recognition effects. Such CDs however must
attain atypically low dissociation constants, 10�7 M or less, for
their molecular inclusion complexes if they are to be effective in
pharmaceutical delivery.7g We have shown that oligo(ethylene
glycol)-modified amphiphilic CDs such as 1 and 2 form
colloidal assemblies, and that where these are vesicular they
encapsulate both polar and hydrophobic guest molecules in
complexes which are stable towards dilution.6 We have now
synthesised the first family of CDs that form nanoparticles
modified with surface glycosyl groups for effective targeting to
lectin proteins.

Scheme 1 shows the synthetic route to the glycosylated β-CD
amphiphiles 5, 6 and 7. The alkylthio β-CDs 1 and 2 were
prepared as already described, with seven identical alkylthio
groups per CD (one per glucose) and 2–3 units of ethylene
glycol on average per glucose.8 The ω-bromo CD derivative
4 was synthesised as reported for 3,8 and isolation and
purification were easier due to its high lipophilicity, resulting in

† Electronic supplementary information (ESI) available: Synthesis
and analytical data of CDs 4–7. Spectroscopic and analytical data
were consistent with the assigned structures. See http://www.rsc.org/
suppdata/ob/b4/b400988f/

a higher yield. Complete bromination in 3 and 4 was confirmed
by 13C NMR (replacement of terminal alcohol carbons at
δ = 61.2 by terminal bromine carbons at δ = 29.8) and by
microanalysis.

Targets 5 and 6 were prepared by treatment of 3 and 4 with
the sodium salt of 1-thio-β--galactose. The corresponding
glucosylated 7 was synthesised by reaction with the sodium salt
1-thio-β--glucose. All compounds were characterised by 1H
and 13C NMR as well as 1H–13C HSQC NMR spectroscopy
(500 MHz, CDCl3 or d6-DMSO), MALDI-TOF MS and
elemental analysis. The electronic supplementary information
includes a detailed description of the synthesis and characteris-
ation of 4–7. †

The 13C NMR spectra of CDs 5–7 show replacement of the
terminal brominated carbons, at 29.8 ppm, by CH2–S–Gal
for CDs 5 and 6 and by CH2–S–Glc for CD 7 at 31.4 ppm.
MALDI-MS spectra of 5–7 show envelopes of signals
separated by 44 mass units (corresponding to one ethylene
oxide group, EO) indicating a variable degree of substitution.
The most abundant mass is 3722 for 5 which corresponds to
seven thiogalactose units connected to seven oligo (ethylene
oxide) chains averaging two EO groups each plus one sodium

Scheme 1 Reagents and conditions: (i) DMF, PPh3 (1: 20 equiv., 2: 16
equiv.), NBS (1: 20 equiv., 80 �C, 3–4 h, 32%, 2: 16 equiv., 65 �C, 4 h,
70%), (ii) DMF, R1SNa (40 equiv.), 80 �C, 7 days, 40%.
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ion. The polydisperse substitution causes loss of symmetry
which is evident as significant line broadening in the NMR
spectra for the anomeric proton and C1, C2, and C4.

In spite of the addition of seven sugar groups to their
amphiphilic precursors, the new CDs 5–7 still aggregate in
aqueous solution.

Dynamic light scattering (DLS)‡ showed particles with
average hydrodynamic diameter of ca. 100 nm for CDs 5 and 7
and of 150 nm for CD 6. The critical aggregation concentration
(cmc) was clearly evident at 8 µM for CD 7 and we assume
that it is similar for CD 5. On the other hand CD 6 formed
aggregates at much lower concentration (0.2–0.5 µM) and, like
its precursor 2, did not show a detectable cmc.

With transmission electron microscopy (TEM)‡ (Fig. 1) the
particles displayed the same size ranges as those indicated by
DLS, as well as distinctly different morphologies: disc-like
images for 5, and discs showing dark centres originating from
aqueous cores for 6. The aggregation properties therefore
parallel those of the unglycosylated precursors. The ability of
precursor 2 6a to form vesicles is preserved for glycosylated 6.
CDs 5 and 7 form nanoparticles as did their precursor 1.5d The
aggregation behaviour is determined by the balance between
hydrophobic alkyl chains and hydrophilic ω-thioglycosyl-oligo
(ethylene glycol) head groups as described for CDs 1 and 2; 5d,6a

also by the size of the head group and its hydration shell relative
to the hydrophobic alkyl chains,9 as observed for cationic CD
vesicles.6c

Binding of the galactosylated CD colloids to galactose-
specific lectins was investigated by MALDI-MS, fluorescence
spectroscopy and surface plasmon resonance.

The MALDI mass spectrum of the galactose-binding lectin
from Pseudomonas Aeruginosa § (PA-1) and the partial spec-
trum of the PA-1 complex with 5 are shown in Fig. 2. This lectin
is specific for galactosyl epitopes and was also chosen for
its molecular weight which is only three times that of the cyclo-
dextrin, to provide a well resolved mass spectrum of the com-
plex. The MALDI mass spectrum of an equimolar mixture of
lectin and CD 5 shows groups of peaks corresponding to the
CD plus sodium ion (main peak at 3722, calculated as 3719, not
shown), PA-1 plus sodium ion (peak at 12777; calculated
as 12768), PA-1�CD complex plus sodium complex (main peak

Fig. 1 Electron micrographs of ω-galactosyl CDs 5 (upper) and 6
(lower) in water (0.1 mg mL�1). Negative staining with UO2Ac. Scale
bars = 2 µm.

at 16588; calculated as 16599, corresponding to PA-1 and CD
with 17 EO plus sodium ion), PA-1�CD 1 : 2 complex. These
results show that the binding of CD to lectin is relatively strong,
and involves effects other than inclusion by the CD of lectin
lipophilic side chains, since it is known that MALDI-MS does
not detect the normal inclusion complexes of cyclodextrins,
while it reveals protein–saccharide ligand complexes.10 A
MALDI mass spectrum under the same conditions for the
glucosylated CD 7 showed a barely detectable peak corre-
sponding to lectin–CD complex, and no evidence for a 1 : 2
complex. §

The fluorescence emission spectrum of PA-1 (3.5 µM)
(Fig. 3 ¶), obtained by excitation at λexc= 290 nm, showed a
maximum at 331 nm which decreased significantly on addition
of an excess of CD 5 (21 µM – compare cmc of 8 µM). Despite
a slight turbidity of the solution, the spectrum remained
unchanged after 5 h.

The study of fluorophores (tryptophans and tyrosines)
emission is a useful criterion of carbohydrate–protein inter-
actions.11 The crystal structure of PA-1 in the presence of
calcium has been solved as a dimer containing four tryptophans
and three tyrosines for each subunit.12 It has been recently
shown that the lectin-galactose contact points participate in the
coordination of the calcium ion.13 Binding of CD 5 to PA-1 is
shown by the reduced intensity of the emission band. This is
ascribed to a conformationally modified, more polar, environ-
ment of fluorophores in proximity to the binding site and to
their degree of exposure to solvent when galactose residues
interact with the lectin binding clefts. In contrast, the addition

Fig. 2 MALDI mass spectrum of (A) lectin PA-1 and (B) an
equimolar mixture of lectin PA-1 and galactosyl CD 5.

Fig. 3 Fluorescence spectra of lectin PA-1 at 3.5 µM (trace a), and
after addition of CD 5 (trace b), of CD 7 (trace c) and of CD 1 (trace d)
at the respective concentrations of 21 µM.
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of unglycosylated precursor 1 or of glucosylated CD 7 to a
PA-1 solution did not decrease the fluorescence, indicating
an anomalous interaction 11 or no interaction. These results
confirm the lectin binding by CD 5 evident from the MALDI-
MS results.

The above spectroscopic methods did not reveal any
effects which would serve to evaluate contributions by indi-
vidual molecules to binding. For this purpose surface plasmon
resonance (SPR) was employed. A second lectin, from Arachis
hypogaea (peanut agglutinin, PNA), was immobilised on a
sensor surface for surface plasmon resonance to measure its
interaction with the galactosylated CDs 5 and 6. || Response
changes obtained at a CD concentration of 0.1 mM were: 1 arc
second for glucosylated CD 7 as the negative control, 130 for
CD 5 and 170 for CD 6.

Analysis of results of binding at different concentrations of
CDs (above that for nanoaggregate formation) shows apparent
dissociation constants Kd = 5.8 × 10�4 M for CD 5 and 3.3.10�5

M for CD 6. The difference in response for the two galactosyl-
ated CDs cannot be due merely to the different masses caused
by their lipid chains (C6 and C16). At the concentrations used,
the great majority of amphiphile is in the aggregate form, and
the difference in response between 5 and 6 fits the concept
of the larger (vesicular) aggregates being adsorbed for CD 6.
The smaller dissociation constant for the vesicle-forming CD
probably indicates that it presents its galactosyl to the lectin
more effectively. This may be expected for a unilamellar vesicle,
since about half of the carbohydrate headgroups are at the
surface, as compared with a nanoparticle, where the solid
structure occludes a higher proportion of the groups.

Due to the aggregation at low concentrations, and lack of
sensor sensitivity at lower levels than these, we used dilution
of the targeted CDs within the assemblies in order to see if
the effect of adsorption of individual molecules could be
distinguished from the adsorption of aggregates. Colloidal
preparations were used in which the targeted CDs were diluted
with untargeted precursors: galactosyl-conjugated CD 5 was
diluted by 1 at a total concentration 0.055 mM, and 6 by 2 at a
total concentration 0.045 mM.

We anticipated that in a liquid-crystalline surface the
targeted molecules might adapt a configuration which would
self-optimise for interaction with the lectin. Fig. 4 shows the
binding results for the mixed-molecule assemblies. A gradual
increase in response is at first observed with increasing con-
centration of targeted CD in the aggregates. Eventually at
a particular composition (approximately 30% targeted CD) a
pronounced increase in binding activity appears. The effect
then levels off as expected for saturation of the lectin sites.

Previously attempts have been made to create such a self-
optimising mobile system by anchoring glycolipids, or
neoglycoprotein in liposome membranes.15a–c Synthetic multi-

Fig. 4 Relationship between binding ability and aggregate compos-
ition for CDs 6 � 2 (�) and 5 � 1 (�).

valent ligands anchored in liposomes have been studied,15d,15e

also liposomes incorporating a sialoside lipid.15f However the
effectiveness of the lectin binding was in each case measured by
competitive haemagglutination effects, attributable both to
binding and to accompanying steric effects preventing the lectin
from crosslinking substrate cells. Saccharide-appended CD
derivatives threaded onto hydrophobic polymers were recently
prepared as dynamic multivalent systems for binding orien-
tation-specific receptors.15g Polymer-attached sugars have also
been assessed for lectin binding, but there the multivalent
interactions can be due to statistical rather than chelate
effects.15h The legume lectins Conconavalin A (Con A), Ery-
thrina Corallodendron (EcorL) and PNA are similar in the
tertiary structures of their four subunits, but differ in quater-
nary assembly. Whereas EcorL dissociates into dimers at
physiological pH, both Con A and PNA are still tetrameric. In
the tetramer of PNA, there are two pairs of carbohydrate-
binding sites, each pair on opposite sides of the protein. As with
Con A 16 therefore, each pair is amenable to the chelate effect,
provided the ligand has two carbohydrate units separated, as
are the binding sites, by tens of angstroms to effect a highly
favoured interaction. Binding to this lectin will also be favoured
by the statistical effect if there is a high concentration of
neighbouring carbohydrate units on the ligand. A feature
of chelation however is the sharp increase in binding at a con-
centration where the ligand presents the required ‘cluster’ to
the lectin, and this is evident here for the two lyotropic
liquid-crystalline, vesicle- and nanoparticle-forming CDs.

CDs 5 and 6 are therefore the first examples of a new family
of amphiphilic cyclodextrins labelled with glycosyl groups for
the recognition of carbohydrate-binding proteins. The resulting
nanoparticles and vesicles, besides being colloidally stable and
probably less immunogenic due to their oligo(ethylene oxide)
exterior, consist of macrocyclic oligosaccharides which can be
modified for investigation of cellular interactions without
affecting colloidal stability. Such amphiphilic CDs will serve to
investigate and optimise factors such as carbohydrate–protein
interactions at cell receptors, as well as providing more versatile
artificial liposomes.

We dedicate this study to the memory of Dr Lawrence
Penkler. We gratefully acknowledge inspiring discussions with
Professor Luigi Monsù Scolaro (University of Messina) and
Dr Norberto Micali (IPCF-CNR Messina). Dr Anna
Rencurosi (CNR, Milan), and Mr Antonio Valerio (University
of Milan) are acknowledged for their collaboration in synthetic
work. A. M. thanks Enterprise Ireland, MURST-Cofin 2002
and CNR.

Notes and references
‡ CD solution (0.1 mg mL�1) was prepared from stock solution (1 mg
mL�1) of CDs 5, 6, 7 in CHCl3 which was slowly evaporated under
a stream of N2 to form a thin film. The CD film was hydrated and
maintained at 60 �C for 1 h, then sonicated for 1.5 h at 60 �C and filtered
through a 1.0 µm microfilter. The solution was investigated by DLS
using Malvern instrumentation, and by TEM using a JEOL 2000 elec-
tron microscope after negative staining with uranyl acetate. DLS and
TEM on a solution of CD 7 showed particles with the same size range
as for CD 5. DLS results are reported as ESI. Solutions of CDs 5 and 7
are still clear at 3% w/w. In contrast CD 6, even at a concentration of
0.5 mg mL�1, forms a hazy dispersion. Results of surface tensiometry
of glucosylated CD 7 are also reported as ESI.
§ Lectin was PA-1 from Pseudomonas Aeruginosa, MW 13–13.7 × 103 g
mol�1 (Sigma). All MALDI-MS spectra are given as ESI.
¶ Steady state fluorescence experiments were performed on a Jasco
model FP-750. All experiments were run at least three times. Fluor-
escence is not corrected for the absorbance of the samples. Scattering
effects were minimised by using a Helma cuvette with light path d = 3
mm.11 The crystal structure of PA-1 12 has a sequence containing four
tryptophans (Trp) and three tyrosines (Tyr) which adsorb in the UV
region (260–295 nm). In particular the structure 13 shows that Tyr36
participates in the coordination of calcium ions and Tyr98, Tyr105 and
Trp42 are located in neighbouring loops By exciting at 290 nm the
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contribution of the Tyr component is minimal and does not obscure the
tryptophan emission spectrum. From surface tension and a detailed
DLS investigation (data not shown) 5 is a mixture of individual mole-
cules (38%) and of aggregates (62%) at a concentration of 21 µM
(fluorescence experiment).
|| Binding of the immobilised lectin ligand of Arachis hypogaea (Sigma)
to CDs 5 and 6 was studied using an IAsys surface plasmon resonance
(SPR) instrument according to the kinetic model reported in the liter-
ature.14 The mixed vesicles were made up as varying percentage mix-
tures of galactosylated and non-galactosylated (100%, 75%, 25%, 10%,
5%) CDs. Each sample was dissolved in 1 mL of CH3Cl which was
evaporated to form a film. Deionised water was added, followed by
sonication (15 min). Measurements were done within 24 h. Further
details are given as ESI.
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