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Abstract

The synthesis of sulfated amphiphilic a-, - and y-cyclodextrins was achieved according to the standard protection—deprotection
procedure. The formation of inclusion complexes between the amphiphilic a-, B- and y-cyclodextrins and an antiviral molecule,
acyclovir (ACV) was investigated by UV —visible spectroscopy (UV—Vis) and electrospray ionisation mass spectrometry (ESIMS).
UV -Vis spectroscopy allowed determination of the stoichiometry and stability constants of complexes, whereas ESIMS, a soft
ionisation technique, allowed the detection of the inclusion complexes. The results showed that the non-sulfated amphiphilic
cyclodextrins exhibit a 1:2 stoichiometry with acyclovir, while sulfated amphiphilic cyclodextrins, except y-cyclodextrin, exhibit a 1:1
stoichiometry indicating the loss of one interaction site. Non-covalent interactions between acyclovir and non-sulfated amphiphilic
cyclodextrins appear to take place both in the cavity of the cyclodextrin and inside the hydrophobic zone generated by alkanoyl
chains. In contrast, in the case of sulfated amphiphilic cyclodextrins, the interactions appear to involve only the hydrophobic region

of the alkanoyl chains.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Cyclomaltohexaose, cyclomaltoheptaose, cyclomaltooc-
taose (a-, P- and y-cyclodextrins) are cyclic oligosac-
charides composed of six, seven and eight D-
glucopyranose residues, respectively, linked into a
macrocycle by a-(1 —4) glycosidic bonds. The cyclodex-
trins (CDs) are well known for their ability to interact
with lipophilic molecules to form non-covalent inclusion
(or host—guest) complexes.” * CD complexes are cur-
rently used in the pharmaceutical industry to improve
aqueous solubility, stability, and bioavailability of
drugs. However, the low solubility and the hemolytic
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* Corresponding author. Tel.: +33-4-72431532; fax: +33-4-
72448438.

E-mail address: h.parrot@cdlyon.univ-lyonl.fr (H. Parrot-
Lopez).

0008-6215/03/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/S0008-6215(03)00356-2

activity of B-cyclodextrin prevent its use by a parenteral
route.>®

Cyclodextrins can be chemically modified to prevent
such drawbacks and to improve their properties. The
introduction of sulfate groups onto the hydroxyl groups
of cyclodextrins confers higher aqueous solubility and a
wide range of biological activities* such as anti-inflam-
matory, anti-lipemic, anti-angiogenic,” and antiviral® '°
properties. Furthermore, this particular class of cyclo-
dextrins does not exhibit hemolytic activity!' and even
protects erythrocytes against hemolysis.'* Introduction
of lipophilic groups at the upper or the lower rims of
cyclodextrins generates amphiphilic cyclodextrins.'? !
Amphiphilic cyclodextrins are of considerable interest
for pharmaceutical application in view of their capacity
for self-organising in water at physiological pH. Micel-
lar aggregates,'® vesicles,'”?° nanospheres,”! nanocap-
sules *? and solid lipid nanoparticles* can be prepared
from amphiphilic cyclodextrins with the aim of provid-
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ing versatile carrier and delivery systems for drug
molecules.

9-[(2-Hydroxyethoxy)-methyl]-guanine  (Acyclovir,
Fig. 1) is an acyclic synthetic analogue of purine
nucleosides with antiviral activity. It is active against
Herpes simplex virus (HSV1 and HSV2), Varicella
zoster virus (VZV), Epstein—Barr virus (EBV) and
cytomegalovirus (CMV).** Acyclovir inhibits the viral
DNA polymerase after phosphorylation by viral thymi-
dine kinase. Acyclovir formulations do not allow
suitable drug levels at target sites following oral, local
or parenteral administration, due to the low water
solubility and low lipid bilayer solubility of the drug.*

We aim to combine the inclusion properties of
cyclodextrins with the antiviral activity of sulfated
cyclodextrins and with the self-organisation ability of
amphiphilic cyclodextrins to enhance the biodisponibil-
ity of drug molecules. The present paper reports the
synthesis and characterisation of sulfated amphiphilic
o-, B- and y-cyclodextrins and the preparation and
characterisation of the non-sulfated and sulfated am-
phiphilic a-, B- and y-cyclodextrins inclusion complexes
with acyclovir. Sulfated amphiphilic cyclodextrin/acy-
clovir complexes have been investigated in solution by
UV -visible spectroscopy (UV—Vis) and by electrospray
ionisation mass spectrometry (ESIMS).

2. Results and discussion

2.1. Synthesis of sulfated amphiphilic -, - and y-
cyclodextrins

The synthesis of sulfated amphiphilic a-, B- and y-
cyclodextrins was carried out by a sequential approach
(Fig. 2) involving total protection of the primary
hydroxyl groups with tert-butyldimethylsilyl chloride.
Acylation at O-2 and O-3 positions was realised with
hexanoyl anhydride in the presence of 4-dimethylami-
nopyridine (DMAP). 6-O-tert-Butyldimethylsilyl-o-, B-
and y-cyclodextrins were found to be acylated with
respectively 12, 14 and 16 hexanoyl chains at the O-2
and O-3 positions, yielding respectively 4, 5 and 6. As
pointed out by Hélfe and coworkers,”® and confirmed
by Lesieur and coworkers®’ in the cyclodextrin series,
acylation performed with hexanoyl chloride in the
presence of DM AP may result in over-acylation. Indeed,
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Fig. 1. Molecular structure of acyclovir.

the greater reactivity of hexanoyl chloride compared to
hexanoyl anhydride may lead to auto-condensation of
hexanoyl chains, leading to B-hexanoylhexanoate dou-
ble chains. In our case of 6-O-persilylated CD deriva-
tives, either hexanoyl substituents or hexanoylhexanoate
chains may be introduced at o-2 and 0-3 positions
resulting in compounds with an average number of 21
hexanoyl substituents as determined by ESIMS for
compound 14.

Deprotection of the tert-butyldimethylsilyl groups
with boron trifluoride etherate led to 7, 8, 9 and 15.

Sulfation with an excess of sulfur trioxide pyridine
complex provided persulfated a-, B- and y-cyclodextrins
on the primary hydroxyl rim 10, 11, 12 and 17. In the -
CD series, use of only 8 equivalents of the sulfation
reagent allowed preparation of cyclodextrin derivatives
13 and 16 with an average degree of sulfation of 4.

2.2. Determination of the stoichiometry of complexes

The continuous variation method was used to determine
the stoichiometry of the sulfated and non-sulfated
amphiphilic cyclodextrin/acyclovir complexes. The dif-
ference of UV—Vis absorption between acyclovir com-
plexed with amphiphilic cyclodextrins and the
uncomplexed molecule (A4) was measured at 256 nm
in water for the sulfated amphiphilic cyclodextrins 10—
13 and in ethanol for the non-sulfated amphiphilic
cyclodextrins 7-9, 15 due to their total insolubility in
water. The results are summarised in Table 1. For
sulfated amphiphilic CDs, experiments were carried out
at different CD concentrations below the critical micel-
lar concentration (CMC = 10~ * mol L™ "). For the non-
sulfated amphiphilic cyclodextrin/acyclovir complexes,
the Job plots shows a maximum at a molar ratio of 0.66
indicating 1:2 stoichiometry of the complexes. The Job
plots of sulfated amphiphilic cyclodextrin/acyclovir
complexes show a maximum at a molar ratio of 0.5
indicating a 1:1 stoichiometry of complexes, with the
exception of the complex 12 with acyclovir where the
maximum occurs at r=0.66 indicating a 1:2 complex
stoichiometry. Sulfation of amphiphilic cyclodextrins,
except for the y-cyclodextrin series, results in the loss of
one complexation site. It can be suggested that in case of
non-sulfated amphiphilic cyclodextrins, one molecule of
acyclovir interacts with the cavity of the cyclodextrin
while another molecule of acyclovir interacts with the
hydrophobic site generated by the hexanoyl chains. This
is consistent with the results of Von Plessing Rossel and
coworkers® who demonstrated that P-cyclodextrin
forms a 1:1 complex with acyclovir and those of Ling
and Darcy® where 2:1 complexation between sodium
anthraquinone-2-sulfonate and 6-S-hydroxyethylated 6-
thio-y-cyclodextrins was determined. This indicates that
expansion of the hydrophobic cavity of B-cyclodextrin
by substitution at the secondary face has led to
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Fig. 2. Synthesis of sulfated and non-sulfated amphiphilic cyclodextrins: (i) TBDMSCl-pyridine; (iia) hexanoyl anhydride—
DMAP-pyridine; (iib) hexanoyl chloride-DMAP—pyridine; (iii) BF3-Et,O—-CHClI;; (iv) SO;-Pyr—pyridine.

Table 1

Stoichiometry and stability constants of complexes
Complex Stoichiometry ~ Kj; (mol L™")  Solvent
B-CD/ACV?®  1:1 22 Water
7/ACV 1:2 EtOH
10/ACV 1:1 895 Water
8/ACV 1:2 EtOH
13/ACV 1:1 1647 Water
11/ACV 1:1 1036 Water
15/ACV 1:2 EtOH
16/ACV 1:1 EtOH
17/ACV 1:1 EtOH
9/ACV 1:2 EtOH
12/ACV 1:2 Water

modification of the complexation site of included
molecules. The presence of sulfate groups (from 4 to
7) at the primary hydroxyl face of the cyclodextrin may
hinder the interaction of acyclovir with the cavity of the
cyclodextrins preventing the complexation of a second
molecule of acyclovir. In the case of 12, the larger cavity
could increase the distance between sulfate groups at the
primary face allowing interactions between the cavity of
v-cyclodextrin derivatives and a second molecule of
acyclovir.

2.3. Stability constants of complexes

Absorption intensity of acyclovir at constant concentra-
tion was measured in water at room temperature at 256
nm as a function of added 10, 11 and 13. Absorption

intensity of acyclovir increased with the concentration of
the sulfated amphiphilic cyclodextrins before reaching a
plateau. To estimate the simple 1:1 equilibrium con-
stant, the double-reciprocal (Benesi—Hildebrand) plot
was used (Fig. 3). The Benesi—Hildebrand plots were
linear (correlation coefficient =0.998 for 10, 0.997 for
11 and 0.994 for 13). The stability constant is given by
the Benesi—Hildebrand equation:

L ! + ! where [ is the
A4 [ACV]K, A, [CD]  [ACV]Ag,,
path length, A4 the absorbency change, [ACV], the
total acyclovir concentration, K the stability constant,
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Fig. 3. Double-reciprocal plot for 10 (¢), 13 (a) and 11 (H).
ACV at constant concentration (5 x 10~7 mol L™!) in the
absence and in the presence of increasing concentrations of
sulfated amphiphilic cyclodextrins (from 3.13 x 10 % to 10~*
mol L.
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Fig. 4. Electrospray mass spectra for: (a) 7/ACV complexes; (b) 10/ACV complexes; (c) 8/ACV complexes; (d) 11/ACV complexes;
and (e) 12/ACV complexes.
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Agy the molar absorptivity change and [CD] the
cyclodextrin concentration. The Kj; values calculated
are shown in Table 1 and are 895 mol L~' for 10/
acyclovir, 1036 mol L ! for 11/acyclovir and 1647 mol
L' for 13/acyclovir. These values are considerably
higher than the value calculated for the native B-
cyclodextrin (22 mol L~').*® This also indicates a
difference in the site of complexation of acyclovir with
sulfated amphiphilic cyclodextrins compared to native
B-cyclodextrin. The stability constant values are signifi-
cantly higher for the sulfated amphiphilic B-cyclodex-
trins series as compared to the sulfated amphiphilic a-
cyclodextrin series. Furthermore, the stability constant
is higher if the sulfated amphiphilic B-cyclodextrins
possess fewer sulfate groups.

2.4. Electrospray ionisation mass spectrometry (ESIMS)

Electrospray ionisation mass spectrometry provides
confirmation of the interaction of acyclovir with the
hydrophobic cavity of cyclodextrin. With this soft
ionisation technique, ions existing in solution can be
transferred into gas phase without breaking non-cova-
lent interaction, which are predominant forces in the
host—guest interaction.

Electrospray mass spectra are given in Fig. 4. For
complexes of non-sulfated amphiphilic cyclodextrins, 7
(Fig. 4(a)) and 8 (Fig. 4(c)), only complexes with
acyclovir of 1:1 stoichiometry are observed at mi/z
1210.6 and 1390.1 corresponding to the [M+ACV +2
Na]® " cations. For 7, a peak at m/z 1221.4 correspond-
ing to [M+NaACV+2 Na] *" indicates the complexa-
tion of the sodium salt of acyclovir. For complexes of
ACV with the sulfated amphiphilic cyclodextrins, 10
(Fig. 4(b)) and 11 (Fig. 4(d)), peaks at m/z 1516.8 and
1747.0 corresponding to the [M+ACV+2 Nal*" ca-
tions were observed. A peak at m/z 1527.7 indicates the
complexation of the sodium salt of acyclovir by the
sulfated amphiphilic «o-cyclodextrin. Lastly, for the
complexes of 12 (Fig. 4(e)), peaks at m/z 1976.9 and
2089.9 corresponding to [M+ACV +2 Na] > " and [M +
2 ACV+2 Nal*" indicate the presence of complexes of
I:1 and 1:2 stoichiometry in the nebulated phase. The
fact that complexes of 1:2 stoichiometry for 7 and 8 are
not observed in the nebulated phase suggests that the
complexation of the second molecule of acyclovir is
weak. Comparing these results with those of the sulfated
derivatives and with the stability constant of native p-
CD-acyclovir complex, it can reasonably be assumed
that the second molecule is complexed weakly into the
cavity of the non-sulfated amphiphilic o- and B-cyclo-
dextrins. Furthermore, the presence of the complex of
1:2 stoichiometry with 12 should indicate a stronger
interaction of the second molecule of acyclovir with the
larger cavity of the y-CD.

In conclusion, we have prepared sulfated amphiphilic
cyclodextrins in the a-, B-, and y-series. These modified
cyclodextrins retain their inclusion properties towards
acyclovir, an antiviral drug. These amphiphilic cyclo-
dextrins, nevertheless, have different complexation be-
haviors compared to the native cyclodextrins. In the
case of sulfated amphiphilic o- and B-cyclodextrins,
acyclovir appear to interact only with the lipophilic
environment generated by the acyl chains grafted onto
the lower rim of the cyclodextrin. In the case of non-
sulfated cyclodextrins and for sulfated derivatives in the
v-CDs series, two molecules of acyclovir interact with
one molecule of modified cyclodextrin which probably
indicates inclusion of one molecule of acyclovir within
the CD cavity and interaction of the second one with the
lipophilic acyl chains. These CDs can self-organise in
water as micellar aggregates or nanospheres, which may
provide additional opportunity for the drug transport.
Experiments are currently undertaken to study the
loading capacity of sulfated amphiphilic cyclodextrins
nanospheres towards acyclovir.

3. Experimental
3.1. Materials and methods

All chemicals were purchased from Aldrich and were
used without further purification. Acyclovir (9-[(2-
hydroxyethoxy)-methyl]-guanine] was extracted from
Zovirax© (GlaxoWellcome, Evreux, France) by pre-
cipitation in water and recrystallisation from MeOH.
Purity was checked by '"H NMR and UV-Vis spectro-
scopy. ao-, B- and y-Cyclodextrins were generously
provided by Wacker (Lyon, France) and were dried
under diminished pressure at 120 °C for 48 h before use.
Elemental analysis were performed at the Service
Central de Microanalyses of CNRS (Lyon, France).
'H and "*C NMR experiments were performed at 300
and 75 MHz, respectively, using a Bruker DRX300
spectrometer.

3.2. Hexakis(6-O-tert-butyldimethylsilyl-2,3-di-O-
hexanoyl)cyclomaltohexaose (4)

Hexanoic anhydride (34 mL, 0.14 mol, 48 equiv) and
DMAP (13.28 g, 0.11 mol, 36 equiv) were added to a
stirred solution of 1°° (5 g, 3.02 mmol) in dry Py (100
mL). The mixture was heated under N, at 70 °C for 2
days then cooled to room temperature (rt) and poured
into cold water (300 mL). The organic layer was
removed, poured into CH,Cl, (100 mL) and washed
with dilute HCl (10%), water and NaHCO;. After
drying over Na,SQy, the organic layer was concentrated
and MeOH was added to the residue. The white
precipitate was isolated by filtration and washed with
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MeOH. The crude product was purified by recrystallisa-
tion in 95:5 MeOH-CHCl; (2.16 g, 25%); [¢]p —14.5°
(¢ 2.20, CHCl3); oy (CDCls, 300 MHz) 5.34 (t, 6 H, J
10.1 Hz, H-3), 5.10 (d, 6 H, J 3.20 Hz, H-1), 4.68 (dd, 6
H, H-2), 4.14 (d, 6 H, J 10.73 Hz, H-6a), 4.03 (t, 6 H, J
8.85 Hz, H-4), 3.87 (d, 6 H, H-5), 3.70 (d, 6 H, H-6D),
2.32 (m, 24 H, H-2"), 1.60 (m, 24 H, H-3"), 1.31 (m, 48
H, H-4’, H-5"), 0.90 (s, 90 H, H-6"), 0 (s, 36 H, CH5-Si);
oc (CDCl;, 75 MHz) 173.9 (C-1'), 171.9 (C-17), 96.5 (C-
1), 75.1 (C-4), 72.4 (C-5), 71.6—71.5 (C-2, C-3), 62.4 (C-
6), 34.3 (C-2"), 31.8 (C-4"), 26.3 ((CH3);—-C), 24.8 (C-3"),
22.8 (C-5"), 18.6 ((CH3);-C), 14.3 (C-6"), —4.6 (CH3—
Si). ESIMS: m/z 2858.2 [M+Na]™*.

3.3. Heptakis(6-O-tert-butyldimethylsilyl-2,3-di-O-
hexanoyl)cyclomaltoheptaose (5)

Hexanoic anhydride (122.3 mL, 0.53 mol, 56 equiv) and
DMAP (48.4 g, 0.4 mol, 42 equiv) were added to a
stirred solution of 2*° (18.2 g, 9.4 mmol) in dry Py (250
mL). The mixture was heated under N, at 70 °C for 2
days then cooled to rt and poured into cold water (600
mL). The organic layer was removed, poured into
CH,Cl, (300 mL) and washed with dilute HCI1 (10%),
water and NaHCO;. After drying over Na,SOy, the
organic layer was concentrated and MeOH was added
to the residue. The white precipitate was isolated by
filtration and washed with MeOH. The crude product
was purified by recrystallisation in 95:5 MeOH-CHCl;
(19.8 g, 63%); [a]p +62.5° (¢ 5.12, CH,Clp); oy (CDCls;,
300 MHz) 5.34 (dd, 7 H, J3_4 8.3, J3_, 10.1 Hz, H-3),
5.08 (d, 7 H, J 3.58 Hz, H-1), 4.64 (dd, 7 H, H-2), 4.03
(m, 7 H, Jea_¢p 11.5 Hz, H-6a), 3.81 (m, 14 H, H-4, H-
5), 3.65 (m, 7 H, H-6b), 2.35 (m, 28 H, H-2"), 1.52 (m, 28
H, H-3"), 1.26 (m, 56 H, H-4’, H-5"), 0.83 (m, 105 H, H-
6, CH3-C), 0.00 (s, 42 H, CH5-Si); oc (CDCl;, 75
MHz) 173.9 (C-1), 172.0 (C-1"), 96.8 (C-1), 75.5 (C-4),
72.2 (C-5), 71.5-71.2 (C-2, C-3), 62.3 (C-6), 34.5 (C-2"),
31.8 (C-4"), 26.3 ((CH3);—-C), 24.8 (C-3"), 22.8 (C-5"),
18.6 ((CH3);-C), 14.3 (C-6"), —4.5 (CH3-Si). ESIMS:
mlz 1676.6 [M+2 Na]**.

3.4. Octakis(6-O-tert-butyldimethylsilyl-2,3-di-O-
hexanoyl)cyclomaltooctaose (6)

Hexanoic anhydride (20 mL, 87 mmol, 64 equiv) and
DMAP (7.98 g, 65 mmol, 48 equiv) were added to a
stirred solution of 3*' (3 g, 1.36 mmol) in dry Py (100
mL). The mixture was heated, under N, at 70 °C for 2
days then cooled to rt and poured into cold water (300
mL). The organic layer was removed, poured into
CH,ClI, (100 mL) and washed with dilute HCI (10%)),
water and NaHCO;. After drying over Na,SOy, the
organic layer was concentrated to a residue and MeOH
was added to this residue. The crude product was
isolated by filtration and washed with MeOH. The

white precipitate was purified by recrystallisation in 95:5
MeOH-CHCl; (1.35 g, 26%); [¢]p —50.8° (¢ 3.4,
CHCly); oy (CDCls, 300 MHz) 5.42 (t, 8 H J 9.79 Hz,
H-3), 5.24 (d, 8 H, J 3.39 Hz, H-1), 4.68 (dd, 8 H, H-2),
4.10 (m, 8 H, H-6), 3.87 (m, 16 H, H-4, H-5), 3.77 (m, 8
H, H-6a), 2.52 (m, 32 H, H-2"), 1.62 (m, 32 H, H-3"),
1.33 (m, 64 H, H-4’, H-5"), 0.90 (s, 120 H, H-6’, CH3—
), 0.06 (s, 48 H, CH5-Si); ¢ (CDCl3, 75 MHz) 173.8
(C-1"), 172.1 (C-1"), 96.03 (C-1), 72.33 (C-5), 62.20 (C-6),
34.5 (C-2%), 31.9 (C-4"), 26.3 ((CH;3);-C), 24.8 (C-3"),
22.82 (C-5), 18.69 ((CH;);-C), 14.36 (C-6'), —4.60
(CH;-Si). ESIMS: m/z 1913.6 [M+2 Na]**.

3.5. Hexakis(2,3-di-O-hexanoyl)cyclomaltohexaose (7)

To a stirred solution of 4 (1.82 g, 0.66 mmol) in CHCl;
(20 mL) was added BF;3-Et,O (1 mL, 7.97 mmol, 12
equiv). The mixture was stirred under N, at rt for 12 h,
then poured into cold water (100 mL). The organic layer
was removed and washed with water, NaHCO;, and
water then dried with Na,SO,4. The organic layer was
concentrated to dryness to yield 7 (1.35 g, 96%); [¢]p —
15.2° (¢ 2.1, CHCIl); 6 (CDCl3, 300 MHz) 5.36 (t, 6 H,
H-3), 5.08 (d, 6 H, J 3.96 Hz, H-1), 5.16 (dd, 6 H, H-2),
4.44 (d, 6 H, H-6a), 4.20 (t, 6 H, H-4), 3.80 (m, 12 H, H-
5, H-6b), 2.20 (m, 24 H, H-2"), 1.57 (m, 24 H, H-3"), 1.50
(m, 48 H, H-4’, H-5"), 0.91 (m, 36 H, CH3); 6c (CDCls,
75 MHz) 173.7 (C-1"), 172.2 (C-1"), 96.5 (C-1), 77.6 (C-
4), 72.7 (C-5), 71.0 (C-2, C-3), 61.6 (C-6), 34.3 (C-2),
31.7 (C-4'), 24.7 (C-3"), 22.7 (C-5"), 14.3 (C-6"). ESIMS:
mlz 1097.8 [M+2 Nal*". Anal. Calcd for C;ogH 50042
H->0: C, 59.82; H, 8.46. Found: C, 59.89; H, 8.78.

3.6. Heptakis(2,3-di-O-hexanoyl)cyclomaltoheptaose (8)

To a stirred solution of 5 (19.8 g, 6 mmol) in CHCI; (200
mL) was added BF;-Et,O (11 mL, 87 mmol, 14 equiv).
The mixture was stirred under N, at rt for 12 h, then
poured into cold water (600 mL). The organic layer was
removed and washed with water, NaHCOs;, and water
then dried with Na,SO,4. The organic layer was con-
centrated to dryness to yield 8 (15 g, 99%); [«]p +90.5°
(¢ 4.8, CH,Cl,); o (CDCls, 300 MHz) 5.36 (t, 7 H, J
9.1 Hz, H-3), 5.08 (d, 7 H, J 3.8 Hz, H-1),4.78 (dd, 7 H,
H-2), 4.03 (m, 14 H, H-6a, H-5), 3.89 (dd, 7 H, J¢_5 5,
Je¢_¢ 12 Hz, H-6"), 3.75 (t, 7 H, J 9 Hz, H-4), 2.35 (m, 28
H, H-2), 1.59 (m, 28 H, H-3"), 1.32 (m, 56 H, H-4’, H-
59,0.91 (m, 45 H, H-6"); 6c (CDCls, 75 MHz) 173.7 (C-
1), 172.2 (C-1"), 96.5 (C-1), 77.6 (C-4), 72.7 (C-5), 71.0
(C-2, C-3), 61.6 (C-6), 34.3 (C-2), 31.7 (C-4") 24.7 (C-
39, 22.7 (C-5"), 14.3 (C-6"). ESIMS: m/z 1277.07 [M+2
Na]**. Anal. Calcd for Cjr6H,0040: C, 60.33; H, 8.38;
0, 31.29. Found: C, 60.63; H, 8.50; O, 30.72.
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3.7. Octakis(2,3-di-O-hexanoyl)cyclomaltooctaose (9)

To a stirred solution of 6 (1.35 g, 0.36 mmol) in CHCI;
(15 mL) was added BF;-Et,O (0.54 mL, 8.2 mmol, 16
equiv). The mixture was stirred under N, at rt for 12 h,
then poured into cold water (100 mL). The organic layer
was removed and washed with water, NaHCO; and
water then dried with Na,SO4. The organic layer was
then concentrated to dryness to yield 9 (926 mg, 91%);
[]p —36.3° (¢ 3.45, CHCls); 6y (CDCl;, 300 MHz)
5.40 (t, 8 H, J 9.24 Hz, H-3), 5.15(d, 8 H, J, », 3.8 Hz, H-
1), 4.77 (dd, 8 H, H-2), 3.93 (m, 16 H, H-6a, H-5), 3.76
(dd, 8 H, Js_5 5, Jo_¢ 12 Hz, H-6b), 2.43 (t, 8 H, H-4),
2.35 (m, 32 H, H-2"), 1.61 (m, 32 H, H-3"), 1.32 (m, 64
H, H-4’, H-5"), 0.92 (m, H-6"); oc (CDCl;, 75 MHz)
173.7 (C-1"), 172.2 (C-1), 96.5 (C-1), 77.6 (C-4), 72.7 (C-
5), 71.0 (C-2, C-3), 61.6 (C-6), 34.3 (C-2"), 31.7 (C-4"),
24.7 (C-3"), 22.7 (C-5"), 14.3 (C-6"). ESIMS: m/z 1456.6
[M+2 Na]2+. Anal. Calcd for Ci44H40056: C, 60.32;
H, 8.44. Found: C, 60.73; H, 8.47.

3.8. Hexakis(6-0-sulfo-2,3-di-O-
hexanoyl)cyclomaltohexaose (10)

To a stirred solution of 7 (1.09 g, 0.5 mmol) in dry Py
(50 mL) was added the sulfur trioxide pyridine complex
(2.42 g, 0.015 mmol, 30 equiv). The mixture was heated
at 60 °C for 3 days under N, then cooled at rt and
concentrated to dryness. The amorphous powder was
dissolved in CHCI; and salts were removed by washing
the organic layer with dilute HCl (10%), water and
NaHCOj;. The organic layer was dried with Na,SO,4 and
concentrated to dryness to yield 10, 1.28 g (92%); [«¢]p —
16.6 (¢ 2.1, CHCl3); oy (Me>SO-dg, 300 MHz) 5.36 (t, 7
H, J 9.1 Hz, H-3), 5.08 (d, 7 H, J 3.8 Hz, H-1), 4.8 (dd, 7
H, H-2), 4.03 (m, 14 H, H-6a, H-5), 3.8 (dd, 7 H, J¢ 5 5,
Je6 12 Hz, H-6b), 3.7 (t, 7 H, J 9 Hz, H-4), 2.35 (m, 28
H, H-2'), 1.6 (m, 28 H, H-3"), 1.3 (m, 56 H, H-4', H-5"),
0.9 (m, 45 H, H-6"); 6c (Me,SO-ds, 75 MHz) 173.3 (C-
1), 172.2 (C-1"), 96.6 (C-1), 80.0 (C-4), 75.5 (C-5), 71.3
(C-2, C-3), 65.3 (C-6), 34.2 (C-2"), 31.7 (C-4"), 24.7 (C-
39, 22.7 (C-5'), 14.5 (C-6"). ESIMS: m/z 1404.3 [M+2
Na]’*. Anal.Caled for CiosH174NagOg0Ss-5 H,O: C,
45.47; H, 6.50; Na, 4.84; S, 6.74. Found: C, 45.48; H,
6.60; Na, 4.67; S, 6.5.

3.9. Heptakis(6-O-sulfo-2,3-di-O-
hexanoyl)cyclomaltoheptaose (11)

To a stirred solution of 8 (5 g, 2 mmol) in dry Py (250
mL) was added the sulfur trioxide pyridine complex
(11.11 g, 70 mmol, 35 equiv). The mixture was heated at
60 °C for 3 days under N, then cooled at rt and
concentrated to dryness. The amorphous powder was
dissolved in CHCIl; and salts were removed by washing
the organic layer with dilute HCl (10%), water and

NaHCOs;. The organic layer was dried with Na,SO,4 and
concentrated to dryness, (5 g, 90%); [«¢]p +112.8° (¢
3.28, CH,Cl,); o (Me>SO-ds, 500 MHz) 5.32 (t, 7H, J
9.46 Hz, H-3), 5.12 (d, 7 H, J 2.6 Hz, H-1), 4.64 (dd, 7
H, H-2), 4.21 (dd, 7 H, H-6a), 4.08 (dd, 7 H, J 9.46 Hz,
H-5), 4.00 (d, 7 H, H-6b), 3.85 (d, 7 H, J 8.83 Hz, H-4),
2.37 (m, 14 H, H-2"), 2.17 (m, 14 H, H-2"), 1.51 (m, 28
H, H-3"), 1.26 (m, 56 H, H-4’, H-5"), 0.86 (m, 45 H, H-
6'); 0c (Me>SO-dg, 125 MHz) 173.3 (C-17), 172.2 (C-1"),
96.6 (C-1), 80.1 (C-4), 75.5 (C-5), 71.3 (C-2, C-3), 654
(C-6), 34.2 (C-2"), 31.7 (C-4"), 24.7 (C-3"), 22.7 (C-5),
14.5 (C-6"). ESIMS: m/z 1634.07 [M+2 Na]**, 1097.22
[M+3 Na]’". Anal. Calcd for Cir6Hz03Na;070S;-10
H>O0: C, 44.47; H, 6.56; Na, 4.73; S, 6.58. Found: C,
44.87; H, 6.70; Na, 4.15; S, 6.3.

3.10. Octakis(6-0O-sulfo-2,3-di-O-
hexanoyl)cyclomaltooctaose (12)

To a stirred solution of 9 (736 mg, 0.3 mmol) in dry Py
(50 mL) was added the sulfur trioxide pyridine complex
(1.62 g, 10 mmol, 40 equiv). The mixture was heated at
60 °C for 3 days under N, then cooled at rt and
concentrated to dryness. The amorphous powder was
dissolved in CHCIl; and salts were removed by washing
the organic layer with dilute HCI (10%), water and
NaHCOs;. The organic layer was dried with Na,SO,4 and
concentrated to dryness to yield 12, 841 mg (93%) as an
amorphous powder; [a]p —24.18° (¢ 3.35, CHCl); dy
(Me,SO-dg, 300 MHz) 5.29 (t, 8 H, H-3), 5.14 (d, 8 H,
H-1), 4.67 (dd, 8 H, H-2), 4.10 (m, 16 H, H-6a, H-5),
3.96 (dd, 8 H, H-6b), 3.81 (t, 8 H, H-4), 2.35 (m, 32 H,
H-2"), 1.51 (m, 32 H, H-3"), 1.25 (m, 64 H, (H-4’, H-5"),
0.85 (m, H-6"); dc (Me;SO-dg, 75 MHz) 173.0 (C-17),
172.4 (C-17), 95.9 (C-1), 79.8 (C-4), 73.2 (C-5), 71.4 (C-2,
C-3), 65.3 (C-6), 34.1 (C-2'), 31.7 (C-4"), 24.7 (C-3"), 22.7
(C-5), 14.4 (C-6"). ESIMS: m/z 1864.4 [M+2 Na]*",
1250.5 [M+3 NaPP". Anal. Caled for
C144H232Na808088- 15 HzO: C, 4377, H, 668, Na,
4.65; S, 6.49. Found: C, 43.93; H, 6.55; Na, 4.82; S, 6.30.

3.11. Heptakis(2,3-di-O-hexanoyl)-tetrakis(6-O-
sulfo)cyclomaltoheptaose (13)

To a stirred solution of 8 (5 g, 2 mmol) in dry Py (250
mL) was added the sulfur trioxide pyridine complex
(2.55 g, 16 mmol, 8 equiv). The mixture was heated at
60 °C for 3 days under N, then cooled at rt and
concentrated to dryness. The procedure can be carried
out in a similar manner to that previously described for
11, 92% yield (5.3 g); [¢]p +152.9° (¢ 1.7, CH,Cly); oy
(Me,SO-dg, 500 MHz) 5.29 (m, 7 H, H-3), 5.10 (d, 7 H,
H-1), 4.80-4.57 (m, 7 H, H-2), 4.27-3.94 (m, 14 H, H-
6a, H-5), 3.84 (dd, 7 H, H-4), 2.34 (m, 14 H, H-2"), 2.18
(m, 14 H, H-2"), 1.51 (m, 28 H, H-3"), 1.27 (m, 56 H, H-
4’, H-5"), 0.86 (m, 45 H, H-6"); 6c (Me,SO-dg, 125 MHz)
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173.3 (C-1'), 172.2 (C-1°), 96.6 (C-1), 84.4 (C-4), 75.4 (C-
5, C-2, C-3), 65.3 (C-6), 34.2 (C-2), 31.6 (C-4"), 24.7 (C-
39, 22.8 (C-5"), 14.5 (C-6"). ESIMS: m/z 1481.23 [M +2
Na]2+. Anal. Calcd for C126H206Na406184-5 HzO: C,
50.33; H, 6.85; Na, 3.06; S, 4.26. Found: C, 49.98; H,
6.95; Na, 3.82; S, 4.52.

3.12. Synthesis of over-acylated p-cyclodextrin
derivatives

3.12.1. Per 6-O-silylated compound 14. Conditions used
for the preparation of 5 were followed but with hexanoyl
chloride (16.2 mL, 0.11 mol, 28 equiv), DMAP (21.3 g,
0.17 mol, 42 equiv) and 2%° (8.1 g, 4.1 mmol) in dry Py
(200 mL) at 60 °C for 3 days. The crude product was
purified by recrystallisation in 95:5 MeOH-CHCI; (9 g,
65%); [a]p +62.5° (¢ 5.12, CH,Cl,); dy (CDCls, 300
MHz) 5.32 (m, 7 H, H-3), 5.08 (m, 7 H, H-1), 4.51 (m, 7
H, H-2), 3.67 (m, 28 H, H-5, H-6a, H-6b, H-4), 3.51 (m,
—CH-), 2.49-2.37 (m, H-2’), 1.77 (m, —H-4"), 1.65 (m,
H-3"), 1.28 (m, H-5"), 0.84 (m, —H-6"), (s, CH3);—-C),
0.00 (s, CH3-Si-); dc (CDCl;, 75 MHz) 206.8 (C-1"),
178.0 (C-1"), 173.7 (C-1"), 168.0 (C-1), 96.5 (C-1), 75.5
(C-4), 72.2 (C-5), 71.5-71.2 (C-2, C-3), 64.1 (C-6), 33.9
(C-2"), 31.6 (C-4"), 29.9 (C-2"), 28.4 (C-2"), 26.3 ((CH3)3—
), 24.8 (C-3"), 24.2 (-C-5"), 23.1 (C-5"), 18.6 ((CH3)3—
), 14.3 (C-6"), —4.6 (CH3-Si). ESIMS: m/z 1972.0 [M
with 20 chains+2 Na]**, 2020.5 [M with 21 chains+2
Na]*™, 2069.5 [M with 22 chains+2 Na]* ™.

3.12.2. Per-6-O-unprotected compound 15. To a stirred
solution of 14 (9 g, 2.7 mmol) in CHCI; (200 mL) was
added BF;-Et,O (4.9 mL, 38 mmol, 14 equiv). The
mixture was stirred under N, at rt for 12 h, then poured
into cold water (600 mL). The organic layer was
removed and washed with water, NaHCOs;, and water
then dried with Na,SO,4. The organic layer was con-
centrated to dryness (7.3 g, 85% yield); [«]p +80.5° (¢
5.34, CH,Cl,); oy (CDCl;, 300 MHz) 5.13 (m, 7 H, H-
3),4.89 (m, 7 H, H-1),4.55 (m, 7 H, H-2), 3.78 (m, 21 H,
H-5, H-6a, H-6b), 3.49 (H-4), 2.22 (m, H-2"), 1.64 (m, H-
4", 1.43 (m, H-3"), 1.13 (m, H-5"), 0.70 (H-6"). ESIMS:
mlz 1568.54 81 [M with 20 chains+2 Na]* ", 1617.67 [M
with 21 chains+2 Na]**, 1666.41 [M with 22 chains +2
Na]2+. Anal. Calcd for Cl68H280056'5 H20: C, 6142,
H, 8.53. Found: C, 61.52; H, 8.68.

3.12.3. Tetra-6-O-sulfated compound 16. Conditions
used for the preparation of 11 were followed but with
15 (5 g, 2 mmol), and the sulfur trioxide pyridine
complex (2.55 g, 16 mmol, 8 equiv) in dry Py (250
mL) at 60 °C for 3 days (2.6 g, 76% yield); []p +108.8°
(c 4.96, CH,Clp); oy (Me;SO-dg, 300 MHz) 5.33 (m, 7
H, H-3), 5.10 (m, 7 H, H-1), 4.64 (m, 7 H, H-2), 3.85 (m,
21 H, H-5, H6a, H6b), 3.58 (H-4), 2.50 (m, H-2"), 1.73
(m, H-4"), 1.54 (m, H-3"), 1.26 (m, H-5"), 0.85 (m, H-6");

o0c (Me,SO-dg, 75 MHz) 206.3 (C-1), 173.0 (C-1"), 172.2
(C-1), 168.2 (C-17), 96.2 (C-1), 75.6 (C-4), 72.7 (C-5),
70.9-69.9 (C-2, C-3), 65.4 (C-6), 34.1 (C-2"), 31.5 (C-4"),
29.9 (C-2), 28.2 (C-2'), 24.8 (C-3"), 24.2 (C-5"), 22.7 (C-
57, 14.5 (C-6"). ESIMS (—): m/z 1778.35 [M (4 sulfates)-
2 NaJ*~. Anal. Calcd for C¢sH»76Na4OgsS4-3 H,O: C,
55.17; H, 7.55; Na, 2.52; S, 3.50. Found: C, 55.33; H,
7.76; Na, 2.59; S, 3.40.

3.12.4. Per-6-O-sulfated compound 17. Similar experi-
ments as for 11 carried out with 15 (5 g, 2 mmol), and
the sulfur trioxide pyridine complex (11.11 g, 70 mmol,
35 equiv) in dry Py (250 mL) at 60 °C for 3 days
afforded 17 (3.3 g, 94%); [¢]p +91.5° (¢ 4.48, CH,Cl,);
on (Me,SO-dg, 300 MHz) 5.33 (m, 7 H, H-3), 5.07 (m, 7
H, H-1), 4.59 (m, 7 H, H-2), 4.05 (m, 21 H, H-5, H-6a,
H-6b), 3.57 (H-4), 2.50 (m, H-2"), 1.73 (m, H-4"), 1.43
(m, H-3"), 1.24 (m, H-5"), 0.85 (m, H-6"); 6c (Me;SO-ds,
75 MHz) 206.3 (C-1"), 173.0 (C-1"), 172.2 (C-1"), 168.2
(C-1),95.9 (C-1), 74.7 (C-4), 73.8.7 (C-5), 71.0-69.8 (C-
2, C-3), 65.5 (C-6), 35.2 (C-2"), 31.5 (C-4"), 29.5 (C-2"),
28.3 (C-2"), 27.0 (C-3"), 24.5 (C-5"), 22.9 (C-5"), 14.5 (C-
6'). ESIMS (—): m/z 1280.17 [M —3 Na]® ~. Anal. Calcd
for C168H273Na7077S7'10 HzO: C, 4933, H, 668, Na,
3.94; S, 5.48. Found: C, 49.68; H, 6.94; Na, 3.92; S, 5.21.

3.13. Determination of the stoichiometry of acyclovir/
sulfated amphiphilic cyclodextrin complexes

The continuous variation method was adopted to
determine the stoichiometry of the complexes. The total
concentration of the two species, acyclovir and amphi-
philic cyclodextrin, was kept constant (7.5 x 10> mol
L"), and the mole ratio (r) was varied from 0 to 1. The
differences of absorption intensity of acyclovir in
absence and in presence of amphiphilic cyclodextrins
were measured for a given mole ratio by a UV—-Vis
spectrophotometer (Shimadzu UV-2401 PC spectro-
photometer).

3.14. Determination of the stability constant of
complexes

The absorption of acyclovir was measured at 256 nm at
constant concentration (5.0 x 107’ M) in absence and
in presence of increasing concentrations of amphiphilic
cyclodextrins (from 3.13 x 10~ ° to 10 ~* M) in water, at
rt. Alternatively, complex formation was investigated by
mass spectrometry. For these purpose, ESIMS was
carried out in the positive mode on a Applied biosystems
API 165 spectrometer. The complexes were prepared in
1:1:0.1% MeOH-water—HCOOH by dissolving acyclo-
vir and the corresponding amphiphilic cyclodextrin at a
molar ratio of 5:1. The mass spectrometer was operated
at 5 kV. The samples were introduced into the ion
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source by an infusion pump operating with a flow rate

of 5 uL min~ .
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