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Abstract 
β- and γ-Cyclodextrins connected on their narrow side via 6 bond-linkers with monosaccharides 
(Man, GlcNAc) suitable for bacterial lectin recognition, along with reference mono-analogues 
were prepared. The resulting compounds: (a) posses a functional cavity forming inclusion 
complexes with a model guest molecule and with the antibiotic ampicillin; (b) inhibit by more 
than 30% the hydrolysis of ampicillin in the presence of the enzyme β-lactamase; (c) interact 
stronger with surface immobilized lectins than the reference mono-analogues. The present work 
suggests that combining the lectin recognition property of the compounds with their ability to 
encapsulate antibiotics could be used to target and kill bacteria. 
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Introduction 
 
Pathogenic bacteria frequently colonize and infect host tissues by adhesion of lectins present on 
their surface to complementary carbohydrates of the host cells.1,2 Among hundreds of 
monosaccharides found in nature lectins recognize just a few, primarily D-glucose (Glc), D-
galactose (Gal), D-mannose (Man), D-N-acetylglucosamine (GlcNAc), D-N-acetylgalactosamine 
(GalNAc), L-fucose (Fuc) and D-N-acetylneuraminic acid.3 Therefore, a monosaccharide can be 
a targeting moiety recognized by a bacterial lectin. However, since the binding affinities of 
monovalent carbohydrates to lectins are weak to moderate1 nature utilizes multivalency to create 
cooperative mechanisms to increase lectin-carbohydrate affinities. The multivalency of ligands4,5 
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as well as the multiple carbohydrate binding modules on the lectins provide strengthened binding 
with amplified specificity of the recognition.1 
 Cyclodextrins (CDs) offer unique features towards the formation of glycoclusters for 
biological applications, since they are biocompatible and can be easily modified in their primary 
side with carbohydrate moieties. Per-carbohydrate modified CD derivatives have been reported6-

15 demonstrating the advantages of multivalency and clustering effect in homo- and 
heterogeneously decorated cyclodextrin scaffolds. Herein, the synthesis of a series of new 
cyclodextrin-based glycoclusters with seven and eight monosaccharide units connected to the 
CD core via optimally sized linkers, as well as the corresponding monosubstituted derivatives, is 
reported. The compounds also form complexes with a common β-lactam antibiotic, ampicillin, 
and partially inhibit its hydrolysis rate in the presence of a β-lactamase enzyme, in buffer 
conditions and at the same time they bind strongly with specific lectins, which is exactly the 
objective of the present work: to show the potential of the synthesized compounds to act as 
stabilizing agents for antibiotics which can be carried to the bacterial surface. 
 
 
Results and Discussion 
 
HATU-mediated amide bond formation between 2ꞌ-aminoethyl–appended monosaccharides and 
the per-carboxyethylthio-terminated cyclodextrin derivatives 1 and 216 and the novel mono-
carboxy-derivative 7 (Scheme 1) gave the monodisperse products 3-6 and 8-9, respectively, 
whereas using HOBT/DCC coupling under numerous conditions (ratio, temperature, duration) 
products of inferior quality were obtained. 
 The monosaccharides with 2ꞌ-aminoethyl linkers were synthesized according to literature 
methods from the parent monosaccharides: 2ꞌ-aminoethyl-α-D-mannopyranose was prepared in 
five steps and 59% overall yield17 and 2ꞌ-aminoethyl-2-acetamide-2-deoxy-α-D-glucopyranose 
was prepared in three steps and 69% overall yield from the known azido precursor.18,19 The 
linker chain between the amino-end and the monosaccharides was limited to two carbon atoms 
so that after connection to the CD core the total carbon atoms would be 6. Literature suggests14 
that CD-based glycoclusters with connectors 2-5 carbon atoms apart from the core have much 
higher affinity towards blood glycoproteins, compared with glycoclusters having longer linkers. 
In all compounds (Scheme 1), connection of the monosaccharide part with the CD core was 
verified by detecting either the NH---C=O scalar coupling through bonds (2D HMBC NMR 
spectra) or the dipolar through space coupling (ROESY/NOESY NMR spectra) between the two 
components. In addition, two derivatives with only one monosaccharide unit on the CD were 
synthesised from the mono-carboxyl precursor 7 and characterised in a similar manner. 
 
Guest binding and partial inhibition of enzymatic degradation of ampicillin by 
β-lactamase. Although per-substitution of the primary hydroxyl groups of a cyclodextrin with 
carbohydrate moieties is expected to produce glycoclusters that bind stronger to lectins than the 
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mono-analogs14 the cavity inclusion ability may be decreased or increased, compared with the 
unsubstituted CDs, while hyperbranched derivatives may totally loose their cavity binding 
capacity.14,20 Therefore, the inclusion ability of the cavity of the current glycoclusters was 
initially tested with a typical guest molecule, p-tert-butylbenzoic acid, which is known to form 
strong inclusion complexes with β-CD in solution21 (Kassoc ≥ 104 M-1) and in the crystalline 
state.22 In addition, this guest molecule lacks NMR signals in the carbohydrate region (5-2.5 
ppm). 2D ROESY NMR spectra revealed clear dipolar interactions between the AAꞌXX ꞌ 
aromatic proton doublets of the guest at 7.75 and 7.45 ppm and the signals attributed to the 
cyclodextrin cavity protons of 4 at ~3.9 ppm. Therefore the cavity is indeed capable of hosting a 
model molecule while the linkers with the monosaccharide appendages seem to neither block the 
cavity nor interfere with the guest inclusion. 
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Scheme 1. Preparation of glycoclusters and monosaccharide-CD derivatives. 
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Ampicillin, a very frequently used broad spectrum β-lactam antibiotic, was tested next. We have 
previously shown by NMR spectroscopy and mass spectrometry23 that ampicillin complexes 
with 2 via both cavity inclusion and external interactions,23,24 thus demonstrating the contribution 
and importance of non-cavity effects.24 Ampicillin solutions in the presence of 4 and 6 were 
examined presently by 2D ROESY NMR experiments. The spectra showed clear intermolecular 
interactions of the drug’s phenyl group with the cavity protons of 4 and 6 indicating that the drug 
is encapsulated in the cavity of the compounds. 
 The rate of enzymatic hydrolysis of ampicillin in the presence of β-lactamase (EC 3.5.2.6) 
from Enterobacter cloacae was studied in buffered aqueous solutions (phosphate, pH 7) of 2, 4 
and 6 and of the linear analogue of β-CD, maltoheptaose, at constant temperature (25 ºC). 
Pseudo first-order conditions were used, i.e., 5- to 10-fold excess of host compounds and 
maltoheptaose. Degradation was quantified by monitoring the area decrease corresponding to the 
signals of the two methyl groups of ampicillin by 1H NMR spectroscopy; therefore the rate of 
degradation was defined as the ratio of the integral of the methyl peaks over the total integral of 
the phenyl peaks, vs time. The error of the method was assessed as ±10% by running the 
hydrolysis experiments of ampicillin alone in triplicate. The degradation profiles were fitted 
satisfactorily into a mono-exponential decay equation and consequently linear plots of 
ln([A0]/[A]) vs time were obtained (where [A0] and [A] are the ampicillin concentrations initially 
and at time t). The rates thus calculated (Table 1) show that 2 inhibits the degradation of 
ampicillin by ~50%, as shown previously by this group,23 while 4 and 6 inhibit hydrolysis by 
~30 and ~40%, respectively, statistically different from linear maltoheptaose (~20%). The 
derivatives thus offer protection to ampicillin presumably via cavity inclusion. However, 
external interactions (non-cavity) effects, as shown before23 cannot be ruled out. The combined 
effects result in partial inhibition of the ampicillin degradation rates which are, in descending 
order, 2 > 6 ≥ 4 > maltoheptaose. The results show that the prepared glycoclusters can bind and 
partially protect ampicillin from degradation. 

 

Table 1. Rates of hydrolysis of ampicillin in the presence of β-lactamase (25 ºC) 

 

k 

(× 10-4 h-1) 
Enzymatic Hydrolysis of R2 

108 (±4.0) ampicillin 0.996 

44.2 (±2.6) ampicillin/2 0.988 

74.7 (±2.5) ampicillin/4 0.995 

63.3 (±4.3) ampicillin/6 0.986 

90.3 (±1.6) ampicillin/maltoheptaose 0.999 
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Interaction of glycoclusters with selected lectins: real-time monitoring of binding by White 
Light Reflectance Spectroscopy. Two selected commercial lectins were tested in vitro: (a) 
wheat germ agglutinin (WGA) that shows binding affinity for GlcNAc, has four sugar binding 
pockets per monomer and in the crystal forms tetramers;25 (b) galanthus nivalis (GNL),26 a 
mannose-binding lectin that possesses three sugar binding pockets per monomer. White Light 
Reflectance Spectroscopy (WLRS) was used, as was described previously,27,28 to monitor and 
quantify GNL interaction with 3 and WGA interaction with 5. The lectins were deposited on a 
surface in a fluidic cell (see Experimental) and formed a stable layer upon which solutions of 3 
(or 5) were introduced. The binding events were detected in real time as red shifts of the resonant 
wavelength, λmax, where resonance is meant as a local extremum in the reflectance spectrum. An 
initial ∆λmax increase was followed by a plateau signifying the end of the binding event; 
subsequent washing resulted in a drop of the ∆λmax change (off process). From the experimental 
data (∆λmax vs time) and the slopes of the on and off curves which are proportional to the on and 
off binding reaction rates (kon, koff, respectively, see Supplementary Material) combined with the 
compound solution concentrations the binding as well as dissociation rate constants and the 
corresponding equilibrium constants, K = kon/koff (M

-1) were determined (Table 2). 
 
Table 2. Binding, kon, dissociation, koff, rate constants and equilibrium constants, K, obtained 
from the WLRS curves 

ASSOCIATION DISSOCIATION 

Comp. Conc. (Μ) R2 kon (M
-1s-1) koff (s

-1) R2 K = kon/koff (M
-1) 

GNL 

3 10-4  0.986 10 3.3 × 10-6 0.902 3.0 × 106 

WGA 

5 10-5  0.973 49 1.0 × 10-3 0.933 4.9 × 104 

 
 The binding to the corresponding underlying lectin layer was strong for both 3 and 5 whereas 
no binding was observed for the mono-substituted derivatives (e.g., solution of 8 applied onto 
WGA layer) or the monosaccharide alone. The binding constant for 5 with WGA as determined 
falls within the range of association constants (0.6 × 104 to 6.6 × 104 M-1) determined by SPR 
measurements of surface immobilized WGA with di- and trivalent GlcNAc glycosides.29 A high 
association constant was determined between 3 and GNL that forms three binding pockets per 
lectin molecule, although the goodness of fit is not perfect. Fitting of the binding curves to a bi-
exponential equation with two time constants was successful as well (R2 > 0.990), indicating that 
the binding between the above lectins and 3 or 5 is not a straightforward process, thus the data in 
Table 2 represent trends and orders of magnitude rather than strict values. However, these 
experiments indicate that under the conditions described the lectins were immobilized with 
retention of their functionality and displayed strong binding with the compounds bearing 
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multiple copies of complementary recognition monosaccharides (multivalency effect) but not 
with the singly substituted compounds. 
 The synthesized compounds are capable for binding with the antibiotic ampicillin, the 
enzymatic hydrolysis of which they inhibit by up to 30% while they are also recognized and 
bound by complementary lectins. Thus they may be useful in targeting bacteria expressing 
complementary lectins and in combining this property with inclusion and transfer of antibiotics. 
 
 
Experimental Section 
 
General. Deuterium oxide (D2O), deuterated dimethylsulfoxide (DMSO-d6) and deuterated 
chloroform (CDCl3) were purchased from Deutero GmbH. Deuterated methanol (CD3OD) was a 
product of Merck. β-CD was a product of CycloLab. β-CD and derivatives were dried by heating 
at 70 oC under vacuum for 20 h before reaction. 1,2-Diaminoethane was distilled from a mixture 
of CaO-KOH and stored over 4 Å molecular sieves. The dialysis membranes (cellulose tubing, 
benzoylated, MWCO 2 kD), α,β-D-(+)-mannose and Ν-acetyl-D-(+)-glucosamine, O-(7-aza-
benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HATU) and dry DMF 
were purchased from Sigma-Aldrich. Flash column chromatography silica gel 60 (Mesh 0.040-
0.063 mm) was purchased from Merck. N,N-diisopropylethylamine (DIPEA) was used as 
received. The known compounds (1, 2 and 2′-aminoethyl-monosaccharides), were prepared 
according to literature methods, as indicated in the introduction. β-Lactamase (EC 3.5.2.6) from 
Enterobactercloacae ≥ 97% pure powder was obtained from Sigma-Aldrich. Lectins WGA 
(wheat germ agglutinin from Triticum vulgaris, lyophylized powder, < 20 µg/mL agglutination 
activity) and GNL (galanthus nivalis, lyophylized powder, < 20 µg/mL agglutination activity) 
were purchased from Sigma. 1D and 2D NMR spectra were run on a Bruker Avance 500 MHz 
spectrometer. MALDI-TOF MS spectra were obtained using Autoflex (Bruker Daltonics) at the 
“G. Ronzoni Institute, Milan, Italy; the samples were solutions in H2O (~3 mg/mL); matrix 
solution: 10 mg/mL of 2,5-dihydroxybenzoic acid (DHB) in EtOH 80%; 1 µL of the sample 
solution was added to 5 µL of the matrix solution and then 1 µL of the mixture was spotted on 
the target and left to air-dry. The spectra were recorded both in Linear and Reflectron modes, in 
positive polarity, both calibrated in the expected mass ranges. Elemental analyses were 
performed in house on a Perkin Elmer 2400 instrument. Melting points were determined on an 
Electrothermal IA9100 digital apparatus (25-400 ºC range). 
 
Mono[6-(carboxyethylthio)-6-deoxy]-β-cyclodextrin (7). To a solution of 3-mercapto-
propanoic acid (14.6 µL, 0.168 mmol) in DMF (2 mL) sodium hydride (15 mg, 0.620 mmol) was 
added in 10 equal portions and the mixture was stirred for 1 h. Then 6-mono-p-toluenesulfonyl-
β-cyclodextrin30 (100 mg, 0.077 mmol) was added and the whole was stirred at 100 oC for 2 h. 
The mixture was allowed to cool to room temperature and then water was added (2 mL). The 
solvent was driven off under vacuum, the compound was dissolved in minimum volume of 
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water, the pH was adjusted to 7 and the solution was dialysed for 1 day. The desired product was 
obtained after drying as a colorless solid (94 mg, 98% yield). Mp >222 oC (decomp.); 1H NMR 
(D2Ο, 298 K, 500 MHz) δH 5.15 (brs, 1H, H1ꞌ), 5.09 (brs, 6H, H1), 3.96-3.88 (m, 22H), 3.69-
3.59 (m, 12H), 3.17 (m, 1H), 2.94-2.85 (m, 2H), 2.63 (m, 2H) ppm. 13C NMR (D2Ο, 125 MHz) 
δC 180.8 (C=O), 102.0 (C1), 101.8 (C1ꞌ), 81.3 (C4), 73.3 (C3), 72.3 (C2), 72.1 (C5), 60.4 (C6ꞌ), 
37.8 (C7), 33.2 (C6), 29.4 (C8) ppm. MS (MALDI-TOF) m/z: 1245.67 ([M+Na]+, calcd.: 
1245.37). 
 
Coupling reactions 
Octakis-{6-deoxy-6-S-[6-(α-D-mannopyranose-1ꞌ-yl)-4-aza-3-oxohex-1-yl]-6-thio}-γ-cyclo-
dextrin (4). HATU (266 mg, 0.701 mmol) was added to a stirred solution of octakis[6-
(oxycarbonylethylthio)-6-deoxy]-γ-cyclodextrin 2 (50 mg, 0.023 mmol) in DMF (16 mL) at 0 oC. 
After 1 h at ambient temperature DIPEA (85 µL, 0.499 mmol) and 2ꞌ-aminoethyl-α-D-
mannopyranose (69 mg, 0.312 mmol) were added and the mixture was left to stir for 48 h. The 
solvent was then evaporated to dryness, the resulting solid was dissolved in doubly distilled 
water (3 mL) the pH was adjusted to 7 with 1 N HCl and the solution was dialysed for 48 h to 
remove the low-molecular-weight impurities. Lyophilization afforded an off-white solid (84 mg, 
74%). Mp >188 oC (decomp.); 1H NMR (D2O, 298 K, 500 MHz) δH 5.15 (brs, 1H, CD-H1), 4.88 
(s, 1H, Man-H1), 3.96 (s, 1H, Man-H2), 3.91-3.86 (m, 3H, CD-H3, Man-H4, Man-H6), 3.80 
(brs, 3H, Man-H3, Man-H7, Man-H6ꞌ), 3.70 (s, 1H, CD-H5), 3.68 (s, 1H, Man-H5), 3.66 (s, 1H, 
CD-H2), 3.63 (brs, 2H, Man-H7ꞌ, CD-H4), 3.49-3.43 (m, 2H, Man-H8), 3.28-3.26 (m, 1H, CD-
H6), 2.96 (s, 3H, CD-H6ꞌ, CD-H8), 2.62 (s, CD-H7) ppm. 13C NMR (D2O, 125 MHz) δC 173.6 
(C=O), 101.4 (CD C1), 99.4 (Man-C1), 83.7 (CD-C4), 72.4 (Man-C4, CD-C2), 71.8 (CD-C3, -
C5), 70.3 (Man-C3), 69.8 (Man-C2), 66.3 (Man-C5), 65.6 (Man-C7), 60.5 (Man-C6), 38.7 (Man-
C8), 35.6 (CD-C7), 32.8 (CD-C6), 28.3 (CD-C8) ppm. MS (MALDI-TOF) m/z: 3664.24 
([M+Na]+), calcd. for C136H232O88S8N8Na: 3664.17. Elemental analysis calcd. for 
C136H232N8O88S8·12H2O (%): C 42.32, H 6.68, N 2.90; found C 42.12, H 6.62, N 2.84. 
Heptakis{6-deoxy-6-S-[6-(α-D-mannopyranose-1ꞌ-yl)-4-aza-3-oxohex-1-yl]-6-thio}-β-
cyclodextrin (3). The title compound was obtained using heptakis[6-(oxycarbonylethylthio)-6-
deoxy]-β-cyclodextrin (1) (85 mg, 0.045 mmol) and 2ꞌ-aminoethyl-α-D-mannopyranose (118 
mg, 0.529 mmol). The same ratio of equivalents of reagents as for 4 were used: HATU (454 mg, 
1.195 mmol), DMF (13 mL), DIPEA (143 µL, 0.541 mmol). Off-white solid, (142 mg, 81%). 
Mp >158 oC (decomp.); 1H NMR (D2O, 298 K, 500 MHz) δH 5.13 (brs, 1H, CD-H1), 4.88 (s, 
1H, Man-H1), 3.96 (s, 2H, Man-H2, CD-H3), 3.89 (brs, 1H, Man-H4), 3.87 (brs, 1H, Man-H6), 
3.80 (brs, 3H, Man-H3, Man-H7, Man-H6ꞌ), 3.49-3.42 (m, 4H, Man-H5), 3.25-3.20 (m, 1H, CD-
H6), 2.95 (brs, 3H, CD-H8, CD-H6ꞌ), 2.60 (s, 2H, CD-H7) ppm. 13C NMR (D2O, 125 MHz) δC 
173.6 (C=O), 101.4 (CD-C1), 99.4 (Man-C1), 83.9 (CD-C4), 72.5 (Man-C4, CD-C2), 71.5 (CD-
C3, CD-C5), 70.2 (Man-C3), 69.7 (Man-C2), 66.3 (Man-C5), 65.5 (Man-C7), 60.5 (Man-C6), 
38.6 (Man-C8), 35.6 (CD-C7), 32.8 (CD-C6), 28.4 (CD-C8) ppm. MS (MALDI-TOF) m/z: 
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3209.15 ([M+Na]+), calcd for C119H203O77S7N7Na: 3209.02. Elemental analysis calcd. for 
C119H203N7O77S7·9H2O (%): C 42.66, H 6.65, N 2.93; found C 42.19, H 6.56, N 3.30. 
Heptakis{6-deoxy-6-S-[6-(2-acetamide-2-deoxy-α-D-glucopyranose-1ꞌ-yl)-4-aza-3-oxohex-1-
yl]-6-thio}- β-cyclodextrin (5). The title compound was obtained using 1 (100 mg, 0.052 mmol) 
and 2ꞌ-aminoethyl-2-acetamide-2-deoxy-α-D-glucopyranose (165 mg, 0.624 mmol). The same 
ratio of equivalents of reagents as described above for 4 were used: HATU (535 mg, 1.407 
mmol), DMF (23 mL), DIPEA (168 µL, 0.991 mmol). Colorless solid (182 mg, 83%). Mp >180 
oC (decomp.); 1H NMR (DMSO-d6, 298 K, 500 MHz) δH 7.83 (s, 1H, -NH-, amide), 7.62 (d, J 
7.8 Hz, 1H, -NH-Ac), 4.99 (s, OH), 4.86 (brs, 1H, CD-H1), 4.77 (s, OH), 4.60 (s, 1H, GlcNAc-
H1), 4.53 (s, OH), 3.77 (brs, 2H, GlcNAc-H2, GlcNAc-H3), 3.68 (brs, 2H, GlcNAc-H4, 
GlcNAc-H6), 3.62 (brs, 1H, GlcNAc-H7), 3.56 (brs, 3H, GlcNAc-H6ꞌ, CD-H3, CD-H2), 3.47 
(brs, 1H, GlcNAc-H7ꞌ), 3.39 (brs, 1H, GlcNAc-H8), 3.34 (overlapping with Η2Ο, 1H, GlcNAc-
H5), 3.47 (brs, 1H, GlcNAc-H8ꞌ), 3.02-2.95 (m, 1H, CD-H6), 2.83-2.76 (m, 3H, CD-H6ꞌ, CD-
H8), 2.36 (brs, 2H, CD-H7), 1.86 (s, 3H, GlcNAc, CH3) ppm. 13C NMR (D2O, 125 MHz) δC 
173.8 (O=C-Ac, O=C-NH-), 101.4 (CD-C1), 96.8 (GlcNAc-C1), 83.9 (CD-C4), 72.2 (CD-C2), 
71.7 (GlcNAc-C3), 70.9 (GlcNAc-C4), 70.3 (CD-C5, CD-C3), 66.1 (GlcNAc-C7), 60.2 
(GlcNAc-C6), 53.2 (GlcNAc-C2), 38.7 (GlcNAc-C8), 35.6 (CD-C7), 32.8 (CD-C6), 28.5 (CD-
C8), 21.7 (GlcNAc-CH3) ppm. MS (MALDI-TOF) m/z: 3496.50 ([M+Na]+), calcd for 
C133H224O77S7N14Na: 3496.21. Elemental analysis calcd. for C133H224N14O77S7·0.5C8H19N (%): C 
46.47, H 6.64, N 5.73; found C 46.08, H 7.17, N 5.98. 
Octakis{6-deoxy-6-S-[6-(2-acetamide-2-deoxy-α-D-glucopyranose-1ꞌ-yl)-4-aza-3-oxohex-1-
yl]-6-thio}- γ-cyclodextrin (6). The title compound was obtained from octakis[6-(oxycarbonyl-
ethylthio)-6-deoxy]-γ-cyclodextrin (2) (100 mg, 0.046 mmol) and 2ꞌ-aminoethyl-2-acetamide-2-
deoxy-α-D-glucopyranose (165 mg, 0.624 mmol). The same ratio of equivalents of reagents as 
for 4 were used: HATU (535 mg, 1.407 mmol), DMF (22 mL), DIPEA (168 µL, 0.991 mmol). 
Off-white solid (182 mg 83%). Mp >175 oC (decomp.); 1H NMR (DMSO-d6, 298 K, 500 MHz) 
δH 7.84 (s, 1H, -NH-, amide), 7.63 (d, J 6.5 Hz, 1H, -NH-Ac), 4.99 (s, OH), 4.90 (brs, 1H, CD-
H1), 4.78 (s, OH), 4.66 (s, 1H, GlcNAc-H1), 4.54 (s, OH), 3.68 (s, 1H, GlcNAc-H2), 3.64-3.63 
(brs, 2H, GlcNAc-H6, GlcNAc-H7), 3.49-3.45 (brs, 2H, GlcNAc-H6ꞌ, GlcNAc-H7ꞌ), 3.39 (1H, 
GlcNAc-H8), 3.33 (overlapping with Η2Ο, 1H, GlcNAc-H3), 3.15 (brs, GlcNAc-H7ꞌ, GlcNAc-
H8ꞌ), 2.98 (m, 1H, CD-H6), 2.77 (brs, 3H, CD-H6ꞌ, CD-H8), 2.36 (brs, 2H, CD-H7), 1.86 (s, 3H, 
GlcNAc, CH3) ppm. 13C NMR (D2O, 125 MHz) δC 173.8 (O=C-Ac), 173.6 (O=C-NH-), 101.4 
(CD-C1), 96.8 (GlcNAc-C1), 83.4 (CD-C4), 72.3 (GlcNAc-C4), 71.7 (CD-C3, CD-C2), 70.8 
(GlcNAc-C3), 69.4 (GlcNAc-C7), 66.2 (CD-C5), 60.2 (GlcNAc-C6), 53.1 (GlcNAc-C2), 38.7 
(GlcNAc-C8), 35.6 (CD-C7), 32.7 (CD-C6), 28.4 (CD-C8), 21.7 (GlcNAc-CH3) ppm. MS 
(MALDI-TOF) m/z: 3992.94 ([M+Na]+), calcd for C152H256O88S8N16Na: 3992.38. Elemental 
analysis calcd. for C152H256N7O88S8·2H2O (%): C 45.54, H 6.53, N 5.59; found C 45.72, H 6.57, 
N 5.76. 
Mono{6-deoxy-6-S-[6-(α-D-mannopyranose-1ꞌ-yl)-4-aza-3-oxohex-1-yl]-6-thio}-β-cyclodex-
trin (8).  The title compound was obtained using mono[6-(oxycarbonylethylthio)-6-deoxy]-β-
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cyclodextrin (7) (52 mg, 0.0417 mmol) and 2ꞌ-aminoethyl-α-D-mannopyranose (16 mg, 0.071 
mmol). The same ratio of equivalents of reagents as described for 9 below were used: HATU (61 
mg, 0.159 mmol), DMF (9 mL), DIPEA (19 µL, 0.113 mmol). Off-white solid (60 mg, 52%). 
Mp >225 oC (decomp.); 1H NMR (DMSO-d6, 298 K, 500 MHz) δH 5.75 (m, OH), 4.82 (brs, 1H, 
CD-H1), 4.59 (s, 1H, Man-H1), 4.45 (s, OH), 3.37 (ap.d, 1H, Man-H2), 3.66 (m, 4H, CD-H3, 
CD-H6-OH, Man-H7), 3.53 (m, 1H, Man-H7ꞌ), 3.36 (overlapping with Η2Ο, 6H, Man-H6, CD-
H4, CD-H2, Man-H8), 3.13 (m, 2H, CD-H6, H6ꞌ-SCH2), 3.02 (m, 2H, CD-H8), 2.34 (m, 2H, 
CD-H7) ppm. 13C NMR (DMSO-d6, 125 MHz) δC 170.7 (O=C-Ac), 169.5 (O=C-NH-), 101.7 
(CD-C1), 99.5 (Man-C1), 81.0 (CD-C4), 72.4 (CD-C3), 71.8 (CD-C2), 69.8 (Man-C2), 65.2 
(Man-C7), 60.8 (Man-C6), 60.2 (CD-C6-OH), 38.3 (CD-C6-SCH2), 35.2 (CD-C7), 32.9 (CD-
C8) ppm. MS (ESI) m/z: 1450.9 ([M+Na]+), calcd for C53H89NO41SNa: 1450.46. Elemental 
analysis calcd. for C53H89NO41S.0.2C5H4N4O·6H2O (%): C 41.48, H 6.56, N 1.61; found C 
41.21, H 6.55, N 2.02. 
Mono{6-deoxy-6-S-[6-(2-acetamide-2-deoxy-α-D-glucopyranose-1ꞌ-yl)-4-aza-3-oxohex-1-yl]-
6-thio}-β-cyclodextrin (9). HATU (121 mg, 0.320 mmol) was added to a stirred solution of 
mono[6-(oxycarbonylethylthio)-6-deoxy]-β-cyclodextrin (7) (104 mg, 0.084 mmol) in DMF (22 
mL) at 0 oC. After 1 h DIPEA (38 µL, 0.225 mmol) and 2ꞌ-aminoethyl-2-acetamido-2-deoxy-α-
D-glucopyranose (37.5 mg, 0.142 mmol) in DMF (0.3 mL) were added and the mixture was left 
to stir for 24 h. The solvent was then evaporated to dryness, the resulting mixture was dissolved 
in doubly distilled water (2 mL), the pH was adjusted to 7 with 1 N HCl and the solution was 
dialysed for 72 h to remove the low-molecular-weight impurities. Lyophilization afforded an off-
white solid (123 mg, 76%). Mp >218 oC (decomp.); 1H NMR (DMSO-d6, 298 K, 500 MHz) δH 
5.78-5.70 (m, OH), 4.82 (brs, 1H, CD-H1), 4.59 (s, 1H, GlcNAc-H1), 4.54 (s, OH), 4.45 (s, OH), 
3.65-3.60 (m, 4H, GlcNAc-H2, GlcNAc-H8, CD-H6, H6ꞌ-OH), 3.56 (brs, 1H, GlcNAc-H7), 3.46 
(m, 2H, GlcNAc-H6), 3.33 (overlapping with Η2Ο, 4H, GlcNAc-H7, CD-H4, CD-H2, CD-H3), 
3.15-3.11 (m, 1H, GlcNAc-H8ꞌ), 3.01 (m, 2H, CD-H6, H6ꞌ-SCH2), 2.75 (m, 2H, CD-H8), 2.35 
(m, 2H, CD-H7), 1.85 (s, 3H, GlcNAc, CH3) ppm. 13C NMR (DMSO-d6, 125 MHz) δC 170.7 
(O=C-Ac), 169.5 (O=C-NH-), 101.9 (CD-C1), 97.4 (GlcNAc-C1), 81.5 (CD-C4), 73.0 (CD-C2), 
66.4 (GlcNAc-C7), 60.8 (GlcNAc-C6), 58.9 (CD-C6-OH), 35.9 (GlcNAc-C8), 35.6 (CD-C7), 
33.3 (CD-C6-SCH2), 28.5 (CD-C8), 22.7 (GlcNAc-CH3) ppm. MS (MALDI-TOF) m/z: 1491.7 
([M+Na]+), calcd for C55H92N2O41SNa: 1491.49. Elemental analysis calcd. for 
C55H92N2O41S·8H2O (%): C 40.94, H 6.74, N 1.73; found C 41.27, H 6.16, N 2.22. 
 
Hydrolysis of ampicillin in the presence of the enzyme β-lactamase. β-Lactamase (EC 
3.5.2.6) from Enterobacter cloacae ≥ 97% pure powder was obtained from Sigma-Aldrich. 
Measurements were carried out in a phosphate buffer solution (Na2HPO4/NaH2PO4) in D2O (250 
µL) at pH 7. To a solution of ampicillin (2.69 mM, 0.5 mg ampicillin/0.5 mL buffer) a solution 
of β-lactamase (Sigma) in D2O (100 µL, 0.5 mg β-lactamase/1 mL) was added. The mixture was 
placed in a 5 mm NMR tube and kept at 25 oC in a thermostated bath near the NMR instrument. 
1H NMR spectra were recorded at various time intervals, and the growth of the methyl peaks at 
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1.15 ppm, owing to emergence of hydrolysis products relative to the total phenyl group signal, 
were monitored with time. The solutions 2, 4, 6 and maltoheptaose added were 13.45 mM. The 
points of each curve were normalised. The rate constants (k) were obtained from linear fitting to 
the equation ln([A0]/[A]) =  kt, where [A0] is the initial ampicillin concentration and [A] is the 
concentration at time t. 
 
Binding studies with White Light Reflectance Spectroscopy (WLRS). Protein solutions were 
prepared: WGA (0.8 µΜ; GNL, 0.2 µΜ) in PBS, pH 7.4. The solutions were left to stand for 12 
h at 4 oC before deposition on the interferometric WLRS setup, previously described in 
detail.27,28 Briefly, four-inch silicon wafers with a thermally grown 300 nm thick SiO2 film as the 
interferometric layer were used, upon which a thin novolac resin film (AZ-5214, AZ-EM 
materials) was deposited by spin coating and post-baked at a high temperature (180 oC, 1 h) to 
improve coating efficiency (50 to 100 Å). The coated wafer was placed in the incubation–fluidic 
cell and the protein solutions were channeled in at 60 µL/min and ∆λmax was monitored until a 
plateau was reached. The protein solutions were allowed to stand without flow in the setup for 12 
h at room temperature (21-25 ºC). The effective thickness of the formed layer was inferred by 
fitting the experimental spectrum with the reflectance equation in the region around the 
extremum (590-680 nm). The films were subsequently washed with PBS with a flow of 60 
µL/min followed by the introduction of each of the compounds dissolved in PBS with the same 
flow rate at the following concentrations: 5 (10 µΜ), 9 (100 µΜ), D-GlcNAc (1 mM) and 3 (100 
µΜ). with WGA; 3 (100 µΜ) and 8 (100 µΜ) with GNL. 
 
Supporting information.  Reaction schemes and conditions for the monosaccharides with 
2ꞌ-aminoethyl linkers; 2D spectra and assignments of key compounds showing the connectivity 
of the monosaccharide appendages to the cyclodextrin core; 2D ROESY NMR of the cavity 
bound complexes; hydrolysis kinetics; analysis of WLRS results. 
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