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Introduction

Adhesion of pathogenic organisms to host tissues is a crucial
step for the initiation of infectious diseases.[1] It is usually
mediated by proteins present on the surface of the patho-
genic organism, which bind to the complementary carbohy-
drates on the surface of the host tissues. These interactions
are specific and strong, mainly due to multivalent carbohy-
drate-protein interactions.[2] Therefore, antiadhesion therapy,
in which multivalent carbohydrate clusters with strong bind-
ing ability to bacteria are used to prevent the bacterial adhe-
sion to host cells, has been investigated as a potential

method to protect humans from pathogenic infection with
lower resistance than that of antibacterial chemotherapy.[3,4]

Although a number of multivalent carbohydrate clusters
with various scaffolds have been studied to understand and
manipulate such multivalent carbohydrate–protein interac-
tions,[5] it is challenging to design adequate multivalent car-
bohydrate clusters that can interact with complementary
proteins in dynamic biological environments, such as cell
membranes. As a new direction in the architectural design
of carbohydrate clusters, researchers have become interested
in developing supramolecular architectures, such as vesi-
cles,[6] nanofibers,[7] and (pseudo)polyrotaxanes[8] as self-as-
sembled dynamic scaffolds, which allow carbohydrate li-
gands to maximize their interactions with proteins. Especial-
ly, pseudopolyrotaxanes, “beads on a string” structures, are
known to offer a flexible and dynamic platform for the mul-
tivalent display of carbohydrates, that enables the beads
freely rotate around, and/or move along the polymer back-
bone.[8] This adaptability gives carbohydrate ligands an op-
portunity to find appropriate positions and orientations to
optimize interactions with their protein targets. To date,
however, their binding or inhibition abilities were mainly
evaluated by using proteins in solution, which may not be
directly translated to their activity towards inhibition of
living organisms. Therefore, studies on the binding/inhibition
abilities of such multivalent carbohydrate clusters on a flexi-
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ble and dynamic platform using living organisms such as
bacteria are required to examine their potentials in antiad-
hesion therapy.

Cucurbit[6]uril (CB[6]), a member of the family of macro-
cyclic cavitands, cucurbit[n]uril (CB[n], n=5–10), compris-
ing six glycoluril units, has a hydrophobic cavity accessible
through two identical carbonyl-fringed portals. It forms
stable host–guest complexes with a wide range of neutral or
positively charged guest molecules.[9] This property has ena-
bled the synthesis of various (pseudo)polyrotaxanes in
which a number of CB[6] “beads” are threaded on various
polymer “strings”.[10] Among them, water-soluble pseudopo-
lyrotaxanes containing CB[6] threaded on polyviologen
(PV), which can be synthesized with a precisely controlled
degree of threading, were stable against dethreading without
bulky stoppers.[10e, 11]

Recently, we reported CB[6]-based carbohydrate clusters
(“carbohydrate wheels”), which have multiple carbohydrate
moieties attached to the periphery of a CB[6] core.[12] Using
CB[6]-based mannose, galactose, and glucose wheels
(ManCB[6], GalCB[6], and GlcCB[6], respectively), we
demonstrated not only their specific and strong multivalent
interactions with lectins, but also their formation of host–
guest complexes with a fluorescent model drug, which can
be delivered to a specific cell by receptor-mediated endocy-
tosis. As a part of our efforts to develop new supramolecular
materials for biomedical applications, we now report glyco-
pseudopolyrotaxanes composed of CB[6]-based carbohy-
drate wheels threaded on PV, which not only effectively
induce bacterial aggregation, but also exhibit high inhibitory
activity against bacterial binding to host cells.

Results and Discussion

Three mannose-pseudopolyrotaxanes 1 (10ManCB[6]@PV),
2 (5ManCB[6]@PV), and 3 (3ManCB[6]@PV), which have
10, 5, and 3 ManCB[6] wheels, respectively, on a PV string,
were prepared by simple treatment of the corresponding
amounts of ManCB[6] with PV having approximately 11 vi-
ologen units (Scheme 1). The formation of the pseudopolyr-
otaxanes was confirmed by 1H NMR spectroscopy (Fig-

ure 1).[10e] The signal of the internal bipyridyl proton A was
significantly shifted downfield (from 9.15 ppm to 9.35 ppm),
whereas that of the internal bipyridyl proton B was only

slightly shifted (from 8.55 ppm to 8.60 ppm) upon formation
of the pseudopolyrotaxanes. At the same time, the proton
signals of internal methylenes 3–5 were shifted upfield from
1.2–1.5 ppm to 0.5–1.0 ppm, which indicated that the CB[6]-
based mannose wheels are located on the internal decame-
thylene units, not on the internal bipyridyl units, upon for-
mation of the pseudopolyrotaxanes. From the integral ratio
of the protons corresponding to the “uncomplexed” units
(A and 3–5) and those of the “complexed” units (A’ and 3’–
5’), the average number of threaded ManCB[6] wheels on
the PV string was determined to be 9.8, 4.7, and 2.8 for 1, 2,
and 3, respectively. The resulting glyco-pseudopolyrotaxanes
were quite stable in aqueous solution; no appreciable deth-
reading in the spectra was observed after at least three
months in solution. For control experiments, two other
glyco-pseudopolyrotaxanes, 4 (3GalCB[6]@PV) containing
three galactose wheels and 5 (3GlcCB[6]@PV) containing

Scheme 1. Glyco-pseudopolyrotaxanes 1, 2, and 3.

Figure 1. 1H NMR spectra of a) 1, b) 2, c) 3, and d) PV.
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three glucose wheels were also prepared by following the
same procedure except using GalCB[6] and GlcCB[6], re-
spectively, instead of ManCB[6].

To test whether glyco-pseudopolyrotaxanes can specifical-
ly and effectively aggregate bacteria, pseudopolyrotaxanes
1–5 were individually added to an opaque solution (2 �
108 CFU mL�1, OD600 =1.0; CFU =colony-forming units;
OD=optical density) of antibiotic-resistant E. coli
ORN178,[13] which has a mannose-specific binding protein,
FimH,[14] on its pili. The bacteria treated with 1, 2, or 3 at
60 mm started to aggregate within a few minutes and soon
settled down to the bottom of the tube by gravity, which
was observed with the naked eye, whereas the bacteria
treated with 4 or 5 did not seem to aggregate. It suggests
that among the glyco-pseudopolyrotaxanes, only mannose-
bearing pseudopolyrotaxanes (1–3) specifically interact with
ORN178.

To obtain quantitative data on the bacterial aggregation,
various concentrations of mannose-pseudopolyrotaxanes (1–
3) and ManCB[6] were individually added to the bacterial
solutions (2 � 108 CFU mL�1, OD600 = 1.0). After 30 min, the
OD600 value of each supernatant solution was measured.
The percent bacterial aggregation for each compound was
calculated by the difference in the OD600 values of the su-
pernatant of the bacterial solution before and after treat-
ment with the compounds.[15] As shown in Figure 2 (solid

lines), a sigmoidal increase in aggregation of ORN178 was
observed with increasing concentration of the added man-
nose-bearing compounds (1–3, and ManCB[6]). On the
other hand, when the experiment was repeated with
ORN208,[13] which is deficient of the mannose binding pro-
tein FimH, negligible aggregation occurred even at high
concentrations of the mannose-bearing compounds (dashed
lines, Figure 2), suggesting their ability to specifically bind
to ORN178.

The comparative efficiency of mannose-bearing com-
pounds 1–3 toward the aggregation of ORN178 (Figure 2,
solid lines) revealed that while ManCB[6] caused bacterial
aggregation only to a limited extent (20–30 %) even at high

concentrations, all three mannose-pseudopolyrotaxanes ef-
fectively induced bacterial aggregation at �5�10�8

m or
above (based on ManCB[6]), presumably due to their linear
polymeric structure and relatively large size compared to
ManCB[6]. The bacterial aggregation efficiency of the man-
nose-pseudopolyrotaxanes was compared using a half-maxi-
mal concentration for aggregation (AC50).[16] The AC50

values for 1, 2, and 3 were 19, 13, and 10 nm (based on
ManCB[6]), respectively, suggesting that three ManCB[6]
wheels threaded on a PV string is the most efficient combi-
nation for aggregating ORN178 bacteria among the three
cases by providing a proper density of ManCB[6] on a PV.

As a control, the same experiment was performed with
the “string” (PV) or glyco-pseudopolyrotaxanes bearing gal-
actose (4) or glucose wheels (5), instead of the mannose-
pseudopolyrotaxanes. No aggregation was evident with the
naked eye, and less than 10 % of bacterial aggregation was
observed by OD600 with 4, 5 or PV for both bacteria strains
ORN178 and ORN208 (Figure S1, Supporting Information).

The ability of the glyco-pseudopolyrotaxanes to inhibit
the bacterial interaction with erythrocytes was investigated
by hemagglutination inhibition (HAI) assay. ORN178 is
known to agglutinate guinea pig erythrocytes through the in-
teractions between the mannose receptors (FimH) on
ORN178 and mannose ligands on guinea pig erythrocytes.
The minimal hemagglutinating concentration (MHC) of
ORN178 was 0.5 � 108 CFU mL�1. Using this MHC condi-
tion, the inhibitory activities of the glyco-pseudopolyrotax-
anes for ORN178-induced hemagglutination were investigat-
ed. As shown in Table 1, 1 exhibits the lowest minimal in-

hibitory concentration (MIC), 0.13 mm, among the three
glyco-pseudopolyrotaxanes. However, 3 has the highest rela-
tive inhibitory potency per mannose residue, 300 (relative to
methyl-a-mannoside (Me-aMan)= 1). Parallel with the bac-
terial aggregation experiment described above, this result in-
dicates that three mannose wheels on the PV string is the
optimum number for the inhibition of bacterial interactions
among the three cases.

Encouraged by these results, we then investigated the
ability of 3 to prevent bacterial binding to UROtsa cells,[17]

urinary epithelial cells. First, ORN178 and ORN208 were di-
rectly labeled with fluorescein isothiocyanate (FITC) and
then added to UROtsa cells with various bacteria:cell ratios
(from 250:1 to 1000:1) as a model of urinary tract infection.

Figure 2. Bacterial aggregation assay. Each value represents the mean �
SD (n= 3).

Table 1. Inhibitory potencies of mannose-bearing compounds for
ORN178-induced hemagglutination.

Av number of
mannose units

MIC [mm][a] Relative potency
per mannose

Me-aMan 1 2600 1
ManCB[6] 11 2.6 91
1 110 0.13 180
2 55 0.26 180
3 33 0.26 300

[a] Minimum concentration of the compound required to inhibit hemag-
glutination (see Experimental Section for details).
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The fluorescence intensities of the bacteria-cell complexes
were assayed by flow cytometry and the mean channel fluo-
rescence was used as an indicator of the amount of FITC-la-
beled bacteria bound to the UROtsa cells. As shown in Fig-
ure 3 a and 3b, the mean channel fluorescence of the
UROtsa cells was directly proportional to the number of
treated FITC-labeled ORN178, whereas the UROtsa cells
treated with FITC-labeled ORN208 showed insignificant
fluorescence. This result strongly suggested that the man-
nose binding protein FimH is involved in the attachment of
ORN178 bacteria to UROtsa cells. We then studied the in-
hibition of bacterial attachment to UROtsa cell by incubat-
ing ORN178 bacteria with UROtsa cells in the presence of
3 or ManCB[6]. As illustrated in Figure 3 c, 3 showed much
higher inhibition activity for bacterial binding to the
UROtsa cell than ManCB[6] wheel itself, demonstrating its
potential as an anti-adhesion therapeutic agent.[18]

Conclusion

We have synthesized pseudopolyrotaxane-type carbohydrate
clusters by threading CB[6]-based carbohydrate wheels on a
PV polymer through host–guest interactions, and demon-
strated their specific and multivalent interactions with E.
coli ORN178. The number of carbohydrate wheels threaded
on the “string” can be easily controlled by taking advantage
of strong host–guest interaction between the wheels and
string. Our study demonstrated that the mannose-pseudopo-
lyrotaxanes 1, 2, and 3 are much more effective than the
mannose wheel (ManCB[6]) in both bacterial aggregation
and hemagglutination inhibition, and three ManCB[6]
wheels threaded on a PV string is the most efficient combi-
nation for these purposes presumably by providing a proper
density of the mannose wheel on the string to interact with
bacteria. Furthermore, we demonstrated their inhibitory ac-
tivities for the adhesion of antibiotic-resistant ORN178 bac-
teria to the urinary epithelial cells as a model of urinary
tract infection, which suggests that such a supramolecular
strategy for multivalent carbohydrate clusters may offer a
viable approach to anti-adhesion therapy.

Experimental Section

General methods : All the reagents and solvents were used as supplied
without further purification. Cucurbit[6]uril-based carbohydrate wheels
(ManCB[6], GalCB[6], and GlcCB[6])[12] and polyviologen (PV)[10e] were
synthesized according to the literature. Methyl-a-d-mannopyranoside
(Me-aMan) and fluorescein isothiocyanate (FITC) were purchased from
TCI and Sigma, respectively. NMR data were recorded on a DRX500
spectrometer (Bruker). UV/Vis absorption measurements were per-
formed on a Hewlett–Packard 8453 diode array spectrophotometer. Flow
cytometry was performed with a FACSCalibur (Becton Dickinson). UV
absorption for MTT assay was measured on a Wallac Victor3 1420 multil-
able counter (Perkin–Elmer). Tetracycline-resistant Escherichia coli
ORN 178 and ORN 208 strains were kindly donated by Prof. P. E. Orn-
dorff (North Carolina State Univ.). The UROtsa cell line derived from
the normal urothelium was kindly donated by Prof. S. H. Garrett (Univ.
of North Dakota).

Preparation of glyco-pseudopolyrotaxanes : Glyco-pseudopolyrotaxane 1
was prepared by stirring a mixture of PV (0.50 mg, 0.10 mm) and
ManCB[6] (4.0 mg, 1.0 mm) in water at 50 8C for 2 h. Glyco-pseudopolyro-
taxanes 2 and 3 were prepared by the same procedure, except that 5.0
and 3.0 equivalents, respectively, of ManCB[6] were added to the solu-
tion. In addition, glyco-pseudopolyrotaxane 4 (3GalCB[6]@PV) and 5
(3GlcCB[6]@PV) were prepared by stirring a mixture of PV (0.50 mg,
0.10 mm) and GalCB[6] and GlcCB[6] (1.2 mg, 0.30 mm), respectively, in
water at 50 8C for 1 h. The formation of the complexes was confirmed by
1H NMR spectroscopy.[10e] The average number of threaded CB[6]-based
carbohydrate wheels was calculated by integral ratio of the protons cor-
responding to the “uncomplexed” units (A and 3–5) and those of the
“complexed” units (A’ and 3’–5’).

Data for 1: 1H NMR (D2O, 500 MHz, 298 K): d=9.35 (m, 39H; A’), 9.04
(m, 4 H), 8.70–8.40 (m, 44H), 6.02–5.40 (m, 148 H), 5.32 (s, 109 H), 4.58–
4.16 (m, 118 H), 4.08 (s, 109 H), 3.96 (s, 108 H), 3.91–3.23 (m, 682 H),
3.23–2.45 (m, 220 H), 2.45–1.97 (m, 222 H), 1.97–1.62 (m, 40H), 1.62–1.24
(m, 14 H), 1.24–0.56 (m, 79 H; 3’ and 4’), 0.48 ppm (s, 39H; 5’).

Data for 2 : 1H NMR (D2O, 500 MHz, 298 K): d=9.35 (m, 19H; A’), 9.15
(m, 20 H) 9.04 (m, 4 H), 8.70–8.40 (m, 44H), 6.02–5.40 (m, 75H), 5.32 (s,
55H), 4.58–4.16 (m, 60 H), 4.08 (s, 55H), 3.96 (s, 55H), 3.91–3.23 (m,
342 H), 3.23–2.45 (m, 108 H), 2.45–1.97 (m, 132 H), 1.97–1.62 (m, 20H),
1.62–1.24 (m, 74H), 1.24–0.56 (m, 38H; 3’ and 4’), 0.48 ppm (s, 19 H; 5’).

Data for 3 : 1H NMR (D2O, 500 MHz, 298 K): d=9.35 (m, 12H; A’), 9.15
(m, 28 H) 9.04 (m, 4 H), 8.70–8.40 (m, 44H), 6.02–5.40 (m, 45H), 5.32 (s,
33H), 4.58–4.16 (m, 36 H), 4.08 (s, 33H), 3.96 (s, 33H), 3.91–3.23 (m,
206 H), 3.23–2.45 (m, 66H), 2.45–1.97 (m, 96 H), 1.97–1.62 (m, 12H),
1.62–1.24 (m, 98H), 1.24–0.56 (m, 22H; 3’ and 4’), 0.48 ppm (s, 11 H; 5’).

Data for 4 : 1H NMR (D2O, 500 MHz, 298 K): d=9.35 (m, 11H; A’), 9.13
(m, 28 H) 9.00 (m, 4H), 8.70–8.40 (m, 44H), 5.95–5.40 (m, 45 H), 4.60–
4.20 (m, 69H), 3.99 (s, 33H), 3.90–3.63 (m, 171 H), 3.59 (m, 33H), 3.20–
2.55 (m, 66 H), 2.45–2.00 (m, 96 H), 2.00–1.50 (m, 12 H), 1.50–1.10 (m,
98H), 1.10–0.66 (m, 22 H; 3’ and 4’), 0.48 ppm (s, 11H; 5’).

Figure 3. Flow cytometric analysis of binding of a) FITC-labeled ORN178 and b) FITC-labeled ORN208 to human urinary epithelial cells (UROtsa
cells). c) Inhibition of FITC-labeled ORN178 attachment to UROtsa cells by 3 (0.10 mm, [ManCB[6]]=0.30 mm), ManCB[6] (0.30 mm) and PBS as a con-
trol at a cell:bacteria ratio of 1:500. Values for mean channel fluorescence are given in each flow cytogram.
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Data for 5 : 1H NMR (D2O, 500 MHz, 298 K): d=9.35 (m, 11H; A’), 9.13
(m, 28 H) 9.00 (m, 4H), 8.70–8.40 (m, 44H), 5.95–5.40 (m, 45 H), 4.60–
4.16 (m, 69H), 3.90–3.60 (m, 138 H), 3.60–3.20 (m, 132 H), 3.20–2.55 (m,
66H), 2.45–2.00 (m, 96H), 2.00–1.50 (m, 12 H), 1.50–1.05 (m, 98H), 1.10–
0.66 (m, 23H; 3’ and 4’), 0.48 ppm (s, 12 H; 5’).

Bacterial aggregation test : E. coli strains (ORN178 and ORN208) were
grown at 37 8C in Luria-Bertani (LB) medium (5 mL) containing tetracy-
cline (10 mg mL�1). After 1 day inoculation, strains were recovered by
centrifugation at 4000 rpm for 30 min and resuspended in phosphate-buf-
fered saline (PBS, pH 7.3) by gentle pipetting. The bacterial concentra-
tions (2 � 108 CFU mL�1) were adjusted to an optical density (OD) at
600 nm of 1.0. Serially diluted compounds (1–5 and ManCB[6]; 20 mL)
were individually added to the bacterial solutions (1 mL). After 30 min
incubation at RT, OD600 values of the supernatant solutions were mea-
sured. The percent bacterial aggregation (%) was calculated by the dif-
ference in OD600 values of the supernatant of the bacterial solution
before and after the treatment with the compounds. A half-maximal con-
centration for aggregation (AC50) was used to compare the bacterial ag-
gregation efficiency of the glyco-pseudopolyrotaxanes (1–3).

Preparation of a 3 % guinea pig erythrocyte solution : Guinea pig blood
was freshly isolated and stabilized in a 10 % citrate–dextrose solution.
After centrifugation (15 min, 3000 rpm, 4 8C), the erythrocyte sediment
was carefully suspended in phosphate buffered saline (PBS, pH 7.3), and
settled again by centrifugation as above. This washing procedure was re-
peated twice. To make a 3 % erythrocyte solution, the erythrocytes
(3 mL) were suspended in PBS solution (97 mL) and stored at 4 8C.

Hemagglutination inhibition (HAI) assay :[19] The hemagglutinating activi-
ties of ORN178 and ORN208 were examined by using a 3 % guinea pig
erythrocyte suspension. Twofold serially diluted solutions (50 mL) of
ORN178 or ORN208 were treated in wells of a V-shaped microtiter
plate, followed by the addition of erythrocyte suspension (50 mL) and in-
cubation for 1 h at 4 8C. The hemagglutination was visualized as a diffuse,
feathery appearance on the slope of the well, and the minimum concen-
tration required for hemagglutination (MHC) was determined with the
naked eye. The MHC value for ORN178 was 0.5� 108 CFU mL�1

(OD600 = 0.25), whereas ORN208 did not agglutinate erythrocytes at all
concentrations. The inhibitory activities for hemagglutination of
ManCB[6], 1, 2, and 3 and their corresponding sugar (Me-aMan) were
examined using a ORN178 strain. A solution of ORN178 (1.0 �
108 CFU mL�1, OD600 =0.5) was used for the HAI assay. Two-fold serially
diluted solutions (25 mL) of compounds (ManCB[6], 1, 2, and 3) and
their corresponding sugar (Me-aMan) were prepared, and added to
ORN178 solutions (25 mL), and the mixtures were incubated for 1 h at
4 8C. The erythrocyte suspension (50 mL) was added to each compound-
ORN178 mixture and further incubated for 1 h at 4 8C. When the hemag-
glutination is inhibited by carbohydrate-bearing compounds, the erythro-
cytes form a distinct button resulting from the settlement of deagglutinat-
ed erythrocytes to the bottom of the well. The minimum concentrations
of the compounds required to inhibit erythrocyte agglutination (MIC)
were determined with the naked eye.

Preparation of FITC-labeled bacteria :[20] E. coli strains (ORN 178 or
ORN 208) were grown at 37 8C in Luria-Bertani (LB) medium (5 mL)
containing tetracycline (10 mgmL�1). After 1 day inoculation, strains were
recovered by centrifugation at 4000 rpm for 30 min and resuspended in
0.15 m NaCl/0.1 m sodium carbonate solution (pH 9.0; 1 mL) by gentle pi-
petting. A solution of FITC (1 mg mL�1; 5 mL), freshly prepared in the
buffer solution, was added to the bacterial suspension, which was then in-
cubated for 1 hr at 4 8C in the dark. The bacteria were recovered by cen-
trifugation at 4000 rpm for 15 min, resuspended by gentle pipetting in
phosphate-buffered saline (PBS; 20 mL) containing 0.05 % of Tween 20,
and pelleted again by centrifugation as above. This washing procedure
was repeated until the fluorescence of supernatant was not detected, and
then the labeled bacteria were resuspended to a final concentration of
5� 108 CFU mL�1, which was adjusted by OD600 value. The solutions of
the labeled bacteria were utilized immediately or stored at �20 8C until
further use.

In vitro anti-adhesion test :[21] UROtsa cells were cultured in Dulbecco�s
Modified Eagle Media (DMEM, low glucose) supplemented with glucose

(1 mg mL�1), heat-inactivated fetal bovine serum (FBS; 5%) and penicil-
lin/streptomycin (PS; 1 %). Cells were grown at 37 8C in humidified air
containing 5% CO2. UROtsa cells were seeded on a 6-well plate (1 �
106 cells per well) and cultured for 24 h. After washing out the culture
media, the FITC-labeled bacteria were added to the UROtsa cells with
bacteria:cell ratios of 1000:1 to 250:1. After 1 h incubation, unbound bac-
teria were removed by gentle pipetting with PBS and the remaining bac-
teria-cells complexes were collected by trypsin treatment and centrifuga-
tion (1000 rpm, 3 min). After resuspending with PBS, the samples were
assayed by flow cytometry. Mean channel fluorescence was used as an in-
dicator of the amount of FITC-labeled bacteria bound to UROtsa cells.
For the inhibition of bacterial attachment by carbohydrate clusters,
FITC-labeled ORN178 (5 � 108 CFU mL�1) was incubated with 3
(0.10 mm), ManCB[6] (0.30 mm) or PBS alone for 30 min. The mixtures
were added on the UROtsa cells (1 � 106 cells per well) and incubated fur-
ther for 1 h at 37 8C. After removing the unbound bacteria by gentle pi-
petting with PBS, the remaining bacteria-cells complexes were recovered
by trypsinization and centrifugation (1000 rpm, 3 min). After resuspend-
ing with PBS, the samples were assayed by flow cytometry.

In vitro cytotoxicity against UROtsa cells : UROtsa cells were seeded in
a 96-well plate at a density of 1� 104 cells per well in DMEM (200 mL,
low glucose) containing glucose (1 mg mL�1), FBS (5 %) and PS (1 %)
and incubated in a humidified CO2 (5 %) atmosphere at 37 8C for 24 h.
The cell culture medium was replaced with a fresh one (200 mL) contain-
ing 1, 2, 3, PV and ManCB[6] (20 mL). The cells were incubated for 2 d at
37 8C. Subsequently, the cells were incubated with fresh media (200 mL)
containing methylthiazolyldiphenyltetrazolium bromide (MTT, 20 mL,
5 mg mL�1) for an additional 4 h at 37 8C, and then the medium was
gently removed. The purple, water insoluble crystals formed by live cells
remaining at the bottom of the wells were dissolved with DMSO
(200 mL) and the solution was gently shaken for 10 min. UV absorption
of the solution at 590 nm was measured by a multi-well plate reader.

Acknowledgements

We gratefully acknowledge the CRI, BK 21, and WCU (Project No. R31-
2008-000-10059-0) programs of the Korean Ministry of Education, Sci-
ence and Technology for support of this work. We also thank Prof. Yong-
beom Lim (Yonsei University) and Prof. Paul E. Orndorff (North Caroli-
na State University) for providing bacterial strains (ORN178, ORN208)
and Prof. Scott H. Garrett and Prof. Donald A. Sens (Univ. of North
Dakota) for providing UROtsa cells.

[1] I. Ofek, D. L. Hasty, R. J. Doyle, Bacterial Adhesion to Animal Cells
and Tissues, American Society for Microbiology Press, Washington,
2003.

[2] M. Mammen, S.-K. Choi, G. M. Whitesides, Angew. Chem. 1998,
110, 2908; Angew. Chem. Int. Ed. 1998, 37, 2754, and references
therein.

[3] a) I. Ofek, D. L. Hasty, N. Sharon, FEMS Immunol. Med. Microbiol.
2003, 38, 181; b) N. Sharon, Biochim. Biophys. Acta 2006, 1760, 527.

[4] R. J. Pieters, Med. Res. Rev. 2007, 27, 796, and references therein.
[5] Representative reviews of carbohydrate clusters: a) L. L. Kiessling,

N. L. Pohl, Chem. Biol. 1996, 3, 71; b) J. J. Lundquist, E. J. Toone,
Chem. Rev. 2002, 102, 555; c) T. K. Lindhorst, Top. Curr. Chem.
2002, 218, 201; d) L. Baldini, A. Casnati, F. Sansone, R. Ungaro,
Chem. Soc. Rev. 2007, 36, 254.

[6] a) J. E. Kingery-Wood, K. W. Williams, G. B. Sigal, G. M. Whitesides,
J. Am. Chem. Soc. 1992, 114, 7303; b) G. Thoma, A. G. Katopodis,
N. Voelcker, R. O. Duthaler, M. B. Streiff, Angew. Chem. 2002, 114,
3327; Angew. Chem. Int. Ed. 2002, 41, 3195; c) O. Hayashida, K.
Mizuki, K. Akagi, A. Matsuo, T. Kanamori, T. Nakai, S. Sando, Y.
Aoyama, J. Am. Chem. Soc. 2003, 125, 594; d) H.-K. Lee, K. M.
Park, Y. J. Jeon, D. Kim, D. H. Oh, H. S. Kim, C. K. Park, K. Kim, J.
Am. Chem. Soc. 2005, 127, 5006; e) B.-S. Kim, D.-J. Hong, J. Bae, M.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 12168 – 1217312172

K. Kim et al.

http://dx.doi.org/10.1002/(SICI)1521-3757(19981016)110:20%3C2908::AID-ANGE2908%3E3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1521-3757(19981016)110:20%3C2908::AID-ANGE2908%3E3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1521-3773(19981102)37:20%3C2754::AID-ANIE2754%3E3.0.CO;2-3
http://dx.doi.org/10.1016/S0928-8244(03)00228-1
http://dx.doi.org/10.1016/S0928-8244(03)00228-1
http://dx.doi.org/10.1002/med.20089
http://dx.doi.org/10.1016/S1074-5521(96)90280-X
http://dx.doi.org/10.1021/cr000418f
http://dx.doi.org/10.1007/3-540-45010-6_7
http://dx.doi.org/10.1007/3-540-45010-6_7
http://dx.doi.org/10.1039/b603082n
http://dx.doi.org/10.1021/ja00044a057
http://dx.doi.org/10.1002/1521-3757(20020902)114:17%3C3327::AID-ANGE3327%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3757(20020902)114:17%3C3327::AID-ANGE3327%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3773(20020902)41:17%3C3195::AID-ANIE3195%3E3.0.CO;2-X
http://dx.doi.org/10.1021/ja0275663
http://dx.doi.org/10.1021/ja042172s
http://dx.doi.org/10.1021/ja042172s
www.chemeurj.org


Lee, J. Am. Chem. Soc. 2005, 127, 16333; f) J. Voskuhl, B. J. Ravoo,
Chem. Soc. Rev. 2009, 38, 495; g) J. Voskuhl, C. A. Stuart, B. J.
Ravoo, Chem. Eur. J. 2010, 16, 2790.

[7] a) J.-H. Ryu, E. Lee, Y.-b. Lim, M. Lee, J. Am. Chem. Soc. 2007,
129, 4808; b) Y.-b. Lim, S. Park, E. Lee, H. Jeong, J.-H. Ryu, M. S.
Lee, M. Lee, Biomacromolecules 2007, 8, 1404; c) Y.-b. Lim, S. Park,
E. Lee, J.-H. Ryu, Y.-R. Lim, M. Lee, Chem. Asian J. 2007, 2, 1363;
d) M. K. M�ller, L. Brunsveld, Angew. Chem. 2009, 121, 2965;
Angew. Chem. Int. Ed. 2009, 48, 2921.

[8] a) A. Nelson, J. M. Belitsky, S. Vidal, C. S. Joiner, L. G. Baum, J. F.
Stoddart, J. Am. Chem. Soc. 2004, 126, 11914 –11922; b) J. M. Belit-
sky, A. Nelson, J. D. Hernandez, L. G. Baum, J. F. Stoddart, Chem.
Biol. 2007, 14, 1140 – 1151; c) T. Ooya, M. Eguchi, N. Yui, J. Am.
Chem. Soc. 2003, 125, 13016; d) A. Harada, A. Hashidzume, H. Ya-
maguchi, Y. Takashima, Chem. Rev. 2009, 109, 5974.

[9] Reviews on cucurbit[n]uril : a) W. L. Mock, Top. Curr. Chem. 1995,
175, 1; b) J. W. Lee, S. Samal, N. Selvapalam, H.-J. Kim, K. Kim,
Acc. Chem. Res. 2003, 36, 621; c) J. Lagona, P. Mukhopadhyay, S.
Chakrabarti, L. Isaacs, Angew. Chem. 2005, 117, 4922; Angew.
Chem. Int. Ed. 2005, 44, 4844; d) K. Kim, N. Selvapalam, Y. H. Ko,
K. M. Park, D. Kim, J. Kim, Chem. Soc. Rev. 2007, 36, 267.

[10] a) C. Meschke, H. Hoecker, H.-J. Buschman, Macromol. Rapid
Commun. 1998, 19, 59; b) C. Meschke, H. Hoecker, H.-J. Buschman,
Polymer 1999, 40, 945; c) D. Tuncel, J. H. G. Steinke, Chem.
Commun. 1999, 1509; d) D. Tuncel, J. H. G. Steinke, Chem.
Commun. 2001, 253; e) S. W. Choi, J. W. Lee, Y. H. Ko, K. Kim,
Macromolecules 2002, 35, 3526; f) Y. Tan, S. W. Choi, J. W. Lee,
Y. H. Ko, K. Kim, Macromolecules 2002, 35, 7161; g) S. K. Kim,
K. M. Park, K. Singha, J. Kim, Y. Ahn, K. Kim, W. J. Kim, Chem.
Commun. 2010, 46, 692.

[11] Little dethreading was also observed in other pseudopolyrotaxanes
such as the ones made of ionenes and a-cyclodextrins: a) G. Wenz,
C. Gruber, B. Keller, C. Schilli, T. Albuzat, A. Mueller, Macromole-
cules 2006, 39, 8021; b) W. Herrmann, B. Keller, G. Wenz, Macromo-
lecules 1997, 30, 4966. However, our glyco-pseudopolyrotaxanes ex-

hibit much higher stability against dethreading than these pseudopo-
lyrotaxanes.

[12] J. Kim, Y. Ahn, K. M. Park, Y. Kim, Y. H. Ko, D. H. Oh, K. Kim,
Angew. Chem. 2007, 119, 7537; Angew. Chem. Int. Ed. 2007, 46,
7393. Approximately eleven carbohydrates on average are attached
to the CB[6] core, as judged by 1H NMR integration and elemental
analysis.

[13] S. L. Harris, P. A. Spears, E. A. Havell, T. S. Hamrick, J. R. Horton,
P. E. Orndorff, J. Bacteriol. 2001, 183, 4099.

[14] a) K. A. Krogfelt, H. Bergmans, P. Klemm, Infect. Immun. 1990, 58,
1995; b) C.-S. Hung, J. Bouckaert, D. Hung, J. Pinkner, C. Widberg,
A. DeFusco, C. G. Auguste, R. Strouse, S. Langermann, G. Waks-
man, S. J. Hultgren, Mol. Microbiol. 2002, 44, 903; c) S. D. Knight, J.
Bouckaert, Top. Curr. Chem. 2009, 288, 67.

[15] OD600 values of the supernatants are proportional to the number of
non-aggregating bacteria. The initial OD600 value of the bacterial so-
lution was set to be 1.0.

[16] AC50 represents the concentration of a mannose-bearing compound
that is required for 50 % bacterial aggregation.

[17] M. R. Rossi, J. R. W. Masters, S. Park, J. H. Todd, S. H. Garrett,
M. A. Sens, S. Somji, J. Nath, D. A. Sens, Environ. Health Perspect.
2001, 109, 801.

[18] The cytotoxicities of ManCB[6], PV and glyco-pseudopolyrotaxanes
(1, 2, and 3) to UROtsa cells were negligible at a concentration
below 1 mm (Figure S2).

[19] a) K. Landsteiner, The Specificity of Serological Reactions, Dover,
New York, 1962 ; b) T. K. Lindhorst, C. Kieburg, U. Krallmann-
Wenzel, Glycoconjugate J. 1998, 15, 605.

[20] P. Falk, K. A. Roth, T. Bor�n, T. U. Westblom, J. I. Gordon, S. Nor-
mark, Proc. Natl. Acad. Sci. USA 1993, 90, 2035.

[21] S. Langermann, S. Palaszynski, M. Barnhart, G. Auguste, J. S. Pink-
ner, J. Burlein, P. Barren, S. Koenig, S. Leath, C. H. Jones, S. J.
Hultgren, Science 1997, 276, 607.

Received: June 2, 2010
Published online: September 21, 2010

Chem. Eur. J. 2010, 16, 12168 – 12173 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 12173

FULL PAPERGlyco-pseudopolyrotaxanes

http://dx.doi.org/10.1021/ja055999a
http://dx.doi.org/10.1039/b803782p
http://dx.doi.org/10.1002/chem.200902423
http://dx.doi.org/10.1021/ja070173p
http://dx.doi.org/10.1021/ja070173p
http://dx.doi.org/10.1021/bm0700901
http://dx.doi.org/10.1002/asia.200700163
http://dx.doi.org/10.1002/ange.200900143
http://dx.doi.org/10.1002/anie.200900143
http://dx.doi.org/10.1021/ja0491073
http://dx.doi.org/10.1021/ja0491073
http://dx.doi.org/10.1021/ja0491073
http://dx.doi.org/10.1016/j.chembiol.2007.09.007
http://dx.doi.org/10.1016/j.chembiol.2007.09.007
http://dx.doi.org/10.1016/j.chembiol.2007.09.007
http://dx.doi.org/10.1016/j.chembiol.2007.09.007
http://dx.doi.org/10.1021/ja034583z
http://dx.doi.org/10.1021/ja034583z
http://dx.doi.org/10.1021/cr9000622
http://dx.doi.org/10.1021/ar020254k
http://dx.doi.org/10.1002/ange.200460675
http://dx.doi.org/10.1002/anie.200460675
http://dx.doi.org/10.1002/anie.200460675
http://dx.doi.org/10.1039/b603088m
http://dx.doi.org/10.1002/(SICI)1521-3927(19980101)19:1%3C59::AID-MARC59%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1521-3927(19980101)19:1%3C59::AID-MARC59%3E3.0.CO;2-C
http://dx.doi.org/10.1016/S0032-3861(98)00354-1
http://dx.doi.org/10.1039/a902990g
http://dx.doi.org/10.1039/a902990g
http://dx.doi.org/10.1039/b008175m
http://dx.doi.org/10.1039/b008175m
http://dx.doi.org/10.1021/ma011759d
http://dx.doi.org/10.1021/ma020534f
http://dx.doi.org/10.1039/b920753h
http://dx.doi.org/10.1039/b920753h
http://dx.doi.org/10.1021/ma061033n
http://dx.doi.org/10.1021/ma061033n
http://dx.doi.org/10.1021/ma961373g
http://dx.doi.org/10.1021/ma961373g
http://dx.doi.org/10.1002/ange.200702540
http://dx.doi.org/10.1002/anie.200702540
http://dx.doi.org/10.1002/anie.200702540
http://dx.doi.org/10.1128/JB.183.13.4099-4102.2001
http://dx.doi.org/10.1046/j.1365-2958.2002.02915.x
http://dx.doi.org/10.1007/128_2008_13
http://dx.doi.org/10.2307/3454822
http://dx.doi.org/10.2307/3454822
http://dx.doi.org/10.1023/A:1006920027641
http://dx.doi.org/10.1073/pnas.90.5.2035
http://dx.doi.org/10.1126/science.276.5312.607
www.chemeurj.org

