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Cell-surface carbohydrates act as receptors for a variety of pro-
tein ligands and thereby play a significant role in a wide range
of biological processes, including immune-recognition events[1]

and the interaction of viruses and bacteria with host cells[2] as
well as tissue growth and repair.[3] As such, binding interactions
of carbohydrates and proteins provide a starting point for the
development of novel diagnostic agents and a framework for
new therapies.[4] It is notable that the low affinity and specifici-
ty that are typical of monomeric carbohydrate–protein interac-
tions are dramatically enhanced when the carbohydrate com-
ponent is presented as a multivalent ligand; a phenomenon
referred to as the “cluster-glycoside effect”.[5–7] In response to
this observation, considerable effort has focused on the design
of unique, multivalent carbohydrate ligands in the form
of linear polymers,[8–13] liposomes,[14,15] dendrimers,[16–18]

beads,[19,20] or nanoparticles.[21–23] In this regard, we have re-
cently described a useful route for the synthesis of glycopoly-
mers by a cyanoxyl-mediated free-radical polymerization
scheme that can be performed under aqueous condition and
is tolerant of a wide range of monomer functionalities, includ-
ing �OH, �COOH, �NH2, and �OSO3H groups.[24] Conveniently,
this synthetic approach facilitates selective derivatization of

the polymer-chain terminus.[25] Herein, we report site-specific
multivalent carbohydrate labeling of nanocrystal (quantum-
dot) and magnetic-bead surfaces using a biotin chain-end-
functionalized glycopolymer and demonstrate the potential
value of these multivalent carbohydrate polymers in both
imaging and biocapture applications (Figure 1).

Semiconductor nanocrystals are a new class of size-tunable
optical probe.[26,27] Recently, nanocrystal surfaces have been
functionalized with DNA,[28] peptides,[29] proteins,[30] and other
small ligands[31] with intended applications as biological re-
agents and probes. Nanocrystal–streptavidin conjugates, for
example, have been used to stain tissues, cells, and intracellu-
lar organelles.[32,33] Likewise, nanocrystal–avidin–antibody con-
jugates have improved the sensitivity of conventional fluoroim-
munoassays.[34] To the best of our knowledge, carbohydrate-
conjugated nanocrystals have yet to be explored in bioimaging
applications although a few nanocrystal–carbohydrate conju-
gates have been reported (see also note added in proof).[35,36]

In the present study, nanocrystal–multivalent carbohydrate
conjugates were produced by incubating nanocrystal–strepta-
vidin (50 mL, 120 mgmL�1 streptavidin in phosphate buffered
saline (PBS), QdotTM 565 streptavidin conjugate, Quantum Dot
Corp. , Hayward, CA) with biotin end-terminated glycopolymer
1 (50 mL, 1 mgmL�1 in PBS) bearing ten pendant lactose
groups for one hour at room temperature. RCA120 is a lectin
that binds to terminal b-d-galactose.[37] As a model system,
RCA120-immobilized agarose beads (100 mL, 2 mgmL�1, Sigma)
were incubated with nanocrystal–carbohydrate conjugates in
PBS (100 mL) for 1 h at room temperature and subsequently
washed three times with PBS. Confocal microscopy confirmed
fluorescent staining of the lectin-modified bead surfaces (Fig-
ure 2A). Of particular interest was that staining intensity was
dramatically enhanced by the initial exposure of RCA120 beads
to biotin end-terminated glycopolymer 1 followed by incuba-
tion of the mixture with streptavidin–nanocrystal conjugates
(Figure 2B). The weak-intensity staining observed when using
the first approach might have been due to the presence of
free glycopolymer along with the nanocrystal–carbohydrate
conjugates. As a two-step procedure, the sensitivity of staining
was increased through the formation in situ of nanocrystal–
carbohydrate complexes on the bead surface without the
need to purify the conjugate. The absence of staining on treat-
ment with streptavidin nanocrystals alone or with the use of
nonbiotinylated glycopolymer 2 confirms the necessity and
specificity of both carbohydrate–lectin and streptavidin–biotin
interactions (Figure 2C).

Biotin end-terminated glycopolymers were also used to
extend the versatility of magnetic-bead-based biocapture
assays that have been employed for the rapid isolation of a va-
riety of lectin-bearing cells and biomolecules.[38] Indeed, Rye
and Bovin have demonstrated that glycopolymer-derivatized
magnetic beads provide a useful tool for the selection of cells
expressing a specific carbohydrate-binding phenotype.[39]

Bundy and Fenselau have also reported that glycopolymer-
based affinity capture surfaces are more sensitive than lectin-
based systems for microbial capture.[40] While in both reports
glycopolymers were effectively attached to the bead and
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membrane surface at multiple backbone binding sites, we be-
lieve that immobilization of glycopolymers through a single
chain terminus will increase ligand surface density and accessi-
bility with a concomitant enhancement in biocapture potential
and performance of particle-based biosensors.

Biotin end-terminated glycopolymer 1 was bound onto the
surface of streptavidin-derivatized magnetic beads (MagPrepTM

Streptavidin Beads, EMD Biosciences, Inc. , San Diego, CA) by
incubating 40 mg (4I10�9 mol) of 1 with 5 mg of beads in
0.5 mL of PBS, followed by thorough washing in PBS. To evalu-
ate their lectin-binding capacity, the beads were incubated
with a fluorescein (FITC)-labeled galactose-binding lectin (Pso-
hocarpus tetragonolobus, 164 mg, 4I10�8 mol, Sigma) in 0.5 mL
of PBS. Lectin capture was confirmed by confocal microscopy
with visualization of lectin-induced bead assembly due to in-
teractions with and between multivalent carbohydrate-coated
beads (Figure 3). The lectin-binding capacity was 2.4I10�9 mol
of lectin per mg of magnetic beads, as determined by fluores-
cence-intensity analysis.[41]

In order to assess capture specificity, glycopolymer-coated
magnetic beads were incubated with galactose-specific bind-
ing lectin (Psophocarpus tetragonolobus and RCA120) and glu-
cose/mannose-specific (Concavalin A) lectin (20 mm) in 0.5 mL

Figure 1. Schematic illustration of a streptavidin-derivatized nanocrystal or magnetic bead that presents an oriented, high-density array of surface-bound
glycopolymers.

Figure 2. Glyco-imaging with streptavidin nanocrystals and biotin end-terminated glycopolymers. A) Lectin beads stained with preformed nanocrystal–glycopolymer
conjugates. B) Lectin beads initially exposed to biotin end-terminated glycopolymers followed by staining with streptavidin-nanocrystal conjugates. C) Lectin beads
incubated with streptavidin nanocrystals alone. A similar image was observed when beads were incubated with nonbiotinylated glycopolymer 2. Filter set ex
480�20 nm/em 560�20 nm). Bar: 100 mm.

Figure 3. Glyco-biocapture: A) FITC–lectin captured on glycopolymer-coated
streptavidin magnetic beads. Arrows indicate lectin-induced bead assembly.
B) Minimal nonspecific binding of FITC–lectin to uncoated streptavidin magnet-
ic beads was observed. C) Schematic illustration of glyco-capture and lectin-
induced bead assembly. (Bar: 50 mm).
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of PBS. Subsequent incubation with an excess of free biotin in
combination with gel electrophoresis allowed the release and
identification of the captured lectin. As demonstrated in
Figure 4, capture of galactose-binding lectins was confirmed
(Psophocarpus tetragonolobus : Gel A, lane 8; RCA120: Gel B,
lane 3), while capture did not occur in the absence of immobi-
lized glycopolymer 1 (Gel A, lane 5) or with use of nonbiotiny-
lated glycopolymer 2 (Gel A, lane 6). Likewise, beads coated

with a galactose-based glycopolymer were not able to capture
Concavalin A, a glucose-binding lectin (Gel B, lanes 4, 5).
MALDI mass matrix solution[42] or addition of free carbohydrate
ligand[39] provide alternate approaches for inducing the release
of the captured target. Moreover, dissociation of biotin from
streptavidin can also be achieved by incubating conjugates in
formamide, phenol, or SDS, thereby releasing the captured
lectin from the bead surface. Nevertheless, use of free biotin
yields both the target and biotin-glycopolymer under very
mild conditions and thereby facilitates further analysis of the
releasate, including further structural characterization of carbo-
hydrate-binding sites.[43]

In summary, we have presented a strategy for oriented and
high-density labeling of streptavidin–nanocrystal and magnet-
ic-bead surfaces with biotin end-terminated carbohydrate-
bearing polymers. Through variation of the polymer pendant
group, nanocrystals and magnetic beads can be derivatized
with a range of natural or synthetic carbohydrate ligands. In
the process, the applicability of these important reagents as
fluorescent probes and in biocapture applications has been
extended.

Note added in proof

During manuscript submission, one report about a quantum dot-
conjugated sugar ball and its cellular uptake came out: F. Osaki, T.
Kanamori, S. Sando, T. Sera, Y. Aoyama, J. Am. Chem. Soc. 2004,
126, 6520–6521.

Acknowledgements

Financial support of this work by the National Institutes of
Health is acknowledged.

Keywords: biocapture · biopolymers · lectin · magnetic
beads · quantum dots

[1] J. M. Sodetz, J. C. Paulson, P. A. McKee, J. Biol. Chem. 1979,
254, 10754–10760.

[2] K. A. Karlsson, Curr. Opin. Struct. Biol. 1995, 5, 622–635.
[3] A. Varki, Glycobiology 1993, 3, 97–130.
[4] C.-H. Wong, Carbohydrate-Based Drug Discovery, Wiley-VCH,

Weinheim, 2003.
[5] Y. C. Lee, R. T. Lee, Acc. Chem. Res. 1995, 28, 321–327.
[6] M. Mammen, S.-K. Choi, G. M. Whitesides, Angew. Chem.

1998, 110, 2908–2953; Angew. Chem. Int. Ed. 1998, 37,
2754–2794.

[7] J. J. Lundquist, E. J. Toone, Chem. Rev. 2002, 102, 555–578.
[8] N. V. Bovin, H.-J. Gabius, Chem. Soc. Rev. 1995, 413–421.
[9] R. Roy, Trends Glycosci. Glycotechnol. 1996, 8, 79–99.

[10] S.-K. Choi, M. Mammen, G. M. Whitesides, J. Am. Chem. Soc.
1997, 119, 4103–4111.

[11] L. L. Kiessling, J. E. Gestwicki, L. E. Strong, Curr. Opin. Chem.
Biol. 2000, 4, 696–703.

[12] C. R. Bertozzi, L. L Kiessling . Science 2001, 291, 2357–2364.
[13] J. E. Gestwicki, L. L. Kiessling, Nature 2002, 415, 81–84.
[14] J. E. Kingery-Wood, K. W. Williams, G. B. Sigal, G. M. White-

sides, J. Am. Chem. Soc. 1992, 114, 7303–7305.
[15] X.-L. Sun, Y. Kanie, C.-T. Guo, O. Kanie, Y Suzuki, C.-H. Wong,

Eur. J. Org. Chem. 2000, 14, 2643–2653.
[16] W. B. Turnbull, S. A. Kalovidouris, J. F. Stoddart, Chem. Eur. J.

2002, 8, 2988–3000.
[17] R. Roy, Curr. Opin. Struct. Biol. 1996, 6, 692–702.
[18] N. Rçckendorf, T. K. Lindhorst, Top. Curr. Chem. 2001, 217, 202–238.S
[19] R. Liang, J. Loebach, N. Horan, M. Ge, C. Thompson, L. Yan, D. Kahne,

Prco. Natl. Acad. Sci. USA 1997, 94, 10554–10559.
[20] A. Basu, D. Kahne, Angew. Chem. 2003, 115, 2608–2610; Angew. Chem.

Int. Ed. 2003, 42, 2504–2506.
[21] J. M. de la Fuente, A. G. Barrientos, T. C. Rojas, J. Rojo, J, CaÇada, A.

Fern¼ndez, S. PenadQs, Angew. Chem. 2001, 113, 2317–2321; Angew.
Chem. Int. Ed. 2001, 40, 2257–2261.

[22] H. Otsuka, Y. Akiyama, Y. Nagasaki, K. Kataoka, J. Am. Chem. Soc. 2001,
123, 8226–8230.

[23] C.-C. Lin, Y.-C. Yeh, C. Y. Yang, C.-L. Chen, G.-F. Chen, C.-C. Chen, Y.-C.
Wu, J. Am. Chem. Soc. 2002, 124, 3508–3509.

[24] X.-L. Sun, D. Grande, S. Baskaran, S. R. Hanson, E. L. Chaikof, Biomacro-
molecules 2002, 3, 1065–1070.

[25] X.-L. Sun, K. M. Faucher, M. Houston, D. Grande, E. L. Chaikof, J. Am.
Chem. Soc. 2002, 124, 7258–7259.

[26] M. P. Bruchez, Jr. , M. Moronne, P. Gin, S. Weiss, A. P. Alivisatos, Science
1998, 281, 2013–2016.

[27] W. C. Chan, S. Nie, Science 1998, 281, 2016–2018.
[28] R. Charkrabarti, A. M. Klibanov, J. Am. Chem. Soc. 2003, 125, 12531–

12540.
[29] M. E. Rkerman, W. C. W. Chan, P. Laakkonen, S. N. Bhatia, E. Ruoslahti,

Proc. Natl. Acd. Sci. USA 2002, 99, 12617–12621.
[30] H. Mattoussi, J. M. Mauro, E. R. Goldman, G. P. Anderson, V. C. Sundar,

F. V. Mikulec, M. G. Bawendi, J. Am. Chem. Soc. 2000, 122, 12142–
12150.

[31] S. J. Rosenthal, I. Tomlinson, E. M. Adkins, S. Schroeter, S. Adams, L.
Swafford, J. McBride, Y. Wang, L. J. DeFelice, R. D. Blakely, J. Am. Chem.
Soc. 2002, 124, 4586–4594.

[32] A. Waston, X. Wu, M. Bruchez, Biotechniques 2003, 34, 296–303.
[33] X. Wu, H. Liu, J. Liu, K. N. Haley, J. A. Treadway, J. P. Larson, N. Ge, F.

Peale, M. Bruchez, Nat. Biotechnol. 2002, 21, 41–46.
[34] E. R. Goldman, E. D. Balighian, H. Mattoussi, M. K. Kuno, J. M. Mauro, P. T.

Tran, G. P. Anderson, J. Am. Chem. Soc. 2002, 124, 6378–6382.

Figure 4. Lectins released from magnetic beads by addition of free biotin (12% SDS-PAGE
gel/silver staining). Gel A) Bead capture of galactose-specific lectin (Psophocarpus tetrago-
nolobus). Lane 1: Molecular markers ; 2: streptavidin alone; 3: biotin glycopolymer 1 alone;
4: P. tetragonolobus alone (MW=41 kDa) ; 5: beads without glycopolymer; 6: beads with
nonbiotinylated glycopolymer 2 ; 7: elution of bead-captured P. tetragonolobus (20 min) ; 8:
elution of bead-captured P. tetragonolobus (2 h). Gel B) Bead capture of galactose-specific
(RCA120, MW=120 kDa) and glucose-specific (Concavalin A, MW=27 kDa) lectins. Lane 1: Mo-
lecular markers ; 2: RCA120 alone, MW=120 kDa; 3: elution of bead-captured RCA120 ; 4 : Con-
cavalin A alone (MW=27 kDa); 5: no evidence of captured Concavalin A.

ChemBioChem 2004, 5, 1593 –1596 www.chembiochem.org D 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1595

www.chembiochem.org


[35] J. Tamura, M. Fukuda, J. Tanaka, M. Kawa, J. Carbohydrate Chem. 2002,
21, 445–449.

[36] Y. Chen, T. Ji, Z. Rosenzweig, Nano Lett. 2003, 3, 581–584.
[37] G. L. Nicholson, J. Blaustein, M. E. Etzler, Biochemistry 1974, 13, 196–

204.
[38] Molecular Interaction in Bioseparations (Ed. : T. T. Ngo), Plenum, New

York, 1993.
[39] P. D. Rye, N. V. Bovin, Glycobiology 1997, 7, 179–182.
[40] J. Bundy, C. Fenselau, Anal. Chem. 2001, 73, 751–757.
[41] The capture capacity was determined by measuring the amount of

lectin released from the beads being incubated with free biotin. The
free biotin-binding capacity of streptavidin-coated magnetic beads is
>400 pmolmg�1 according to the product certificate sheet.

[42] S. Girault, G. Chassaing, J. C. Blais, A. Byunot, G. Bolbach, Anal. Chem.
1996, 68, 2122–2126.

[43] B. E. Rothenberg, B. K. Hayes, D. Toomre, A. E. Manzi, A. Varki, Proc. Natl.
Acad. Sci. USA 1993, 90, 11939–11943.

Received: May 4, 2004

1596 D 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2004, 5, 1593 –1596

www.chembiochem.org

