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•  diagnostic and prognostic 
biomarkers


•  cancer vaccine targets

•  antigens for targeted 

delivery of therapeutics


Cancer-­‐specific	
  glycans	
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  be	
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  therapeuPc	
  gains	
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Specificity	
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is	
  achieved	
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presence of carbohydrate-binding proteins on the cell surface
augurs the vital role of cell surface glycans in cell–cell recognition.
The interaction of cell surface glycans with cell surface carbohydrate
receptors is not only important for cell adhesion—it also can trigger
signal transduction. This mode of information transfer is funda-
mental for many biological processes, including fertilization and
implantation,3–6 pathogen invasion,7 immune system activation8,9

or attenuation,10–14 and cell proliferation.15 Recognition of the
wide-ranging contributions of glycans to signaling is mounting.16,17

This growing appreciation of glycan function is providing
impetus to develop ligands to probe and perturb protein–
carbohydrate interactions. While methods to isolate and char-
acterize glycans from biological sources are advancing, it can be
challenging to elucidate the molecular features involved in glycan
recognition and function. Chemical synthesis is a powerful ally
in addressing this challenge. It offers access to glycans whose
structures can be varied to dissect glycan function.18 One
especially valuable class of synthetic ligands for illuminating
carbohydrate recognition is multivalent displays.

A hallmark of many protein–carbohydrate interactions is
multivalency. Most carbohydrate-binding proteins, whether on
the cell surface or secreted, are oligomers. They can exist as dimers,
trimers, tetramers, or even higher order clusters.19–21 These oligo-
meric proteins can bind either to multiple carbohydrate residues
within a glycan or to multiple glycans on the surface of cells
(Fig. 1).22–25 The advantages of multivalency have been revealed
through chemical biology studies. While it is well-appreciated that
multivalent binding can enhance the functional affinity (observed
affinity, also termed avidity) of cell surface protein–carbohydrate
interactions,22,26–29 it is often overlooked that multivalent binding
can also improve specificity.28,30 If individual interactions at the
cell surface were to occur with high functional affinity, it could be
problematic. During the encounter of two cells (one with carbo-
hydrate ligands and the other with a protein-binding partner), for

example, the summation of multiple high affinity interactions
would render binding irreversible. In contrast, low affinity
multivalent interactions are kinetically labile;31 therefore, they
provide the mean to capture a cell of interest while still
allowing for reversibility if the wrong cell type binds initially.19

The properties of multivalent carbohydrate derivatives (i.e., their
ability to exhibit high functional affinity and increased specificity)
have stimulated the development of methods to synthesize defined
multivalent carbohydrate derivatives, including polymers bearing
pendant carbohydrates (glycopolymers). These agents can be
employed as potent inhibitors, but their ability to cluster
carbohydrate receptors provides them with an additional
property—they can activate signaling.32 Accordingly, glyco-
polymers have been used to mimic either polysaccharides
(i.e., glycosaminoglycans), glycoproteins, mucins, or even larger
entities such as viral particles or clustered glycans in cell
surface microdomains.29,33 Because they are synthetically tract-
able, these surrogates can be altered to optimize a desired
activity or to probe a specific biological process.34

Over the last two decades, many scaffolds have been developed
for displaying carbohydrates. These range from dendrimers,35,36

to oligomeric bioconjugates,37 to polymers,38–40 to quantum
dots41–43 and nanoparticles.44–46 While each scaffold has
unique benefits, it is the polymers that can exhibit the greatest
variation in valency, individual binding group spacing, and
overall architecture. Access to this structural diversity has been
made possible by advances in polymer synthesis, which have
provided the means not only to synthesize polymers of different
structures, but also to control the properties of the polymers
that result. By varying the structure of the monomer or the
polymerization conditions, a multitude of complex topologies
can be accessed (Fig. 2).47 Thus, polymers can be generated to
carry out systematic investigations into the effect of glycan
structure on biological function.

Fig. 1 Carbohydrate-binding proteins often exist as oligomers and can interact with glycans through a variety of mechanisms. An oligomeric protein can interact
with an individual cell-surface glycan (A) or with multiple different cell-surface glycans simultaneously (B). Oligomeric proteins can also interact with soluble glycans or
soluble oligomeric lectins can engage cell surface glycans (C and D). Soluble proteins can cluster cell-surface glycoproteins to mediate signal transduction (E). Likewise,
soluble glycans can cluster cell-surface receptors to mediate signal transduction (F).
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dots41–43 and nanoparticles.44–46 While each scaffold has
unique benefits, it is the polymers that can exhibit the greatest
variation in valency, individual binding group spacing, and
overall architecture. Access to this structural diversity has been
made possible by advances in polymer synthesis, which have
provided the means not only to synthesize polymers of different
structures, but also to control the properties of the polymers
that result. By varying the structure of the monomer or the
polymerization conditions, a multitude of complex topologies
can be accessed (Fig. 2).47 Thus, polymers can be generated to
carry out systematic investigations into the effect of glycan
structure on biological function.

Fig. 1 Carbohydrate-binding proteins often exist as oligomers and can interact with glycans through a variety of mechanisms. An oligomeric protein can interact
with an individual cell-surface glycan (A) or with multiple different cell-surface glycans simultaneously (B). Oligomeric proteins can also interact with soluble glycans or
soluble oligomeric lectins can engage cell surface glycans (C and D). Soluble proteins can cluster cell-surface glycoproteins to mediate signal transduction (E). Likewise,
soluble glycans can cluster cell-surface receptors to mediate signal transduction (F).
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Despite the benefits of employing glycopolymers to study
signal transduction, to date this strategy has been surprisingly
underutilized. Given the many new roles for glycans that are
being revealed, we hope that this review will stimulate research
into carbohydrate-mediated signal transduction. Because signal
transduction necessitates robust glycopolymer recognition by
protein receptors, we provide an overview of the structural features
of glycopolymers that can influence their mechanism of protein
recognition. We use these studies to offer some general parameters
that might influence the abilities of glycopolymers to affect cell
signaling. We also discuss examples of how glycopolymers have
been employed to address specific problems in signal transduction.
While there are many exciting examples where glycopolymers have
been used to elicit an immune response,48–54 we highlight those
that focus on a specific signal transduction pathway.

2. Maximizing protein recognition
of glycopolymers

In the 1970s, Schnaar and Lee55 and Horejsı́ et al.56 described
methods for the synthesis of polyacrylamide-based glyco-
polymers. Their demonstration that these synthetic conjugates
could bind lectins spurred investigations using glycopolymers
as functional glycan mimics. These findings led many
researchers to explore glycopolymers as potent inhibitors of
carbohydrate-binding proteins.57,58 Accordingly, many poly-
merization strategies have now been applied to the generation
of glycopolymers (Fig. 3). The kind of radical polymerization
reactions carried out initially (free radical polymerization, FRP)
have now been complemented by controlled polymerization
reactions, such as atom transfer radical polymerization (ATRP)

and reversible addition-fragmentation chain-transfer polymer-
ization (RAFT). Non-radical polymerization strategies also have
emerged, including the ring-opening metathesis polymeriza-
tion (ROMP), which has been used extensively in signaling
studies. The synthesis of glycopolymers is beyond the scope
of this review, but there many excellent resources on the
topic.39,40,48,59,60

For glycopolymers to affect signal transduction, they must
bind effectively to at least one but often multiple copies of their
protein receptor. Using controlled polymerization methods,
many aspects of the glycopolymer structure can be altered
systematically to optimize its activity. Some key parameters
include the length of the polymer, the density of the carbo-
hydrate ligands, the flexibility of the polymer backbone, and
the overall structure of the glycopolymer. Thus, glycopolymers

Fig. 2 (left) A wide variety of monomers can be assembled in a controlled manner to generate polymers of a defined length and valency. (center) The polymers can
be generated with many different topologies. In addition, it is possible to generate polymers bearing multiple functionalities, such as biological ligands or
fluorophores. (right) Finally, a key step in eliciting signal transduction is clustering of cell-surface receptors. Polymers bearing carbohydrates can cluster cell-surface
proteins to elicit a signal. Figure adapted from ref. 47.

Fig. 3 Example polymer backbones generated from common polymerization
strategies used in synthesizing glycopolymers. The R substituent represents a linker
bearing a carbohydrate ligand, but for many glycopolymers not every monomer unit
bears a carbohydrate ligand. Abbreviations: FRP = free radical polymerization;
ATRP = atom-transfer radical polymerization; RAFT = reversible addition fragmenta-
tion chain transfer; ROMP = ring-opening metathesis polymerization.
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•  synthetically tractable

•  uniform glycan structures and programmable valency

•  extended, mucin-like architectures

•  well-defined lengths matching the dimensions of native mucins	
  
•  functionalized for surface immobilization and probe conjugation
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Synthesis	
  of	
  mucin	
  mimePcs	
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TEM	
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Methods	
  to	
  measure	
  interacPons	
  of	
  
glycoconjugates	
  with	
  proteins	
  	
  

Isothermal titration calorimetry (ITC):
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Methods	
  to	
  measure	
  interacPons	
  of	
  
glycoconjugates	
  with	
  proteins	
  	
  

Brewer 

Competition assays with soluble glycoconjugates:






Glycan	
  arrays	
  enable	
  high-­‐throughput	
  
analysis	
  of	
  lecPn	
  specificiPes	
  

Rillahan and Paulson  Annu. Rev. Biochem. 80, 797 (2011) 

current	
  microarrays	
  now	
  	
  encompass	
  
more	
  than	
  600	
  mammalian	
  glycans	
  



Mucin	
  mimePcs	
  allow	
  for	
  control	
  	
  
over	
  glycan	
  presentaPon	
  in	
  microarrays	
  

poorly controlled glycan 
presentation







CONVENTIONAL ARRAY


polymer structure dictates

spatial glycan arrangements


MUCIN MIMETIC ARRAY




EvaluaPon	
  of	
  the	
  effects	
  of	
  GalNAc	
  	
  
valency	
  on	
  lecPn	
  binding	
  

J.	
  Am.	
  Chem.	
  Soc.	
  134,	
  15732	
  (2012)	
  	
  

The	
  polymers	
  were	
  recognized	
  by	
  soybean	
  aggluPnin	
  (SBA)	
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mucin	
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  series:	
  
n	
  =	
  205	
  
GalNAc	
  valency:	
  70-­‐170	
  
maximum	
  length	
  ~	
  25	
  nm	
  	
  	
   polymer	
  spacing	
  on	
  array	
  ~	
  35	
  nm	
  



QuanPtaPve	
  evaluaPon	
  of	
  binding	
  avidiPes	
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Mucin	
  mimePc	
  array	
  reveals	
  differences	
  	
  
in	
  lecPns’	
  sensiPvity	
  to	
  GalNAc	
  valency	
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Godula	
  and	
  Bertozzi	
  	
  J.	
  Am.	
  Chem.	
  Soc.	
  134,	
  15732	
  (2012)	
  	
  
Brewer	
  J.	
  Biol.	
  Chem.	
  	
  282,	
  28256	
  (2007)	
  

Oyelaran	
  et	
  al	
  J.	
  Proteom.	
  Res.	
  8,	
  3529	
  (2009)	
  

valency-independent binding


Helix pomatia agglutinin




HPA	
  



face-­‐to-­‐face	
  

HPA	
  

Brewer	
  J.	
  Biol.	
  Chem.	
  	
  2007,	
  282,	
  28256	
  	
  

The	
  two	
  profiles	
  represent	
  the	
  
basic	
  modes	
  of	
  lecPn	
  recogniPon	
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Mucin	
  mimePc	
  array	
  can	
  reveal	
  
higher-­‐order	
  binding	
  interacPons	
  

DISCRETE 
COMPLEX


low-density array
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high-density array


Kd,high	
  ≅	
  	
  Kd,low	
  

high-density array

Kd,high	
  <	
  	
  Kd,low	
  

CROSSLINKED 
COMPLEX


J.	
  Am.	
  Chem.	
  Soc.	
  134,	
  15732	
  (2012)	
  	
  



Mucin	
  mimePc	
  array	
  with	
  variable	
  
glycopolymer	
  surface	
  density	
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SBA	
  crosslinks	
  mucin	
  mimePcs	
  	
  
at	
  valencies	
  below	
  	
  110	
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No	
  crosslinking	
  is	
  observed	
  	
  
in	
  monomeric	
  lecPns	
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  density	
  High	
  density	
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WFL	
   disulfide-bridged 
agglutinating form


WFL	
  

reduced non-
agglutinating form


RWFL	
  

1. DDT!
2. 2-vinylpyridine!

J.	
  Am.	
  Chem.	
  Soc.	
  134,	
  15732	
  (2012)	
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soybean agglutinin


valency-dependent 
binding





propensity to crosslink

with a valency threshold


53	
  Å	
  

69	
  Å	
  

97	
  Å	
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helix pomatia agglutinin


valency-independent 
binding





no crosslinking


LecPn	
  structure	
  is	
  likely	
  to	
  influence	
  
binding	
  mode	
  and	
  ability	
  to	
  crosslink	
  mucins	
  

Gupta	
  et	
  al	
  	
  Biochemistry	
  33,	
  7495	
  (1994)	
  
Sanchez	
  et	
  al	
  J.	
  Biol.	
  Chem.	
  281,	
  20171	
  (2006)	
  



face-to-face binding 
rapid and “irreversible”


Hypothesis:	
  mode	
  and	
  kinePcs	
  of	
  binding	
  	
  
likely	
  determine	
  the	
  extent	
  of	
  crosslinking	
  

bind-and-slide mode 
reversible and dynamic




Pathogens	
  uPlize	
  cell	
  surface	
  glycans	
  
to	
  gain	
  entry	
  into	
  host	
  cells	
  

pulmonary epithelial cell	
  

Influenza A 
virus


human	
  flu:	
  6’	
  

avian	
  flu:	
  3’	
  

swine	
  flu:	
  3’	
  and	
  6’	
  	
  
recognizes	
  both	
  linkages	
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multivalent glycan array 

Array	
  platorm	
  to	
  study	
  Influenza	
  A	
  	
  
interacPons	
  with	
  surface	
  glycans	
  

Huang,	
  Cohen,	
  Fisher,	
  Schooley,	
  	
  Gagneux,	
  Godula	
  ChemComm	
  (ASAP	
  2015)	
  

pulmonary epithelial cell	
  



  

multivalent 
glycan array


Modeling	
  infecPon:	
  	
  
the	
  “There	
  and	
  back	
  again”	
  approach	
  

Chris Fisher




The	
  “There	
  and	
  back	
  again”	
  strategy	
  

neo-glycoconjugate 

membrane 
insertion 

glycan 
pool anchoring 

elements 

macromolecular 
scaffolds + 

•  rapid assembly requiring minimal synthetic skills 
•  quantitative analysis of interactions with target receptors 
•  minimal effect on existing membrane structures 
•  control over glycan presentation (valency, density, etc.)  
•  transient modification synchronized with membrane self renewal 

Godula	
  and	
  Bertozzi	
  	
  JACS	
  132,	
  9963	
  (2010)	
  
Godula,	
  Rabuka,	
  Umbell,	
  Bertozzi	
  and	
  Parthasarathy	
  JACS	
  131,	
  10263	
  (2009)	
  

Rabuka,	
  Forstner,	
  Groves,	
  Bertozzi	
  JACS	
  130,	
  5947	
  (2008)	
  
	
  	
  



Glycopolymer	
  assembly	
  via	
  	
  
“reverse”	
  ligaPon	
  of	
  reducing	
  glycans	
  

condensation	
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  efficiency:	
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glycan	
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glycan	
  valency:	
  90	
  

ligaPon	
  efficiency:	
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glycan	
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Assembly	
  of	
  mucin	
  mimePcs	
  	
  
for	
  sialoglycan	
  display	
  in	
  microarrays	
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  of	
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  density	
  variant	
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Huang,	
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  Gagneux,	
  Godula	
  ChemComm	
  (2015)	
  



Block3-xy

-2 0 2 4
0

10000

20000

30000

log [glycan]

F
64

7

3'-sia
6'-sia
3’-siallac!
6’-siallac!

I 64
5  

/ a
.u

.!
EC50 = 150 µM  !
!

EC50 = 49 µM !

Block3-xy

-2 0 2 4
0

10000

20000

30000

log [glycan]

F
64

7

3'-sia
6'-sia
3’-siallac!
6’-siallac!

I 64
5  

/ a
.u

.!

EC50 = 150 µM  !
!

EC50 = 49 µM !

0.001$

0.1$

1.0$

5.0$

10.0$

Cglycan$$
[mM]$

lac$ 3’0siallac$ 6’0siallac$

H1N1'(A/Puerto'Rico/8/34)'''

Binding	
  of	
  H1N1	
  Influenza	
  virus	
  
to	
  mucin-­‐mimePc	
  glycan	
  array	
  

Huang,	
  Cohen,	
  Fisher,	
  Schooley,	
  	
  Gagneux,	
  Godula	
  ChemComm	
  (2015)	
  



Priming	
  the	
  glycocalyx	
  of	
  MDCK	
  cells	
  	
  
for	
  Influenza	
  A	
  infecPon	
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Infection by H1N1 Influenza A strain 



IntesPnal	
  epithelium,	
  TEM	
  	
  
Don	
  W.	
  FawceW	
  

Mucins	
  create	
  physical	
  barriers	
  

EssenPals	
  of	
  Glycobiology	
  
hWp://www.ncbi.nlm.nih.gov/books/NBK1908/	
  

0.5 µm!
epithelial cell	
  

200 nm	
  

MUC1	
  



The	
  mucin	
  paradox	
  

•  bulky glycoproteins, such as MUC1, 
are overexpressed in aggressive 
cancers 

•  mucins may provide protection and 
enable survival in host tissues 

•   the rigidity of mucins may affect 
cancer cell adhesion and spreading 



Mucin	
  may	
  promote	
  formaPon	
  	
  
of	
  focal	
  adhesions	
  in	
  sow	
  Pssues	
  

Paszek	
  et	
  al	
  Nature	
  511,	
  319	
  (2014)	
  

integrin clustering is required 
for survival and proliferation	
  



fibronectin


integrins


mucins


Paszek	
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  al.	
  PLoS	
  Comp.	
  Biol.	
  5,	
  e1000604	
  (2009)	
  

Model	
  for	
  mechanical	
  priming	
  	
  
of	
  cancer	
  cells	
  for	
  adhesion	
  

exclusion of mucins 
from adhesions


mucin-induced 
integrin clustering


focal 
adhesion


mucin-induced 
membrane curvature
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n	
  =	
  230	
  
L	
  =	
  30	
  nm	
  
AF	
  =	
  alexa	
  fluor	
  488	
  

lipid:	
  dioleyl	
  phosphaPdylcholine	
  (Dlipid=	
  1.2	
  ±	
  0.4	
  µm2·∙s-­‐1)	
  

t	
  =	
  15	
  s	
  diffusion	
  coefficient:	
  
D	
  =	
  	
  1.7	
  ±	
  0.7	
  µm2·∙s-­‐1	
  

	
  

Lipid-­‐terminated	
  mucin	
  mimePcs	
  	
  
are	
  fluid	
  in	
  supported	
  lipid	
  bilayers	
  

J. Am. Chem. Soc. 131, 10263 (2009) 



hlipid-­‐TR	
   	
  	
  5.5	
  ±	
  0.9	
  nm	
  

hmimePc-­‐AF	
   16.7	
  ±	
  1.1	
  nm	
  

Δh	
   11.2	
  ±	
  1.2	
  nm	
  

Δh	
  	
  	
  ~	
  1/2	
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  15	
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DETECTOR	
  

Lambacher & Fromherz,  Appl. Phys. A 1996, 63, 207!
Boxer et al. Langmuir 2005, 21, 4976!

hpolymer-­‐AF	
  

hlipid-­‐TR	
  

in
te

re
re

nc
e 

fie
ld

 in
 z

 d
ire

ct
io

n	
  

hν	
  

Fluorescence	
  Interference	
  Contrast	
  (FLIC)	
  Microscopy	
  	
  

Mucin	
  mimePcs	
  accommodate	
  upright	
  
orientaPon	
  in	
  supported	
  lipid	
  bilayers	
  

for	
  ~30	
  nm	
  mucin	
  mimePc:	
  

J. Am. Chem. Soc. 131, 10263 (2009) 
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ConstrucPon	
  of	
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  synthePc	
  Glycocalyx	
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Mucin	
  mimePcs	
  slow	
  adhesion	
  of	
  MCF10A	
  
epithelial	
  cells	
  to	
  fibronecPn	
  substrates	
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Long	
  mucin	
  mimePc	
  drives	
  the	
  formaPon	
  
of	
  focal	
  adhesions	
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3 nm mimetic-AF488	
   60 nm mimetic-AF488	
  

paxilin-mCherry fusion	
  

Long	
  mucin	
  mimePcs	
  are	
  	
  
excluded	
  from	
  focal	
  adhesions	
  

MUC1-mEmerald 	
  

Paszek	
  et	
  al	
  Nature	
  511,	
  319	
  (2014)	
  



Interferometric	
  imaging	
  shows	
  membrane	
  
topography	
  altered	
  by	
  long	
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Conclusion:


The biomechanical properties of 
the Glycocalyx allow cancer 

cells to adhere and 

survive in soft 

tissues.  
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INTRODUCTION

Nanometric glycoconjugates

Biologically relevant sugar residues, linked to 
dendritic scaffolds and Nanoparticles (NPs), are becom-
ing widely used as multivalent carbohydrate platforms 
toward biomedical applications. The globular shapes and 
QDQRPHWHU�VL]HV�RI�13V�FRQVWLWXWH�HI¿FLHQW�PXOWLYDOHQW�
glycomimetics possessing greatly improved binding 
properties to their cognate protein receptors. In addition, 
different therapeutic molecules covalently bound to a 
single nanoparticle provide hybrid glyconanoparticles 
useful as biosensors, drug targeting devices, and imaging 
(Wang et al., 2010). Moreover, the stability, cytotoxicity 
and electronic, optical, and magnetic properties of NPs 
FDQ�EH�UHDGLO\�¿QH�WXQHG��7KH�VL]HV�DQG�VKDSHV�RI�13V�
were shown to take part in several vital functions in their 
in vivo characteristics. For instance, liver, renal clearance, 
and mononuclear phagocyte uptake constitute just a few 
examples wherein the advantages of NPs could be tar-
geted. Intracellular delivery is predominantly effected by 
the NPs charges together with surface groups specialized 
toward cellular receptors necessary for cells’ nutrition or 
simply by one of the endocytic mechanism. Additionally, 
surface groups functionalization also play major factor 
toward stability, toxicity and long-term circulation of NPs. 
Poly(ethylene glycol) and carbohydrates including mono 
and polysaccharides are often used to reduce the toxicity 
and to improve the long-term blood circulation of NPs.

For chemotherapy, drugs NPs conjugates have the 
additional intrinsic ability of being more readily accumu-
lated in tumor tissues due to the enhanced permeability 
and retention (EPR) effect of the tumor vasculature. The 
increased vascular permeability of NPs by the tumor blood 
vessels and ineffective lymphatic drainage can lead to NPs 
accumulation in the tumor. As such, nanoparticles conju-
gated to carbohydrates could be effective chemotherapeu-
tic agents against cancers and viral/bacterial infections that 
use host glycans as adhesion principles. This subject will 
be extensively examined throughout this review.

The combination of glycobiology and nanotechnolo-
gy has triggered a rapid growth of research activities in the 
design of novel functional bionanomaterials (glyconano-
WHFKQRORJ\���0RUH�VSHFL¿FDOO\��UHFHQW�V\QWKHWLF�DGYDQFHV�
towards the tailored design of glyconanoparticles, paved 
the way toward diverse biomedical applications. The 
accessibility of a wide variety of these structured nano-
systems, in terms of shapes, sizes, and organized around 
stable nanoparticles have readily contributed to their 
development and applications in nanomedicine (Doane, 
Burda, 2012; Kottari et al., 2013). In this context, glyco-
sylated gold-nanoparticles (GNPs), glycosylated quantum 
dots (QDs), fullerenes, single-wall natotubes (SWNTs), 
and self-assembled glyconanoparticles using amphiphilic 
glycopolymers or glycodendrimers have received consid-
erable attention to afford powerful imaging, therapeutic, 
and biodiagnostic devices (Figure 1).

This review will provide an overview of the most 
recent syntheses and applications of glyconanoparticles 

FIGURE 1- Schematic representation of accessible multivalent glyconanoparticles reviewed in this chapter.
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valencies which showed maximum inhibition whith the 
32-mer 16 (G3). The concentrations of TF-PAMAMs 

to give 50% inhibition (IC50) of the antibody-binding to 
the coated TF-copolymer were 5.0, 2.4, 1.4, and 0.6 nM 

FIGURE 5 - Representative TF-vaccine and glycodendrimers built around PAMAM scaffolds (Baek, Roy, 2002a; Baek, Roy, 
2002b). Red inset: Structure of the G3 poly(amidoamine) glycodendrimer after covalent incorporation of p-isothiocyanatophenyl-
β-D-lactoside into the peripheral sphere of the starburst PAMAM dendrimer (32-mer) (see section below).
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responses (both IgG and IgM) against the carbohydrate 
antigen. In addition to TF-functionalized glycoNPs, gly-
coconstructs from the peptides without the TF-antigen or 
linker alone also showed some immunogenicity. Among 
the TF functionalized glycoNPs, the mono functionalized 
conjugates showed the highest activity. The respective 
positioning of the TF-antigen along the peptide chain 
showed better selectivity toward IgG over IgM, whereas 
conjugates with the sugar at other positions exhibited 
similar selectivity for both IgG and IgM. Even though the 
UHVXOWV�DUH�VWLOO�SUHOLPLQDU\��WKH�HI¿FLHQF\�RI�JO\FR�13V�WR�
acts as scaffolds for vaccine construction was successfully 
shown in both of the above applications.

GLYCODENDRIMERS AS BACTERIAL ANTI-
ADHESINS

Infection by pathogens is generally initiated by 
crucial steps of recognition and adhesion on host epithelia 
surfaces. Very frequently, the strategy used by micro-
organisms involves the binding to host glycoconjugates by 
VXJDU�ELQGLQJ�SURWHLQV��OHFWLQV��ZKLFK�DUH�VSHFL¿F�IRU�WKH�
target tissue. The dependence between pathogen receptors 
and host glycans leads to the concept of “glycoecology” 
(Roy, 2003; Imberty, Chabre, Roy, 2008). In turn, the host 
immune system can also use lectins to identify and bind 
oligo- and polysaccharides on micro-organism surface, 
but in some cases the pathogens can reroute this process 
and use it for invasion. These infection strategies involve 
LQWHUDFWLRQV�FKDUDFWHUL]HG�E\�WKHLU�KLJK�VSHFL¿FLW\�DQG�

most of the time by multivalency. The biochemical and 
structural data that have been accumulated recently offer 
chemists the possibility to interfere in the infection process 
through molecules that mimic the natural oligosaccharidic 
ligands and effectively compete for attachment sites. Dif-
IHUHQW�VWUDWHJLHV�XVLQJ�PRGL¿HG�ROLJRVDFFKDULGHV��JO\FR-
mimetics, oligomers, dendrimers, or polymers have been 
GHYHORSHG�WR�HQKDQFH�WKH�RYHUDOO�DI¿QLW\�RI�FDUERK\GUDWH�
ligands (Roy, 2003; Imberty, Chabre, Roy, 2008; Bernardi 
et al., 2013; Branson, Turnbull, 2013; Jiménez Blanco, 
Mellet, García Fernández, 2013).

Uropathogenic Escherichia coli infections, ultimately 
leading to cystitis and pyelonephritis, are initially mediated 
by the adhesion of the bacterial FimH to the transmembrane 
glycoprotein uroplakin-1a present at the surface of urothe-
lial cells (Figure 13). The adhesion is based on the recogni-
tion and high avidity binding between the high-mannose 
JO\FDQV�RI�WKH�XURSODNLQ�DQG�WKH�)LP+��D�PDQQRVH�VSHFL¿F�
lectin located at the tip of type 1 fimbriae. It was found 
that synthetic multiantennary mannopyranosides glyco-
dendrons, harboring triazole functionality at the anomeric 
position, were potent hemagglutination inhibitors of guinea 
pig erythrocytes and E. coli. A mannosylated dendrimer 
exposing up to sixteen sugar residues showed an HAI 
titer of 1 ȝM and was thus 500-fold more potent than the 
corresponding monovalent methyl Į-D-mannopyranoside 
(Figure 14). The synthesis of the glycodendrons involved 
KLJKO\�HI¿FLHQW�VROLG�SKDVH�V\QWKHVLV�RI�EUDQFKHG�/�O\VLQH�
scaffolds, diazo transfer reaction on the terminal amine 
residues, and [1,-3]-dipolar copper-catalyzed azide-alkyne 

FIGURE 13 - *O\FRGHQGULPHU�LQKLELWLRQ�VWUDWHJ\�WR�EORFN�EDFWHULDO�DGKHVLRQ�WR�KRVW�WLVVXHV��*LYHQ�WKH�XVXDO�ORZ�DI¿QLW\�RI�
monovalent carbohydrate ligands toward bacterial lectins, multivalent ligand presentation on dendritic scaffolds leads to more 
potent candidates.
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FIGURE 11 – Synthetic monovalent glycomimetics acting as selective galectin inhibitors.

and inert interspacing glucose moieties (28) to control the 
density of the above conjugates (Figure 12). Preliminary 
data showed that this hybrid glycoGNPs exhibited potent 
immunogenic activity.

In a more recent investigation, Barchi Jr. and 
co-workers reported another potential tumor vaccine 
construction prepared from QDs (Svarovsky, Barchi 
Jr., 2007) and gold NPs (Svarovsky, Szekely, Barchi Jr. 

FIGURE 12 - Molecular structures of gold NPs based tumor vaccines exposing various sugar epitopes.

2005; Sundgren, Barchi Jr., 2008; Brinãs et al., 2012). 
Analogous gold glycoNPs have been loaded with three 
components that included: i) glycopeptides from Mucin-4, 
the Thomsen- Friedenreich antigen (TF-26) at various 
positions, ii) 28-residue peptide from complement derived 
protein C3d as a B-cell activating molecular adjuvant. In 
in vivo studies, sera from mice immunized with this gly-
FR13V��VKRZHG�VPDOO�EXW�VWDWLVWLFDOO\�VLJQL¿FDQW�DQWLERG\� 
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