1duosnue Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Nano Res. Author manuscript; available in PMC 2015 October 23.

-, HHS Public Access
«

Published in final edited form as:
Nano Res. 2014 October ; 7(10): 1381-1403. doi:10.1007/s12274-014-0507-y.

Glyconanomaterials: Emerging applications in biomedical
research

Xuan Chen?, Olof Ramstrém?2, and Mingdi Yan?:2
Mingdi Yan: mingdi_yan@uml.edu
1Department of Chemistry, University of Massachusetts Lowell, Lowell, MA 01854, USA

2Department of Chemistry, KTH—Royal Institute of Technology, Stockholm S-10044, Sweden

Abstract

Carbohydrates constitute the most abundant organic matter in nature, serving as structural
components and energy sources, and mediating a wide range of cellular activities. The emergence
of nanomaterials with distinct optical, magnetic, and electronic properties has witnessed a rapid
adoption of these materials for biomedical research and applications. Nanomaterials of various
shapes and sizes having large specific surface areas can be used as multivalent scaffolds to present
carbohydrate ligands. The resulting glyconanomaterials effectively amplify the glycan-mediated
interactions, making it possible to use these materials for sensing, imaging, diagnosis, and therapy.
In this review, we summarize the synthetic strategies for the preparation of various
glyconanomaterials. Examples are given where these glyconanomaterials have been used in
sensing and differentiation of proteins and cells, as well as in imaging glycan-medicated cellular
responses.

Keywords
glyconanomaterials; carbohydrates; imaging; therapy

1 Introduction

Carbohydrates represent one of the major components in all living systems and also
constitute the most abundant organic matter in nature. Although there are only a limited
number of monosaccharide structures, these simple carbohydrates, through different
regioand stereochemical linkages, can produce a large number of disaccharides,
oligosaccharides and polysaccharides having diverse structures, compositions, and
stereochemistry. It is therefore of no surprise that carbohydrates play important roles in
various aspects of life and nature. For instance, cellulose, the structural component in plant
cell walls, is the main component of wood and cotton that have served to protect human for
centuries. Also critical to the development of human lives and civilization is starch, another
polysaccharide found in large amounts in primary staple foods including rice, wheat, corn
and potatoes. Glycan structures, primarily oligosaccharides, are present on the surface of
mammalian and bacteria cells, as well as viruses. Through carbohydrate—carbohydrate and
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carbohydrate-lectin interactions, these entities are involved in a wide range of cellular
activities, including cell-cell communication [1-3], immune response [4], and bacterial and
viral infections [5]. For instance, the HIV virus gains entry into cells by attaching its
envelope glycoprotein gp120 to immune cell surface receptor CD4 [6]. Successful sea
urchin fertilization relies on sperm-egg adhesion mediated by the interaction between lectins
on the sperm surface and carbohydrates on the egg membrane [7]. Also, one of the key steps
of cancer hematogenous metastasis depends on the adhesion of sialyl Lewis A and sialyl
Lewis X (sLeX) tetrasaccharides on human cancer cells to E-selectin expressed on vascular
endothelial cells [8, 9]. Thus, studying glycan-mediated processes will not only gain
fundamental understanding of these structures, but also provide insights and guidance on the
design and development of effective diagnosis and therapeutic tools leading to the
treatments of many diseases such as infection and cancer.

The advance of glycoscience has however been hampered by a number of challenges. These
include the difficulties to achieve controlled synthesis of oligosaccharides with well-defined
structures, and the relatively low affinities of carbohydrate—lectin interactions in comparison
to counterparts involving other biological species such as enzymes and antibodies. The latter
of these may be addressed using glyconanomaterials, providing unique platforms where the
nanomaterial may serve as a cell mimic to present carbohydrate molecules. The high
specific surface area allows the nanomaterial to accommodate high-density carbohydrate
ligands, enhancing carbohydrate-mediated interactions by way of multivalency. We [10-15]
and others [16, 17] have thus shown that the affinities of glyconanomaterials with lectins are
several orders of magnitude higher than those of free ligands. Furthermore, by conjugating
epitopes of more complex glycans on nanoparticles, the affinities of the resulting
nanomaterials could surpass those of the original oligosaccharide glycans [12, 18, 19]. These
studies have shown that glyconanomaterials can be used as tools to study carbohydrate-
mediated interactions. These investigations have demonstrated the potential of
glyconanomaterials in diagnosis and treatment of diseases. Glyconanomaterials present
additional values in terms of structural diversity. The research field is thus largely fueled by
the rapid advances in nanotechnology, where nanomaterials of different composition, size,
shape, chemical and physical properties are being developed. The availability of these
materials has enabled the study of how glycan-mediated cellular interactions and responses
can be modulated by parameters such as ligand density, size, and shape [11]. Imaging and
diagnosis applications also become possible when the nanomaterials possess optical,
magnetic, and electronic properties that allow the transduction of cellular interactions into
readable signals. Furthermore, when nanomaterials are used as carriers, therapeutics can be
developed with the aid of carbohydrate ligands to facilitate the treatment of diseases.

In this review, we will give an overview of preparation methods of glyconanomaterials, and
their applications in sensing, imaging, diagnosis, and therapeutics. We will focus on carbon
nanomaterials, metal nanoparticles, quantum dots (QDs), magnetic nanoparticles (MNPs)
and silica nanoparticles (SNPs). Glyconanomaterials based on molecular scaffolds of
polymers, dendrimers, lipids, micelles, etc. have a long history, and are well documented in
the literature. Readers are referred to the cited reviews to learn more about glycopolymers
[20-24], glycodendrimers [25-28], and glycoliposomes [29-31]. Besides oligosaccharides,
which constitutes the main focus of the present review, polysaccharides such as cellulose,
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dextran, chitosan, glycosaminoglycans (GAGS), represent another important class of
carbohydrates. These biocompatible polysaccharides can provide a protection layer to
reduce the cytotoxicity of encapsulated nanoparticles such as QDs and graphene oxide. The
polysaccharide coating can also help prolong the circulation time of nanomateirals.
Furthermore, the abundant reactive groups on polysaccharides can be used to conjugate
additional moieties to provide functions such as cell-specific targeting and responsiveness
towards external stimuli. For this topic, we direct readers to reviews in references [32-35]
for detailed discussions.

2 Preparation of glyconanomaterials

2.1 Carbon nanomaterials

Carbon-based nanomaterials have a long history, from the oldest nanomaterial of amorphous
carbon, to the newly discovered fullerenes, carbon nanotubes (CNTSs) and graphene. These
materials continue to break records of material and physical properties, and hold promise to
impact a wide range of fields, including electronics, sensing, imaging and therapeutics.
However, several disadvantages limit their biological applications, such as poor water
solubility, lack of reactive functionality, and potentially high cytotoxicity [36]. An effective
way to overcome these limitations is to introduce an organic coating on the carbon materials.
Carbohydrates are in this sense suitable candidates that not only increase the
biocompatibility and solubility, but also introduce molecular recognition features to the
carbon materials, which can impact cellular interactions and uptake of these entities.

One approach to carbohydrate conjugation is through non-covalent interactions between
carbon materials and modified carbohydrates. In this case, carbohydrates are chemically
derivatized with nonpolar moieties such as lipids [37-41], polyaromatic hydrocarbons [42—
44], or porphyrins [45], which are capable of interacting with the hydrophobic carbon
materials (Fig. 1). The resulting carbon materials are not chemically functionalized, and
their properties are thus preserved. For example, Bertozzi and co-workers coated single-wall
CNTs (SWCNTs) with poly(methyl vinyl ketone) having a C1g lipid tail that could self-
assemble on the SWCNTSs through hydrophobic effects (Fig. 1(a)) [37]. The polymer was
functionalized with a-o-N-acetylgalactosamine (a-GalNAc) as pendant groups. The resulting
mucin mimic-modified SWCNTSs resisted non-specific protein adsorption, and could also
recognize the Helix pomatia agglutinin (HPA), an a-GalNAc-binding lectin. In another
study, the group functionalized monosaccharides with pyrene, which were subsequently
adsorbed on SWCNTSs (Fig. 1(b)) [43]. The modified SWCNTSs were used to promote cell
adhesion and study dynamic cellular activities. The same concept was used in a work by Lin
et al. where pristine graphene was functionalized with pyrenemodified maltose [44]. Upon
adsorption, graphene quenched the pyrene fluorescence, which was then recovered by
addition of the lectin Concanavalin A (Con A). This displacement-type assay provided a
means for lectin sensing, where the detection limit was estimated to be 0.8 nM in the case of
Con A.

Covalent modification requires a chemical reaction between the carbon nanomaterial and the
carbohydrate. In this case, either the carbon nanomaterial or the carbohydrate, or both, need
to be chemically functionalized (Fig. 2). Carbon nanomaterials are relatively inert
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chemically, and therefore, methods for the chemical functionalization of carbon materials
often involve the use of reactive intermediates such as azomethine ylides, radicals, carbenes,
and nitrenes [46-48]. Among the carbon materials, fullerenes, especially
buckminsterfullerene Cgp, have the richest and the most established functionalization
chemistry. Well-defined fullerene derivatives can be synthesized, and the number of
functional groups can be precisely controlled [49, 50].

For CNTs and graphene, the most common way to achieve covalent functionalization is to
use the oxidized forms. Oxidation generates oxygen-containing functional groups, such as
epoxy and carboxylic acid moieties, which can then be used to react with, e.g., amine-
functionalized carbohydrates [51, 52]. In the case of graphene, the vast majority of the
reported methods uses the oxidized form, which can be prepared inexpensively from
graphite to produce single-layer graphene oxide in large quantities. Single-layer pristine
graphene, on the other hand, is still difficult to obtain, especially on a larger scale.

Aryl diazonium salts are among the most used reagents to functionalize pristine CNTs and
graphene. The reaction has been suggested to proceed via aryl radicals that are generated by
electron transfer from the CNTs or graphene to the aryl diazonium ions after elimination of
N> [53]. This chemistry was for example used by Torres et al., who prepared SWCNTs and
graphene coated with a-D-mannosyl (Man) dendrons following a sequential
functionalization approach [54]. A diazonium salt, prepared from 4-
[(trimethylsilyl)ethynyl)]aniline with isoamyl nitrite, was activated under microwave
irradiation and reacted with SWCNTSs and graphene. The carbohydrates were subsequently
conjugated to the material via a copper-catalyzed alkyne-azide cycloaddition (CUAAC)
reaction using azide-functionalized a.-D-mannosyl dendrons (Fig. 2(a)).

Another useful functionalization method relies on azomethine ylides, which undergo 1,3-
dipolar cycloaddition with CNTs to form pyrrolidine derivatives (Fig. 2(b)). This method
can also be applied to indirect carbohydrate functionalization as exemplified in a study by
Hong et al. The azomethine ylides were in this case generated from a-amino acids and an
aldehyde, and carboxy-functionalized o-N-acetylglucosamine (GICNAC) structures were then
conjugated to the resulting pyrrolidinyl CNTs (Fig. 2(b)) [55].

Nitrenes constitute another widely used reactive intermediate to introduce functional groups
directly on pristine carbon nanomaterials. Generated by thermal or light activation, these
reactive intermediates are perceived to undergo cheletropic cycloaddition reactions with
alkenes to form aziridines [56, 57]. Azide-functionalized carbohydrates were used to
functionalize CNTs in refluxing chlorobenzene to render CNTs water soluble (Fig. 2(c))
[58]. This chemistry is very efficient, and perfluorophenyl nitrene formation was, for
example, developed in our laboratory to functionalize different pristine carbon
nanomaterials (Fig. 2(d)) [48, 51, 59-63]. Unlike the singlet phenyl nitrene that primarily
ring expands to form the dehydroazepine, the singlet perfluorophenyl nitrene can undergo
efficient C=C addition reactions due to its longer lifetime and higher activation energy
barrier for the ring expansion reaction [64—67]. Therefore, reaction with perfluorophenyl
azide (PFPA) resulted in covalent functionalization of fullerenes [68], CNTs [69] and
graphene [61]. The properties of the materials can be tailored by the PFPA functionality. For
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instance, pristine graphene can be made soluble in water or common organic solvents [51],
and CNTSs can be derivatized with polymer brushes through the conjugation of an atom-
transfer radical-polymerization (ATRP) initiator to PFPA [69]. Using the N-
hydroxysuccinimide ester functionalized PFPA (PFPA-NHS) to functionalize CNTs or
graphene, the material can be further conjugated with amine-functionalized carbohydrates
(Fig. 2(d)). The resulting materials selectively recognized carbohydrate-binding lectins [70].

2.2 Metal nanopatrticles

Metal nanoparticles, for example Au, Ag, and Cu nanoparticles, show distinct optical
properties that are different from bulk materials due to the quantum confinement effect
resulting from the reduction of the particle size. The collective oscillation of electrons in the
metal nanoparticles, generated by light illumination, is highly sensitive to the dielectric
environment close to the nanoparticle surface. The so-called localized surface plasmon
resonance (LSPR), provides a powerful means to monitor the molecular events occurring at
the particle surface [71]. Many studies have taken advantage of the change in LSPR, often
resulting in a color change visible by naked eyes, as a means to study carbohydrate-mediated
interactions or as a detection mechanism for sensing carbohydrates [72-75]. We employed
carbohydrate-conjugated Au nanoparticles (AuNPs) to differentiate plant-legume lectins
[76]. Various AuNPs were treated with lectins, and changes in LSPR were subjected to
linear discriminant analysis to successfully differentiate all lectins. Other studies in
chemical- and bio-sensing used Au and Ag nanoparticles in surface-enhanced Raman
spectroscopy (SERS) [77, 78]. For example, lactose-functionalized Ag nanoparticles were
used by Graham et al. to probe the interaction with Con A, where the SERS intensity could
be enhanced for lectin detection at picomolar level [77].

Among metal nanoparticles, AUNPs are most widely used due to their relative inert nature
and ease of preparation in comparison to other metal nanoparticles [79]. In most cases, the
carbohydrates were derivatized with a thiol or a disulfide structure, and the carbohydrate
conjugation was accomplished by either a one-pot protocol or a two-step process (Fig. 3).
Early examples by Penadés and coworkers demonstrated the one-pot synthetic method,
where disulfide-derivatized oligosaccharides were dissolved in methanol and then mixed
with an aqueous tetrachloroauric acid solution [80]. The carbohydrate-conjugated AuNPs
were subsequently obtained following addition of NaBH,4 under vigorous stirring. Similarly,
lyer and coworkers thiolated the trisaccharide portion of globotriaosylceramide Gb3, which
was then directly added into HAuCl, solution followed by NaBH, reduction [81]. The
trisaccharide-conjugated AuNPs showed selective inhibition towards Shiga toxins 1 and 2.
The two-step process involves the synthesis of AuUNPs followed by the addition of thiolated
carbohydrates. A ligand exchange reaction occurs in the second step, where the ligand, such
as citric acid on the as-prepared AuNPs is replaced by the thiolated carbohydrate as a result
of the higher bond strength between thiols and Au than carboxylic acid. For example,
thiolated lactose and glucose derivatives prepared by Russell et al. were bound to citrate-
coated AuNPs by ligand replacement [82]. Apart from these examples, a large number of
other studies have involved the synthesis of Au glyconanoparticles following either of these
two methods [83-87].
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Post-modification of nanomaterials with carbohydrate structures is another method to
conjugate carbohydrates on metal nanoparticles. In this case, a functional group is
introduced on the metal nanoparticle surfaces, and carbohydrates, either derivatized or
underivatized, are then conjugated to the nanoparticles through a coupling reaction. This
method was, for example, used by Kataoka et al. who synthesized AuNPs with an acetal-
terminated PEG-SH ligand. The acetal was then converted to the aldehyde, which in turn
was used to attach p-aminophenyl-lactose and p-aminophenyl-a—D-mannose by reductive
amination [88].

In a method developed in our laboratory, a two-step process was followed. AuNPs were first
treated with a thiol- or disulfide-functionalized PFPA. Light activation of the PFPA then
resulted in the covalent conjugation of carbohydrates to the AuNPs [11, 13, 14, 89]. In this
case, the carbohydrates were used in their native form and no chemical derivatization was
needed. Using this methodology, we have conjugated various carbohydrates including
monosacharides, oligosaccharides and polysaccharides, as well as reducing- or non-reducing
carbohydrates to AuNPs without affecting their binding affinities.

2.3 Quantum dots

QDs such as CdSe, CdTe, CdS and ZnS are crystalline semiconductor nanoparticles that
display unique electronic properties resulting from the size-dependent quantum
confinement. Broad absorption, tunable and narrow emission make them promising
nanomaterials for imaging and sensing [90, 91]. When functionalized with carbohydrates,
the water solubility and biocom-patibility of the modified QDs is enhanced, in addition to
exerting molecular recognition abilities.

Similar to metal nanoparticles, carbohydrate conjugation to QDs can be accomplished by
one-pot synthesis, ligand exchange reaction, or post-modification. Examples of the one-pot
synthesis involved mixing disulfide-functionalized carbohydrate structures with
Cd(NO3),.4H,0 at pH 10, followed by dropwise addition of Na,S. As QDs were formed via
the combination of Cd2* and S2- in basic solution, the carbohydrate disulfide ligands were
directly attached to the QDs forming stabilizing layers [92, 93].

In an example of the ligand exchange protocol, Surolia and coworkers synthesized
carbohydrate-conjugated CdSe—ZnS core—shell QDs by treating as-prepared QDs with thiol-
functionalized lactose, melibiose and maltotriose [94]. Seeberger and coworkers further
developed a controllable glyco-QDs synthesis method by using a continuous-flow
microreactor. Cd and Se precursors were injected into a heating chamber followed by
coating with Zn and S precursors in a second chamber. The size and fluorescence emission
of the QDs could be controlled by the precursor concentrations, temperature and flow rate.
Carbohydrate conjugation was accomplished in the last step in a ligand exchange chamber
using thiol-functionalized carbohydrate ligands such as a-D-mannosides or 3-D-galactosides
[95, 96].

In the post-modification method, a functional group is introduced to QDs, which is then
coupled to carbohydrates. For example, Wang and coworkers modified CdS QDs with
carboxy-terminated alkylthiols, which were then used to conjugate amine-derivatized
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carbohydrates using standard coupling reagents for amidation [97]. Other coupling methods
such as thiolene and reductive amination have also been demonstrated to introduce
carbohydrates onto QDs. For instance, Seeberger's group synthesized a series of
carbohydrate-capped CdSe/ZnS core-shell QDs using the thiol-ene reaction [98]. To
introduce double bonds on the nanoparticles, the QDs were first functionalized through
ligand exchange with an amino-terminated PEG,qgo-linked dihydrolipoic acid structure,
followed by conjugation with a maleimide moiety. Thiol-functionalized a-D-mannosides, -
D-galactosides and p-D-galactosamine derivatives were subsequently conjugated to the QDs
through a thiolene reaction. In another example, Jana et al. synthesized glyco-QDs by
reductive amination [99]. The amine-functionalized QDs were prepared by encapsulating
hydrophobic QDs into a polymer prepared by reverse micelle polymerization of acrylates
containing N-(3-aminopropyl)methacrylamide. Carbohydrate immobilization was
subsequently achieved by adding maltose, lactose and dextran to the amino-functionalized
QDs in the presence of Na(CN)BH3 at pH 9 in borate buffer followed by dialysis.

2.4 Magnetic nanopatrticles

MNPs constitute an important class of nanomaterials suitable for biomedical imaging such
as magnetic resonance imaging (MRI), and therapeutics such as hyperthermia treatment
[100-104]. The most frequently used MNPs in these applications are iron oxide
nanoparticles including magnetite (Fe304) and maghemite (y-FeoO3). Iron oxide
nanoparticles can be readily prepared using simple protocols to give particles in the size
range of 5-20 nm. These nano-particles can be readily dispersed in aqueous solutions to
form homogeneous and stable suspensions. Iron oxide nanoparticles have excellent
biocompatibility and are highly desirable for in vivo studies. In fact, Feraheme, a product
based on carbohydrate-coated magnetite nanoparticles, have already been in clinical use for
the treatment of iron deficiency anaemia [105, 106].

To prepare carbohydrate-conjugated MNPs, similar strategies to those for QDs can be
adopted. For example, Horék et al. reported a one-pot protocol where D-mannose was
directly added to a reaction mixture with FeCl3 and FeCl, in the presence of NH4OH [107].
In this case, D-mannose was thought to act as a metal-coordinating ligand that bound to the
nanoparticles by chelation to Fe(11)/Fe(I11). In this context, carboxylic acid- and phosphate-
functionalized carbohydrates are also effective in binding to iron oxide nanoparticles. For
example, lactobionic acid, D-gluconic acid, Ficoll and carboxy-terminated glycolipids were
used by Kekkonen et al. and Baccile et al. to stabilize MNPs [108, 109]. These MNPs
showed increasing stability with increasing carbohydrate ligand size. In the case of ligand
exchange reactions, phosphate-functionalized, peracetylated mannose, rhamnose and ribose
derivatives were used by Lartigue et al. to replace the original ligands on the iron oxide
nanoparticles such as oleic acid/oleylamine. Removal of the acetyl protection groups
resulted in significant increase in water solubility of the resulting nanoparticles [110].

Other routes include initial nanoparticle functionalization to introduce a functional group,
followed by carbohydrate conjugation. For example, Huang and coworkers prepared
magnetite nanoparticles coated with sialic acid (Sia) using amide coupling. The magnetite
nanoparticles were synthesized by NH,OH-induced co-precipitation of FeClz and FeSOy4 in
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the presence of dextran as a coating ligand. Amino groups were subsequently introduced by
treating the dextran layer with epichlorohydrin/NaOH followed by ammonia. The partially
protected sialic acid derivative having a carboxylic acid end group was then conjugated to
amine-MNPs by amide coupling, and the final glyco-MNPs were obtained after removing
the protecting groups in aqueous NaOH [111]. Other examples, from our group, involved
the preparation of PFPA-functionalized iron oxide nanoparticles by treating the particles
with PFPA-phosphate. Carbohydrate conjugation was then achieved photochemically by
irradiating the dispersion of iron oxide nanoparticles and carbohydrate followed by dialysis
[112, 113].

2.5 Silica nanoparticles

SNPs are widely used in biochemistry due to their outstanding biocompatibility, water
dispersability, stability and functionality [114-117]. Among different SNPs formats,
mesoporous SNPs have over the last 20 years been developed to possess unique and
advantageous properties such as tunable particle size, pore size and shape. These properties
have enabled their use as drug delivery systems in for example anti-cancer therapy.
Mesoporous SNPs were in this case loaded with multiple drugs and functionalized with
active targeting ligands, including carbohydrates. The resulting SNPs were able to
selectively target tumor cells, including multi-drug resistance (MDR) cells, leading to cancer
cell death without damaging normal tissue [118].

SNP surfaces can be efficiently functionalized with carbohydrates by post-modification
methods, generally involving initial functionalization of the SNPs, and subsequent
conjugation of derivatized or underivatized carbohydrates. Several different conjugation
chemistries have here been used, including CUAAC, amide coupling, nucleophilic
substitution, and photocoupling. For example, Basu et al. synthesized azide-functionalized
SNPs using ((azidomethyl)phenylethyl)-trimethoxysilane, and conjugated alkyne-
functionalized carbohydrate derivatives in the presence of CuSOg4/sodium ascorbate or Cul/
diisopropylethylamine, while heating to 70 °C in a microwave reactor [119]. Liu et al.
utilized amide coupling to conjugate galactose (Gal) derivatives onto SNPs. The SNPs
surface was first functionalized with N-(B-ethylenamine)-y-propylamine triethyloxylsilane
and lactobionic acid was then coupled to the amino-functionalized surface in the presence of
amide coupling reagents [120]. Gary-Bobo et al. prepared mannose-functionalized
mesoporous SNPs by coupling aminopropyl-functionalized SNPs to squarate ester-
derivatized a-mannose [121]. For the photoinitiated carbohydrate conjugation to SNPs, a
method developed in our laboratory the nanoparticles were first functionalized with PFPA-
silane, after which the carbohydrates were conjugated by irradiation in the presence of
carbohydrates. Using this methodology we have for example prepared carbohydrate-
functionalized SNPs from different mono- and oligosaccharides [15, 76, 122-124].

3 Affinity enhancement

Carbohydrate-mediated interactions are generally weak, where for example the K values of
carbohydrate—lectin interactions are in the range of uM-mM. This is orders of magnitude
lower than enzyme-substrate or antibody-antigen interactions, where the affinities are
commonly on the order of nM. To compensate for this, nature uses the so-called
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multivalency- or clustering effect where multiple copies of glycan ligands are conjugated on
peptides, proteins or lipids. The result of this multiple ligand presentation is significantly
enhanced affinity with carbohydrate-binding proteins.

Nanomaterials are excellent multivalent scaffolds that can enable high affinities for
carbohydrate-binding proteins. The affinity enhancement, however, is to a large extent
affected by how the carbohydrate ligands are displayed on the nanomaterials. In this respect,
we set out to study how the ligand density, the spacer linker length, and the nanoparticle size
impact the binding affinity of glyconanomaterials with lectins. In order to achieve this, we
developed four characterization methods to determine the K values of glyconanoparticles
interacting with lectins. These include fluorescence competition assay [123], isothermal
microcalorimetry [14], dynamic light scattering [13], and super microarrays [15]. Thus,
various carbohydrate ligands were immobilized on AuNPs, and the binding affinities for
specific lectins were measured. The results showed that the binding affinity of carbohydrate
ligands conjugated on AuNPs were 3-5 orders of magnitude higher than those of free
carbohydrate ligands.

To investigate the factors that influence the binding affinity, we conjugated carbohydrates to
AUNPs having different ligand density, spacer lengths, and also varied the diameter of the
AUNPs. It was found that the binding affinity displayed an optimal value depending on the
spacer length and structure, in part due to the increased freedom of ligands when a longer
spacer linkage was used [10]. We then prepared mannose-conjugated AuNPs with varying
mannose density. Binding studies with Con A showed that, initially, the affinity increased
with the ligand density, and then remained more or less constant [11, 89]. Higher ligand
density might impose steric hindrance, thus reducing the lectin access to the surface-bound
carbohydrate ligand. Other groups have also studied this effect, and in the work of Penadés
et al., lactose was coated on AuNPs to various density and the binding affinity for Viscum
album agglutinin (VAA) was determined. It was found that binding of AuNPs with 100%
density was weaker than lower percentage densities [125]. Similar results have also been
observed by others for lectins interacting with carbohydrate ligands immobilized on flat
surfaces as well as nanoparticles [87, 126].

In addition, we found that nanoparticles selectively enhanced high affinity interactions. In
our studies on the variants of cyanovirin-N lectins, by conjugating Man2 or Man3 on
AUNPs, the affinity enhancement was 21-86 fold higher for the stronger binding domain
than the weaker binding domain [12]. In another work, we prepared carbohydrate
microarrays and glyconanoparticle microarrays, and treated them with fluorescently labeled
lectins. The higher affinity ligands displayed stronger signals on glyconanoparticle
microarrays than the carbohydrate microarrays, whereas the weaker ligands showed lower
signals on glyconanoparticle microarrays than the carbohydrate microarrays [123].

4 Glyconanomaterials in imaging

4.1 Fluorescence

Fluorescence remains one of the most popular techniques for bioimaging, presenting clear
images for the identification and tracking of molecular recognition events. Presently, three
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major fluorescent materials are most widely used: Organic dyes, inorganic nanoparticles and
fluorescent polymers. In this section, we will discuss examples where the fluorescent
glyconanomaterials are used in bioimaging. The section is organized by the type of
luminescent nanomaterials used to label glycans.

4.1.1 Organic dye-doped nanomaterials—Organic dyes continue to be the label of
choice due to the availability of a wide variety of commercial products of diverse structures,
functionalities, solubility, and spectral properties. However, organic dyes have relatively
poor photostability, and when exposed to light, can photobleach, resulting in a decrease in
fluorescence intensity [127]. By entrapping the fluorescent dye inside nanoparticles, the dye
molecules are protected from being directly exposed to the environmental oxygen, and thus
the photostability can be greatly enhanced [128, 129]. Furthermore, because a large number
of dye molecules can be embedded inside a nanoparticle, high fluorescence emission can be
obtained, the intensity of which exceeds the dye molecule itself or even QDs [130]. Of
different nanomaterials, SNPs are highly suitable for dye doping, being easy to synthesize
and chemically functionalize, and generally being more stable compared to other
luminescent nanoparticles.

We employed dye-doped SNPs to study the interactions of glycans with bacteria [122]. In
this case, the glycans were labeled with fluorescein isothiocyanate (FITC)-doped SNPs
using the photocoupling chemistry described in the above. The developed fluorescent SNPs
(FSNPs) could subsequently be used to monitor cell-glycan interactions. Thus, D-mannose-
functionalized FSNPs showed selective binding to E. coli strain ORN 178 through
interaction with the Man-binding lectin FimH on its pili (Fig. 4(a)). In comparison, no
fluorescence was visible on the E. coli strain ORN 208 that lacks the FimH lectin (Fig. 4(b)).
In another example, maltoheptaose was conjugated to various nanoparticles including FITC-
doped SNPs using the same photocoupling chemistry. When the maltoheptaose-conjugated
nanoparticles were treated with E. coli, strong interactions with the bacteria cells occurred
(Figs. 5(a) and 5(b)). Particle internalization by the bacteria cells was observed when
maltoheptaose-conjugated iron oxide nanoparticle were treated with E. coli (Fig. 5(c)) [113].

4.1.2 Quantum dots—Semiconducting nanoparticles such as QDs exhibit outstanding
optical properties such as tunable emission through size control, high fluorescence intensity
and broad excitation range in comparison to organic dyes. They are therefore becoming an
important tool for bioimaging applications. For example, Mukhopadhyay et al. synthesized
a-D-mannoside-coated CdS QDs, which were subsequently fed to E. coli cultures. Confocal
fluorescence microscopy images showed QD-induced aggregation of E. coli ORN 178,
while E. coli ORN 208 showed no aggregation [93].

Furthermore, cells can also be labeled by QDs. In a work of Robinson et al., GIcNAc-
functionalized QDs were incubated with fresh sperm cells, and confocal fluorescence
microscope images were taken (Fig. 6). Sea-urchin sperms exhibited higher fluorescence
intensity on the head when treated with GIcNAc-QDs, whereas more uniform fluorescence
was observed on mouse sperms treated with mannosylated QDs. The authors concluded that
this may be the result from the different distribution of GIcNAc and Man receptors on sea-
urchin and mouse sperms, respectively [131]. In another example by Coulon et al.,
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galactose- and mannose-coated CdTe QDs were successfully used to label living yeast cells
Kluyveromyces bulgaricus and Saccharomyces cerevisiae, respectively [132].

A major drawback of CdSe-based QDs is their high toxicity. It was reported that the outer
coating of the QDs may be detached and expose the metal core when subjected to oxidation
and pH change [133]. Furthermore, oxidation by reactive oxygen species (ROS) may release
toxic ions such as Cd2* which might cause decrease in fluorescence intensity during this
process. By comparison, silicon nanoparticles, another type of fluorescent QDs, are much
less toxic than cadmium-based QDs [134], and can also be applied to glycan—cell
interaction. For example, Li et al. used silicon nanoparticles as luminescent probes for
detecting and labeling cells. Strong fluorescence in MCF-7 breast cancer cells was thus
observed upon incubation with mannose-conjugated silicon nanoparticles. Furthermore, no
morphological damage could be detected on the MCF-7 cells even after 48 h incubation,
whereas the tested CdTe QDs induced significant cell death in 24 h [135, 136].

4.1.3 Fluorescent polymers—Fluorescent polymers have also been used to label
carbohydrates for bioimaging applications. Two classes of polymers can be used in this
case: Polymers having fluorescent backbones and polymers that contain fluorescent dyes as
side chain groups.

To introduce fluorescence in the backbone, fluorescent semiconducting polymers based on
m—m conjugation, such as polyfluorene-, poly(phenylene ethylene)-(PPE), poly(phenylene
vinylene)- and fluorene-based copolymers, were developed [137]. These structures have
relatively large absorbance ranges and very high extinction coefficients (up to 30 times
larger than for QDs and 200 times better than organic dyes). In addition, a shorter
fluorescence lifetime allows for fast emission that can be easily detected in flow cytometry
[138]. Compared to QDs, polymers also show better biocompabilities and lower toxicities,
retaining their integrity and displaying higher stabilities without quenching [139, 140].
These features can be used in glyconanomaterial applications. For instance, carbohydrate-
grafted PPE prepared by Bunz et al. showed strong fluorescence and tunable emission upon
addition of different surfactants such as Tween 20, which induced nanoparticle dissociation
[141]. In another example by Seeberger et al., mannose-grafted PPE was used to target and
image E. coli [142].

Polymers that contain fluorescent dyes as side chain groups are generally prepared by
grafting the dyes to the backbones. This was used in a study by Muller et al. who used
galactose- and pyrene-grafted poly(methacrylate) copolymers to coat silica-protected MNPs.
The resulting nanoparticles were successfully applied to image A549, adenocarcinomic
human alveolar basal epithelial cells (Fig. 7) [143].

4.2 Magnetic resonance imaging

MRI is a powerful technique to visualize the internal structure of living organisms and is
regarded a safer technique compared to X-ray computed tomography (CT) and positron
emission tomography (PET), which use radioactive elements for detection. The collected
MRI data, based on the spin-lattice relaxation time Ty and spin-spin relaxation time T, lead
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to positive or negative contrast depending on the environmental change and the material
itself [144].

Using MRI invitro, Huang and co-workers synthesized various magnetic glyconanoparticles
(MGNPs) in order to estimate the binding affinities with different lectins [145]. Con A,
possessing four Man-selective binding sites, acted as a crosslinker that induced aggregation
of the Man-MGNPs. As a result, T, decreased with increasing Con A concentration, while
T, of the unfunctionalized nanoparticles remained unchanged (Fig. 8(c)). Similarly, wheat
germ agglutinin (WGA, a GIcNAc and Sia-selective lectin) showed aggregation with
GIcNAc-MGNPs whereas no change was observed for Gal-MGNPs (Fig. 8(d)).

In vivo MRI imaging is also possible where the glyconanoparticles can be used to detect
diseases. To visualize brain diseases such as inflammation, Davis and coworkers designed
bloodborne leukocyte mimicking sLe*-functionalized MNPs that could target CD62
adhesion molecules (E- and P-selectin) on activated endothelial cells. These adhesion
molecules played an important role in initial recruitment of leukocytes to the inflammation
site where symptom-based diagnoses could only detect later stages. The sLe*-MNPs could
selectively label the activated cerebral endothelium, offering high potential in early disease
detection (Figs. 9(a), 9(b) and 9(d)) [146].

The most clinically used MRI contrast agents for brain imaging, paramagnetic gadolinium
(Gd3*) compounds, are based on shortening of the spin-lattice relaxation time T; to provide
positive contrast. A drawback of gadolinium compounds is that they are rapidly cleared
from the body [147]. To overcome this problem, Gd-based nanomaterials such as polymers,
carbon- and inorganic nanoparticles were developed, of which Gd(l11)-derivatized AuNPs
showed especially high potential for clinical uses [148-150]. This was for example shown
by Penadés and coworkers, who prepared hybrid AuNPs coated with thiol-functionalized
carbohydrates and Gd(l11)-coordinated tetraazacyclododecane triacetic acid (DO3A), and
subsequently applied them in MRI imaging [151].

4.3 PET/single-photo emission computed tomography (SPECT)/CT

PET, SPECT and CT are widely used techniques in medical imaging [152, 153]. SPECT and
PET provide 3D images by detecting the gamma rays from gamma-emitting radionuclides
and positron-emitting radio-nuclides, respectively. The combination of CT with PET or
SPECT could also help locate abnormal tissue more precisely [154]. Recently,
glyconanomaterials were utilized in PET/CT and SPECT/CT systems. For example, Yang
and coworkers prepared 111In-labeled polymer micelles functionalized with glucosamine
(GIcN) as tumor tracers. Higher radioactivity was in this case found in the tumor, liver and
spleen [155, 156]. Although the results did not show active targeting clearly, the study still
provided valuable data for further glyconanomaterial design. In another investigation, Davis
et al. loaded GIcNAc-coated SWCNTs with a radiotracer (Nal251). The functionalized
SWCNTSs could specifically target the lung, whereas the free radiotracer resulted in low
selectivity [55]. Furthermore, the SPECT/CT signals from the loaded SWCNTSs remained
strong even after 24 h incubation. In contrast, a clear signal decrease was observed for free
radiotracers due to the fast clearance from the body.
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5 Glyconanomaterials in diagnosis and therapeutics

5.1 Glyconanomaterial-cell interactions in vitro

Glyconanomaterials are frequently used to induce cellular interactions or aggregation
through lectin receptors on the cell surfaces. This was for example demonstrated by Sun and
coworkers, in studies where galactose-derivatized SWCNTSs were used to induce the
aggregation of E. coli 0157:H7, while mannose-functionalized SWCNTs led to the
agglutination of B. subtilis spores [157, 158]. In another example, Bertozzi and co-workers
treated Chinese hamster ovary (CHO) cells with CNTs conjugated with a mucin mimic (a-
GalNAc-lipid/B-GalNAc-lipid) in the presence of HPA. Strong specific binding was
observed between the a-GalNAc-lipid and HPA, inducing cell crosslinking, while only
physical absorption could be found for B-GalNAc-lipid from fluorescence microscopy [38].

Glyconanomaterials can furthermore undergo cell internalization. For example, Yang et al.
used lactose-and galactose-functionalized CdSeS/ZnS QDs to study their uptake by HepG2
liver carcinoma cells. Optical-and fluorescence imaging indicated cellular uptake of the
QDs, presumably through an endocytosis mechanism (Fig. 10) [159]. Similarly, QDs coated
with galactose-grafted poly(benzaldehyde-polyethylene glycol)-poly(DL-lactide) indicated
internalization in HepG2 cells in a study by Cai et al. [160]. Other cell lines have also been
studied, where for example Ao-yama et al. prepared CdSe QDs coated with cellobiose,
lactose, maltose and maltoheptaose, and studied their cellular uptake by HelLa cells. The
results showed that the endocytosis was highly size-dependent. The optimal size for cellular
uptake was around 50 nm, whereas very low amounts of larger (>100 nm) or smaller (<15
nm) QDs were found in the cells [161].

Glycan-mediated interactions of glyconanomaterial with bacteria has been studied in our
laboratory. A range of different carbohydrates were conjugated on a variety of nanoparticles.
We found that while Man-NPs bound to the pili of bacteria cells via the Man-binding
receptor Fim H (Fig. 4(a)), conjugation of maltoheptaose to nanoparticles induced strong
interactions with E. coli (Figs. 5(a) and 5(b)). Maltoheptaose-conjugated iron oxide
nanoparticles were internalized by E. coli, where the nanoparticle uptake was confirmed by
TEM thin section samples (Fig.5(c)) [113]. When cyclodextrin-conjugated nanoparticles
were instead used, no surface binding or cellular uptake was observed. These results
demonstrate that the nature of the carbohydrate ligand dictates how the nanoparticles
interact with bacterial cells. The results also pave the way for tailor-making
glyconanomaterials to target specific cells for imaging and therapeutic applications.

Glyconanoparticles can also be used to differentiate cell types. In a study by El-Boubbou et
al., different cell lines were incubated with an array of carbohydrate-functionalized iron
oxide MNPs (Fig. 11) [145]. MRI and Prussian blue-staining assay were utilized to quantify
the uptake of the glyco-MNPs, showing different patterns of binding and uptake resulting
from the distinct lectin receptors on the cells. Using the statistical method of linear
discriminant analysis, the authors were able to distinguish normal cells from cancer cells,
and also the specific type of cancer cells.
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5.2 Glyconanomaterial-cell interaction in vivo

5.3 Therapy

In a study by Kikkeri et al., different carbohydrate-capped QDs were prepared to evaluate
the distribution of glyconanoparticles in vivo [98]. QDs modified with PEG, Man-PEG and
D-galactosamine (GalN)-PEG were dispersed in PBS and injected into mice via the tail vein.
It was found that clusters of Man-QDs and GalN-QDs were visible in the liver, while mice
treated with PBS and PEG-QDs showed very little fluorescence (Fig. 12). The authors
concluded that mannose receptors on Kupffer cells and sinusoidal endothelial cells played a
crucial role in QD-Man binding, while the asialoglycoprotein receptor (ASGP-R) on
hepatocytes interacted with the GalN-QDs. Interestingly, cell viability studies showed that
QDs coated with carbohydrates were considerably less toxic than those with PEG coating.

Another investigation was conducted by Ohyanagi et al. to study the distribution of glyco-
QDs invivo [162]. Near IR fluorescence images of mice injected with carbohydrate-coated
QDs exhibited significant differences in time-dependent distribution (Fig. 13). QDs
derivatized with sialyl N-acetyllactosamine (sialyl-LacNAc) accumulated in the spleen and
intestine rapidly, while LacNAc-functionalized QDs and Le*-QDs were localized in the
liver, and no preferential distribution was observed for sLeX-QDs. However, the
fluorescence decreased significantly after 2 h, indicating the poor stability of this type of
QDs in vivo.

The potential for therapeutic applications of glycon-anomaterials have furthermore been
demonstrated. A relatively early example involved the use of glyconanoparticles in anti-
adhesion therapy. In this case, Rojo et al. synthesized lactose-AuNPs and glucose-AuNPs,
and mixed them with B16F10 melanoma cells at 37 °C for 5 min, followed by injection into
C57/B16 mice to test the inhibition of lung metastasis. The authors found that the lung of
mice treated with lactose-AuNPs had fewer foci, while a high number was observed for the
mice treated with glucose-AuNPs (Fig. 14). This result suggested that lactose may play an
important role in melanoma cell metastasis, and that lactose-AuNPs were effective in
preventing tumor cell adhesion [84].

Anti-viral therapy represents another area where glyconanomaterials can be used. For
example, it has been established that the HIV envelope glycoprotein gp120 contains clusters
of high mannose glycans that are recognized by human monoclonal antibody 2G12. This
glycan presentation was mimicked in a study by Penadés and coworkers, where AUNPs
covered by a monolayer of oligomannosides were synthesized to compete with gp120 for
cell binding. SPR results confirmed the strong affinity of these glyconanoparticles to 2G12.
In addition, after treating 2G12 with glycon-anoparticles, gp120 was not able to bind 2G12
[19, 163]. The authors further showed that pre-treatment with oligomannoside-coated
AuNPs could reduce and perhaps inhibit the infection of Raji dendritic cell-specific
intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN)-transfected
lymphoblastoid B cells by HIV-1 recombinant viruses JR-Renilla (R5) or NL4.3-Renilla
(X4). A 50% mannose density on the AuNPs was sufficient to reach significant inhibition,
and the best AuNPs were found to present 56 linear tetra-mannosides
(Manal-2Manal-2Manal-3Manal-R) [164].
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Based on the fact that Ebola virus infections are mediated by the interaction between the C-
type lectin DC-SIGN on cell surfaces with the mannose-containing glycans on the viral
particle, it was hypothesized that mannose-functionalized nanoparticles could inhibit the
infection. This was addressed by Luczkowiak et al., who conducted a study where fullerenes
were functionalized with mono- and branched mannosides and galactosides. The I1Cgq-
values were in this case estimated to 0.3 uM with branched mannose-fullerenes connected to
flexible chains [165]. Further improvement in inhibition efficiency could be achieved by
specific carbohydrate selection, ligand density, and chain flexibility.

Photodynamic therapy (PDT) uses light- activated photosensitizers to generate reactive
oxygen species and thus destroying cells and tissues. An advantage of PDT treatment is that
it can be specifically focused on the disease site without affecting other parts of the body.
The drawback, on the other hand, is the penetration depth of light that may not reach the
disease sites [166]. A few reports have evaluated the use of glyconanomaterials in PDT
[167, 168]. For example, Brevet et al. embedded photosensitizers inside mannose-coated
mesoporous SNPs, and applied them to human breast cancer cells. The results showed 99%
cell death under light irradiation, in comparison to 19% without irradiation [167].

Ferromagnetic and ferroelectric MNPs exhibit hyperthermia properties, i.e., the increase in
temperature induced by an external alternating magnetic field [169-171]. This technique has
been used in cancer therapy since the 1970s, whereby the temperature increase causes cell
damage and destruction of tumor cells [172-176] Preliminary studies demonstrating the
potential of glyco-MNPs in hyperthermia therapy was recently reported [110]. MNPs coated
with rhamnose, mannose and ribose were prepared, and the specific absorption rate (SAR)
data was used to measure the hyperthermal efficiency. The results indicated that remarkable
heat could be generated by the MNPs, where for example the SAR of 16 nm rhamnose-
MNPs could reach a maximum of 185 W/g.

6 Conclusions and perspectives

Nanoscience and nanotechnology have witnessed rapid development over especially the last
three decades. Nanomaterials of various chemical composition, structure, morphology, size,
shape, and surface functionality are now being synthesized, and new nanomaterials having
unique chemical, physical and biological properties are appearing in literature on a daily
basis. The study of glyconanomaterials, on the other hand, is a new field and the progress
has been relatively lagging. This has primarily been due to challenges in the glycosciences
area, partially owing to the complexity and difficulty in chemically synthesizing and
derivatizing glycan structures. The vast majority of glyconanomaterials are thus made from
simple and inexpensive carbohydrate structures such as monosaccharides. Nonetheless, the
conjugation chemistries are mostly general and can be applied to attach these carbohydrates
to a wide variety of nanomaterials.

One important feature of glyconanomaterials is their multivalency. The nanomaterial acts as
a multi-valent scaffold carrying multiple copies of carbohydrate molecules, thus amplifying
the binding affinity with the recognition receptors. Glyconanomaterials can in this context
be considered as simple glycan-presenting cell/virus-mimics able to interact with other
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biological entities. Compared to free, un-bound carbohydrates, glyconanomaterials exhibit
several orders of magnitude higher binding affinity with lectins. This multivalency effect,
however, is highly dependent on how the carbohydrate ligands are displayed on the
nanomaterial surface. The conjugation chemistry, spacer linkage, ligand density and spatial
arrangement govern the binding affinity and influence the interactions of the
glyconanomaterials with other biological entities. A comprehensive understanding of these
issues will no doubt be important not only to the field in general but also in the rational
design of effective glyconano-materials for biomedical applications.

The applications of glyconanomaterials take advantage of the recognition ability of the
carbohydrate ligands, and the unique physical properties of the nanomaterials. The
carbohydrate ligand selectively interacts with the receptors on cell surface, and trigger
binding, cell agglomeration, or particle internalization. When the nanomaterials possess
unique physical properties, the molecular events can be effectively translated into visible or
readable signals allowing for imaging and detection of disease states. Thus,
glyconanomaterials have been used in fluorescence, MRI and PET/CT imaging to
distinguish different cell lines or locate tumors in vitro and in vivo. Applications of
glyconanomaterials as therapeutics have also started to emerge, for example, for
photodynamic and hyperthermia therapy.

With the further development of glyconanomaterials, more and more applications will
emerge. For biomedical uses, several important challenges need to be addressed. For
example, these nanomaterials should show good biocompatibility and no/minimal toxicity to
avoid exerting damage to tissues and to reduce inflammation. For increased control in drug
delivery, controlled release mechanisms need to be deviced, and the residence time
increased to maximize the efficiency. Selective targeting is also of importance, reducing the
therapeutic dose without harming normal tissues. More recently, the combination of
different nanomaterials with multiple functions is gaining interest. Multiple MNPs and QDs
can for example be encapsulated in SNPs, resulting in nanoparticles with both luminescent
and magnetic properties. Such hybrid nanomaterials have the potential to enhance the
versatilities and efficiencies of the systems. We believe that these developments, together
with others, will enable a successful range of new applications for glyconanomaterials.
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Figure 1.
Carbohydrate immobilization through non-covalent interactions via (a) lipids, (b)

polyaromatic hydrocarbons and (c) porphyrins.
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Methods for direct functionalization of pristine CNTs or graphene using (a), aryl diazonium
salt, (b) azomethine ylide, (c) alkyl azide, and (d) PFPA.
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Grafting carbohydrates onto AuNPs through (a) one-pot and (b) two-step process.
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Figure4.
Fluorescence and TEM image of Man-FSNPs interacting with (a) E. coli ORN 178 and (b)

E. coli ORN 208. (Copyright Royal Society of Chemistry. Reproduced from Ref. [122] with
permission.)
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(b)

Figure5.
(a) TEM image of maltoheptaose-conjugated SNPs treated with E. coli ATCC 33456 (scale

bar: 500 nm). (b) Overlay of confocal laser scanning microscopy image and bright field
image (scale bar: 10 pm). The SNPs were doped with FITC. (c) TEM thin section image of
maltoheptaose-conjugated iron oxide nanoparticles treated with E. coli ATCC 33456 (scale
bar: 100 nm). (Copyright Royal Society of Chemistry. Reproduced from Ref. [113] with
permission.)
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Figure®6.
(a) Confocal fluorescence microscopy images of sea-urchin sperm selectively labeled on the

head by GIcCNAc-QDs (scale bar = 20 um). (b) Mouse sperm labeled with Man-QDs.
(Copyright Wiley-VCH. Reproduced from Ref. [131] with permission.)
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Figure?7.
Laser scanning confocal image of galactose- and pyrene-grafted poly(methacrylate)

copolymers coated silica-protected MNPs with A549 cells (a) transmission image (scale bar:
20 pm), (b) epifluorescence microscopy image, and (c) confocal microscopy images. The
green emission is from the nuclei stain antiNUP98-FITC and the blue emission is from
glycopolymer coated nanoparticles. (Copyright American Chemical Society. Reproduced
from Ref. [143] with permission.)
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Figure8.
(a) Aggregation of Man-MGNPs in the presence of Con A. (b) To-weighted MRI images of

Con A treated with Man-MGNPs and unfunctionalized NPs. (c) T, vs. Con A concentration
for Man-MGNPs and NPs. (d) T, vs. WGA concentration for GIcNAc-MGNPs and Gal-
MGNPs. (Copyright American Chemical Society. Reproduced from Ref. [145] with
permission.)

Nano Res. Author manuscript; available in PMC 2015 October 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chen et al.

Page 34

Figure9.
In vivo MRI and 3D images of sLeX-MNPs in the brain. (a) and (b) MRI images after

intracerebral injection of 100 and 10 ng interleukin-1f followed by sLeX-MNPs. (c) MRI
image after injection of 100 ng interleukin-1p followed by MNPs. (d) 3D image of (b). (e)
MRI image showing a lack of blood-brain barrier breakdown after 5.5 h incubation. (f) 3D
image after sterile saline injection followed by sLeX-MNPs, showing low binding.
(Copyright Proceedings of the National Academy of Science. Reproduced from Ref. [146]
with permission.)
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Figure 10.
HepG2 cells incubated for 30 min with Lac-QDs (a) and (b) and Gal-QDs (c) and (d),

HepG2 cells incubated for 4 h with Lac-QDs (e) and (f) and Gal-QDs (g) and (h).
(Copyright Elsevier. Reproduced from Ref. [159] with permission.)
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Figure 11.
Response patterns of cancer cell array interacting with glyco-MNPs. (Copyright American

Chemical Society. Reproduced from Ref. [145] with permission.)
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Figure12.
Paraffin sections of mice livers after injection of PBS, PEG-QDs, Man-QDs, GalN-QDs (red

is from QDs and white is the arrow that indicates the QDs). (Copyright American Chemical
Society. Reproduced from Ref. [98] with permission.)

Nano Res. Author manuscript; available in PMC 2015 October 23.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 38

10sec Smin 10min 30 min 60 min 120 min Intensity

-65.536
60,000

LacNAc-PC-QDs
50,000

sialyl LacNAc-

PC-QDs

-40,000
Le*-PC-QDs -30,000
20,000

sialyl Le*-PC-QDs
~10,000

Figure13.
Live animal imaging of glyco-QDs carrying Lewis antigen-related oligosaccharides (PC =

undecylphosphorylcholine). (Copyright American Chemical Society. Reproduced from Ref.
[162] with permission.)
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Figure 14.
B16F10 melanoma cell treated C57/B16 mice lung with lactose-AuNPs and glucose-AuNPs.

(Copyright Wiley-VCH. Reproduced from Ref. [84] with permission.)
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