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Abstract

Glyconanomaterials, nanomaterials carrying surface-tethered carbohydrate ligands, have emerged
and demonstrated increasing potential in biomedical imaging, therapeutics, and diagnostics. These
materials combine the unique properties of hanometer-scale objects with the ability to present
multiple copies of carbohydrate ligands, greatly enhancing the weak affinity of individual ligands
to their binding partners. Critical to the performance of glyconanomaterials is the proper display of
carbohydrate ligands, taking into consideration of the coupling chemistry, the type and length of
the spacer linkage, and the ligand density. This article provides an overview of the coupling
chemistry for attaching carbohydrate ligands to nanomaterials, and discusses the need for thorough
characterization of glyconanomaterials, especially quantitative analyses of the ligand density and
binding affinities. Using glyconanoparticles synthesized by a versatile photocoupling chemistry,
methods for determining the ligand density by colorimetry and the binding affinity with lectins by
a fluorescence competition assay are determined. The results show that the multivalent
presentation of carbohydrate ligands significantly enhances the binding affinity by several orders
of magnitude in comparison to the free ligands in solution. The effect is sizeable even at low
surface ligand density. The type and length of the spacer linkage also affect the binding affinity,
with the longer linkage promoting the association of bound ligands with the corresponding lectins.

1. Introduction

Carbohydrates are the most abundant biomolecules in nature and essential elements in a
wide range of processes in living systems. Besides their uses as structural materials and
energy sources, they are to large extents mediating recognition events through their
interactions with proteins and other biological entities. Complex carbohydrate structures are
thus involved in, for example, cell communication and trafficking, tumor genesis and
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progression, immune responses, fertilization, apoptosis, and infection.[1-7] Many
challenges are, however, associated with the study of these processes, and the development
of glycoscience has been largely hampered by the complexity and low abundance of the
glycan structures involved and by the weak affinities often associated with carbohydrate—
protein interactions. The field has recently experienced a dramatic upsurge, much on
account of the very strong developments in carbohydrate synthesis, glycan analysis methods,
and nanotechnology.[8] New synthetic methods, such as automated strategies and enzyme-
mediated protocols, have resulted in increased availability of complex carbohydrate
structures promoting advances in the entire field.[9-11]

An important development in the field of glycoscience is the discovery that in biological
systems, carbohydrates bind lectins, i.e., carbohydrate-binding proteins, in a highly
cooperative manner to improve the weak affinity of individual carbohydrate ligands to the
lectin.[12-15] This cluster or multivalency effect involves multiple carbohydrate ligands and
lectins interacting with each other, enhancing the binding affinity by several orders of
magnitude. For example, oligosaccharides exhibit higher binding affinity than
monosaccharides towards the same lectin. In biological systems, lectins associate with cells
by interacting with the multiple copies of carbohydrate ligands on the cell surface,
exhibiting binding affinities significantly higher than those of the interactions between the
lectins and the isolated carbohydrate ligands. Although the quantitative aspect of the
multivalency effect is yet to be established, the fact that multivalency can significantly
enhance binding affinity has helped fuel a renewed interest in fundamental glycoscience and
glycomaterial development. Extensive work has been conducted for conjugating
carbohydrates to the scaffolds of proteins, peptides, lipids, and synthetic polymers.[15,16]
Synthetic strategies are applied to control the number of ligands on the scaffold, the spatial
display of the ligands, and the structure of the scaffold, which, in turn, impact the binding
affinity of the resulting glycoconjugates with their binding partners. These synthetic
multivalent glycoconjugates could bind to receptors competitively, with the potential to
serve as inhibitors displacing natural ligands in the applications of carbohydrate-based drug
design and therapeutics.[17] When the scaffold is a flat solid surface, efficient glycan
microarrays can be generated, facilitating the development of high-throughput analysis of
ligand—protein interactions in applications of ligand screening and diagnostics.[18-25]

Nanomaterials as scaffolds for carbohydrate ligand display have recently emerged, and
glyconanomaterials have thus been synthesized, demonstrating great potential in biomedical
imaging, diagnostics, and therapeutics. Compared with molecular scaffolds, nanomaterials
as ligand carriers offer a number of attractive features. Nanomaterials, being small in size,
have high specific surface areas and can therefore accommodate highdensity ligands
promoting multivalent interactions with their binding partners. The ligand density can be
modulated by the size and shape of the nanomaterial, and multiple epitopes of the same
ligand can be exposed and presented in a three-dimensional format. Nanomaterials possess
unique optical, electronic, magnetic, and mechanical properties as well as chemical
reactivities. These properties, together with their nanosized dimensions, allow for their
incorporation into cells for in vitro and in vivo imaging, drug-delivery, and targeting tumor
cells. This opens up a wide range of possibilities, the potential of which is just emerging.
[26-31]

A critical step in the preparation of glyconanomaterials is the surface coupling chemistry for
attaching carbohydrates to the nanomaterial.[32] Nanomaterials come in different forms,
sizes, and shapes. Conjugation chemistry should therefore be designed by taking into
consideration the chemical nature of the nanomaterial to afford efficient ligand coupling and
to provide optimal ligand presentation. In this Research News article, we begin by
discussing surface conjugation chemistries for the synthesis of glyconanomaterials, followed
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by the photocoupling method developed in our laboratory including the process of surface
functionalization and conjugation of carbohydrates to gold nanoparticles. A competition
assay was developed to determine the apparent dissociation constants of the resulting
glyconanomaterials with lectins. Our results show that the binding affinity of the resulting
glyconanoparticles (GNPs) is profoundly affected by how the carbohydrate ligands are
presented on the nanoparticle surface.

2. Conjugation of Carbohydrates to Nanomaterials

Two general strategies for nanomaterial functionalization can be discerned, based on either
noncovalent or covalent protocols. Both approaches are associated with advantages and
drawbacks, although covalent protocols are generally preferred due to the considerably
higher stabilities of the constructs.

2.1. Noncovalent Attachment

A variety of glyconanomaterials based on physisorption of carbohydrate ligands to the
material surface has been reported. The attachment relies on noncovalent interactions,
including, for example, hydrogen bonding, Coulombic interactions, and hydrophobic effects.
A method for producing metallic glyconanoparticles through electrostatic adsorption was
reported by Yang and co-workers, in which metal/chitosan nanocomposites were prepared
on a range of different metals, including Au, Ag, Pt, and Pd.[33] The nanoparticles were
synthesized by reducing metal salts in the presence of chitosan, resulting in simultaneous
ligand adsorption. Rosenzweig et al. synthesized dextran-coated quantum dots (QDs) where
negatively charged carboxymethyldextran was adsorbed onto QDs by mixing with positively
charged polylysine via electrostatic interactions.[34] Khiar et al. functionalized carbon
nanotubes (CNTSs) with pyrene-modified neoglycolipids.[35] Carbohydrate-conjugated, self-
assembled CNT bundles could be exfoliated, yielding individual functionalized nanotubes.
As noticed from these examples, a notable advantage of the physisorption strategy is that the
reaction conditions are relatively mild, and minimal chemical derivatization is required for
the nanomaterial substrates and the carbohydrate ligands. Nevertheless, the physical
adsorption is relatively random and disordered compared to covalent linkages. In addition,
the association is not sufficiently strong, which may lead to potential bond breakage during
interactions, as well as increased nonspecific or unexpected interactions with the target
molecules. This can significantly affect the specificity and sensitivity in applications such as
biological sensing and recognition. However, as demonstrated in the mentioned examples,
oligomer/polymer-based ligands can to some extent circumvent the stability problems.

2.2. Covalent Attachment

The most commonly used method for conjugating carbohydrate structures to nanomaterials
is based on covalent attachment. Among the various nanomaterials, gold nanoparticles (Au
NPs) are the most extensively used scaffold materials especially in fundamental studies due
to their ease of preparation, exceptional stability, and high reproducibility.[36] Au NPs of
different sizes, shapes, and controlled dispersity can now be synthesized using simple
solution-based methods. The well-established thiol- and disulfide—Au chemistry, first
applied to nanoparticles using a two-phase system by Brust et al., allows the preparation of
Au NPs with well-defined surfaces.[37] These surface ligands serve as a protective layer to
provide high stability for the nanomaterials in media ranging from organic solvents to
biological milieus. The chemistry has been widely adopted to prepare Au NPs modified with
various functional groups, and biological molecules including DNA, proteins, peptides, and
carbohydrates have all been successfully introduced into the system.[38-40] Penadés and
co-workers reported the first synthesis of carbohydrate-functionalized Au NPs.[41,42] The
trisaccharide determinant of the Lewis* (LeX) antigen was derivatized with an alkylthiol, and
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LeX-coated Au NPs were prepared by reducing HAuCl, with NaBH, in presence of the
thiol-derivatized LeX. Based on this strategy, Au NPs functionalized with monosaccharides
(glucose), disaccharides (maltose), and tetrasaccharides (LeY) were prepared and applied to
the studies of various biological interactions.[43,44] Later, several other research groups
utilized a similar strategy to produce Au and Ag glyconanoparticles using thiolated
carbohydrates.[45-51] Furthermore, thiolated carbohydrate derivatives have been adopted in
the preparation of glyco-quantum dots (GQDs).[52-54] Additional coupling methods based
on the reaction of complementary functional groups have also been developed to facilitate
the conjugation of carbohydrates other than the thiolated derivatives. Examples include
coupling N-hydroxysuccinimide (NHS)-functionalized dextran to amine-functionalized Ag
NPs,[55] and amine-derivatized carbohydrates to aldehyde-functionalized Au NPs.[56]

Current methods for the preparation of carbohydrate-conjugated nanomaterials generally
require the use of derivatized carbohydrates, amenable to coupling to the chosen
nanomaterial surface. Un-derivatized carbohydrate structures present a considerable
challenge. A few reported examples apply to flat substrates in microarray construction. One
approach used hydrazide-madified gold films, where the hydrazide reacted with the terminal
aldehyde group of the carbohydrates.[57,58] A similar approach employed amine-
functionalized surfaces and the coupling of the carbohydrates took place by reductive
amination.[59,60] In both cases, reducing carbohydrates are necessary and, for
monosaccharides, the coupled products often became acyclic and lost their binding
affinities.

2.3. Photoinitiated Coupling of Un-derivatized Carbohydrates to Nanomaterials

We have developed a simple method for attaching un-derivatized carbohydrates to gold[61]
and iron oxide nanoparticles.[62] The coupling chemistry is based on the well-established
procedure for the covalent attachment of molecules and materials to solid substrates using
functionalized perfluorophenylazides (PFPAS).[63-65] The azide moiety on PFPAs can be
activated by UV light, converting into the highly active nitrene that undergoes insertion
reaction into diverse CH bonds and addition reaction to C=C bonds. Polymers,[66—70]
carbon nanotubes,[71] graphene,[72] and small organic molecules[73] have been
successfully immobilized onto PFPA-modified flat substrates and nanoparticles, providing
highly robust and stable linkages. Carbohydrates are another category of substances that are
well-suited for this photoinitiated immobilization chemistry. Carbohydrates have a number
of CH bonds that can be used for the insertion reaction with PFPA, while leaving OH groups
intact for the binding interactions with lectins. More importantly, the coupling chemistry
does not require chemical derivatization of the carbohydrates. This is especially attractive
for higher carbohydrate structures, the syntheses of which are often complex and time-
consuming due to the stereochemistry control and multiple protection/deprotection steps
involved in the site-specific glycosylation and derivatization reactions. The photocoupling
reaction is also facile and efficient, taking place in a few minutes at room temperature in the
ambient environment. Photochemical methods for carbohydrate attachment have been
explored and reported in the literature. Sprenger and co-workers employed carbenes to
attach glycans and glycoconjugates in the fabrication of microarrays.[74] The photoactive
aryltrifluoromethyldiazirine was conjugated to dextran and was then applied to glass slides
to form a photoactive coating. Activation by UV light produced highly reactive carbenes,
which attached glycans via insertion reactions. In the method of Wang et al., the photoactive
species was a phthalimide chromophore that induces H abstraction and subsequent
recombination reaction with neighboring molecules.[75,76] This photochemistry was
adopted to covalently attach unmodified mono-, oligo-, and polysaccharides on glass slides.
PFPA as the photocoupling agent was used by Addadi and co-workers in the preparation of
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hyaluronan-coated polystyrene beads.[77] PFPA was first coupled onto amino-capped
polystyrene beads, and hyaluronan was subsequently immobilized by UV irradiation.

We now demonstrate that PFPAs can be employed to conjugate monosaccharides and
oligosaccharides to nanomaterials. Compared with polysaccharides, mono- and oligo-
saccharides are smaller carbohydrate structures and more challenging for this coupling
chemistry. In principle, only one covalent bond is needed to attach the entire molecule to the
surface. The probability of bond formation increases with the number of CH bonds, or the
size of the carbohydrate structure. Indeed, our results showed that the coupling yield
increased from 57% for o-mannose, to 74% and 81% for 2-O-a-o-mannopyranosyl-o-
mannopyranose (Man2) and 3,6-di-O-(a-o-mannopyranosyl)-o-mannopyranose (Man3),
respectively.

The key step in our photocoupling chemistry is the preparation of PFPA-functionalized
nanomaterials. Depending on the chemical nature of the nanomaterial, the corresponding
functionalized PFPA can be used. The synthesis of these PFPASs started with commercially
available pentafluorobenzene derivatives that can be easily converted to the corresponding
4-azidotetrafluorobenzene derivatives via a facile nucleophilic substitution reaction using
NaNs. Large quantities of these compounds can be prepared and they are stable when
protected from light. From these precursors, a series of PFPAs carrying thiol,[78] disulfide,
[61] phosphate,[62] and silane[68,70] groups were synthesized. We have successfully
functionalized Au, iron oxide, and silica nanoparticles using these reagents. In the case of
Au and silica nanoparticles, a one-pot process was developed, whereby the synthesized
nanoparticles were functionalized in situ with the corresponding thiol- and silane-
functionalized PFPAs. The presence of PFPA on the NPs was confirmed by NMR, FTIR,
and X-ray photoelectron spectroscopy (XPS). UV-vis spectroscopy and transmission
electron microscopy (TEM) images of PFPA/Au NPs showed excellent dispersibility and
stability of these nanoparticles in organic solvents. To couple carbohydrates to the NPs, a
solution of PFPA NPs mixed with the carbohydrate ligand was irradiated with 280-nm UV
light for 5 min (Fig. 1) to yield nanoparticles that were well-dispersed and readily soluble in
water.

The recognition ability of the surface-tethered carbohydrate ligands was evaluated using
lectins. Concanavalin A (Con A), obtained from jack bean Canavalia ensiformis, is a well-
studied lectin; its structure has been thoroughly characterized and established.[79] At pH
above 7, Con A exists as a tetramer and each monomeric unit binds to a-o-mannopyranose
with free —OH groups at the C-3, C-4, and C-6 positions, as well as a-linked
oligomannosides. a-o-Glucopyranose and a-linked oligoglucosides such as
maltooligosaccharides also bind Con A, although the affinity is lower than for
mannopyranose.[80] The interactions of Con A with these ligands and derivatives have been
investigated using various characterization methods, and the binding affinity and
dissociation constants have been measured and reported.[81-83] These studies are used as
the benchmark to validate our photocoupling chemistry.

The tetrameric Con A acts as a multifunctional crosslinking agent bringing together GNPs
causing aggregation of mannose- or glucose-modified Au NPs. This was indeed observed in
TEM as well as in UV-vis spectroscopy, where a large red shift in the plasmon resonance
band occurred leading to solution color change from burgundy to blue. Au NPs
functionalized with o-galactose did not induce aggregation or solution color change; neither
did the PFPA-functionalized Au NPs. The method was further tested by treating
nanoparticles bearing different carbohydrates with lectins including Griffonia simplicifolia
lectin Il (GS Il), peanut agglutinin (PNA) and soybean agglutinin (SBA). Results showed
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the expected binding pattern of each carbohydrate ligand with its corresponding lectin,
consistent with the solution binding studies reported.[84]

3. Characterization of Glyconanomaterials

Glyconanomaterials are synthesized under various conditions using specific chemistry and
reagents. These materials must therefore be carefully evaluated to fully characterize the
structure, composition, density of surface ligands, and biological activities in order to obtain
proper correlation with their performances. Thanks to the significantly increased specific
surface areas of nanomaterials, conventional chemical analytic techniques that are
insensitive to flat substrates can be readily adopted for nanomaterial characterization. In the
paper by Brust et al. on the preparation of thiol-capped Au NPs, the products were
characterized by FTIR showing the presence of alkanethiol and TEM revealing the size and
shape of the nanoparticles.[37] With the rapid development of advanced analytical tools,
especially sensitive surface characterization techniques, nanomaterials can now be analyzed
more accurately,[85] providing in-depth understanding of the chemical and physical
properties of glyconanomaterials. NMR, FTIR, and surface-enhanced Raman spectroscopy
(SERS) offer detailed structural analysis of nanomaterials and surface ligands.
Thermogravimetric analysis (TGA) yields the amount of organic components on the
nanomaterials, from which the ligand densities can be derived. Elemental analysis and XPS
provide information on the elemental composition and chemical state of the bulk
nanomaterials and the surface ligands. A combination of microscopy techniques, scanning
probe techniques (STM, AFM), TEM, and small-angle X-ray scattering (SAXS) reveals the
physical characteristics of size, shape, and assembly behavior of the nanomaterials.[86,87]
Caution should be used when analyzing the results as the experimental conditions applied to
each technique (vacuum, ambient, solution) can significantly impact the outcome.
Microscopic techniques can also be used to directly visualize the interactions of
glyconanomaterials with their binding partners. In our study, when o-mannose-
functionalized iron oxide nanoparticles were treated with Escherichia coli strain ORN178,
the nanoparticles selectively bound to the FimH lectin on the bacteria, which was clearly
shown by TEM.[62] The surfaces can be further characterized by taking advantage of the
unique properties offered by the nanomaterials. Classic examples are metal nanoparticles,
which exhibit plasmon resonance that is highly sensitive to the surface constituents and can
be conveniently monitored colorimetrically, as the molecular recognition event occurs at, or
close to, the surface of the nanoparticles.[88]

4. Binding Affinity of Glyconanomaterials

Biomedical imaging, therapeutics, medical diagnosis, and drug delivery are among the many
areas glyconanomaterials have the potential to impact. The interaction of
glyconanomaterials with biological receptors and targets is a critical process involved in
these applications and the binding affinity is thus an important parameter for evaluating the
performance of glyconanomaterials. When a ligand is conjugated to a solid substrate, the
structure of the ligand is in a sense altered. The binding affinity of the free ligand in solution
can no longer be used as the substitute for the glyconanomaterial with the corresponding
binding partner. In glyconanomaterials, multiple ligands are assembled on a single solid
entity. Multivalency effect comes in play whereby ligands can act cooperatively enhancing
the overall binding affinity with the receptor. This multivalency effect is highly sensitive to
the manner in which the ligands are presented on the nanomaterial surface, i.e., the number
of ligands or the ligand density, the structure and length of the spacer linkage, and how the
ligand is attached or the coupling chemistry. Therefore the binding affinity of the
glyconanomaterials must be carefully evaluated taking into consideration these parameters.
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Carbohydrate—lectin interactions of free ligands in solution have been studied by many
biochemical and biophysical methods including NMR spectroscopy,[89] surface plasmon
resonance (SPR),[90,91] X-ray crystallography,[92,93] isothermal titration calorimetry
(ITC),[94] and fluorescence spectroscopy.[95] Quantitative analysis of glyconanomaterials
is investigated to a lesser extent and only a few protocols were reported to determine the
binding affinity of glyconanoparticles. Lin and coworkers used SPR to analyze the
multivalent interactions between mannose-, glucose-, or galactose-encapsulated gold
nanoparticles with Con A.[45] A competition binding study was carried out where equilibria
were established between mannopyranoside attached on the SPR sensor, Con A, and varied
concentrations of mannose-encapsulated Au NPs. The dissociation constant Ky of mannose/
Au NPs with Con A was determined to be 2.3 nM, representing a binding affinity over 5
orders of magnitude higher than that of the free .-mannopyranoside with Con A in solution
(Kg =470 pwm measured by ITC[96]). In the system developed by Wu and co-workers,
magnetite/gold core/shell nanoparticles coated with proteins were allowed to interact with
carbohydrate ligands on a glycan array.[97] A magnetic field was applied to amplify the
protein—carbohydrate interactions and the signals were visualized and quantified using a
silver enhancement reagent. Apparent Ky values of 66 nw, 61 nw, and 57 nw were determined
for Man, Man4, and Man9 ligands with Con A, respectively.

We have developed a fluorescence-based competition assay to determine the binding affinity
of glyconanoparticles with lectins. In the assay, a fixed concentration of a free ligand (for
example, o-mannose) and varying amounts of ligands bound to Au NPs were incubated with
fluorescein isothiocyanate (FITC)-labeled Con A. The solution was then centrifuged and the
fluorescence intensity of the supernatant was measured. Two equilibria co-exist in the
system: FITC-Con A with free o-mannose and FITC-Con A with o-mannose bound on
nanoparticles (Fig. 2). Since very low concentrations of Con A and free o.-mannose were
used, it was assumed that no agglomeration occurred. Both interactions are reversible, and
steady equilibria are reached rapidly.

In order to calculate the binding affinity constant, the concentration of the carbohydrate
ligand on Au NPs must be determined. The colorimetric assay of anthrone-sulfuric acid was
adopted to measure the ligand density on the nanoparticles.[98] A calibration curve was first
established using the corresponding free carbohydrate, and the amount of surface-bound
ligand on the Au NPs was subsequently determined. The fluorescence intensity measured
from the competition studies was plotted against the concentration of o.-mannose on the Au
NPs (Fig. 2). The result was a typical concentration-response curve for ligand—receptor
binding, validating the assumptions made for the system. The concentration of ligands
displaying 50% of specific binding (ICsg) value was subsequently derived and the apparent
dissociation constant (Kq») calculated using the Cheng—Prusoff equation (Eq. (1))[99]

1Cs9
K= e
Ka (1)

where [M] is the concentration of free ligand, i.e., o-mannose, Kq; is dissociation constant of
free ligand to Con A, and K> is the apparent dissociation constant of surface bound o-
mannose to Con A.

5. Ligand Presentation and Binding Affinity

Nanomaterials, being three-dimensional in shape and small in size, are capable of hosting
ligands in higher densities in comparison to their flat counterparts due to greatly increased
specific surface areas. This has significant implication for glyconanomaterials where the
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substrate configuration could dictate the ligand presentation and cooperativity and thus
impact the interactions of the glyconanomaterials with their binding partners. The result is
markedly enhanced affinities of these glyconanomaterials with the relevant biological
targets. Data from our laboratory showed that the apparent K4 of o-mannose tethered on Au
NPs with Con A can be as low as 0.43 nw (Table 1), representing a binding affinity of over
six orders of magnitude higher than for free o-mannopyranoside with Con A. These results
demonstrate that nanoparticles are excellent scaffolds for amplifying the weak affinities of
carbohydrate ligands with lectins. Similar observations were reported by Sun and co-
workers where single-walled carbon nanotubes functionalized with mannose and galactose
selectively bound anthrax spores, inducing aggregation of the spores in the presence of
Ca?*.[100] In contrast, carbohydrate-conjugated polystyrene beads did not exhibit the
observed affinity towards anthrax spores. This was attributed to the ability of nanotubes to
promote multivalent interactions of the carbohydrate ligands with receptors on the spores.

Unlike the free ligand that has the translational and rotational freedom in solution, the
surface-bound ligand is no longer an unrestricted entity. Each ligand becomes a member of
the nanomaterial carrier and can act cooperatively when interacting with their binding
partners. The efficiency of the ligand association with the binding site, i.e., the binding
affinity, is sensitive to a number of factors: how the ligand is attached, i.e., the coupling
chemistry, the type and length of the spacer connecting the ligand and the nanomaterial, the
flexibility/rigidity of the spacer, the density of ligands, and the distance between them. In the
sections bellow, the impact of linker length and ligand density on the binding affinities of
glyconanoparticles will be demonstrated using the latest results from our laboratory.

5.1. Spacer Linkage

Two types of spacer linkage were used in this study: ethylene and ethylene oxide (EO)
chains. Alkyl groups promote self-organization in the monolayer formation whereas EO
units are effective in improving water-solubility of nanomaterials. Using the photoinitiated
coupling chemistry, we investigated the effects of linkers on the binding affinity of
glyconanoparticles in carbohydrate—protein interactions. PFPA-thiols with different
ethylene chain lengths (1, 2, 3) and containing additional EO units (4) were synthesized and
used in the study (Fig. 1). Au NPs were first functionalized with each PFPA-thiol, and o-
mannose was subsequently coupled to the NPs. It was found that the density of o-mannose
coupled to Au NPs functionalized with PFPA-thiol 4 (82 nmol mg™1 NPs) was higher than
those with the ethylene linkages (32, 40, and 58 nmol mg™1 NPs for 1, 2, and 3,
respectively). The high coupling yield is likely due to a combination of the longer linker and
enhanced water-solubility of NPs functionalized with PFPA-thiol 4. The binding affinity
was subsequently measured using the fluorescence competition assay described above.
Results show that the apparent K4 of Au/Man with Con A increased with the spacer length
(Table 1). Similar observations were reported by Lin and co-workers, who found that the
binding affinity increased with the spacer linker.[98] Remarkably, the binding affinity of
glyconanoparticles prepared from PFPA-thiol 4 was more than 10 times higher than those
with the ethylene linkages alone (Table 1). The longer and more flexible spacer may provide
additional spatial freedom and less steric hindrance to the attached ligands for a more
efficient association with their binding partners.

5.2. Ligand Density

Ligand density is another important parameter affecting the binding of surface-tethered
carbohydrates. A few studies report the impact of ligand density on the binding affinity of
carbohydrates immobilized on a flat surface, but the topic has not been extensively
investigated for glyconanomaterials. Wong and co-workers used a fluorescence assay to
analyze mannose—Con A interaction on glycan microarrays.[101] K4 decreased from 214
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nM to 76.8 nM when the mannose printing concentration increased from 0.6 pu to 80 pm.
However, Kq increased to 80.4 n» when the mannose printing concentration increased to 100
pm. Corn and co-workers employed the technique of SPR imaging to study carbohydrate—
protein interactions using carbohydrate microarrays.[90] The binding affinity, measured by
the adsorption coefficient (Kaps), increased slightly from 5.0 x 106 M1 t0 5.6 x 106 M~1
when the surface mannose concentration increased from 10% to 50%, but remained
unchanged up to 100% of the surface mannose density.

Using the photocoupling chemistry descried above, we synthesized glyconanoparticles and
studied the relationship between ligand density and the binding affinity of the resulting
glyconanoparticles. The ligand density was controlled by adding varying amounts of 1-
hexanethiol to PFPA-thiol 3, and treating Au NPs with the mixed thiols before »-mannose
was coupled. The ligand density was measured by the anthrone-sulfuric acid assay, and the
apparent Ky values were determined by the fluorescence competition assay. Results show
that the binding affinity increased with the ligand density (Table 2). Interestingly, the
binding affinity of the glyconanoparticles with only 2.8% of surface coverage was over
3,800 times higher than that for free o.-mannopyranoside with Con A in solution. The
binding affinity increased 5.7 times from 123 nw to 21.4 nw when the ligand density
increased only 2.6 times from 2.0 to 5.3 nmol mg~1 NPs. In both cases, multivalency could
well be in play, demonstrating the enormous power of the ligand cooperativity.

6. Conclusions

Merging nanotechnology with biology has seen exponential growth of research activities in
functional bionanomaterials. The field of glyconanomaterials has begun to emerge,
demonstrating increasing potential in applications where carbohydrate-based biological
recognitions are called for. Essential to glyconanomaterial preparation is the conjugation
chemistry that can efficiently attach carbohydrates to the nanomaterials. We developed a
simple and versatile photocoupling chemistry that allows the covalent immobilization of a
wide range of carbohydrate structures to nanomaterials. The coupling reaction was efficient
and high yielding, and the resulting surface-bound carbohydrate ligands retained their
binding affinities and selectivities. Nanomaterials as scaffolds are capable of presenting
carbohydrate ligands such that the cooperativity greatly amplifies the affinity with the
binding partners. Studies presented in this article demonstrated that surface-bound
carbohydrate ligands exhibited binding affinities that were several orders of magnitude
higher than those of the free ligands in solution. The strength of the interactions can
furthermore be tuned by varying the ligand density, the spacer linkage between ligands and
nanomaterials, and the coupling chemistry. These results highlight the importance of
quantitative analysis of structural and functional properties of glyconanomaterials,
especially the biorecognition properties that must be carefully analyzed in the context of
ligand presentation and display.
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Figure 1.
Synthesis of Au NPs functionalized with PFPA-thiol and subsequent photoinitiated coupling

of carbohydrates.
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Figure 2.

a) Equilibria involved in the competition binding assay. b) Concentration dependent
fluorescence intensity curve (right). [Man] is the concentration of o-mannose on NPs
determined using the anthrone/H,SO,4 colorimetry assay described in the text. Each data
point is the average of 3 samples.
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Binding affinity of .-mannose on Au NPs with Con A. Au NPs were functionalized with PFPA-thiol before o-
mannose was coupled.

PFPA-thiol Spacer Kqg [nm]

1 CH,CH, 19+2.2

2 CHy(CH,)4CH, 15+2.0

3 CH,(CH,)oCH, 53+0.72
4 CHy(CH,)9CH,(OCH,CH,),  0.43 +0.044
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Binding affinity versus ligand density. The Au NPs were functionalized with mixed thiols of 1-hexanethiol

and PFPA-thiol 3.

Percentage of p-Mannose Density Surface Kg [NnM]
PFPA-Thiol 3 [nmol mg~ Au NPs] Coverage [%] [a]

10% 20+054 2.8 123+ 16
30% 53+0.83 7.4 214+73
50% 11.2+2.32 16 16.3+54
70% 243+2.78 34 144+24
90% 352+1.29 49 12.7+40
95% 42.6 £3.81 59 9.4+23
98% 50.3+4.17 70 6.7+1.4
100% 57.4+3.21 80 53+16

[a]

nanoparticle [61].
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The surface coverage was defined as the percentage of ligands coupled versus the theoretical maximal number of ligands occupying the



