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Chapter 1

1.1 Introduction

Nanoscience can be defined as a branch of science that involves the
investigation of materials consisting of tens of atoms to thousands of atoms. These
objects are referred to as nanoparticles (NPs)." This means that dimension of the NPs
are in between small molecules and bulk materials. However, their physical,
electronic, and chemical properties do not resemble neither those of bulk nor those of
molecular compounds, but rather strongly depend on the particle size, interparticle
distance, nature of the protecting organic shell, and shape of the nanoparticles.”* The
so-called ‘size effect’ influences the electronic structure and can result in, for
example, a unique structural/electronic modification.* A decrease in size is also
accompanied by a dramatic change in the surface to volume ratio.' Due to ease in the
surface functionalization and control on the size of NPs, they offer the possibility to
create a variety of products with novel characteristics, functions and applications. The
dimension of NPs allows them to get incorporated into cells for in vitro and in vivo
imaging, drug-delivery, and targeting tumor cells.”” The term ‘nanobiotechnology’
was created to describe this group of applications.®

NPs can be composed of variety of materials like insulating materials
(organic/inorganic), semiconducting materials (organic/inorganic), or metals, either in
their neutral valence state or in other forms such as their oxides, sulfides, phosphines,
nitrides, etc.!

The nanomaterials field is immensely diverse and evolving rapidly. A great
variety of nanomaterials have been synthesized for biomedical applications. A large
number of polymeric nanomaterials were synthesized by applying the techniques like
nanofabrication’!! or via molecular self-assembly.''® These polymers, containig
multiple or multifunctional ligands/molecules through covalent linkages or physical
encapsulation, have been used in biomedical imaging, as carriers for drug delivery

- e 1623
and also as scaffolds in tissue engineering.

The functionalities on these polymeric
nanomaterials are in general built into the material synthesis rather than by surface

functionalization.
1.2 Nanomaterials in biomedical applications

Noble metal NPs (Au and Ag NPs) are excellent materials providing a
powerful platform in biomedical applications such as biomolecular recognition,

sensing, drug delivery and imaging.**** Au NPs are among the most used and studied

2 |



Chapter 1

nanomaterials because of their easy preparation procedures, stability, well-established
surface functionalization protocols, their unique optoelectronic properties bio-
compatibility and non-toxicity. The surface plasmon resonance (SPR), generally
observed in noble metal NPs is produced by the collective oscillation of conducting
electrons of the metal upon interacting with the incident light. The SPR is dependent
on size and shape of the NP, the dielectric property of the media and the distance
between particles.”® This provides a unique and convenient platform for monitoring
the molecular recognition events occurring close to the surface of the NPs.
Colorimetric bioassays have thus been established based on the SPR shift when
molecular interactions take place at the surface of the NPs, and have been employed
to study fundamental biorecognition processes including cell-cell communication,
enzymatic activity, protein-protein interaction and DNA hybridization. When the NPs
aggregate because of ligand receptor interaction, there will be large SPR shifts
producing intense color changes visible to the naked eyes.”” An additional advantage
of NPs is the multivalent presentation on the NP surface that could drastically
enhance affinities of specific monovalent interactions via the multivalent binding
between NPs and the biological target.”® Binding affinity of mannose decorated Au
NPs with Concanavalin A (Con A) was found to be several orders of magnitude
higher in comparison with that of single mannose units with Con A in solution.”
Similarly, SDC-1721, which is a structural fragment of the HIV inhibitor TAK-77 and
displays no inhibition activity in solution, became a potent inhibitor when coupled to
2 nm Au NPs.*® The authors attributed the enhanced activity to the multivalency
effect, where multiple ligands are present on the nanoparticle surface.

NPs of semiconducting materials (e.g. ZnS, CdSe ) that display quantum
confinement effect are called quantum dots (QDs).”' In these systems, the semi-
conducting band gap increases with decreasing particle size, and therefore smaller
QDs emit light at higher energy, i.e., lower wavelength and blue-shift, whereas larger
QDs absorb and fluoresce at longer wavelengths and red shift. QDs have broad
excitation spectra, but narrow and tunable emissions, and have thus been widely used
as optical labels in a wide range of biomedical applications including immunoassays
for proteins, nucleic acids, bacteria and toxin analysis.*> ** The advantages of these
systems over conventional dye molecules, organic fluorophores, or radioactive labels

are tunable fluorescence signatures, narrow emission spectra, brighter emission, long
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fluorescence lifetime and high photostability.’* >* Thus they enable multiplex imaging
with a single excitation source and preventing overheating of cells or tissue during
multicolor imaging.*" *® Apart from their biological applications, semiconductor
nanoparticles serve as converters of sunlight into electricity in solar cells."*"**
Magnetic nanoparticles show remarkable new phenomena such as
superparamagnetism. Magnetic nanoparticles of iron oxides have been investigated
the most and have shown remarkable potentials in biomedical research. A unique
feature of magnetic particles is their ability to move easily under the influence of an
external magnetic field. Magnetic nanoparticles with the appropriate surface
chemistry have thus generated increasing interests and have been widely used in the

4348

life sciences including magnetic resonance imaging (MRI) contrast

56-58 59-62

enhancement,>! drug delivery,”*> hyperthermia, cell separation and tissue
repair.®®
1.3 Glyconanoparticles

NPs with carbohydrates as functional ligands are called glyconanoparticles
(GNPs). The surface of mammalian cells is covered by a dense coating of
carbohydrates named glycocalyx.®® With a dense packing of carbohydrate group
bearing ligands on their surface, GNPs provide a glycocalyx like surface that mimics
the presentation of carbohydrate epitopes of cell surface glycoconjugates.®® Therefore,
they have been the subject of many investigations involving the study and evaluation
of carbohydrate interactions. Furthermore, they can also be utilized as biolabels,
biosensors, to intervene in carbohydrate mediated processes in biomedicine, or as
building blocks in material science.®
1.3.1 Synthesis and functionalization of nanoparticles with glycoconjugats

Functionalization of nanoparticle surface with gycans is a very important step
in developing assays that can assess inherently weak carbohydrate—protein and
carbohydrate—carbohydrate interactions. Numerous conjugation strategies of different
glycans and NPs have been employed with great success. Here, we discuss three of
the most common and versatile routes that have been developed for building
chemically diverse libraries of substrates for surface functionalization. These are 1)
direct immobilization on a metal surface (i.e., thiol chemistry), ii) [3+2] cycloaddition

(click) chemistry using the copper catalysed azide—alkyne cyclo-addition (CuAAC)

and 1i1) amide bond formation. We restrict our examples to carbohydrates bearing
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molecules and their decoration on nanoparticle surfaces as these are the main focus of
the present work. Such surface modification strategies lead to surfaces of
nanostructures decorated by the glycans with control over their numbers, density and

orientation (Fig. 1.1).577

Figure 1.1. schematic representation of nanoparticle surface functionalisation by
direct functionalisation with (A) thiolate, (B) amide bond formation of an amine and

carboxylic acid, and (C) triazole formation from a CuAAC reaction.
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Direct immobilization of thiolates on gold and silver surfaces is a popular
method for functionalizing these materials. Ligating thiols on the surface of gold and
silver nanostructures has been established as a standard method for preparing these
materials. Gold glyconanoparticles were first described by Penades et al. in 2001 as
an example for the multivalent presentation of carbohydrates on nanoparticle
surfaces.”” > The carbohydrate- containing molecules are attached to the gold surface
using well known Au-thiol covalent bonds. They are typically prepared by a reduction
reaction, in which glycol-linked thiols are mixed with tetrachloroauric acid. To this
mixture a reducing agent was added to get the carbohydrate capped NPs (Fig. 1.2).
The resulting highly water-dispersible particles can be characterized by several
conventional techniques such as 'H NMR and transmission electron microscopy
(TEM) to reveal the particle size. Carbohydrate structures that have been attached to
gold nanoparticles using this strategy include glucose, lactose, maltose, the Lewis X
trisaccharide and the Lewis Y tetrasaccharide.’

Azide and alkynes are known to undergo Huisigen's (3+2) cyclo addition in
presence of catalysts like Cu(I) salts. This reaction is one of the popularly known
click chemistry reaction (CuAAC). The ease with which azides and alkynes are
introduced into organic compounds, their bioorthogonal properties and tolerance to a
wide range of solvents (including water) make this click reaction an ideal technique
for bioconjugation purposes.’”**

In addition, the CuAAC profits from the in vivo incorporation of unnatural
amino acids containing azides or alkynes during translation and expression of
proteins. As a result, numerous biomolecules including DNA, peptides, proteins,
oligosaccharides and glycoconjugates (Fig. 1.3) as well as pseudo-biomolecules (such
as peptoids, and peptidomimetic oligomers) have been anchored on NPs with various

appendages by means of the CUAAC.*! ™
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glyconanoparticles by Penades' methodology (Ref. 66).




Chapter 1 |

(¢}
{ H/ - /,/)
e P gy \
=/ b
A £ sio v/\ glyca Azide I’Q J_{“:&
CITAAC L(IQ7\/\,.N'N:N ) 4
,J_//}\ C!ECk M"-!D?M’A\/ /\‘:7

Figure 1.3. Schematic representation of Silica-based clicked hybrid glyco

nanoparticles.

The orthogonality of the CuAAC reaction renders it attractive to chemists and
biochemists. However, some drawbacks do exist. Upon characterization of the final
functionalized surfaces, copper can often be detected as a contaminant. The catalyst
can become trapped at the surface or bind to the triazoles formed from the coupling
process. Terminal alkynes themselves can also bind to gold and silver surfaces
resulting in nonspecific interactions.®” Nevertheless, the CuUAAC reaction is adaptable
to most materials and can be used to achieve specific binding to make complex
structures in the presence of common biological functional groups.

Amide bond formation has been employed to functionalize silica-coated
surfaces as well as other amine and carboxylate-functionalized surfaces. Amide bonds
can be created without the need of a catalyst. This technique is commonly applied to
functionalize particles, surfaces and other materials, and can be used in conjunction
with the CuAAC to design more complex materials in a stepwise manner.**

Synthesis of water dispersible magnetic nanoparticles with size control and
suitably coated with polymers or other coating material is of interest for cell labeling
and separation and for magnetic resonance imaging.***® Most commonly, iron oxide
nanoparticles are prepared by co-precipitation of ferrous and ferric salts solution and
stabilized by using biocompatible molecules as dextran or oleic acid. In a second step,
the biomolecules are attached by covalent or electrostatic coupling to the protected

nanoparticle. Penades et al. had reported the synthesis of magnetic GNPs
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functionalized with glucose, maltose and lactose in aqueous solution. Using such
protocols, the exceptionally small gold particles coated iron oxide magnetic GNPs of
stable colloidal solutions were prepared in water. These were accessed by adding a
solution of the sugar disulfide ligand in methanol to a aqueous solution of FeCl; to
which aqueous solution of HAuCly was subsequently added. The mixture was left 5
min at 60 °C, and then an aqueous solution of NaBH,; was added in small portions
with rapid stirring. The brown suspension formed was stirred for an additional 2 h and
the formed GNPs were purified by centrifugation. As these particles consist both
Fe;O4 and Au NPs they possess the magnetic properties and the presence of Au
entails easy and convenient surface modification. These magnetic GNPs have been
used in biological applications like contrast agents in MRI and specific cell

labeling ™!

Huang et al. had synthesized silica coated iron oxide GNPs with six
different glycosyl moieties by employing CuAAC click reaction and amide coupling.
Briefly, in the first step silica coated iron oxide NPs fuctionalized with azide or amine
and glycosyl moieties were linked to terminal alkynes or carboxyli acid. These two

92, 93

were then subjected to CuAAC click reaction or amide coupling to get glycosyl

functionalized silica coated iron oxide GNPs (Fig. 1.4).

1) {OCpHg)a Sia A~ N,
a) Fego.; _ R -
2) Man, Gal, Fuc and Sia Amide coupling Sugar
a
NP 1 ANy o s
<//.}Qs_o HJK/\E Sugar . ugar
HO o
s
0 y ugar
) N 5] MNP 2-6
1){0CyHs)s S,MHM N NN
b) F3304 o P
GicNACT click coupling
2) OH
NP 1 ,$,o OCH,
HO i 5
HO- NP
Sugar =
CH ofH by CH CH
o HO CQOzH.
HC e N,
Man-MGNP 2 Gal-MGNP 3 Fue-MGNP 4 Sia-MGNP 5 GlcNAC-MGNP B

Figure 1.4. Synthesis of MGNPs. Figure taken from Ref. 42.
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Nanocrystals of semiconducting materials (QDs), have fascinated physicists,
chemists, and electronic engineers for past four decades. The most exciting feature of
these materials is their chemical and physical properties which differ markedly from
those of the bulk solid.”® Since their quantum size effects were understood,
fundamental and applied research on these systems has become increasingly popular.
Most commonly, QDs are first prepared at high temperature in the presence of
protective agents like ligands to prevent crystal aggregation and to regulate the
growing rate. Alternatively, the protection process can be performed in solution using
thiols with hydrophilic end groups to confer stability and water solubility to the QDs.
In a second step, the biomolecules are attached to the protected nanocrystals for cell

95-102 4o 96, 103, 104
antibodies, ™

labeling. QDs bio-conjugated to peptides and proteins,
DNA,'" "% and other molecules'® """ have been prepared mainly by coupling the
biomolecules to the thiol protected QDs and tested as biological markers.

The synthesis of polysaccharide protected QDs was reported first by

. 112
Rosenzweig et al.

This group prepared CdSe-ZnS quantum dots passivated with
carboxymethyldextran and polylysine, and they proved the high affinity of the QDs
toward the glucose binding protein-Con A. Chaikof et al. reported the coupling of
commercially available QDs-streptavidin with a biotin end-terminated lactose
glycopolymer'"® and have used Confocal microscopy to confirm fluorescent staining
of Ricinus communis agglutinin (RCA ) immobilized agarose beads due to the
glycopolymer—lectin interaction. Penades et al. have reported the preparation of water
soluble nanoclusters of cadmium sulphide and zinc sulphide covalently bound to
biologically significant neoglycoconjugates by a single step solution procedure (Fig.
1.5).""* The synthesis of Le* and maltose protected CdS and Zns nanocrystals were
carried out. The procedure was also used for the synthesis of tiopronin and tiopronin-
Tat functionalized QDs which were able to label the nucleus of human fibroblasts.”’
CdSe/ZnS quantum dots (QDs) have also been functionalized using direct thiol

c e 1154117
ligation.
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Figure 1.5. schematic representation of glyco-QDs synthesis (Ref. 66).

1.4 Applications of glyconanoparticles
1.4.1 Metal glyconanoparticle

Glyconanoparticles (GNPs) have direct applications related to biomedical
sciences. The synthesis and characterisation of such materials has been recently
reviewed.!"™ ' The specific properties of different core materials have led to the
development of unique composites that can target and report specific biomolecular
events. Glycosylated gold NPs, magnetic iron oxide NPs and CdSe/ZnS QDs, have
been synthesized and effectively applied to overcome challenges in medicine and
molecular biology. The simplicity with which gold NPs can be functionalised using
thiolate chemistry to readily form water soluble sugar-functionalised nanoscaffolds
has made these particles a primary target for many researchers aiming to apply
nanotechnology to problems in glycobiology. Gold NPs have been used to study
carbohydrate—carbohydrate interactions, specifically the calcium mediated self-

120

aggregation of Lewis X (Le*). ™ Gold NPs functionalised with Le* were shown to
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aggregate upon addition of calcium ions to a solution of suspended particles as
determined by transmission electron microscopy (TEM) compared to lactose-
functionalised particles that exhibited little aggregation under the same conditions.
Lin et al. have used SPR technique to quantitatively analyze the interaction between
mannose gold glyconanoparticles and the Con A lectin.'”' They have found that the
binding has a strong multivalent effect and that the affinity of mannose GNPs for Con

A could be adjusted by altering the nanoparticle size or the sugar moiety (Fig. 1.6).

Figure 1.6. Schematic illustration of the interactions of glyconanoparticles and
ConA.

Penades el al. have shown that lactose functionalized gold GNPs could be
used for anti-adhesive therapy.”” Adhesion of tumour cells to the vascular
endothelium cells is the critical step in metastasis. After this adhesion step, tumour
cells transmigrate and create new tumour foci in the body. Interactions between
tumour-associated antigens and epithelial cell selectins promote tumour cell
metastasis. In addition to this mechanism, carbohydrate—carbohydrate interactions
between glycosphingolipids expressed on the tumour and endothelial cell surfaces
also seem to be involved in the critical adhesion step.'*? A carbohydrate—carbohydrate

interaction between GM3 expressed in a murine melanoma cell line (B16) and Gg3 or
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lactosylceramide of endothelium cells has been proposed to be involved in the first
adhesion step of tumour cells to endothelium before transmigration.'

Therefore, inhibition of adhesion step by GNPs that present carbohydrate
antigens expressed either in the tumour or the endothelium cells might provide
effective anti-adhesion therapy (Fig. 1.7). Based on the involvement in cell adhesion
of the antigen lactosylceramide, lactose capped glyconanoparticles were tested as a
potential inhibitor of the binding of melanoma cells to endothelium. EX vivo
experiments were carried out to evaluate the anti-metastasis potential of the GNPs.
Mice were injected with melanoma cells pre-incubated with lactose functionalised
gold GNPs, and after 3 weeks, the animals were sacrificed and both lungs evaluated
under the microscope for analysis of tumour foci. A 70% of tumour inhibition was

reported as compared with the group inoculated only with melanoma cells.®

Tumoral Tumoral cells tra nsmigratN
< cells through endothelial cells
Endothelial
* Iumour
Invasion and

Metastasis

Glycoconjugates

cells

Celular adhesion via ’
Glyconano-
carbohydrate- particles
carbohydrate interactions

Anti-adhesion therapy
using glyconanoparticles

Figure 1.7. Possible action mechanism of lacto-Au in anti-adhesive therapy. This
figure has been taken from Ref. 12.
1.4.2 Magnetic glyconanoparticles

Magnetic glyconanoparticles have also found use in bacterial adhesion studies.
Magnetic GNPs has been used to capture and removal of bacteria by using concept of
carbohydrate—lectin binding interactions. This method shows potential for the
identification and removal of pathogens with carbohydrate coated magnetic particles
(Fig. 1.8).°" Capture of both bacteria and viruses may be possible in a specific and
targeted manner with tailored materials that present unique sugar surfaces to

specifically target pathogens of choice.
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Figure 1.8. Schematic demonstration of pathogen detection by MGNPs. This figure

has been taken from Ref. 42.

Submicrometric magnetic GNPs composed of multiple-single magnetite
crystallites (~10 nm in diameter) and functionalized with the Le™ antigen have been
used to detect and isolate dendritic cells by magnetic capture.'** Previously, sub-
micrometric and micrometric galabiose-functionalized magnetic particles were used
to separate the Gram-positive pathogen Streptococcus suis™® following a strategy
similar to that previously reported for E. coli detection with smaller GNPs.®' The
highly sulphated natural glycosaminoglycan heparin, clinically important as an
anticoagulant, has been employed to prepare heparin-coated superparamagnetic iron
oxide nanoparticles for labelling human mesenchymal stem cells (hMSCs) by MRL.'?
Heparin provides high biocompatibility, but also can strongly bind to vascular
endothelial growth factor (VEGF) and epidermal growth factor (EGF) through the
interaction with sulphate groups.

Galactose-functionalised magnetic NPs have been used to target HepG2
cancer cells.'”’” Glucose and galactose-coated iron oxide NPs have been recently
prepared and the influence of the sugar versus poly(ethylene glycol)-coating on the
cellular uptake of GNPs by several cell lines have been studied.'*® The density of the
coating molecule was crucial to prevent nonspecific uptake of NPs by Vero cells.
Moreover, it was shown that NPs with a high number of glucose molecules are
endocytosed by caveolae and end up in the lysosomes. Lin et al. prepared, in a three-
step synthesis, fluorescent silica-coated magnetic nanoparticles modified with a
mono- and triantennary dendritic galactoside ligand (Fig. 1.9) to investigate the effect
of ligand-spatial orientation on the cellular targeting of the asialoglycoprotein receptor

(ASGP-R)."" The result showed that the avidity of a triantennary galactoside for the
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asialoglycoprotein receptor is dramatically enhanced by proper spacing of the three

terminal galactose groups.
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Figure 1.9. Synthesis of dual fluorescent-magnetic galactosyl-glyconanoparticles for
cell labelling. This figure has been taken from Ref. 66.

1.4.3 Quantum dot glyconanoparticles

Glycosylated QDs have been used to study the targeting of these materials to
the liver both in vitro and in vivo. In vitro assays show preferential binding and uptake
of galactose-coated QDs by HepG2 cells that express asiaglycoprotein (ASGPR)
compared to QDs capped with polyethyleneglycol (PEG) as determined by flow
cytometry. These findings were then tested in vivo, by injecting mice with mannose,
galactosamine- or PEG-coated QDs. Both glycan-coated QDs were taken up well by
the liver after 2 h compared to a nonspecific pattern for the control QDs. Hepatocytes
expressing ASPGR and Kupffer cells that express mannose receptors are thought to
mediate the specific responses that result in these localized hotspots of glycosylated
QDs in the liver.''® Fang et al. have reported the labeling of mice, pigs and sea-urchin

live sperm with CdSe/ZnS core shells QDs functionalized with J-N-
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acetylglucosamine or mannose (Fig. 1.10). Acetylglucosamine-encapsulated QDs

were concentrated at the sperm heads, while mannose-encapsulated QDs tended to

spread over the whole sperm body, due to the different distribution of the GIcNAc and
9

12
Mannose receptors on the sperm surface.

Figure 1.10. Confocal microscope imaging for staining of sperm with glycoguantum
dots: A) selective QDGLN labeling on the heads of sea-urchin sperm (scalebar=20
pum), B) close-up of QDGLN-labeled sea-urchin sperm, and C) close-up of QDMAN-

labeled mouse sperm. This figure has been taken from Ref. 65.

In general, metallic nanoparticles are extensively studied since they exhibit
novel electronic, optical, and magnetic properties. Most of these new properties arise
from the so-called “size effect” which affects the electronic structure, as well as from
the increase of the ratio of atoms located at the surface with respect to the total
number of atoms of the nanoparticle."*” *! GNPs are not an exception and they show
very interesting physical properties. In fact, Penades et al. had reported that 1.4-1.8
nm Au GNPs functionalized with thiol derivatives exhibit a localized permanent
magnetism in contrast to the metallic diamagnetism characteristic of bulk Au NPs
functionalized with amminated derivatives.'** '**

Thus from the above observations, the number of sugar-functionalized
metallic NPs and their application in investigating carbohydrate based interactions
have been continually growing and it is expected to blossom in the years to come.
However, selecting and synthesizing sugar containing ligand plays important role, as

this is the first step before they can be decorated on nanoparticle surfaces and their

biological applications can be evaluated.
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1.5 Objective of this thesis

We have realized the importance of metal and metal oxide GNPs from their
application point of view in different fields. Survey of various methods of synthesis
has been described in earlier sections. Apart from this, we have also taken into
account the role of ligand in the synthesis of GNPs as stabilizing agent, and as
reducing entity.

In this thesis we concentrate on the effect of glycosyl ligand on the stability of
GNPs and glycosyl ligand stability when we use then in the biological applications.
We have also studied lectin (Concanavalin A) binding studies and anti bacterial
activities of GNPs. Subsequently we demonstrated the aggregation of GNPs with
lectin irrespective of their inorganic core. We have also demonstrated the dual

characteristics of ligand that act as reducing agent and as capping moiety.

1.6 Outline of the thesis

Brief background of the work carried out in the thesis has been described in
above section.

Chapter 2 deals with the synthesis of five different a/pB-12-C-glycosyl acids.
These 12-C-glycosyl acids were then used as capping and as well as reducing agent in
the synthesis of Ag GNPs. Furthermore, the stability of Ag GNPs formed with 12-C-
glycosyl acids were monitored by UV-visible spectroscopy and TEM analysis. The
formation of stable Ag GNPs were observed when we use capping agent as 12-a-C-
glycosyl acids compare to 12-B-C-glycosyl acids.

Chapter 3 illuminates the synthesis of Ag GNPs decorated with mannose and
glucose sugar moieties. These Ag GNPs were used to study the lectin (Concanavalin
A) binding by using fluorescence spectroscopy, UV-visible spectroscopy and TEM
analysis. Furthermore, the specific binding of mannose coated Ag GNPs towards the
type 1 pili of E coli demonstrated by performing antibacterial activity of Ag GNPs
against E coli (DH5a cells).

Chapter 4 deals with the synthesis of mannose and glucose containing long
chain terminal alkyne, which are clicked with silica azide by using CuAAC click
reaction to get mannose and glucose coated silica GNPs. These silica GNPs were used

to study the Concanavalin A binding by fluorescence spectroscopy. From the TEM
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analysis, the aggregation of GNPs (Ag and SiO,) with concanvalin A was observed in

the case of mannose and glucose coating and independent of the core material.
Chapter 5 summarises the work carried out in this thesis by highlighting the

prominent feature of the work. Here, we also give the possible future directions of our

work.
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2.1 Introduction

Carbohydrates are important molecules for life together with nucleic acids and
proteins.' While the structure, interactions and function of nucleic acids and proteins
in biological processes are reasonably well understood, the role of carbohydrates in
the cell is less clear. In many cases cell surface is mostly covered densely by various
glycoconjugates such as glycolipids, glycoproteins and proteoglycans which are well-
known as glycocalyx.® It is known that these glycocalyx are involved in the control of
many normal and pathological processes.””

An interesting feature of the biological interactions where carbohydrates are
involved is their extreme low affinity. To overcome this problem, nature utilizes
multivalent interactions between the cell surface ligands (oligosaccharides) and their
biological receptors (e.g., lectins).* ° Functionalized inorganic nanoparticles with
carbohydrate containing molecules are known as glyconanoparticles (GNPs). GNPs
are emerging as new tools facilitating the study and understanding of carbohydrate-
mediated interactions. These GNPs are mimics of glycocalyx and can be employed to
evaluate carbohydrate—carbohydrate and carbohydrate—protein interactions'®"'?
because protein-carbohydrate interactions regulate many important biological
processes, like cell-cell communication, trafficking, tumor genesis, progression,
immune responses, fertilization, apoptosis, and infection.*'®

After Penades et al. highlighted the application of gold glyconanoparticles to
study the self aggregation of Le* trisaccharide in the presence of calcium in 2001,"
several research groups have developed different strategies to prepare and apply
nanoparticles functionalized with biologically relevant oligosaccharides to study
carbohydrate interactions or to intervene in carbohydrate-mediated biological
processes.”>?” At present, there are enough results to indicate that similar to proteins,
peptides and DNA, carbohydrates are important partners of inorganic nanomaterials
to study/manipulate biological processes.**>"

There are different strategies that can be used to access these GNPs. As
mentioned previously two methods that are popular in this regard include incubating
the glycolipids with appropriate functional groups with preformed nanoparticles or
synthesizing nanoparticles in presence of these glycolipids. Typically, gold and silver
31-33

nanoparticles are obtained by chemical reduction of respective metal salts.

However, this conventional approach is based on the use of external chemical
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reductants that often produce undesired side products. In recent times researchers
working in the area of nanoparticle synthesis have developed new methods of
synthesis where in the capping agent itself acts as a reducing agent.”* Therefore, a
series of functionalizing agents for noble metal nanoparticles has recently been
developed that display a dual role of effective reducing agents and stabilizing agent.”
These reducing/stabilizing agents apart from carrying out the reduction step, also
provide a robust coating to noble metal nanoparticles, within a unique reaction step.
Seven different types of these reducing/capping agents were investigated to date:
microorganisms and bacteria,”® plants extracts’’ and physiological molecules,
inorganic reagents and metal complexes,” organic molecules,”” organic acids*® and
salts,*! liposomes, and polymers (Fig. 2.1).*** In this context we have envisaged that
glycosyl acids which have carboxylate as one end-functional group and sugar at
another end can act as capping as well as reducing agents in the synthesis of Ag/Au
nanoparticles. One such class of compounds are sugars. Sugars are known to be
reducing agents and sugar mediated reduction of noble metal ions to noble metal
nanoparticles have been well documented. Our group has worked in this area

extensively some of the earlier results from our group included the preparation of

37,44 45,4

silver and gold nanoparticles using gellan gum, sophorolipids* * etc, as capping

and reducing agents.
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Figure 2.1. Schematic representation of nanoparticle synthesis by using different

molecules as capping/reducing agent.
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2.2 Present work

So far in the literature, GNPs, derived from the surface modification of metal
nanoparticles by molecules connected with sugar residues through O-glycoside
linkages, have been utilized as novel tools to investigate carbohydrate recognition
processes'” *!. However, if the in vivo applications of the GNPs are to be
considered, the enzymatic degradation of the O-glycoside linkage in these GNPs
becomes a great concern. It is in this premise that C-glycosides assume greater
importance. C-glycosides with methylene substitution for the anomeric oxygen, are
isosteric mimics of their O-glycoside counterparts, and offer a great deal of stability
without substantial conformational amendment.”*>> C-glycoside have been known to
be potential carbohydrate analogs resistant to metabolic processes. Though the
application of C-glycosylated long chain alkanes has been explored in liquid crystals
and as surfactants,’® their use in GNPs synthesis has been very sparse and has been
unveiled only recently in our group earlier.”’ Expanding this, in this chapter we report
our investigations on the synthesis of different 12-C-glycosyl long chain acids and
their utility as capping/reducing agents during the synthesis of silver nanoparticles.
We also investigated the stabilization of silver nanoparticles which were obtained by
the reaction of different 12-C-glycosyl long chain acids as capping and reducing
agents (Fig 2.2).

HO/\QNMOH

HO

OH

12-0—C-ribo-furanosyl-dodecanoic acid (2.1)
0 OH

HOW

o]
HO OH . . .
12-B-C-ribo-furanosyl-dodecanoic acid (2.2)
OH

o »“\/\/\/\/\/WOH

HO™ “‘OH ©
OH  12-0—C-gluco-pyranosyl-dodecanoic acid (2.3)
OH
o OH

o
HO OH

OH 12-B-C-gluco-pyranosyl-dodecanoic acid (2.4)

o]
12-a—C-manno-pyranosyl-dodecanoic acid (2.5)

Figure 2.2. C-glycosides of dodecanoic acid: new capping/reducing agents for
glyconanoparticle synthesis
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2.2.1 Retrosynthesis

Considering the fact that the simple monosaccharides in biological systems
can exist either in furanose or in pyranose forms, five compounds 2.1-2.5 were
selected as representatives of o and [ pentoaldofuranose (p-ribo), o and J3
hexoaldopyranose (p-gluco) and a-D-mannopyranose respectively to carry out this
study. The designed retrosynthetic strategy for the C-glycosyl acids 2.1-2.5 is based
upon the cross-metathesis® of the corresponding peracetylated C-allyl glycosides
2.22-2.26 with 10-undecene-1-ol (2.21) followed by hydrogenation, oxidation and
deprotection (Fig 2.3).

(o] ﬂ deprotection
RN NS OH

ﬂ cross metathesis

NSNS S -OH
+
O N\F 0 = O~ F o) = o) =
ﬁ@ /‘<j/\/ AcO "N aco AcO ~F
AcO \ AcO ", - ") -
AcG OAc ACO OAc AcO' OAc AcO' OAc AcO OAc
OAc OAc OAc
2.22 2.23 2.24 2.25 2.26

......................................................................................................

Figure 2.3. Selected 12-C-glycosylated dodecanoic acids 1-5 and the retrosynthetic
Strategy

2.2.2 Synthesis
The synthesis of differently protected a-C-allylribofuranosides™ °, B-C-

62. 63 B-C-allylglucopyranosides,**

allylribofuranosides,”’ a-C-allylglucopyranosides,
and a-C-allylmannopyranosides®® (22-26) was accomplished following well

established procedures.
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Scheme 2.1. Synthesis of 12-C-glycosyl-dodecanoic acids 2.1-2.5

Scheme 2.1 depicts the general strategy followed for the synthesis of 12 -C-
glycosyl dodecanoic acids 2.1-2.5, employing cross-metathesis of C-allyl derivatives
2.22-2.26 with 10-undecene-1-o0l (2.21). The C-allyl sugar derivative was subjected to
cross-metathesis with 10-undecene-1-ol using Grubbs’ 1% generation catalyst (2.27)
(20 mol%) to afford inseparable mixture of trans/cis olefins 2.6-2.10, along with the
10-undecene-1-ol dimer. The olefin mixture was hydrogenated with 5% Pd/C in
methanol:ethyl acetate (1:2) to yield saturated alcohols 2.11-2.15. Oxidation of the
hydroxyl group to acid with RuCl;.H,O and NalO, (2.16-2.20) followed by
deacetylation completed the synthesis of 12-C- glycosyldodecanoic acids 2.1-2.5 in
overall yields of 46%, 51%, 50%, 49% and 48% respectively (synthesis and

characterization details are provided in section 2.5).

2.3 Synthesis of Ag-glyconanoparticles and their stability
After synthesizing the desired C-glycosyl acids 2.1-2.5, the next objective was
to use them as capping/reducing agents for the synthesis of silver glyconanoparticles

(Ag GNPs). It has already been established that 12-a-C-glycosyl acid can be used as
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capping and reducing agents for Ag GNPs.”’ Utilizing similar strategy, the synthesis
of Ag GNPs using 12-C-glycosyl acids 2.1-2.5 were accomplished. A typical
synthesis of Ag GNPs was accomplished in the following manner. Equimolar
quantities of silver nitrate (10* M) and 12-C-glycosyl acid 2.1-2.5 (10 M) were
heated (~50-60 °C) in dilute alkaline solution.”” The reduction of Ag™' to Ag’ was
instantaneous and the Ag GNPs could be isolated as stable powder by simple
centrifugation. The Ag nanoparticles synthesized using the different molecules 2.1-2.5
will be abbreviated as Ag GNPs-2.1, Ag GNPs-2.2, Ag GNPs-2.3, Ag GNPs-2.4 and
Ag GNPs-2.5 respectively. Figure 2.3 shows the UV-vis spectrum of Ag GNPs
capped by 12-C-glycosyl acids (2.1-2.5) at different time intervals after their
formation. As it was mentioned the reduction of Ag™ to Ag’ with all the acids was
instantaneous and within 5 min a well defined peak at A, at 412 nm developed. This
peak is attributed to the surface plasmon resonance and is characteristic of Ag GNPs
formation. These synthesized Ag GNPs were kept dispersed in water and the UV-vis
spectra were recorded at different time intervals. The UV-vis spectra of Ag NPs
reduced/capped by molecule 2.1 (Fig. 2.4 A), 2.3 (Fig. 2.4 C) and 2.5 (Fig. 2.4 E)
display no change in the Am.x and peak width even after 2 days. However, in the case
of Ag GNPs-2.2 (Fig. 2.4 B) and Ag GNPs-2.4 (Fig. 2.4 D) the UV-vis spectra shows
a gradual red shift in the Anax. The peak width becomes broad and the intensity also
gradually decreases. All these are indications of aggregation of nanoparticles. In fact
in these two cases most of the Ag NPs were indeed found at the bottom of vials.

From all the above observations we could conclude that Ag NPs
reduced/capped with a-C-glycosyl acids were forming stable NPs, whereas in the case
of B-C-glycosyl acids reduced/capped Ag NPs were getting agglomerated over time.

Figure 2.5 shows TEM images of the Ag GNPs-2.1 to Ag GNPs-2.5. Figure
2.5 (A, C and E) are images of Ag GNPs reduced/capped with 2.1, 2.3 and 2.5
respectively. Here one could see that particles are spherical and polydispersed, with a
size distribution of ~10-20 nm. In the case of Ag GNPs-2.2 and Ag GNPs-2.4 (Fig.
2.5 B and D), aggregation of particles was noticed without any control on the particle
size. This result is in accordance with UV-vis results mentioned earlier. High-
resolution electron micrograph of Ag GNPs-2.3 (Fig. 2.5 F) reveals that the particles
are single crystalline in nature. The fringe spacing between two crystal layers of silver

is about 0.23 nm, which is consistent with the (1 1 1) facet of fcc Ag metal. Thus from
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the above results it can be concluded that, all the different C-glycosides can affect the
reduction of Ag " ions to Ag NPs. However, the particles obtained with the 2.1, 2.3

and 2.5 have well defined size and shape and are also more stable.
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Figure 2.4. UV-vis spectrum of Ag GNPs at different time intervals after their
formation (A) Ag GNPs-2.1 (B) Ag GNPs-2.2 (C) Ag GNPs-2.3 (D) Ag GNPs-2.4 and
(E) Ag GNPs-2.5
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, (C) Ag GNPs-2.3,

(B) Ag GNPs-2.2

2.5 and (E) HRTEM image of Ag GNPs-2.3

>

(E) Ag GNPs-

»

Figure 2.5. TEM images of (4) Ag GNPs-2.1

(D) Ag GNPs-2.4
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2.4 Conclusions

In conclusion, 12-a/p-C-glycosyl dodecanoic acids containing either
ribopentofuranose or glucohexopyranose motifs were synthesized, by employing
cross-metathesis as the key step. Ag GNPs synthesized by using 12-a-C-glycosyl acid
(2.1, 2.3 and 2.5) as capping/reducing agent, are stable, where as Ag NPs synthesized
by using 12-B-C-glycosyl acid (2.2 and 2.4) as capping/reducing agent, are

agglomerated.

2.5 Experimental

1-(2,3,5-Tri-O-acetyl-a-D- AcO

ribofuranosyl)-12- o
hydroxydodec-2-ene (2.6) AcO'
"/,/\M‘\/\/\/\/\OH

AcO

A solution of C-allyl derivative (200 mg, 0.67 mmol), 10-undec-1-ol (2.21) (567 mg,
3.3 mmol), Grubbs’ I* generation catalyst (26 mg, 0.03 mmol) in dry DCM (15 mL)
was degassed with argon and heated at 40 °C (oil bath temperature) for 24 h, under
inert atmosphere. The reaction mixture was cooled to room temperature and
concentrated under reduced pressure. The residue was purified by column
chromatography (4:1 petroleum ether/ethyl acetate) to afford inseparable mixture of
E/Z isomers 6 [2.7:1] (110 mg, 37%) as colorless oil, 10-undec-1-ol dimer (115 mg,
55%) as a white amorphous solid. The same procedure has been followed to
synthesize compounds 2.7-2.10. IR (CHCIs): v 3482, 3018, 2929, 2855, 1750, 1437,
1374, 1326, 756 cm . "H NMR (200 MHz, CDCls): 6 1.27 (m, 10H), 1.40-1.57 (m,
4H), 1.94 (dd, J = 6.6, 13.1 Hz, 2H), 2.02 (s, 3H), 2.08 (s, 3H), 2.12 (s, 3H), 2.31 (dd,
J =6.7, 13.6 Hz, 2H), 3.61 (t, J = 6.6 Hz, 2H), 4.06 (dd, J = 4.6, 11.2 Hz, 1H),
4.10-4.21 (m, 2H), 4.26 (dd, J = 2.7, 11.2 Hz, 1H), 5.22 (dd, J = 4.5, 7.8 Hz, 1H),
5.24 (ddd, J = 6.8, 11.5, 14.7 Hz, 1H), 5.39 (dd, J = 3.4, 4.5 Hz, 2H), 5.42-5.53 (m,
1H). >C NMR (50 MHz, CDCl3): 6 20.3 (q), 20.4 (q), 20.6 (q), 25.6 (t), 27.2 (1), 27.3
(1), 28.9 (1), 29.1 (1), 29.3 (1), 29.4 (t), 32.4 (1), 32.6 (1), 62.6 (1), 63.6 (1), 72.0 (d), 76.5
(d), 79.1 (d), 79.3 (d), 123.8 (d), 134.1 (d), 169.5 (s), 169.6 (s), 170.4 (s) ppm. ESI-
MS: m/z 465.2 (100%, [M+Na]+). Anal. Calcd for Cy3H3305 : C, 62.42; H, 8.65.
Found: C, 62.39; H, 8.60.
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AcO
12-(2,3,5-Tri-O-acetyl-a-D-
ribofuranosyl)-dodecane ACO 0
cO! )
(2.11) . '/z/\/\/\/\/\/\OH
AcO

To a solution of alcohol 2.6 (200 mg, 0.45 mmol) in MeOH:EtOAc (1:2), 5% Pd-C
(10 mg) was added. The solution was stirred under hydrogen atmosphere at room
temperature for 2 h. Reaction mixture was filtered through a short pad of celite and
washed with methanol. The combined filtrate was concentrated and the crude residue
was purified by column chromatography (4:1 petroleum ether/ethylacetate) to furnish
the alcohol 2.11 (159 mg, 79%) as a colorless liquid. The same procedure has been
followed to synthesize the compounds 2.12-2.15. [a]p> = +32.0 (¢ 1.0, CHCL;). IR
(CHCI3): v 3404, 3019, 2928, 2855, 1745, 1216, 1046, 757, 668 cm™'. "H NMR (200
MHz, CDCls): 6 1.24 (s, 18H), 1.45-1.60 (m, 4H), 2.02 (s, 3H), 2.08 (s, 3H), 2.12 (s,
3H), 3.61 (t, J = 6.5 Hz, 2H), 4.06 (dd, J = 4.8, 10.9 Hz, 1H), 4.11 (dd, J= 1.8, 3.3
Hz, 1H), 4.15 (dd, J=4.5, 7.6 Hz, 1H), 4.26 (dd, J = 2.3, 10.9 Hz, 1H), 5.22 (dd, J =
4.5,7.6 Hz, 1H), 5.39 (dd, J = 3.3, 4.5 Hz, 1H). >C NMR (50 MHz, CDCl5): ¢ 20.2
(q), 20.3 (q), 20.6 (q), 25.3 (t), 25.6 (t), 29.0 (t), 29.2 (t), 29.3 (1), 29.3 (1), 29.3 (1),
29.4 (1), 29.4 (1), 32.6 (1), 62.5 (t), 63.6 (1), 72.2 (d), 72.3 (d), 76.2 (d), 79.4 (d), 169.4
(s), 169.7 (s), 170.3 (s) ppm. ESI-MS: m/z 467.2 (100%, [M+Na]"). Anal. Calcd for
C3H40Os: C, 62.14; H, 9.07. Found: C, 62.19; H, 9.11.

1-(2,3,5-Tri-O-acetyl-a-D- ACO
ribofuranosyl)-12-dodecanoic ¢
acid (2.16) o o
ACO‘ " ‘o /\/\/\/\/\)J\
3 i OH
AcO

To a solution of alcohol 2.11 (150 mg, 0.3 mmol) in CCly (2 mL)-CH3CN (2 mL)-
H,O (3 mL), NalO4 (288 mg, 1.3 mmol) and RuCls.H,O (1.8 mg, 0.007 mmol) were
added. The biphasic suspension was stirred vigorously for 1 h. The color was changed
from wine red to pale brown. Reaction mixture was extracted with DCM (3 x 25 mL).
The combined organic layer was dried, (Na,SO,), filtered and concentrated. To it

diethyl ether (20 mL) was added, filtered through a celite pad to remove metal
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impurities, the filtrate was concentrated at reduced pressure and purified by column
chromatography ( 3:1 petroleum ether/acetone) to furnish the triacetate acid 2.16 (126
mg, 81%) as a colorless liquid. Same procedure has been followed to synthesize the
compounds 2.17-2.20. [a]p® = +21.1 (¢ 1.0, CHCL). IR (CHCL): v 3400, 3020,
2929, 1744, 1711, 1215, 1046, 668 cm '. "H NMR (200 MHz, CDCl; ): 6 1.25 (s,
16H), 1.49-1.70 (m, 4H), 2.03 (s, 3H), 2.08 (s, 3H), 2.12 (s, 3H), 2.32 (t, /= 7.4 Hz,
2H), 4.04—-4.19 (m, 3H), 4.26 (dd, J = 2.3, 11.1 Hz, 1H), 5.22 (dd, J = 4.5, 7.6 Hz,
1H), 5.39 (dd, J = 3.3, 4.5, Hz, 1H). >C NMR (50 MHz, CDCls): § 20.1 (q), 20.2 (q),
20.4 (q), 24.4 (1), 25.3 (1), 28.8 (1), 28.9 (t, 2C), 29.0 (1), 29.1 (1), 29.2 (1), 29.2 (1),
33.7 (1), 63.5 (t, 2C), 72.2 (d), 72.2 (d), 76.2 (d), 79.3 (d), 169.4 (s), 169.6 (s), 170.3
(s), 178.7 (s) ppm. ESI-MS: m/z 481.1 (100%, [M+Na]"). Anal. Calcd for C23H3309 :
C, 60.24; H, 8.35. Found: C, 60.30; H, 8.39.

1-(a-D-Ribofuranosyl)-12-

HO
dodecanoic acid (2.1) HO‘bO /\/\/\/\/\)OJ\
Y OH
HO

1-(a-p-Ribofuranosyl)-12-dodecanoic acid (2.1): To a solution of acid 2.16 (100
mg, 0.2 mmol) in 5 mL of dry methanol, K,CO3 (90 mg, 0.6 mmol) was added. The
suspension was stirred at room temperature for 1 h. The reaction mixture was filtered
through a celite pad, washed with methanol and combined filtrate was concentrated at
reduced pressure. Crude mass was purified by column chromatography (8:1:1 of
CHCI3/MeOH/AcOH) to furnish the C-glycosyl acid 2.1 (69 mg, 95%) as a white
hygroscopic solid. Same procedure has been followed to synthesize the compounds
2.2-2.5. [a]p” = +9.0 (¢ 1.0, MeOH). IR (CHCl3): v 3439, 3258, 2923, 2852, 1709,
1462, 1377 cm™'. "H NMR (400 MHz, CDCl;3 ): § 1.32 (s, 16H), 1.59—1.71 (m, 4H),
2.26 (t,J=7.3 Hz, 2H), 3.58 (dd, J = 4.8, 11.8 Hz, 1H), 3.74 (dd, J = 2.8, 11.8 Hz,
1H), 3.79 (ddd, J = 2.8, 4.5, 7.5 Hz, 1H), 3.91 (dt, J = 2.8, 6.8 Hz, 1H), 3.96 (dd, J =
3.0, 4.3 Hz, 1H), 4.11 (dd, J = 4.5, 8.0 Hz, 1H). *C NMR (100 MHz, CDCls): 6 26.4
(1), 27.0 (t), 30.4 (1), 30.5 (t), 30.6 (), 30.7 (t), 30.8 (t), 31.0 (1), 35.8 (1), 63.5 (1), 73.8
(d), 74.0 (d), 82.6 (d), 82.9 (d), 178.8 (s) ppm. ESI-MS: m/z 355.1 (100%, [M+Na]").
Anal. Calcd for C17H3,04: C, 61.42; H, 9.70. Found: C, 61.46; H, 9.73.
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1-(2,3,5-Tri-O-acetyl-p- o
p-ribofuranosyl)-12- Ao WN\/\/\/OH
hydroxydodec-2-ene —

2.7 AcO  ©OAc

[a]p? =+ 9.33 (¢ 1.0, CHCL3). IR (CHCls): v 3434, 2923, 2852, 1749, 1374, 1231,
1047, 666 cm™. 'H NMR (500 MHz, CDCls): §1.24 (br s, 14H), 1.50-1.56 (m, 2H),
1.94-2.0 (m, 2H), 2.04 (s, 6H), 2.07 (s, 3H), 2.24-2.41 (m, 1H), 3.60 (t, 2H),
3.97-4.02 (m, 1H), 4.05-4.12 (m, 3H), 4.27-4.31 (m, 1H), 4.93-4.97 (m, 1H),
5.33-5.39 (m, 1H), 5.49-5.54 (m, 1H). >C NMR (125 MHz, MeOH-d,): 20.5 (q),
20.6 (q), 20.8 (q), 25.6 (m), 32.6 (m), 32.7 (m), 36.0 (m), 60.4 (t), 62.9 (t), 63.6 (d),
714 (t), 71.5 (¥), 73.4 (1), 73.5 (t), 78.7 (q), 78.8 (q), 80.9 (q), 81.0 (q), 122.8 (q),
123.6 (q), 133.5 (q), 134.7 (q), 169.7 (s), 169.8 (s), 170.6 (s) ppm. ESI-MS: m/z 465.8
(100%, [M+Na]"). Anal. Calcd for C,3H3305 : C, 62.42; H, 8.65. Found: C, 62.39; H,
8.63.

12-(2,3,5-Tri-O-acetyl-p- o
p-ribofuranosyl)- ACOW\/OH
dodecan-1-ol (2.12) —

[a]p® = + 4.33 (¢ 1.0, CHCl3). IR (CHCl3): v 3482, 3021, 2929, 2856, 1749, 1369,
1216, 1034, 757, 668 cm™. '"H NMR (400 MHz, CDCL): & 1.22 (br s, 18H),
1.49-1.58 (m, 4H), 2.04 (s, 3H), 2.05 (s, 3H), 2.06 (s, 3H), 3.60 (t, J = 6.7 Hz, 2H),
3.92 (q, J = 5.5 Hz, 1H), 4.04-4.11 (m, 2H), 4.26-4.31 (m, 1H), 4.92 (t, J =5.5 Hz,
1H), 5.09 (t, J = 5.5 Hz, 1H). °*C NMR (50 MHz, CDCl;): &20.5 (q), 20.6 (q), 20.8
(q), 25.2 (1), 25.7 (1), 29.3 (t) , 29.4 (1), 29.5 (t, 3C), 29.5 (t , 2C), 32.7 (1), 33.2 (1),
62.9 (1), 63.6 (1), 71.6 (d), 74.2 (d), 78.7 (d), 81.2 (d), 169.8 (q), 169.9( q), 170.6 (q)
ppm. ESI-MS: m/z 467.4 (100%, [M +Na]"). Anal. Calcd for C,3H4oOs : C, 62.14; H,
9.07. Found: C, 62.17; H, 9.10.
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1-(2,3,5-Tri-O-acetyl-p-D-

ribofuranosyl)-12- ACOWOH
dodecanoic acid (2.17) -/ o)

[a]p® = +4.31 (¢ 1.2, CHCL3). IR (CHCl3): v 3482, 3021, 2929, 2856, 1749, 1369,
1216, 1034, 757, 668 cm”. '"H NMR (400 MHz, CDCly): 5§ 1.24 (br s, 16H),
1.53-1.85 (m, 4H), 2.06 (s, 3H), 2.07 (s, 3H), 2.08 (s, 3H), 2.33 (t, J/ = 7.5 Hz , 3H),
3.94 (q, J=5.5 Hz, 1H), 4.06—4.13 (m, 2H), 4.93 (t,J = 5.7 Hz, 1H), 5.10 (t, J= 5.5
Hz, 1H). >C NMR (100 MHz, CDCl3): §20.6 (q), 20.6 (q), 20.8 (q), 24.7 (t), 25.2 (t),
29.0 (1), 29.2 (1), 29.34 (t), 29.5 (br t, 4C), 33.3 (1), 33.8 (1), 63.6 (t), 71.7 (d), 74.2 (d),
78.7 (d), 81.2 (d), 169.9 (s), 169.9 (s), 170.7 (s), 178.8 (s) ppm. ESI-MS: m/z 481.2
(100%, [M+Na]"). Anal. Calcd for C,3H3300 : C, 60.24; H, 8.35. Found: C, 60.28; H,
8.38.
1-(B-p-Ribofuranosyl)-

12-dodecanoic acid (2.2) HO MOH
A / 0

S

HO ,/OH

[a]p” = -1.19 (¢ 1.0, MeOH). IR (CHClL;): v 3429 (broad), 2881, 2830,
1709,1641,1559, 1414, 1346 cm . '"H NMR (500 MHz, MeOH-d,): § 1.20 (br s,
15H), 1.37-1.45 (m, 2H), 1.49 (br s, 3H), 1.83 (s, 4H), 2.10 (t, J = 6.6 Hz, 2H), 3.46
(dd, J = 5.5, 11.9 Hz, 1H), 3.56-3.63 (m, 3H), 3.67 (dd, J = 4.8, 8.8 Hz, 1H), 3.79 (
t,J =5 Hz, 1H). °C NMR (125 MHz, MeOH-d,): 525.6 (1), 26.0 (t), 29.2 (t), 29.3
(brt, 6),29.4 (1), 33.4 (t), 62.4 (t), 71.5 (d), 74.9 (d), 83.0 (d), 84.0 (d), 177.8 (s) ppm.
MS: m/z 355.5 (100%, [M +Na]"). Anal. Calcd for C7H3,Os : C, 61.42; H, 9.70.
Found: C, 61.44; H, 9.72.

1-(2,3,4,6-Tetra-O-acetyl-a-
D-glucopyranosyl)-12-
hydroxydodec-2-ene (2.8)

; "'//\r"‘d\/\/\/\/\OH
OAc
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[a]p® = +15.23 (¢ 1.2, CHCLy). IR (CHCl;): v 3410, 3020, 2929, 1743, 1750, 1215,
1034, 758, 668 cm . "H NMR (200 MHz, CDCls): 6 1.20-1.40 (m, 12H), 1.50-1.65
(m, 4H), 2.03 (s, 3H), 2.04 (s, 3H), 2.05 (s, 3H), 2.09 (s, 3H), 2.21-2.37 (m, 1H),
2.41-2.60 (m, 1H), 3.63 (t, J = 6.6 Hz, 2H), 3.75-3.87 (m, 1H), 3.99-4.09 (m, 1H),
4.15-4.27 (m, 2H), 4.93-5.11 (m, 2H), 5.31 (dt, J = 3.4, 9.0 Hz, 2H), 5.45-5.61 (m,
1H). *C NMR (50 MHz, CDCl3): 6 20.3 (q), 20.4 (q), 23.8 (1), 25.5 (t), 27.3 (1), 28.8
(1), 29.0 (1), 29.1 (t), 29.2 (1), 29.3 (1), 32.4 (1), 32.5 (1), 61.9 (1), 62.3 (1), 68.3 (d), 68.5
(d), 70.0 (d), 72.0 (d), 72.2 (d), 132.4 (d), 133.7 (d), 169.1 (s), 169.2 (s), 169.7 (s),
169.8 (s), 170.2 (s) ppm. ESI-MS: m/z 537.6 (100%, [M+Na]"). Anal. Calcd for
Ca6H42010: C, 62.42; H, 8.65. Found: C, 62.39; H, 8.60.

1-(2,3,4,6-Tetra-O-acetyl-o-D-
glucopyranosyl)-12-
hydroxydodecane (2.13)

T NN TSN TS TS
Y OH
OAc

[a]p® = +15.2 (¢ 1.2, CHCL). IR (CHCl3): v 3482, 3021, 2929, 1749, 1369, 1216,
1034, 757, 668 cm™'. "H NMR (200 MHz, CDCls): & 1.24 (br s, 18H), 1.53—1.90 (m,
4H), 2.03 (s, 3H), 2.03 (s, 3H), 2.05 (s, 3H), 2.09 (s, 3H), 3.63 (t, J = 6.5 Hz, 1H),
3.79 (ddd, J=2.3, 5.1, 9.2 Hz, 1H), 4.06 (dd, J = 2.6, 12.0 Hz, 2H), 4.22 (dd, J = 5.1,
12.0 Hz, 2H), 4.96 (dd, J= 9.1, 9.4 Hz, 1H), 5.05 (dd, J = 5.8, 9.6 Hz, 1H), 5.29 (dd,
J=9.1.9.4 Hz, 1H). °C NMR (50 MHz, CDCl5): 6 20.4 (br g, 2C), 20.5 (br q, 2C),
24.8 (1), 25.0 (t), 25.6 (1), 29.1 (t), 29.3 (1), 29.4 (t, 4C), 29.4 (1), 32.6 (1), 62.2 (1), 62.6
(t), 68.3 (d), 68.8 (d), 70.4 (d), 72.4 (d), 169.3 (s), 169.3 (s), 169.9 (s, 2C), 170.3 (s)
ppm. ESI-MS: m/z 539.6 (100%, [M+Na]+). Anal. Calcd for C,H44019 C, 60.45; H,
8.58. Found: C, 60.39; H, 8.54.

1-(2,3,4,6-Tetra-O-acetyl-a-D-
glucopyranosyl)-12-dodecanoic
acid (2.18)
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[a]p® = +54.4 (¢ 1.1, CHCL). IR (CHCL3): v 3401, 2929, 1748, 1710, 1368, 1216,
1034, 756 cm . "H NMR (400 MHz, CDCls): d 1.27 (br s, 16H), 1.45-1.51 (m, 2H),
1.63 (qui, J = 7.3, 14.5 Hz, 2H), 1.73-1.81 (m, 2H), 2.03 (s, 3H), 2.04 (s, 3H), 2.05 (s,
3H), 2.09 (s, 3H), 2.35 (t, J = 7.5 Hz, 2H), 3.81 (ddd, J = 2.2, 5.3, 8.8 Hz, 1H), 4.09
(dd, J=2.3,12.0 Hz, 1H), 4.16 (ddd, /= 2.2, 5.3, 8.8 Hz, 1H), 4.23 (dd, J=5.3, 12.0
Hz, 1H), 4.98 (dd, J=9.1. 9.3 Hz, 1H), 5.07 (dd, J = 5.8, 9.5 Hz, 1H), 5.33 (dd, J =
9.1. 9.3 Hz, 1H). >C NMR (100 MHz, CDCl3): 6 20.5 (q), 20.6 (q, 3C), 24.6 (t), 24.8
(t), 25.1 (1), 28.9 (1), 29.1 (1), 29.1 (t), 29.2 (1), 29.4 (1), 29.4 (t, 2C), 29.5 (1), 62.3 (1),
68.4 (d), 68.9 (d), 70.4 (d, 2C), 72.5 (d), 169.5 (s), 169.6 (s), 170.2 (s), 170.6 (s),
179.3 (s) ppm. ESI-MS: m/z 553.3 (100%, [MJrNa]+ ). Anal. Calcd for CysH420,;: C,
58.85; H, 7.98. Found: C, 58.80; H, 8.02.

1-(a-D-Glucopyranosyl)-12-
dodecanoic acid (2.3)

[a]p® = +46.5 (¢ 4.0, MeOH). IR (CHCls): v 3365, 2853, 1709, 1569, 1455, 1377,
1032, 721 cm . '"H NMR (400 MHz, MeOH-d4): 6 1.30 (br s, 16H), 1.59—1.65 (m,
4H), 2.22 (t, J = 7.3 Hz, 2H), 3.25 (dd, J = 8.5, 9.3 Hz, 1H), 3.39 (ddd, J = 2.2, 5.3,
8.0 Hz, 1H), 3.52 (t, J = 8.8 Hz, 1H), 3.60 (dd, J = 5.5, 9.5 Hz, 1H), 3.63 (dd, J= 5.3,
11.5 Hz, 1H), 3.77 (dd, J = 2.5, 11.8 Hz, 1H), 3.80 (dt, J = 5.0, 10.0 Hz, 1H). °C
NMR (100 MHz, MeOH-d,): & 25.4 (t), 26.7 (1), 27.0 (t), 30.6 (t), 30.6 (t), 30.7 (1),
30.7 (t, 5C), 63.1 (t), 72.4 (d), 73.1 (d), 74.3 (d), 75.3 (d), 77.3 (d) ppm. ESI-MS: m/z
385.4 (100%, [M+Na]+). Anal. Calcd for C;gH3407: C, 59.65; H, 9.45. Found: C,
59.69; H, 9.49.

1-(2,3,4,6-Tetra-O-acetyl-f- ACO
D-glucopyranosyl)-12-
hydroxydodec-2-ene (2.9) AcO,,

AcO

OAc
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[a]p® = +15.23 (¢ 1.2, CHCLy). IR (CHCl;): v 3410, 3020, 2929, 1743, 1750, 1215,
1034, 758, 668 cm ', "H NMR (200 MHz, CDCl3): 6 1.25-1.28 (m, 8H), 1.32-1.33
(m, 4H), 1.54-1.59 (m, 2H), 2.00 (d, J = 1.4 Hz, 3H), 2.02 (br s, 3H), 2.03 (br s, 3H),
2.05(d,J =1.4 Hz, 2H), 2.09 (d, J = 1.1 Hz, 3H), 2.16-2.22 (m, 1H), 2.23-2.33 (m,
1H), 3.44-3.48 (m, 1H), 3.62-3.65 (dt, /= 1.3, 6.7 Hz, 2H), 4.11 (dd, /= 1.4, 7.2 Hz,
1H), 4.14 (dd, /= 1.4, 7.2 Hz, 1H), 4.24 (dd, J=4.9, 12.1 Hz, 1H), 4.91 (dt, J= 1.1,
9.6 Hz, 1H), 5.05 (dt, J = 1.1, 9.6 Hz, 1H), 5.16 (dt, J = 1.4, 9.4 Hz, 1H), 5.37-5.49
(m, 2H). °C NMR (50 MHz, CDCls): § 20.5 (q), 20.5 (q), 20.6 (q), 20.6 (q), 25.6 (1),
28.9 (1), 29.0 (t), 29.1 (1), 29.3 (1), 29.4 (1), 32.5 (1), 32.6 (1), 34.5 (1), 62.3 (1), 62.7 (1),
62.7 (d), 68.6 (d), 71.5 (d), 74.4 (d), 75.4 (d), 77.5 (d), 123.8 (d), 134.0 (d), 169.4 (s),
170.3 (s), 170.6 (s) ppm. ESI-MS: (m/z) 537.6 (100%, [M+Na]"). Anal. Calcd for
Ca6H010: C, 62.42; H, 8.65. Found: C, 62.39; H, 8.60.

1-(2,3,4,6-Tetra-O-acetyl-- AcO
D-glucopyranosyl)-12-
hydroxydodecane (2.14)

AcO

6Ac

[a]p> = -10.0 (¢ 1.2, CHCI3). IR (CHCl3): v 3482, 3021, 2929, 1749, 1369, 1216,
1034, 757, 668 cm . "H NMR (200 MHz, CDCl3): d 1.26 (br s, 16H), 1.48—1.65 (m,
6H), 2.00 (s, 3H), 2.02 (s, 3H), 2.04 (s, 3H), 2.08 (s, 3H), 3.33-3.43 (m, 1H), 3.64 (t,
J= 6.5 Hz, 3H), 4.09 (dd, J = 2.3, 12.3 Hz, 1H), 4.25 (dd, J=2.3, 12.3 Hz, 1H), 4.87
(t, J = 9.4 Hz, 1H), 5.04 (t, J = 9.5 Hz, 1H), 5.16 (t, J = 9.3 Hz, 1H). °C NMR (50
MHz, CDCl;): 6 19.8 (br g, 2C), 19.9 (br q, 2C), 24.3 (t), 25.1 (), 28.6 (1), 28.7 (t,
2C), 28.8 (t, 2C), 28.8 (t, 2C), 30.5 (1), 32.0 (1), 61.7 (t), 61.8 (1), 68.1 (d), 71.4 (d),
73.8 (d), 74.9 (d), 76.0 (d), 168.8 (s), 168.9 (s), 169.6 (s), 169.9 (s) ppm. ESI-MS:
(m/z) 539.6 (100%, [M+Na]+). Anal. Calcd for CysH4019: C, 60.45; H, 8.58. Found:
C, 60.39; H, 8.54.

42 |



Chapter 2

1-(2,3,4,6-Tetra-O-acetyl-B-D-
glucopyranosyl)-12-
dodecanoic acid (2.19)

OAc

[a]p™* = -13.4 (¢ 1, MeOH). IR (CHCl3): v 3401, 2929, 1748, 1710, 1368, 1216,
1034, 756 cm . 'H NMR (200 MHz, CDCl3): 6 1.26 (br s, 12H), 1.48 (br s, 2H),
1.59-1.66 (m, 2H), 2.00 (s, 3H), 2.02 (s, 3H), 2.04 (s, 3H), 2.08 (s, 3H), 2.34 (t, J =
7.5 Hz, 2H), 3.04 (t, J = 7.5 Hz, 2H), 3.33-3.43 (m, 1H), 3.57-3.66 (m, 1H),
4.05-4.14 (m, 1H), 4.25 (dd, J= 5.1, 12.3 Hz, 1H), 4.87 (t,J= 9.3 Hz, 1H), 5.17 (dd,
J=9.1,9.2 Hz, 1H). *C NMR (50 MHz, CDCls): § 20.6 (q), 20.6 (q), 20.7 (q), 20.7
(q), 24.6 (1), 25.0 (1), 29.0 (t), 29.2 (t), 29.4 (t, 2C), 29.5 (t, 3C), 31.3 (1), 33.9 (1), 62.4
(t), 68.8 (d), 72.0 (d), 74.5 (d,), 75.6 (d), 77.8 (d), 169.5 (s), 169.7 (s, 2C), 170.5 (s),
170.8 (s), 179.0 (s) ppm. ESI-MS: (m/z) 533.3 (100%, [M+Na]"). Anal. Calcd for
Co6H42011: C, 58.85; H, 7.98. Found: C, 58.80; H, 8.02.

1-(B-p-Glucopyranosyl)-12-
dodecanoic acid (2.4)

[a]p®® = =7.8 (¢ 1, MeOH). IR (CHCL): v 3365, 2853, 1709, 1569, 1455, 1377,
1032, 721 ecm™'. "H NMR (MeOH-d4, 400 MHz): § 1.30 (br s, 15H), 1.37-1.44 (m,
2H), 1.60 (t, J = 6.3 Hz, 3H), 1.78-1.86 (m, 1H), 1.94 (s, 3H), 2.22 (t, J = 7.3 Hz,
2H), 3.05 (d, J = 8.5 Hz, 1H), 3.09-3.19 (m, 1H), 3.18 (dd, J = 2.3, 5.8 Hz, 1H), 3.24
(d, J=8.8 Hz, 1H), 3.28 (d, /= 3.8 Hz, 1H), 3.63 (dd, J=5.5, 11.8 Hz, 1H), 3.83 (dd,
J=12.0, 11.8 Hz, 1H). >C NMR (MeOH-d4, 100 MHz): 6 26.6 (t), 27.0 (t), 30.6 (t,
2C), 30.8 (t, 2C), 30.8 (t, 3C), 31.0 (1), 33.0 (1), 63.2 (1), 72.1 (d), 75.6 (d), 80.0 (d),
81.0 (d), 81.7 (d) ppm. ESI-MS: (m/z) 385.4 (100%, [M+Na]"). Anal. Calcd for
CisH3407: C, 59.65; H, 9.45. Found: C, 59.69; H, 9.49.
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AcO
1-(2,3,4,6-Tetra-O-acetyl-a-D-

mannopyranosyl)-12- AcO,,.
hydroxydodec-2-ene (2.10)

"/,/\,.:JJ\/\/\/\/\OH
OAc

AcO

[a]p> = +6.48 (¢ 1.2, CHCLy). IR (CHCl3): 9 3410, 3020, 2929, 1743, 1750, 1215,
1034, 758, 668 cm ' "H NMR (200 MHz, CDCls): 6 1.20-1.30 (br s, 16H), 1.46—1.55
(m, 2H), 1.97 (s, 3H), 2.01 (s, 3H), 2.04 (s, 3H), 2.08 (s, 3H), 2.15-2.28 (m, 1H),
2.30-2.47 (m, 1H), 3.57 (t, J = 6.6 Hz, 2H), 3.80-3.87 (m, 1H), 3.90-3.97 (m, 1H),
4.02-4.08 (m, 1H), 4.26 (dd, J = 5.7, 12.0 Hz, 1H) 5.13-5.16 (m, 1H), 5.17-5.24 (m,
2H), 5.26-5.34 (m, 1H), 5.45-5.55 (m, 1H). >C NMR (50 MHz, CDCl;): 6 20.4 (q,
3C), 20.6 (q), 25.5 (1), 28.8 (1), 28.9 (1), 29.1 (t, 3C), 29.2 (t, 2C), 32.4 (1), 62.5 (t, 2C),
66.6 (d), 68.6 (d), 69.8 (d), 70.1 (d), 74.7 (d), 123.3 (d), 134.4 (d), 169.4 (s), 169.7 (s),
170.0 (s), 170.4 (s) ppm. ESI-MS: (m/z) 537.6 (100%, [M+Na]"). Anal. Calcd for
CasH42010: C, 62.42; H, 8.65. Found: C, 62.39; H, 8.60.

AcO

1-(2,3,4,6-Tetra-O-acetyl-o-D-
mannopyranosyl)-12- AcO,,
hydroxydodecane (2.15)

[a]p” = +4.67 (¢ 1.2, CHCL;). IR (CHCLs): 9 3482, 3021, 2929, 1749, 1369, 1216,
1034, 757, 668 cm'. '"H NMR (200 MHz, CDCl;): & 1.24 (br s, 18H), 1.48-1.61 (m,
4H), 2.00 (s, 3H), 2.03 (s, 3H), 2.08 (s, 3H), 2.12 (s, 3H), 3.61 (t, J = 6.5 Hz, 2H),
3.75-3.85 (m, 1H), 3.88-3.98 (m, 1H), 4.75 (dd, J = 2.6, 9.5 Hz, 1H), 4.28 (dd, J =
6.1, 12.1 Hz, 1H), 5.12-5.17 (m, 1H), 5.18-5.23 (m, 2H). °C NMR (50 MHz,
CDCls): 620.7 (g, 3C), 20.9 (q), 25.3 (1), 25.6 (t), 28.3 (1), 29.0 (t), 29.4 (t, 3C), 29.5
(t, 3C), 32.7 (1), 62.6 (1), 62.9 (1), 66.9 (d), 69.1 (d), 69.9 (d), 70.9 (d), 75.4 (d), 169.6
(s), 170.0 (s), 170.3 (s), 170.7 (s) ppm. ESI-MS: m/z 539.6 (100%, [M+Na]"). Anal.
Calcd for Cy6H44019 C, 60.45; H, 8.58. Found: C, 60.39; H, 8.54.
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1-(2,3,4,6-Tetra-O-acetyl-a-D-
mannopyranosyl)-12-
dodecanoic acid (2.20):

[o]p> = +4.83 (¢ 1.1, CHCL3). IR (CHCls): 9 3401, 2929, 1748, 1710, 1368, 1216,
1034, 756 cm . "H NMR (200 MHz, CDCls): 8 1.26 (br s, 16H), 1.55—1.70 (m, 4H),
2.00 (s, 3H), 2.02 (s, 3H), 2.10 (s, 3H), 2.14 (s, 3H), 2.35 (t, J = 7.4 Hz, 2H),
3.80-3.89 (m, 1H), 3.90—4.00 (m, 1H), 4.05-4.15 (m, 2H), 4.31 (dd, J = 6.0, 12.0 Hz,
1H), 5.16-5.20 (m, 1H), 5.21-5.25 (m, 1H). *C NMR (50 MHz, CDCl;): § 20.7 (q,
3C), 20.9 (q), 24.6 (1), 25.3 (1), 28.9 (1), 29.0 (1), 29.1 (1), 29.3 (1), 29.4 (t, 3C), 29.6
(t), 33.8 (1), 62.6 (1), 66.9 (d), 69.1 (d), 69.9 (d), 70.9 (d), 75.4 (d), 169.7 (s), 170.1 (s),
170.4 (s), 170.7 (s), 179.1 (s) ppm. ESI-MS: m/z 553.3 (100%, [M+Na]" ). Anal.
Calcd for Co6H42011: C, 58.85; H, 7.98. Found: C, 58.80; H, 8.02.

1-(a-D-mannopyranosyl)-12-
dodecanoic acid (2.5)

[a]p® = -51.87 (¢ 4.0, MeOH). IR (CHCls): 9 3365, 2853, 1709, 1569, 1455, 1377,
1032, 721 em . '"H NMR (400 MHz, CD;OD): ¢ 1.28 (br s, 16H), 1.43—1.50 (m,
2H), 1.55-1.64 (m, 2H), 2.25 (t, J = 7.1 Hz, 2H), 3.37-3.43 (m, 1H), 3.53-3.62 (m,
1H), 3.63-3.66 (m, 1H), 3.67-3.70 (m, 1H), 3.71-3.77 (m, 2H), 3.79-3.86 (m, 1H).
BC NMR (100 MHz, MeOH-d,): d20.8 (1), 23.5 (t), 24.1 (t), 26.3 (1), 26.7 (t), 27.4
(), 27.6 (t), 27.8 (t), 27.9 (t, 2C), 30.2 (1), 60.1 (1), 66.3 (d), 69.9 (d), 70.3 (d), 72.6
(d), 76.2 (d), 174.7 (s) ppm. ESI-MS: m/z 385.4 (100%, [M+Na]"). Anal. Calcd for
CisH3407: C, 59.65; H, 9.45. Found: C, 59.69; H, 9.49.
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2.6 NMR spectral data
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Chapter 3

3.1 Introduction

As mentioned in the previous two chapters, the extracellular glycoprotein material
present on some mammalian cells is known as “‘glycocalyx”’.! Glycocalyx has been
linked to many important cellular functions, including protein folding, trafficking,
stability, organ development, cellular adhesion, cell signaling, immune response, and
pathological processes.” > In many of the above functions the carbohydrate-carbohydrate,
carbohydrate-protein interactions that are characterized with high specificity and low
affinities are known to play an important role.*® Natural systems overcome the issue of
low affinity by polyvalency through the presence of many ligands on the cell surface.

Lectins are proteins that binds to carbohydrates specifically and reversibly.’
Lectins are very well known for their agglutinating nature on a variety of cells.* > Among
all the commercially available lectins, Concanavalin A (Con A) is the most widely used
lectin to characterize glycoproteins and glycolipids present on the various cell surfaces.'”
Con A binds specifically to a-D-mannosyl and o-D-glucosyl residues."'

In literature, GNPs derived from the surface modification of metal nanoparticles
by molecules which are connected with sugar residues through O-glycoside linkages have
been proposed/used for investigating carbohydrate recognition processes.'>'* However,
as for as the in vivo application of the GNPs are considered, the enzymatic degradation of
the O-glycoside linkage in these GNPs becomes a great concern. For this reason, C-
glycosides have been developed and were found to be potential carbohydrate analogs
resistant to metabolic processes. C-glycosides where the anomeric oxygen is substituted
by a methylene unit are isosteric mimics of their O-glycoside counterparts. The
methylene substitution imparts a great deal of stability to C-gycosides without substantial
conformational amendment.'®"” Though the application of C-glycosylated long chain
alkanes has been explored as liquid crystals and as surfactants,”” *' their use in GNPs
synthesis has been very sparse and has only been unveiled very recently.” However,
these works highlighted only synthesis and no efforts to study carbohydrate-carbohydrate
or carbohydrate-protein interactions were made. Furthermore, harmful bacteria that cause

23,24 are known to establish infection after

millions of disease and disability every year,
adhering to host tissues through multivalent carbohydrate—lectin interactions. Therefore,

an effective antibacterial strategy is needed to inhibit these bacterial interactions with
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target cells.” In this premise, in this chapter, we have discussed the synthesis of mannose
and glucose containing 12-C-glycosyl long chain acids. These 12-C-glycosyl long chain
acids were then used as capping/reducing agents for the Ag GNPs synthesis. These Ag
GNPs were later utilized to investigate the carbohydrate-lectin interactions and their

utility for anti bacterial activity against E. coli are also demonstrated.

3.2 Synthesis of mannose and glucose C-glycosyl acids
Detailed synthesis and characterization of 12-a-C-gluco-pyranosyl-dodecanoic
acid (compound 2.3) and 12-a-C-manno-pyranosyl-dodecanoic acid (compound 2.5)

were given in chapter 2 section 2.5.

3.3 Synthesis of Ag-glyconanoparticles

After synthesizing the desired C-glycosyl acids 2.3 and 2.5, the next objective
was to use them as capping/reducing agents for the synthesis of silver nanoparticles (Ag
NPs). It has already been established that 12-a-C-glycosyl acid can be used as capping
and reducing agents for Ag NPs.” Utilizing similar strategies the synthesis of Ag NPs
using 12-C-glycosyl acids 2.3 and 2.5 was accomplished in the following manner.
Equimolar quantities of silver nitrate (10* M) and 12-C-glycosyl acid 2.3 and 2.5 (10™
M) were heated (~70-80 °C) in dilute alkaline solution.”® The reduction of Ag™ to Ago
was instantaneous and the Ag NPs were purified by centrifugation (12000 rpm for 3x25
mL washings with milliQ water) to remove excess ligand. The concentrated Ag NP thick
dispersions were stored in sample vials covered with aluminium foils for further studies.
The Ag GNPs synthesized by using 12-C-glycosyl acids (2.3 and 2.5) as capping and
reducing agents, are designated as Ag-2.3 GNPs (Ag-glucose) and Ag-2.5 GNPs (Ag-
mannose) further in the text.

A yellow- yellow/brownish coloured solution indicating the formation of Ag NPs
was observed immediately on heating a mixture of Ag NO; and 12-C-glycosyl acids. The
reduction of Ag™ to Ag® with both the glyco acids was instantaneous and within 5 min a
well defined peak at Ayax ~415 nm developed (Fig. 3.1A). This peak is attributed to the
surface plasmon resonance of Ag NPs.”” The formation of Ag-2.3 and Ag-2.5 GNPs was
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again conformed by powder XRD. In both cases we could observe four signature peaks
(Fig. 3.1B) assigned to the (1 1 1), (2 0 0), (22 0) and (3 1 1) planes of fcc lattice of
metallic Ag. The TEM image in Fig. 3.1C and 3.1D, correspond to the samples Ag-2.3
(~25£3 nm) and Ag-2.5 (19£2 nm) GNPs respectively. In both cases, GNPs formed are
polydispersed and the inserts in Fig. 3.1C and 3.1D show the particle size distributions in

each case respectively.
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Figure 3.1. (4) UV-visible spectrum of Ag-2.3 GNPs (red curve) and Ag-2.5 GNPs (block
curve), (B) Powder XRD of Ag-2.3 and Ag-2.5 GNPs, TEM images of as-prepared (C)

Ag-2.3 GNPs (insert shows the particle size distribution of Ag-2.3 GNPs) and (D) Ag-2.5
GNPs (insert shows the particle size distribution of Ag-2.5 GNPs).
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3.3.1 Determination of amount of Carbohydrates present in the Nanoparticle
solution

The amount of carbohydrates present on Ag-2.3 and Ag-2.5 GNPs was
determined by anthrone-sulfuric acid assay.*® % Briefly, carbohydrates (1 to 15 ug) were
dissolved in 0.5 mL of milli Q water. After that, 1 mL of a freshly prepared 0.5%
anthrone (w/w) in 95% sulfuric acid solution was added to 0.5 mL of ice-cold sugar
solution. These two solutions were gently mixed and heated to 100° for 10 min and then
allowed to cool at RT. The absorbance was recorded at 620 nm, and the plot of
absorbance versus concentration of carbohydrate resulted in a standard curve (Fig. 3.2).
Next, different concentrations of the GNPs solution (10-50 uL) were subjected to the
same method. From this concentration, the amount of sugar present on the GNP surface
was estimated to be 0.2 mg/mL of glucose on Ag-2.3 GNPs dispersion and 0.3 mg/mL of

mannose on Ag-2.5 GNPs dispersion.
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Figure 3.2. The plot of concentration of free ligand versus absorbance @ 620 nm
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3.3.2 Binding experiment of Ag GNPs to FITC-Con A

The binding of Ag-2.3 and Ag-2.5 GNPs to FITC-Con A was examined by
fluorescence spectroscopy. In this experiment 10 pg/mL (0.98 uM, 3 mL) of FITC-Con
A in PB buffer containing 0.1 mM CaCl, and 0.1 mM MnCl, at 7.0 pH, was incubated
with Ag-2.3 and Ag-2.5 GNPs solutions. Four different samples of Ag-2.3 and Ag-2.5
GNPs were prepared such that the amount of sugar present on the GNPs corresponds to

2.5,5,10 and 30 pg.

A —FITC-ConA

Abs
Abs

L) I L) l L] I L) l L) l L] I L] T I I I T
350 400 450 500 550 600 650 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 3.3. UV-Vis spectrum of (A) FITC-Con A and (B) Ag-2.3 GNPs (red curve) and
Ag-2.5 GNPs (black curve).

The UV-vis spectrum of FITC-Con A shows an absorbance peak at 490 nm (Fig.
3.3A), while the pure Ag-2.3 or Ag-2.5 GNPs show a peak around 420 nm (Fig. 3.3B).
When FITC-Con A was incubated with Ag-2.3 (Fig. 3.4A) and Ag-2.5 GNPs (Fig. 3.4B)
samples, a red shift in A.x Was observed with concomitant broadening of the absorption
peak of Ag GNPs. The color of Ag GNPs changed yellow to orange. This clearly
indicates the binding of Con A to the sugars in both Ag-2.3 GNPs and Ag-2.5 GNPs. The
small feature around 490 nm in the spectra obtained after incubating FITC-Con A with
Ag-GNPs also evidence its presence in the composite. Fig. 3.4 C and D depict the TEM
images of Ag-2.3 and Ag-2.5 GNPs respectively after incubation with FITC-Con A. It
can be noted that both the samples formed large aggregates because of binding of FITC-

Con A with glucose and mannose which are present on Ag NPs surface.
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Figure 3.4. Changes in the UV-visible spectrum of (4) Ag-2.3 GNPs and (B) Ag-2.5
GNPs, before and after addition of FITC-Con A, TEM images of (C) Ag-2.3 GNPs + Con

A and (D) Ag-2.5 GNPs + Con A.

Furthermore, the binding of Ag-2.3 and Ag-2.5 GNPs to FITC-Con A was also

examined by fluorescence spectroscopy. The optical emission signal was recorded by

exciting the sample at 490 nm. The fluorescence spectra of FITC-Con A, has been

recorded at different time intervals to show that its fluorescence intensity does not

decrease with time (Fig.3.5 A). However, shows that in the presence of Ag-2.3 and Ag-

2.5 GNPs, the fluorescence intensity of FITC—Con A keeps on reducing with the addition

of increasing concentration of Ag-2.3 and Ag-2.5 GNPs respectively (Fig. 3.5 B and C).
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While the above tests with FITC-Con A prove the efficacy of glucose/mannose to bind to

the lectin, no significant differences in terms of efficiencies of Ag-2.3 and Ag-2.5 GNPs

respect to their binding to lectins could be displayed by this study.
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Figure 3.5. Fluorescence intensity of FITC-Con A (10 mg/mL) (4) as prepared (black

curve) and after 8 hrs (red curve), excited @ 490 nm. Change in the emission spectrum of
FITC-Con A with the addition of (B) Ag-2.3 GNPs and (C) Ag-2.5 GNPs. All spectra
measured in phosphate buffer (with 0.1 mM CaCl, and 0.1 mM MnCl;) at pH 7.0 and an

excitation wavelength of 490 nm.

Thus, inorder to show the utility of mannoside capped nanoparticles in specific

applications, we carried out the antibacterial assay of these Ag-2.3 GNPs and Ag-2.5

GNPs against E. coli. It has been reported that the surface of type-1 pili of E. coli known
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30, 31

to bind with mannosides (Fig. 3.6) and therefore an enhanced interaction of Ag-2.5

GNPs with E. coli leading to their higher mortality could be expected.

Type 1 fimbriated
Escherichia coli

Figure 3.6. Schematic representation of interaction of Ag GNPs with E. coli bacteria

3.4 Organism preparation and antibacterial activity of Ag GNPs

E. coli cells (DH5a cells) was grown overnight in Luria Bertani (LB) medium at
37 °C. The washed cells were then re suspended in LB medium and optical density (OD)
was adjusted to 0.1, corresponding to 10> CFU/ml at 600 nm. A 100 pL sample of
bacterial suspension cultured in LB medium with a concentration of 10® CFU/mL of E.
coli was placed on a nutrient agar plate by spread plate technique. To study the anti
bacterial effect of Ag-2.3 and Ag-2.5 GNPs, approximately 10® colony forming units
(CFU) of E. coli cells (DH5a cells) were platted on a Luria Bertani (LB) with 1.5% agar
plate. The disks of approximately 1 cm x 1 cm were prepared and sterilized by
autoclaving. The disks were placed on the bacterial platted medium with control (only
sterile disk) and different concentrations (5, 10 and 15 pg) of Ag-2.3 (Fig. 3.7A) and Ag-
2.5 GNPs (Fig. 3.7B). These plates with Ag GNPs were prepared by drop casting the
nanoparticle dispersion on the disk and the plates were incubated at 37 °C for 24 hrs.

After 24 hrs the zone of inhibition was measured by scale.
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From the antibacterial experiment, it can be clearly seen that compared to Ag-2.3
GNPs (Fig. 3.7A), Ag-2.5 GNPs (Fig. 3.7B) incubated with E. coli show larger zone of
inhibition (transparent area around the disk). This could be attributed to the FimH lectin
units in the pili which are present on surface of E. coli. These are known to have greater
affinity to mannose as compare to other sugars. This could lead to increased bindings of
the Ag-2.5 GNPs due to increased mannoside-binding activities of the bacteria (table 1).
This increased local concentration of Ag/Ag’ ions on the bacteria surface explains the

increased mortality of the bacteria in presence of Ag-2.5 GNPs.

Figure 3.7. Effect of Ag-2.3 and Ag-2.5 GNPs on the growth of E. coli (1.0x10°
CFU/mL), (A) Ag-2.3 GNPs, (B) Ag-2.5 GNPs were incubated on sterile disk 1 (0 ug), 2

(5 ug), 3 (10 ug) and 4 (15 ug).

Table 1: Details of the zone of inhibitions observed with different concentrations of Ag-1
and Ag-2 GNPs

Sr. | Mannose and glucose | Ag-2.3 GNPs zone of | Ag-2.5 GNPs zone

No. | present on Ag-2.3 and | inhibition (mm) of inhibition (mm)
Ag-2.5 GNPs
respectively (ug)

1 0 0 0

2 5 0.6+0.5 2+1

3 10 1.6+0.5 8.3+1

4 15 6+0.5 13+1
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3.5 Conclusions

We described the synthesis of two 12-C-glycosyl long chain acids synthesis,
which are used in the synthesis of biofunctional Ag NPs. Furthermore, these biofuctional
Ag NPs were used for the selective detection of Con A and E. coli. C-glycosides could

import greater stability to the GNPs when we use them in in-vivo applications.
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Chapter 4

4.1 Introduction

Carbohydrates are important class of biomolecules playing crucial roles not
only as energy sources and structural materials but also as signaling molecules
involved in intramolecular and intercellular communication in almost all
biological/physiological processes. Consequently there is now a great deal of interest
to prepare carbohydrate decorated inorganic nanoparticles (GNPs) that could mimic
the glycocalyx of the cell surface. The synthesis of inorganic nanoparticles in
presence of glycans (chapter 1 section 1.3.1.) with appropriate nanoparticle surface
anchoring groups is one way to accomplish the GNPs. However, methods based on
post-synthetic surface modification steps have been evoking greater interest these
days. Since the rediscovery of the Huisgen 1,3-dipolar cycloaddition of alkynes and
azides, this reaction has attracted tremendous attention in the area of glycobiology
where it has proved its value for the preparation of a wide range of carbohydrate
containing molecular constructs.'™

The introduction of the ‘click-chemistry’’ concept® has made a great impact
on the chemical philosophy driving the design of synthetic biomaterials. The
copper(I)-catalyzed azide—alkyne cycloaddition (CuAAC) reaction has provided a
unique tool for easy access to functionalized surfaces of reliable and reproducible
surface densities.”'" The CuAAC has transformed a purely thermal 1,3-dipolar
cycloaddition process to an efficient and selective (regio- and chemo-) catalytic 1,3-
dipolar cycloaddition process. The main advantage of CuAAC reaction is, it can be
carried out at ambient temperature, is nearly solvent insensitive, and shows an
extremely high tolerance to other functional groups. These characteristics have
credited the CuUAAC as a valuable ligation tool that has been rapidly adopted in fields

. . . . . -1
of research as diverse as organic synthesis, polymer and materials science,”"’

18-21 22-24

medicinal chemistry, molecular biology and biotechnology," and
supramolecular chemistry.” ** CuAAC has been used in the functionalization of
planar as well as curved surfaces. A large variety of systems ranging from self-
assembled monolayers (SAMs), polymeric surfaces, layer-by-layer assemblies, block
copolymers (BCPs), micelles, polymersomes and liposomes have been surface
functionalized by using the CuAAC reaction."

The wversatility, reliability, robustness and especially the intrinsic

chemoselectivity and bioorthogonality of the CuAAC reaction together with the mild
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reaction conditions on both protected and unprotected sugar derivatives are all
attractive features that have made click-chemistry particularly suitable for
glycochemistry.””*® In addition, the triazole groups that emerge in a click reaction act
as robust linkers for the connection of different substructures in frameworks with
varied complexity and have favourable physicochemical properties to mimic the sugar
ring and the peptide bond. Silica-based hybrid materials possess very attractive
physical and chemical properties: such as physical rigidity of their frameworks, high
resistivity, negligible swelling in aqueous and organic solutions, chemical purity, high
density of functional groups, chemical inertness, high biodegradation, photochemical,
thermal, and microbiological stability and non-toxicity. They also have limited
drawbacks such as hydrolysis at low and high pH and leaching of the functional
groups from the support surface into the solution upon treatment with acidic
solutions.”*

The introduction of the alkyne or azide group in to a saccharide is a routine
process. This process allows easy access to mono as well as polyfunctionalized
derivatives that can be rationally used for conjugation with other complementary
functionalized synthetic and biological molecules or scaffolds by means of their
intermolecular alkyne—azide 1,3-dipolar cycloaddition reaction. The anomeric
position is usually the preferred position to place the linking azide or alkyne
functionality but also the rest of the sugar ring positions have been used through
adequate protection—deprotection strategies.™ 2% 3'?

The demand for reliable techniques for the immobilization of carbohydrates in
the preparation of glyco materials has been a strong driving-force that has led to the
development of a variety of glyco-functionalized solid supports (microarrays,
microbeads, biosensor chips and SAMs) as valuable tools with important applications
in the ‘‘omic”” sciences.” The majority of these advanced materials have been
constructed using non-silica matrices in spite of the positive properties mentioned
above for silica-based hybrid materials. Until the recent advent of the click-chemistry
methodology, silica-based hybrid glyco materials containing covalently bound sugars
have been scarce in the literature, having found limited applications in boron

removal,” and the isolation and purification of lectins.***’
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4.2 Present work

While scanning through the literature, we found that no-one has reported the
synthesis of C-glycosyl decorated SiO, glyconanoparticles (SiO,-GNPs) and their
biological applications like lectin binding studies. However, the applications of O-
glycosyl functionalized SiO,-GNPs can be found in the literature as in vitro study of
lectin binding, decontamination of E. coli bacteria and detection of cancer cells.***
As the C-glycosides are more tolerant to enzymatic degradation, we embarked our
journey to synthesize mannose and glucose containing 12-C-glycosyl dodecyl alkynes
(Fig 4.1). These long chain glycosyl alkynes were then clicked with silica azide to get
C-glycosyl functionalized silica nanoparticle called as SiO,-GNPs. The in vitro
experiment of binding of mannose and glucose decorated SiO,-GNPs with
Concanavalin A (is a lectin specific to mannose and glucose) was demonstrated by
fluorescence studies and TEM analysis. Furthermore, we have demonstrated that the
lectin Con A binds and aggregates NPs which are decorated with mannose and

glucose sugar moieties irrespective of their core metal.

O o
HO \/\/\/\/\/\

HO" OH  12-a-C-mannosyl dodecanosyl acetylene (4.1)
OH
O o
HO W
HO" “OH  12-a-C-glucosyl dodecanosy! acetylene (4.2)
OH

Figure 4.1. C-glycosides of dodecanosyl acetylenes: new clicking agents for SiO;-

glyconanoparticle synthesis.

4.2.1 Retrosynthesis

The retrosynthetic strategy for designed C-glycosyl alkynes is shown in Figure
4.1. As monosaccharides can exist either in furanose or in pyranose forms in
biological systems, the two compounds 4.1 and 4.2 were selected as representatives of
a-hexoaldopyranoses (D-mannose, D-glucose) to carry out the synthesis. The
designed retrosynthetic strategy for the C-glycosyl alkynes 4.1 and 4.2 is based upon
the cross-metathesis of the corresponding pentaacetylated C-allyl glycosides 2.24 and
2.26 with 10-undecene-1-0l (2.21) followed by hydrogenation, oxidation and
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homologation along with penta-acetate deprotection. The synthesis of different a-C-
allylmannopyranosides 2.26, and a-C-allylglucopyranosides 2.24, were accomplished

following established procedures.

A
]
T
IO
Q
.—</;_2/O
=
O/
T
T
IO
Q
O
S =
o’/
T

’ o | || homologation,
deprotection

R'I/\/\/\/\/\/\/OH

ﬂ cross metathesis

NN OH
+
E O K = (0] W = E
L AcO 7 Aco N
. (s § |
' R'=" acon 'OAc  AcO OAc !
! OAc OAc .
i 2.24 2.26 ;

Figure 4.2. Retrosynthetic strategy for the 12-C-glycosylated dodecanosyl acetylenes
4.1 and 4.2.

4.2.2 Synthesis

Scheme 4.1, depicts the general strategy that was followed for the synthesis of
12-C-glycosyl alkynes 4.1 and 4.2, employing cross-metathesis of C-allyl derivatives
2.26 and 2.24 with 10-undecene-1-ol (2.21). The C-allyl sugar derivative underwent
cross-metathesis with 10-undecene-1-ol using Grubbs’ 1% generation catalyst (5 mol
%) to afford inseparable mixture of trans/cis olefins 2.10 and 2.8, along with the 10-
undecene-1-ol dimer. The olefin mixture was hydrogenated with 5% Pd/C in
methanol:ethyl acetate (1:2) to yield saturated alcohols 2.15 and 2.13. The compounds
2.15 and 2.13 were then subjected to oxidation with IBX (2-lodoxybenzoic acid)
separately to get respective aldehydes. As the formed aldehyde is unstable, it was
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immediately converted to alkyne by using Bestmann reagent and simultaneous
deacetylation, which completes the synthesis of 12-C-glycosyldodecanosyl alkynes
4.1 and 4.2 in overall yields of 54% and 57%, respectively. The full synthetic and
spectroscopic details of these compounds are given in section 4.7 and 4.8 in this

chapter.

a b
RN —>R/\/“%/\/\/\/\/OH —_— R/\/\/\/\/\/\/OH

2.26 and 2.24 2.10: R = A (80%) 215: R =A (79%)
2.8:R =B (75%) 2.13: R = B (76%)
J :
O
Ho/\r\‘)\ M d R H
HO" OH 4.29: R =A (84%) O
OH 4.1; 96% 4.28: R =B (81%)
O W E AN W E
HO \ \/\/\/\/\/\ L AcO o) \ AcO @) \ |
g ., 4.2, 90% ‘o= . \ o
HO OH 'R=" Aco OAc  AcO' ‘OAc!
OH 5 OAc OAc
! A B

Scheme 4.1. Reagents and conditions: (a) C;1H»;0 (2.21), Ist gen.Grubbs” catalyst
(2.27), CH,CI,, rt, 6 h; (b) H, 5% Pd/C, MeOH/EtOAc (2:1), 1 atm, rt, 2 h, (c) IBX,
DMSO, rt, 1 h, (d) Bestmann reagent, K;COj3;, methanol, 0°C , 2 h.
4. 3 Functionalization of silica nanoparticles with Azide

To a suspension of 1 g of Ludox Silica NPs in 50 mL of ethanol, 2 mL
AzPTES (azidopropyltriethoxysilane) were added, and the mixture was stirred for 16
h at 80 °C under nitrogen atmosphere. After the completion of reaction, the contents
were cooled, filtered and washed with ethanol until it became free from AzPTES. The
sample was then dried at 80 °C for 8h in a vacuum oven and preserved under argon
atmosphere for further use. Yield: ~1.2 g. This material will be referred as Si0,-N;
(Fig 4.3) later in the chapter.

( OH OH )
HO OH N; N
AzPTES, 80 °C
P N N, W
16 h
HO \OH HO \OH
OH N3

Figure 4.3. Schematic representation azide functionalization of SiO>-NPs.
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4.4 Synthesis of silica glyconanoparticles by click chemistry

The Si0,-N3 NPs and 12-C-glycosyl alkynes (4.1 and 4.2) with mannose and
glucose sugar moities were subjected to CuAAC reaction (Fig. 4.4). The CuAAC
reaction was attempted using CuSOu/ascorbate in an equimolar mixture of t-BuOH
and water. For example, treatment of SiO,-N3 NPs (25 mg) with 4.1 (0.1 mmol, 3-fold
molar excess with respect to azide groups on azidopropyl grafted silica NPs) using
CuSOy/ascorbate in 1:1 H,O/t-BuOH for 24 h converted 85% of the available azide
groups into the corresponding triazole product. After the reaction, an extensive
washing protocol was followed to remove the Cu(I), ascorbate and any unreacted
compound 4.1. One of the key steps in the washing was the use of dithiocarbamate to
remove the Cu(l), as reported earlier.** The extent of the reaction was estimated using
IR spectroscopy, by monitoring the decrease in the integrated intensity of v,s(N3) at
2100 cm™. The same procedure has been followed to click the compound 4.2 with

Si0,-N; NPs (Fig 4.4).

N e Na
NSQOH _|_HO \/\/\/\/\/\ \/\/\/\/\/\
HO HO" “OH
N, N OH 42
cu(l), t-Butanol
H,O
4
§
N
N-n
3

0
)\t WWWMN(\/N &
N=N OH

o
|

P

/OH /N:N
N\)NWNWJW\VOQ
Il

Figure 4.4. Schematic representation of synthesis of SiO,-GNPs with 12-C-glycosyl
alkynes 4.1 and 4.2.
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4.5 Characterization

The as synthesized SiO,-GNPs decorated with mannose (SiO,-4.1 GNPs) and
glucose (Si0,-4.2 GNPs) were first characterized by FT-IR. To know whether the
click reaction has taken place between SiO,-N3 NPs and 12-C-glycosyl alkynes 4.1
and 4.2, the azide peek intensity at 2100 cm™ was monitored by taking same amount
of samples for the FT-IR measurements (Fig 4.5). We can see that in Figure 4.5, the
IR intensity of azide peek in the case of SiO,-N3 NPs is more compared to SiO,-4.1
GNPs and Si0,-4.2 GNPs. In the FTIR spectra all the curves are normalized at 2450
cm’. We have calculated the amount of sugar present of the SiO, GNP surface by
anthrone-sulphuric acid assay which has been discussed in chapter 3.3.1. The
estimated sugar quantities are, 0.26 mg/mL of mannose on SiO,-4.1 GNPs dispersion

and 0.32 gm/mL of glucose on Si0,-4.2 GNPs dispersion.

% T

SiO.N
2 3

Nt

bIUZ-UIUCOSE

I ! | ! | ' | ! | !
700 1400 2100 2800 3500
Wavenumber {cm '1)

Figure 4.5. FT-IR spectrum of SiO,-N; NPs (black curve), SiO>-4.1 GNPs (red curve)
and Si0,-4.2 GNPs (blue curve).

4.5.1 Binding experiments with lectin

Although GNPs have been previously utilized to probe carbohydrate-receptor

39, 45-55

interactions, it is important to validate whether the carbohydrates immobilized
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on Si0,-GNPs retain their biological recognition specificity. This was probed using
lectin, i.e., Concanavalin A (Con A, a mannose and glucose selective lectin). Upon
incubation of a fluorescently labeled Con A lectin with SiO, GNPs, if the SiO, GNPs
bind with the lectin, we should observe the formation SiO,-GNP aggregates, in the
TEM microscope. Before incubation with FITC-Con A we have taken the TEM
images of Si0,-4.1 GNPs and SiO,-4.2 GNPs, which show well separated spherical
particles in both SiO,-4.1 GNPs (Fig 4.6 A) and SiO,-4.2 GNPs (Fig 4.6 B) cases.
Subsequently, both these GNPs were incubated with FITC-Con A for 4 h. After the
completion of incubation, SiO,-GNPs were drop casted on the TEM grid and
examined under the TEM microscope. As we expected both, SiO,-4.1 (Fig 4.6 C) and
Si0,-4.2 GNPs (Fig 4.6 D) got aggregated when they were incubated with FITC-Con

A as both mannose and glucose are selective to Con A lectin.

Figure 4.6. TEM images of (A) SiO»-4.1 GNPs, (B) SiO,-4.2 GNPs, (C) SiO,-4.1
GNPs + Con A and (D) SiO,-4.2 GNPs + Con A
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Furthermore, to conform the Con A binding with Si0,-4.1 GNPs and Si0,-4.2
GNPs, we have measured the fluorescent intensity of FITC-Con A by adding
increasing amount sugar which is present on the surface of Si0,-4.1 GNPs and SiO,-
4.2 GNPs. As expected increasing amount of sugar added lead to a reduction of
fluorescent intensity of the FITC-Con A in the supernatant. In this experiment 10
pg/mL (0.98 uM, 3 mL) of FITC-Con A in PB buffer containing 0.1 mM CaCl, and
0.1 mM MnCl, at 7.0 pH, was incubated with SiO,-4.1 for 4 h. The fluorescent
intensity of FITC-Con A remaining in the supernatant was recorded after incubating
separately with three different amounts of SiO,-4.1 GNPs (5, 10 and 20 pg of
mannose present on Si0,-4.1 GNPs) (Fig. 4.7 A). The FITC-Con A amount was kept
constant. The same procedure has been followed for the Si10,-4.2 GNPs (Fig. 4.7 B).
As we increase the amount of SiO, GNPs (sugar) the fluorescent intensity of FITC-
Con A decreases, which indicated that the SiO,-4.1 and SiO,-4.2 GNPs are interacting
with FITC-Con A and aggregates are being formed. This leads to the removal of

FITC-Con A from the supernatant and hence the reduction in the intensity.

350 A 350

300 - 300

250 - 2
£ @,
" 200 - 5
£ 150 £1
i )
A 100 - & 1

50
0 T T T ] T T T T T — . T T T T T ! 1 ' 1 '
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Wavelength (nm} Wavelength (nm)

Figure 4.7. Change in the emission spectrum of FITC-Con A with the addition of (4)
Si0,-4.1 GNPs and (B) SiO»-4.2 GNPs. All spectra measured in phosphate buffer
(with 0.1 mM CaCl, and 0.1 mM MnCl;) at pH 7.0 and an excitation wavelength of
490 nm.

4.5.2 GNPs bind with lectin irrespective of their core material
To validate the specificity of mannose and glucose with Con A lectin, which
contains four mannose or glucose binding sites,”® GNPs of silver and silica decorated

with mannose and glucose (Ag and SiO, GNPs) were incubated with Con A. If the
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Con A recognizes only the surface of nanoparticles a random aggregation between Ag

and SiO, GNPs should result in (Fig 4.8).

Figure 4.8. Schematic representation of GNPs binding with Con A irrespective of

their inorganic core.

Accordingly, we have investigated the interactions of FITC-Con A with
mixture of Ag-2.5 and SiO,-4.1 GNPs (mannose decorated Ag and SiO, GNPs) and
mixture of Ag-2.3 and Si0,-4.2 GNPs (glucose decorated Ag and SiO, GNPs). The
detailed synthetic procedure and characterization for Ag-2.5 and Ag-2.3 GNPs has
been discussed in the chapter 2.5. The binding of these GNPs mixture with FITC-Con
A was ascertained from TEM images. In brief, the Ag-2.5, Si0,-4.1 GNPs and Ag-
2.3, Si0,-4.2 GNPs were mixed separately in two sample vials. To these separately
mixed sample vials FITC-Con A was added and incubated for 3 hrs. Subsequently,
both GNPs mixtures were centrifuged and dispersed in Phosphate buffer solution.
This GNPs dispersion was drop casted on the TEM grid and examined under the
TEM. Figure 4.9 A shows the TEM image of Ag-2.5 and SiO,-4.1 GNPs mixture
before incubation with FITC-Con A, from which we can clearly observe that both Ag-
2.5 and Si0,-4.1 GNPs are present separately all over the grid. Same thing has been
observed with the Ag-2.3, Si0,-4.2 GNPs (Fig 4.9B). Upon incubating with Con A
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the TEM image is characterized with aggregates of Ag-2.5 and SiO,-4.1 GNPs
together. This can be attributed to the cross linking between mannose and Con A
irrespective of their inorganic core and one can observe that most of the Ag GNPs are
present only on SiO, GNPs (Fig 4.9C). The same thing has been observed in the case
of Ag-2.3, Si0,-4.2 GNPs mixture when we incubated them with FITC-Con A (Fig
4.9D)

Figure 4.9. TEM images of (4) SiO»-4.1 GNPs + Ag-2.5 GNPs, (B) SiO,-4.2 GNPs +
Ag-2.3 GNPs , (C) SiO,-4.1 GNPs + Ag-2.5 GNPs + FITC-Con A, and (D) SiO,-4.2
GNPs +A4g-2.3 GNPs + FITC-Con A.
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4.6 Conclusions

In this chapter, we described the synthesis of 12-C-glycosyl dodecyl alkynes
containing mannose and glucose moieties. These mannose and glucose glycosyl
alkynes were clicked with silica azide NPs by employing CuAAC reaction to get
mannose and glucose decorated SiO, GNPs. The binding affinity of SiO, GNPs with
lectin (Con A) was performed by using fluorescence spectroscopy and TEM analysis.
The interaction of glycosyl moieties (which are present on the GNPs surface) with
lectin (Con A) was demonstrated by talking two GNPs dispersions with same glycosyl
moiety on the GNPs surface and different inorganic core (Ag and SiO;). We could
conclude that the interaction depends only on the presence of glycosyl moiety that the

particles are decorated with and not on their core material.

4.7 Experimental work
The detailed synthesis, characterization and NMR data of compounds 2.8, 2.10, 2.13

and 2.15 has been given in the chapter 2. Please see the experimental section 2.5 in

the chapter 2.

1-(a-D-mannopyranosyl)-12-
yne-tridecane (4.1)

IBX (250 mg, 0.9 mmol) was added to a solution of 2.15 (135 mg, 0.6 mmol) in 4 mL
of THF. The reaction mixture was refluxed for 2 h, and then it was diluted with THF
(15 mL) and filtered. The solvent was evaporated to dryness. The crude was dissolved
in EtOAc (15 mL), washed with water (3 x 5 mL), dried (Na,SO4) and evaporated to
dryness gave yellow liquid 4.28 (123 mg, 0.5 mmol, 84%). The procedure has been
followed to synthesize the compound 4.29 from the 2.13. These aldehyde compounds
4.28 and 4.29 are unstable, so these compounds were immediately subject for the
bestmann reaction to get alkynes 4.1 and 4.2.

[a]p” = +12.42 (¢ 4.0, MeOH). IR (CHCl3): 9 3365, 2853, 1709, 1569, 1455, 1377,
1032, 721 cm . '"H NMR (400 MHz, CD;OD): 6 1.31 (br s, 14H), 1.44-1.50 (m,
4H), 2.13 (t, J = 2.5 Hz, 1H), 2.16-2.19 (m, 2H), 3.38-3.46 (m, 1H), 3.55-3.64 (m,
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2H), 3.68-3.71 (m, 1H), 3.75 (dd, J = 2.7, 7.3 Hz, 2H), 3.80-3.86 (m, 1H). °C NMR
(100 MHz, MeOH-d4): ¢ 23.8 (t), 30.2 (t), 30.3 (t), 30.6 (t), 30.9 (t, 3C), 30.9 (t, 2C),
31.9 (1), 33.2 (1), 63.2 (t), 69.4 (d), 73.0 (d), 73.3 (d), 75.7 (d), 79.2 (d), 114.8 (d),
120.4 (q) ppm. ESI-MS: m/z 342.4 (100%, [M+Na]"). Anal. Calcd for C;oH340s: C,
59.65; H, 9.45. Found: C, 59.69; H, 9.49.

1-(a-D-Glucopyranosyl)-12-
yne-tridecane (4.2)

Dimethyl-1-diazo-2-oxopropylphosphonate (1.2 mmol) was added to a

solution of aldehyde 4.28 (1.0 mmol) and K,COs3 (2.0 mmol) in MeOH (15 mL) and
stirring was continued for 8 h. The reaction mixture was diluted with Et,O (25 mL),
washed with an aq solution (5%) of NaHCO; (10 mL) and dried over Na,SO4. After
filtration and evaporation of the solvent in vacuum the alkyne 4.1 remained in
analytically pure form. The same procedure has been followed for the synthesis of
alkyne 4.2 from aldehyde 4.29.
[a]p® = +15.46 (c 4.0, MeOH). IR (CHCls): v 3365, 2853, 1709, 1569, 1455, 1377,
1032, 721 cm . '"H NMR (400 MHz, MeOH-d,): 6 1.31 (br s, 14H), 1.56—1.58 (m,
2H), 1.63-1.69 (m, 2H), 2.66—-2.67 (m, 2H), 3.32-3.27 (m, 1H), 3.35-3.41 (m, 2H),
3.50-3.58 (m, 2H), 3.62-3.66 (m, 1H), 3.76-3.80 (m, 1H), 3.85-3.90 (m, 1H). °C
NMR (100 MHz, MeOH-d4): 6 25.5 (t), 25.7 (t), 26.8 (t), 30.7 (t), 30.7 (t), 30.8 (t),
30.8 (), 30.9 (t, 3C), 33.8 (t), 53.4 (t), 63.2 (d), 72.5 (d), 73.3 (d), 74.4 (d), 75.4 (d),
77.4 (d), 106.3 (q) ppm. ESI-MS: m/z 342.4 (100%, [M+Na]"). Anal. Calcd for
Ci19H340s5: C, 59.65; H, 9.45. Found: C, 59.69; H, 9.49.
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4.8 NMR Spectra
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Chapter 5

5.1 Summary of the thesis

In this thesis our focus was mainly to synthesize new, straightforward and robust
functional glycans to immobilize carbohydrates on metal and metal oxide surfaces for
glycobiological studies. We have discussed detailed synthesis of five different o/p-12-C-
glycosyl acids in chapter 2. The as synthesized 12-C-glycosyl acids were used as capping
and as well as reducing agent in the synthesis of Ag GNPs, which removes the necessity
of an extra reducing agent, thus preventing the formation of extra side products. These C-
glycosides are more stable in physiological conditions as compared to their O-glycoside
counterparts. C-glycans could enhance biological activity of GNPs to greater extend.

Ag-GNPs decorated with mannose and glucose sugar moieties were used to study
the lectin (Concanavalin A) binding with carbohydrates using techniques like
fluorescence spectroscopy, UV-visible spectroscopy and TEM analysis. Both the glycan-
functionalized Ag-GNPs have displayed good selectivities toward lectin (Con A).
Furthermore, the anti bacterial activity of Ag-GNPs decorated with mannose and glucose
were tested against E coli (DHSa cells). This experiment has revealed the specific
binding of mannose coated Ag-GNPs towards the type 1 pili of E coli (DH5a cells).

In chapter 4, we have discussed the detailed synthesis of mannose and glucose
containing long chain terminal alkynes, which are clicked with silica azide by using
CuAAC click reaction to get mannose and glucose coated silica GNPs. These silica GNPs
were used to study the carbohydrate-Con A binding studies by using fluorescence
spectroscopy and the TEM analysis. To show that these interaction mainly depends on
carbohydrate and are independent of inorganic core, we have mixed two GNPs solutions
(Ag and Si0O,) containing mannose and glucose on their surfaces and incubated with con
A. Without Con A, we have observed the Ag and SiO, GNPs separately on the TEM grid.
However, with Con A we observed Ag+SiO, GNPs together on the TEM grid confirming

that the carbohydrate-lectin interaction is independent of the core material.
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5.2 Scope of future work

Our studies show that glycosyl acids containing long aliphatic chains can be used
as capping well as reducing agents in the synthesis water soluble of GNPs. Taking
advantage of water solubility and surface glycan moieties, these GNPs can be effectively
use in the detection of various cancer cells, imaging techniques and in the drug delivery
applications. We can extend the capping and reducing property of glycosyl acids to

synthesis different metal GNPs like Au which are more biocompatible.
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APPENDIX 1

Ultraviolet-visible (UV-vis) absorption spectrophotometry: UV-vis Spectroscopic
measurements were carried out on a Cary 300 Conc UV-Visible spectrophotometer

operated at a resolution of 2 nm.

X-ray Diffraction: The diffractograms were recorded on a PANalytical Xpert pro
machine using a CuKo (A=1.54 A) source and operating conditions of 40 mA and 30 kV

at different scan rates depending upon the sample.

FTIR spectrophotometer: FTIR spectra were recorded on a Perkin Elmer Spectrum One

FTIR spectrophotometer in diffuse reflectance mode, operating at a resolution of 4 cm™.

Transmission Electron Microscopy: TEM measurements were performed on a
TECHNAI G2 F30 S-TWIN instrument (Operated at an acceleration voltage of 300 kV
with a lattice resolution of 0.14 nm and a point image resolution of 0.20 nm). TEM
samples were prepared by placing drops of dispersed samples over carbon coated copper

grids and allowing the solvent to evaporate.

Fluorescence spectrophotometer: Fluorescent measurements were carried out on a

Varian Cary Eclipse fluorescence spectrophotometer with slit widths of 5 nm.

NMR spectrometer: 'H and ?C NMR spectra were recorded on AV-200 MHz, AV-400
MHz, and DRX-500 MHz spectrometer using tetramethylsilane (TMS) as an internal

standard. Chemical shifts have been expressed in ppm units downfield from TMS.

Mass spectrometer: EI Mass spectra were recorded on Finngan MAT—-1020 spectrometer

at 70 eV using a direct inlet system.
Polarimeter: Optical rotations were measured with a JASCO DIP 370 digital polarimeter.
While synthesizing glycosyl ligands:

* All reactions are monitored by Thin Layer Chromatography (TLC) carried out on 0.25
mm E-Merck silica gel plates (60F—254) with UV light, I,, and anisaldehyde in ethanol as

developing agents.
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 All reactions were carried out under nitrogen or argon atmosphere with dry, freshly
distilled solvents under anhydrous conditions unless otherwise specified. Yields refer to
chromatographically and spectroscopically homogeneous materials unless otherwise

stated.

* All evaporations were carried out under reduced pressure on Buchi rotary evaporator

below 45 °C unless otherwise specified.

» Silica gel (60-120), (100-200), and (230-400) mesh were used for column
chromatography.
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APPENDIX 11

List of abbreviations:

Ac: Acetyl

AcOH: Acetic acid

AcyO: Acetic anhydride

Aq: Aqueous

Conc: Concentrated

DMSO: Dimethyl sulfoxide

EtOH: Ethanol

Et,O: Diethyl ether

EtOAc: Ethyl acetate

IBX: Iodoxybenzoic acid

Na,COjs: Sodium carbonate

NaN3: Sodium azide

NMR: Nuclear magnetic resonance
Pd/C: Palladium on Carbon
K'OBu: Potassium tertiary butoxide
Bestmann reagent: Dimethyl (diazomethyl)phosphonate
Rpm: Rotations per minute

Rt: Room temperature

GNPs: Glyconanoparticles
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Ag: Silver

Si0;: Silica

Ag-GNPs: Silver glyconanoparticles
Si0,-GNPs: Silica glyconanoparticles

FTIR: Fourier Transform Infrared Spectroscopy
TEM: Transmission Electron Microscopy

XRD: X-ray diffraction
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