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Abstract of Thesis 

Carbohydrate-protein interactions (CPIs) are one of the most important and major events on 

cell surfaces.
 
Basic components involved in the interaction are the cell surface glycans, which 

demonstrate a sensitive and selective cis/trans binding with protein counterparts. However, 

due to weak CPIs, nature facilitates multivalency to target specific proteins. Recently, 

extensive efforts have been directed toward mimicking these bio-events by replicating the 

multivalent scaffolds. Significant progress has been achieved in this regard using multivalent 

glycoprobes. However, other important issues regarding the preparation of multivalent 

carbohydrates are related to the size, shape, orientation, and local concentration of the sugars 

with respect to external stimuli. In the following chapters, we have investigated the role of 

different shapes in carbohydrate-mediated interactions.  

Chapter 1 summarizes different multivalent scaffolds and their major applications in targeting 

carbohydrate-protein interactions. We highlighted the current efforts made in the synthesis of 

glycodendrimers, glycopeptides, metallo-glycodendrimers, glyconanoparticles, and 

supramolecular complexes and the role of spatial arrangements, chirality, and symmetry of 

these multivalent probes in carbohydrate-protein interactions. Finally, we discuss shape-

dependent biological interactions that have been reported in literature. 

Chapter 2 describes the synthesis of glyco-gold nanoparticles of three different shapes and 

their applications in bacterial aggregations and infection. More specifically, we have 

compared the behavior of nanospheres, nanorods and nanostars with mannose and galactose 

conjugations. The mechanism of aggregation revealed that the large number of surface 

interaction of rod shaped mannose-AuNPs with E.coli ORN 178 compared with 

spherical and star-shaped AuNPs. Moreover, such sensitive binding can be used for 

effective inhibition of bacterial infection of cells. 

Chapter 3 deals with the shape dependent uptake of glyco-gold nanoparticles (G-AuNPs) by 

different cancer cell lines. In vitro experiments once again showed that rod-AuNPs exhibited 

the highest uptake than that of the star and spherical counterparts. Further investigation of the 

mechanism of uptake clearly demonstrated clathrin mediated endocytosis of the specific G-

AuNPs. Overall, these results revealed the benefits of different shapes in carbohydrate-

mediated interactions. 



 

xiv 

 

Chapter 4 reports a systematic evaluation of the toxicity, biodistribution of fluorescently 

tagged mannose -AuNPs of three different shapes (sphere, rod, and star) in the adult zebrafish 

model, which could accelerate and provide preliminary results for further experiments in the 

higher order animal system. ICP-MS analysis and confocal images of various zebrafish 

organs revealed that shape and different carbohydrates on AuNPs show noticeable different 

in the rate of biodistribution and clearance of G-AuNPs. Among the different shapes, rod-

AuNPs exhibited the fast uptake, while, star-AuNPs displayed prolong sequestration, 

demonstrating its potential therapeutic efficacy in drug delivery. These findings provide new 

insight into the use of the zebrafish as a potential in vivo system to study glyco-materials.   
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Chapter 1 

Inroduction to Multivalent Glycoprobes to Study 

Carbohydrate-protein Interactions (CPIs) 
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1.1 Introduction 

 

Figure 1. Types of multivalent glycoclusters. 

Mimicking the cell surface glycocalyx with multivalent glycoconjugates are one of 

the intense investigations due to their fascinating biological properties.
1
 In contrast to weak 

and non-specific binding that occur between monovalent carbohydrates and proteins, the 

multivalent display of carbohydrates at the surface of a molecular scaffold is indeed currently 

used to enhance avidity and selectivity toward specific lectin.
2-3

 This process is also called as 

Glycopolymers 

Glycoliposomes 

Glycopeptides 
 

 

 

 

 

 

Multivalency 

Glycodendrimers 

Glyconanoparticles 

 

 

Supramolecular complexes  
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the cluster-glycoside effect 
4-5

 However, the significance of  the size, the valency and the 

geometry of scaffolds are important parameters to design a high affinity ligands.
6-7

 For this 

reason a large variety of multivalent scafolds have been developed to inhibit and detect 

infectious agents or to stimulate immunity against cancers or pathogens.
8-11

 Linear 

multivalent scaffolds such as  peptides,
12

 oligonucleotides,
13

 polymers,
14

 nanotubes,
15

 etc, 

cyclic scaffolds such as, cyclodextrins,
16

 calixarenes,
17

 glycophanes,
18

 aromatics,
19

 etc, 

dendritic scaffolds such as fullerenes,
20

 quantum dots,
21

 metal nanoparticles,
22

 etc. have been 

extensively used to construct multivalent glycostructures (Fig 1). The chapter 1 gives an 

overview of the recent advances on the synthesis of multivalent glycoclusters and their 

recognition properties toward specific carbohydrates-binding proteins, namely lectins. 

1.2 Glycodendrimers  

Multivlent structures have been constructed from protein, lipids and polymers 

displayed a serious limitation to characterize the structure of these neoglyconjugates. Because 

of this reason, methodologies to obtain structurally well-defined multivalent glycoconjugate 

systems have become an important area of research activity in recent years. Dendrimers 

represent a new class of highly branched, homogeneous multivalent glycoconjugates and 

incorporation of dendritic synthetic is an interesting proposition to generate multivalent 

glyconjugates.
23-26

 The first example of glycodendrimers was reported with lysyl-lysine 

multivalent scaffolds. Roy et al. and Jayaraman et al. utilitized this scaffold to synthesize 

multivalent carbohydrate ligands.
27-28 

Dendrimers are well defined highly branched complexes that emanate from a central 

multifunctional core unit and terminated with multiple reactive groups at their peripheries for 

further conjugation of bioactive molecules including saccharides. Dendrimers can be 

synthesized in a step-wise process with many reactive groups around their peripheries in a 

controlled manner, which provides homogenous and very low polydispersities structures. 

Glycodendrimers were classified as: (1) carbohydrate-coated; (2) carbohydrate-

centered; and (3) carbohydrate-based glycodendrimers (Fig 2). Many research groups have 

contributed to design and synthesize of these glycodendrimers. Key coupling reactions such 

as amide and thiourea coupling, glycosylation and photochemical cycloaddition reaction were 
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Figure 2. Different types of glycodendrimers (a) carbohydrate coated peripheral functional groups; 

(b) carbohydrate at the centre and pheripheral; (c) carbohydrate-based dendrimers. 

employed to generated glycodendrimers. The binding affinity of multivalent system can be 

explained by two different mechanisms. Pohl and Kiessling et al. reported molecular level 

statistical effect in which multivalency displayed a localized concentration of the sugar at the 

receptor binding site and enhance the binding affinity. In the second mechanism, the 

multivalent ligand cross-linked binding sited either in adjacent receptors or in a single 

multivalent receptor and enhances the binding avidity.  

There are two methods generally accepted for the synthesis of multivalent 

glycodendrimers: the convergent approach and the divergent approach. A convergent 

synthesis is essentially the polyvalent construction from the „outside-in‟ toward a suitable 

core. Here, synthesis of ligand carrying carbohydrates followed by dendron integration. A 

divergent approach corresponds to opposite building from the „inside-out‟ starting with a 

multi-functional core. A suitable glycodendrimers was constructed followed by encapsulation 

of carbohydrate at the final modification step. Both approaches result in glycoclusters having 

3-dimensional topology similar to cell surface glycans topology and play an important role in 

elucidating carbohydrate-protein interactions. However, the divergent method is considered 

to be more suitable for generation of glycodendrimers, as it is more straightforward to control 

the clusterization and multivalency (Fig 3). 

1.2.1 Carbohydrate-coated dendrimers: One of the most well studied carbohydrate coated 

dendimers are from polyamidoamine (PAMAM) dendrimers
29

 and poly(propylene imine) 

dendrimers (Fig 4).
30

 Both types of dendrimers have tertiary amine-based skeletons, 

displaying primary amines around their periphery to which carbohydrate scaffolds are 

incorporated by urea, thiourea and amide bonds chemistry. 

(a)                                        (b)                                             (c)           
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Figure 3. Synthetic strategy of glycodendrimer (a) Convergent and (b) Divergent synthesis. 

1.2.2 Carbohydrate-centered dendrimers: Monosaccharides are multiple hydroxyl 

terminals and they have found and used as a core for glycoclusture synthesis.
31-32

 Lindhorst et 

al. was first synthesized carbohydrate centered dendrimers to which linkers are attached to 

hydroxyl group of sugar.
33

 Using this strategy Kitov et al. conjugated Gb3 trisaccharide with 

all hydroxyl groups of β-D-glucose sugar which results in pentameric arrangement of Gb3 

sugar in starfish morphology. This starfish multivalent ligand showed millionfold increase in 

affinity towards the pentameric Verotoxin B-subunit compare to monovalent Gb3 ligand (Fig 

5).
34

  

                                 

Figure 4. β-D-Glucose coated Poly(propylene imine) glycodendrimers. 

(a)                                                    (b) 



 

6 

 

Figure 5. STARFISH compound of two copies of the Gb3 oligisccharide conjugated to the β-D-

glucose sugar.  

  Another example of carbohydrate-centred dendrimer is cyclodextrin, Cyclodextrins 

(CDs) are find to be interesting cores for dendrimers synthesis, as they would allow 

combination of both multivalent structures with the ability to complex small hydrophobic 

molecules within the cavity of the CD moiety. Stodaart et al. has been developed a mild and 

efficient method for achieving CD per-substitution, which involves the radical 

photoaddition of glycosyl thiols onto allyl ether substituted β-CDs results in multivalency 

glycocluster.
35

 Using this method seven sugar residues can be attached to either the primary 

or secondary faces of  the β-CDs in good yield (Fig 6). 
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Figure 6. Radical photoaddition of peracetylated β-glucose onto the primary and secondary 

hydroxyl group of the β-CD. 

1.3 Metallo-glycodendrimers 

1.3.1 What makes metallo-glycodendrimers special?: Metal complexes have a very 

broad range of optical, magnetic, or redox properties that could be, in principle, exploited 

for the development of specific lectin-carbohydrate biosensors. A metal center can be 

envisaged as a structural locus that organizes chelators in specific geometries or clustures to 

propagate specific sugar mediated lectin binding.  The relative ease of synthesis of metal 

complexes can allow the generation of small libraries of related compounds. Moreover, 

variations can be introduced by modifying the ligands or metal center to tune the 

multivalency and structural arrangements of the glyco-clusters. These variations render 

metal complexes advantageous over their organic counterparts, where analogous 

geometrical changes are often more difficult to introduce. Finally, metal complexes allow 
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one of the best methods to study the influence of internal or external chirality and 

orientation of the sugar clusters with respect to external stimuli. 

1.3.2 Glycodendrimers with transition metals: Iron complexes are one of the earliest 

examples of metalloglycodendrimers to be evaluated for the importance of chirality during 

specific carbohydrate protein interactions. Sasaki et al. showed the synthesis of the sugar 

substituted bipyridine ligands, which subsequently form ∆ and ˄ sugar Fe(III) complexes to 

study specific carbohydrate-lectin interactions.
36

 Metallo-glycodendrimers focused on 

Cu(II), Fe(II), Ir(II), Rh(II) and Ru(II) were also reported.
37-42

 Among these metals, 

ferrocene and Ru(II) complexes were most attractive metallo-glycodendrimers for their 

robustness and photophysical properties.
43

 Ru(II) complexes exhibit a low excited triple 

metal-to-ligand charge transfer state (
3
MLCT) and the room temperature 

3
MLCT lifetimes 

were up to 1μs, high-emission quantum yields and strong oxidazing and reducing 

capabilities.
44-45

 Ru(II) dendrimers were extensively used as photo-catalysts, as reactions in 

intermolecular and intramolecular energy and electron-transfer process.
46

 The synthesis of 

Ru(II)-glycodendrimers were started from 2,2‟-bipyridine (bpy) functionalization at 4 and 

4‟ positions, so that a variety of dendritic wedges could be appended to build 

glycodendrimers contained on  [Ru(bpy)3]
2+

 core. Both convergent and divergent method 

was applied to synthesize Ru(II)-glycodendrimers bearing various number of 

carbohydrates. In the convergent method, ligands carrying sugar dendrons were synthesized 

separately and then united with Ru(II) ion to get octahedral symmetric metallo-

glycodendrimers.
47

 A straight forward Huisgen [3+2] cyclo-addition, host-guest strategy 

were applied in divergent method to synthesize a library of metalloglycodendrimers (Fig 

7).
48

  

  The luminescent Ru(II) and Ir(II) complexes of mannose or galactose 

glycodendrimers have been utilized to address biochemical and biomedical questions.
49-50

 

In this context, carbohydrate-protein interactions were studied by using fluorescent 

turbidity assay and microarray techniques. Seeberger et al. have shown that the density of 

sugar around the metal complex directly influence the binding affinity and photo-physical 

properties of the complexes. This alteration in photo-physical properties is due to better 

shielding of Ru(II) core by the topology of the hydrophilic core of the sugar.
49

 Based on 

optical properties of Ru(II) complexes, lectin biosensors were developed on microarray 

plates. ConcanavalinA (ConA) lectin was immobilized on a microarrays prior to incubation 

with mannose or galactose Ru(II) complexes. Upon fluorescence scanning of rinsed slides, 

strong fluorescent signals were observed on slides that were incubated with mannose 
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complexes and ConA could be detected at as low as 0.125 mg/mL (620 nM). To probe the 

versatility of the Ru(II)-glycodendrimers as a potential lectin biosensor, photo-induced 

electron transfer (PET) between Ru(II)-glycodendrimers and methyl viologen dication 

(MV
2+

) was applied to detect ConA at 25–28 nM (Fig 8c).
51 

The redox properties of Ru(II) 

complexes were also exploited to develop electrochemical biosensors. ConA was 

immobilized on a self-assembled monolayer gold surface prior to incubation with Ru(II) 

complexes.
52

 The chip was transferred to a cyclic voltameter cell to record square wave 

voltametric (SWV) signal of Ru(II) complex. Based on the electrochemical signals, lectin-

metalloglycodendrimer interaction was established and ConA was sensed at a lowest limit 

of 2.5 nM, which was comparable to other sugar sensor models. A reusable sugar sensor, 

based on the displacement of the redox glyco-probes by preferential lectin binding 

carbohydrates was also developed. Using this method biologically important sugars such as 

glucose, phosphatidylinositol mannose (PIM) glycans were detected at a detection limit of 

 

Figure 7. Assembly of metallo-glycodendrimers using convergent method and host-guest method: 

(a) SOCl2, mantripod-amine linker, TEA, RT, 12 h; (b) Ru(bipy)2Cl2, EtOH, 80
o
C, 4 h; (c) SOCl2, 

man tripod-amine linker, TEA, RT, 12 h; (d) CD-Man, H2O. 
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7.0 and 0.6 μM concentrations. The reproducibility of the above chip was established by 

exposing the gold chips to boronic acid substituted merrified resin to regenerate the lectin 

surface for the next measurement (Fig 8a).  

  More recently, Seeberger et al. have extended the synthesis of 

metalloglycodendrimers by using host-guest concept. Fluorescent Ru(II) complexes were 

functionalized with 14, 28 or 42 mannopyranosyl units using adamantine-cyclodextrin 

based host-guest chemistry. These systems proved to be very well suited to probe the 

structural arrangement of glycodendrimer for efficient binding to immobilized ConA lectin 

by surface plasmon resonance (SPR). Additionally, the optical properties of Ru(II)-

glycodendrimers allowed direct imaging of their association with E. coli (stain ORN178), 

having mannose binding FimH lectin in the pili, by confocal microscopic imaging (Fig 

8d).
48

  

  Kikkeri et al. focused on this area to development of metalloglycodendrimers that 

can be used to increase the local concentration of essential elements to amplify the growth 

and other functions in living species. A catechol coupled Fe(III) glycodendrimers have been 

prepared using self-assembly process for targeting a specific stain of E. coli (ORN 178) and 

showed that the interaction of Fe(III)-glycodendrimers and FimH receptor mediated iron 

delivery, inducing iron mediated growth promotion, by growth promotion assay and LB 

plate assay (Fig 8b).
37

 These results have confirmed that transition metallo-glycodendrimers 

can be use in biosensors and imaging studies.  

1.3.3 Complexes with lanthanide metals: Among lanthanides, Gd(III) complexes are the 

most studied and popular choice for functionlization with carbohydrates to obtain Gd(III) 

based glycodendrimers. Lanthanide ions specially Gd(III)-glycoconjugates have been 

extensively used in Magnetic Resonance Imaging(MRI), which is a diagnostic modality 

based on the enhancement of contrast given by paramagnetic contrast agents (CAs). Gd(III) 

complexes demonstrated to be the most suitable paramagnetic CAs for MRI, due to the high 

paramagnetism of the Gd(III) ion (4f
7
) and to its slow electron spin relaxation.

53-54
 Andre et 

al. have successfully synthesized a new class of DOTA (1,4,7,10-tetrakis(carboxymethyl)- 

1,4,7,10-tetraazacyclododecane) monoamide- linked glycoconjugates (glucose, lactose and 
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Figure 8. Applications of metallo-glycodendrimers. 

 

galactose) of different valencies (mono, di and tetra) and their lanthanide ions complexes 

such as Gd(III), Eu(III) and Sm(III) ions. The authors also studied the interaction of 

Gd(III)-glycoconjugates in vitro with the model lectin Ricinus communis agglutinin (RCA) 

through relaxometric measurements. Their results could open the way for the study of 

Gd(III)-glycoconjugates as potential candidates for lectin-mediated molecular imaging 

agents.
55

 Similar kind of work has been carried out by Fulton et al. where they have 

synthesized glycoconjugates of Gd(III) complexes with enhanced relaxivity as sharp 

contrast agents for MRI.
56

 Vera et al. have also developed Gd-DTPA conjugate of 

polylysine (PL) derivatized with galactosyl groups (Gd-DTPA-gal-PL) as potential contrast 

agents for liver MRI by targeting the hepatocyte ASGPR (asyaloglycoprotein receptor) and 

tested in cells and mice.
57

 Gd(III)-based glycodendrimers have also been shown to be 

useful for in vitro and in vivo (X. laevis embryos) visualisation and localisation of gene 

expression by MRI (Fig 9a).
58-59

 

The fluorescent and relaxometric properties of Eu(III) and Gd(III) complexes 

respectively with bound sugars (galactose, glucose) were used to gain mechanistic insights 

(a) (b) 

(c) 
(d) 
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into their water binding behavior.
60

 Very recently Rodrigues et al. have reported the synthesis 

of a luminescent Tb
3+

-DOTA complex bearing an α-D-mannose residue and the related study 

of binding affinity with concanavalin A (ConA) labelled with rhodamine-B-isothiocyanate 

(RITC-ConA). Luminescence spectroscopy and dynamic studies showed the changes in 

emission spectra that can be ascribed to a luminescence resonance energy transfer (LRET) 

from Tb(III) complex (donor) to RITC-ConA (acceptor).The binding constant value between 

the two species was found to be one order of magnitude larger than those previously reported 

for similar types of recognition (Fig 9b).
61

 These results confirmed that the possibility to 

generate lanthanide-glycodendrimers, which can be used in MRI imaging studies. 

 

 

 

 

 

 

 

 

 

Figure 9. (a) Gd(III) based glycodendrimer; (b) Tb(III) based glycodendrimer. 

 

1.3.4 Metal complexes with radioactive properties: Due to the rapid development of 

imaging techniques like single-photon emission computed tomography (SPECT) or 

positron emission tomography (PET) and coupled procedures like PET/computed 

tomography (CT), radioactive-labeled biomolecules are being increasingly used for the 

visualization of certain cell types and tissues. Glycoclusters conjugated with radioactive 

metal complexes are gradually becoming important tools for in vivo cell and tissue imaging. 

Among this 
99m

Tc(I)
 
based glycoconjugates are the most widely used and extensively 

studied.
62-63

 Most of the synthesized complexes are glucose-based aiming to take advantage 

of the over expression of glucose transporters (GLUT1). Schubiger et al. tested the cellular 

uptake of the 
99m

Tc(I)
 
complexes bound to the C-2, C-3 or C-6 position of glucose by 

oxygen, in colon carcinoma cells HT29.
64

  
99m

Tc-DTPA-GSA, a conjugate of galactosylated 

serum albumin (GSA) with 
99m

Tc-DTPA (DTPA=3,6,9 tris(carboxymethyl)-3,6,9-

triazaundecan- 1,11-dioic acid) (Fig 10a), has been shown to be  useful in SPECT (single 

(a)                                                                  (b) 
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photon emission computed tomography) hepatic imaging to assess ASGPR in mice
65

 and 

used clinically in humans.
66-67

 The targeting of the ASGPR has been demonstrated both in a 

cell line and mice with a 
111

In-radiolabelled galactopyranosyl conjugate of DOTA 

(1,4,7,10-tetrakis(carboxymethyl)- 1,4,7,10-tetraazacyclododecane).
68

 So far, 
99m

Tc-/
188

Re-

DTPA (diethylenetriamine pentaacetic acid) complexes are  the most promising candidates 

to act as functional imaging agents which are derived from 2-N-2-deoxy-D-glucosamine. 

These derivatives were phosphorylated by hexokinase exhibiting cellular uptake probably 

by a multifunctional glucose transport system and reveal higher tumor-to-tissue ratios than 

observed for other tracers in in vivo experiments in small animal tumour models.
69-70

 

Another radiolabelled metal complex of 2-
18

F-2-deoxy-D-glucose (FDG) is used as a sugar-

based tracer to monitor glucose transporter (GLUT1) activity by PET/CT, and to image 

tumor cell metabolism (Fig 10b).
71

 Despite all these results, only few in-vivo experiments 

are reported with radioactive metallo-glycodendrimers. Therefore, the final goal should lie 

in the development of stable and facile method to synthesize radioactive glycodendrimers. 

 

Figure 10. (a) Radiolabelled 
99

Tc glycodendrimer; (b) 2-[
18

F]-fluoro-2-deoxy-D-glucose (FDG).  

 

1.4 Glycopeptides  

Glycoproteins are polymer network of sugar conjugated peptides. It has been mainly 

classified into 3 types, N-linked glycopeptide, O-linked glycopeptide, and C-linked 

glycopeptides. The synthetic mimics of the cell surface glycocalyx by glycopeptides are 

being the object of intense research investigations due to their fascinating biological 

applications. Unlike synthetic glycopolymer systems, which were formed from rational 

considerations about multiplicity, nature prefers to design a customized glycopeptides with 

defined spatial orientation of the carbohydrate moieties, enabling the specific carbohydrate-

(a) 

(b) 
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protein interactions. The advantage of applying peptides backbone is that a variety of 

analytical methods can be incorporated for structural characterization, thus, not only the 

distance between the ligands but also the secondary structure of the glycopeptide can be 

controlled.  

The advantages of peptide-backbone-based scaffold structures compare to other 

polymeric structures are that they are monodisperse, easy to synthesize with variable length 

by chemical solid phase peptide synthesis and established orthogonal protecting-group 

strategies. Furthermore, side-chain functionalities of amino acids can be easy to modify with 

different substitution. Synthetic glycopeptides scaffolds are classified based on its secondary 

structures into (1) disordered, (2) helical and (3) cyclic system (Fig 11).
72

  

 

Figure 11. Peptide based multivalent scaffolds. a) Disordered or linear peptide structure; (b) Helical 

structure; c) Cyclic structure. (Sugar molecules are covalently conjugated to the amino acid side 

chains). 

Linear glycopeptides carrying functional groups are extensively used to synthesize 

glycopeptides. The best known example is poly-l-glutamic acid (PGA), to which the 

carbohydrate scaffold are introduced in the carboxyl side chains through amide coupling 

reactions. The resultant glycopeptides are having flexible structure to interact with lectins. In 

addition, low toxicity, immunogenicity, biodegradability and water solubility of the 

glycopeptides enhance its biological signficiance. The conjugation of Ganglioside with PGA 

showed the picomolar inhibition acitivity of trimeric hemagglutinin of the influenza virus.
73
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Figure 12. Glycosylation of α-helical polypeptide with N-(ε-aminocaproyl)-β-D-galactosylamine. 

Kiick et al. reported alanine-rich helical peptide backbone to inhibit cholera toxin. 

The sugar scaffold were conjugated to glutamate side and incorporated into hexyl amino 

spaces so that the sugar scaffolds were maintain different distances and influence the binding 

affinity. Circular diachorism (CD) spectroscopic measurement of the peptide before 

glycosylation and after showed no such significant difference, indicating that glycopeotides 

exhibited similar helical confirmation after glycosylation and thermal stability (Fig 12).
74 

 

Figure 13. C3-symmetry arrangement of sialyl lewis
x
 conjugated glycodendrimers (a) HATU (3 eq), 

DIPEA (3 eq), in DMF. 

Cyclopeptides enable the distance between the ligands to be controlled. Furthermore, 

they are adapted by nature and, therefore, biocompatible, which means they have low toxicity 
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and immunogenicity in addition to being water-soluble and biodegradable, their resistance 

against proteolysis. This ensures both versatility and modularity which has tremendously 

facilitated the synthetic access to glycostructures with optimized valence, linker, and 

geometry. 

Kunz et al. utilized cyclopeptide scaffold to target E-selectin by using sialyl lewisx 

lingad. To an aspartic acid unit contacting cyclic heptapeptides were conjugated with sialis 

lewisx ligand and demonstrated the E-selectin binding affinity. The cyclic peptides showed 

nearly strong inhibition of (IC50 of 0.35-0.6 mM) E-selectin mediated cell-adhesion compared 

to linker peptide (Fig 13).
75

   

1.5 Glyconanoparticles 

Despite knowing that carbohydrates are first line of contact for any biological 

interactions on cell surfaces, the glycomic research was not immediately obvious, mainly due 

to the extreme complexity and variability of the glycans structure and weak chemical tools 

used for their interactions studies. Nanomaterials can provide a formidable platform for 

multivalent ligand presentation through its large surface to volume ratio, increasing the 

avidity by several orders of magnitude. Nanomaterials (1–100 nm size) (Fig 14) often show 

unique catalytic, photonic, electronic or magnetic properties but not seen in the bulk material. 

The bioconjugation on nanomaterials can results new hybrid materials with synergistic 

properties and multiple applications in sensing, cargo delivery or catalysis.
76

  

 

1.5.1 Glyco-Quantumdots: Quantum dots (QDs) are spherical semiconductor nanoparticles 

with a diameter of 2-10 nm. Changes in the particle size of quantum dots sowed drastic 

differences in their characteristics such as optical absorption, excitation energies. QDs are 

constituted with highly toxic substrates, such as cadmium and selenium and shows native 

inability to disperse within biological compatible solutions. However, fuctionalization of QDs 

with different glycans confer biological activity to QDs and along with that it improves their 

solubility and stability in water. The most difficult challenging task of glyco-QDs is the 

synthesis of glycoconjugates with reduced toxicity and nonspecific interactions. Two 

categories of glycomaterials based on the source of carbohydrates immobilized on QD 

surfaces can be found. Naturally isolated glycolipids, glycoproteins, proteoglycans and 

lipopolysaccharides have been directly conjugated on QDs using self-assembly or synthetic 

conjugation techniques. 
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Figure 14. Schematic representation of Glyconanoparticles. 

 

Seeberger et al. reported a simple and convenient method to prepare different glucose, 

galactose and mannose-capped PEGylated QDs, that can be used for in-vitro and in-vivo 

applications. CdSe/ZnS core glyconanospheres were prepared by ligand exchange with tri-n-

octyl phosphine/tri-noctyl phosphine oxide (TOP/TOPO)-capped QDs with thioctic acid 

conjugated PEG2000-amine.
77

 The terminal amine was further reacted sugar scaffolds such 

as galactose, mannose with acid terminal to synthesize glyco-QDs. Furthermore, they have 

shown that QDs capped with D-galactose are preferentially taken up via asialoglycoprotein 

receptor (ASGPR)-mediated endocytosis in Vitro. The uptake of Gal-capped QDs can be 

partially inhibited by knockdown of ASGPR1. Moreover, in the mouse model, QDs capped 

with D-mannose and D-galactosamine sequester specifically in the liver.  

1.5.2 Glyco-ironnanoparticles: Magnetic resonance imaging (MRI) is one of the most 

important non-invasive, biomedical imaging techniques and capable of providing both 
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anatomic and physiological information in three dimensions. Contrast agents like iron 

nanoparticles and gadolinium complexes with high magnetic susceptibility and paramagnetic 

natures enhance the sensitivity for the detection of inflamed or diseased tissues considerably. 

By functionalization of iron nanoparticles with biomolecules imaging of specific tissue or 

disease site can be enhanced. 

Recently, Davis et al. and Seeberger et al. synthesized biocompatible selectin specific 

carbohydrate ligand conjugated glyco-iron nanoparticles to image the ischemic strokes.
78-79

 It 

has been reported that, brain injury induces up-regulation of the carbohydrate-binding trans-

membrane proteins, CD62E (E-selectin) and CD62P (P-selectin), present at the sites of 

inflammation in brain, thereby offering the opportunity to act as an ideal diagnostic marker. 

Iron nanoparticles were coated with Sialyl Lewis
x
 (SiaLe

x
) –a targeting vector for CD62 

followed by intravenous injection in the tail vein to visualize inflammation in the brain. In 

this work, selectin expression on activated endothelium in the brain was induced by 

microinjection of interleukin-1 (IL-1) into the left striatum of the rat. Since the artificial 

inflammation was used, it is unclear if one can extrapolate to the particular disease (i.e. 

ischemic stroke). To address this issue, Seeberger et al. used intraluminal thread (ILT) 

techniques to develop ischemic stroke mouse model. This involved the insertion of an 

occluding device into the internal carotid of the mice. The thread was removed from a mouse 

model of middle cerebral artery occlusion (MCAO) after 60 mins. Depending on the length 

of occlusion, the severity of the reduction in blood flow, and the collateral supply resulting 

impacts was located either in cortical and subcortical regions. 

1.5.3 Glyco-goldnanoparticles: Gold nanoparticles have unique physical properties. They 

shift their surface plasmon peak between the dispersed and aggregated state, which can be 

observed by the naked eye, which can be used to develop calorimetric sensors.
76,80-81

 Specific 

bioconjugation of gold nanoparticles via thio chemistry results useful biosensors In addition, 

there is also a significant effort in using gold for in vivo biomedical imaging and delivery 

purposes. Gold nanoparticles have another unique property; they enhance the Raman signals 

of adsorbed dye molecules on their surface. This signal enhancement, which is referred to as 

Surface Enhanced Raman Scattering (SERS) results in picomolar detection sensitivity of 

analytes.   

Turchi et al. reported microwave irradiation method to synthesize glyco 

goldnanoparticles. These nanoparticles were used in calorimetric detection of specific 
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carbohydrate-protein interactions.
82

 The interaction strength of Au glyconanoparticles with 

Concanavalin A (ConA) was found to be as follows: maltose > mannose > glucose > lactose 

> N-linked mannose-5 glycan (Man5). Iyer et al. developed glycolipids conjugated gold 

nanoparticles for the selective inhibition of shiga toxin.
83

 Penadés et al. reported that ten 

different multifunctional gold glyconanoparticles incorporating sialylTn and Lewisyl 

antigens, T-cell helper peptides and glucose in well-defined average proportions and with 

different density were synthesized in a one-step procedure.
84

 The method allows the tailoring 

of complex bio-functional nanoclusters incorporating a set of different ligands in a controlled 

way and it complements the dynamic place-exchange reaction. Yan et al. reported a new type 

of glyconanoparticle microarray to study glycan-lectin interactions.
85 

The glyco-nanoparticle 

microarrays were fabricated using the means of photocoupling chemistry, where the printed 

glyconanoparticles were covalently immobilized on the substrates with high efficiency. The 

glyconanoparticle microarrays, when probed with fluorescein doped silica nanoparticles 

(FSNP)-labeled lectin, gave higher signals as compared to fluorescein isothiocyanate (FITC)-

labeled lectin or carbohydrate microarrays.  

 

1.6 Factors influence in carbohydrate protein intraction 

 

Figure 15. (a) C3-symmetrical ganglioside GM3 trisaccharide; (b) C5-symmetrical arrangement of 

Gb3 trisacchride. 

1.6.1 Symmetry: One of the important considerations for designing multivalent probes is 

symmetry of the multivalent probes. For instance, C5-symmetrical glycoconjugates that 

orient five Gb3 trisaccharide can neutralize the pentameric Shiga toxin via a specific and 

multivalent interaction.
 

Similarly, a multivalent C3-symmetrical ganglioside GM3 

(a)                                                       (b) 
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trisaccharide is a potent inhibitor of hemagglutin protein of influenza virus. Seeberger et al. 

reported the synthesis of fullerene C5-symmetric of Gb3 trisaccharide and demonstrated it 

potential application to inhibit the shiga toxin more selectively compare to linear 

polymers.
86,34

 Nishimura et al. reported the synthesis of C3 symmetrical cyclic glycopeptide 

(GM3) to target influenza virus (Fig 15).
87

                 

1.6.2 Chirality: Chirality in the dendrimers can also induce defined spatial arrangements.
88-90

 

Studying how the particular chirality at the glycodendrimer translates its information to the 

final CPIs is crucial, because usually just one enantiomer of the molecule is biologically 

active, while the other one may exhibit side effects. Owing to the critical role of chirality in 

biological interactions, glycoclusters and hydrogels carrying different enantiomers of amino 

acids and carbohydrates have been synthesized to alter lectin binding affinity and cellular 

recognition.
91-94

 In order to rationalize the enantiomeric effect on carbohydrate–protein 

interactions, it is essential to examine chirality at different positions of the glycodendrimers, 

their spatial arrangement, and lectin and cellular interactions. Designing glycodendrimers 

with multiple chiral centers, For instance Kikkeri et al. synthesized Ru(II) glycodendrimers 

via the host–guest strategy. Previously, the Seeberger laboratory had introduced the host–

guest strategy to synthesize racemic Ru(II)- glycodendrimers by mixing the Ru(II)-adamantyl 

dendrimers and sugar appended β-cyclodextrins. They provide stereogenic centers at their 

core (Δ & Λ), C3-symmetry and also optical and electrochemical properties for direct 

detection of their specific recognition.
51,52

 The effect of chirality was further rationalized by 

incorporating additional chiral centers close to the mannose units on β-CD derivatives to 

modulate the binding affinity. Overall, we synthesized two distinct series of MGDs. The first 

group of supramolecular complexes containing racemic Ru(II)- adamantyl derivative (Ru-1) 

decorated with β-CD (C-A) or mannosylated β-CD derivatives (C-B to C-D) resulted in 

MGDs (M-1A to M-1D). The second group of molecules bearing chiral Ru(II)- adamantyl 

derivatives (Ru-2 and Ru-3) hosted β-CD derivatives resulted in MGDs (M-2A to M-2D or 

M-3A to M-3D) (Fig 16a). The stability, enantiopurity, spatial arrangement of sugars and 

topology of the complexes were characterized. A lectin inhibition assay of the MGDs was 

performed using selected C-type lectins. Finally, the optical properties of the Ru(II) 

complexes were exploited to track cell uptake in vitro and in vivo.
95

 

The ligand for the Ru(II) complexes, 4,4′-bipyridine, was linked to L, D or DL-

alanine adamantyl molecules via amide bonds. Metal complexes were prepared by refluxing 
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stoichiometric amount of the ligands with RuCl3 in ethanol and the structures and 

stereochemistry of the products were corroborated by circular dichroism. 

 

 

Figure 16. (a) Chiral metallo-glycodendrimers; (b) Internaliszation of Ru(II) complexes in 

HeLa cells. 

Ru(II) complexes were prepared by attaching glycodendrimers via chiral linkers and 

studied their binding with C-type lectin receptor-Fc fusion proteins, further cell migration 
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experiments showed that Δ-Ru(II) complexes were more internalise into the cell compare to 

the Λ-Ru(II) (Fig 16b). The interrelationship between carbohydrate–protein interactions and 

the spatial arrangement of carbohydrates generated by multiple chiral centers in a 

glycodendrimer were examined. Our results highlight the fact that small changes in the 

chirality of the compounds had a major impact on selected CPIs. 
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Chapter 2 

Assessing the Effect of Different Shapes of Glyco-gold 

nanoparticles on Bacterial Adhesion and Infections  

  



 

28 

 

2.1 Introduction 

Carbohydrate-protein interactions (CPIs) are one of the most important and major 

events on cell surfaces.
1 

Basic components involved in the interaction are the cell surface 

glycans, which demonstrate a sensitive and selective cis/trans binding with protein 

counterparts. However, due to weak CPIs, nature facilitates multivalency to target specific 

proteins. Recently, extensive efforts have been directed toward mimicking these bio-events 

by replicating the multivalent scaffolds.
2
 However, to fully understand CPIs, it is important to 

quantify binding affinity with different size, shape, orientation, and local concentration of the 

sugars.
3
 Varieties of synthetic multivalent templates such as cyclodextrin,

4
 calixarenes,

5
 

polymers,
6
 dendrimers,

7
 supramolecular complexes

8
 have been extensively used to decorate 

sugars in particular topology to target CPIs. These synthetic templates offer controllability 

and reproducibility, but the drawbacks include production methods that sometimes require 

complex synthetic conditions. Another class of templates for multivalent glyco-probes are 

nanoparticles (NPs), such as gold, silver, iron and CdSe NPs.
9
 These templates are more rigid 

and easy to synthesize in large quantities in different sizes, shapes and orientations and can 

also be easily decorated chemically and biologically.
11 

  

Among these NPs, AuNPs are more attractive for their different shapes (rod, sphere, 

star, cubic and spindle), surface resonance band and ease of characterization by UV-visible 

and transmission electron microscopy (TEM).
10

 Moreover, they are less toxic compared to 

quantum dots. Penadés and co-workers used AuNPs to decorate more than one sugars to 

target HIV, bacteria,
 
modulation of immune responses, and CPIs.

11 
Similarly, enormous effort 

have been expended by the group of Lin, Wu, Tseng and others to develop gold nanodots and 

nanoclusters for the sensitive and selective detection of E.coli.
12

 However, in all these 

studies, the shape of AuNPs were kept constant to validate the binding with bacteria, cells or 

organs, limiting the assessment of the role of different shapes of nanoparticles involved in 

specific CPIs. The latter is a fundamental importance for understanding the CPIs and 

developing new biomaterials. Various targeting units, such as antibodies, peptides, and 

aptamers have been functionalized on different shapes of AuNPs to enhance their specificity 

for tumors, immune responses and biosensing processes.
13

 However, a systematic 

investigation of shape dependent CPIs with the same volume and sugar density and its 

potential applications have not been reported. Herein, we report the use of glyco-AuNps in 

bacterial recognition and inhibiting bacterial infection. Three different shapes (rod, sphere 
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and star) of gold nanoparticles coated with mannose and galactose sugar substrates and PEG 

were used to quantify the binding affinity with E. coli. To profile the potential applications of 

the shape dependent CPIs, inhibition of E. coli infection of HeLa cells was quantified. 

2.2 Results & Discussions 

2.2.1 Synthesis of Glyco-goldnanoparticles (G-AuNPs): The monovalent mannose and 

galactose modified linkers (10 and 11) were synthesized by using the slightly modified 

procedure from the protocol reported in the literature.
14 

Briefly, the conjugation of triethylene 

glycol with 11-bromoundec-1-ene, followed by glycosylation with per-acetylated mannose or 

galactose yielded compound 6 or 7. These compounds were further treated with thioacetic 

acid in the presence of azo-isobutyronitrile (AIBN), followed by deacetylation with NaOMe 

to yield compound 10 or 11. (Scheme 1). Rod AuNPs coated with cetyltrimethylammonium 

bromide (CTAB) were synthesized via a seeding growth method as reported previously 

(Scheme 2).
15

 Synthesis of star shaped AuNPs was carried out by biocompatible surfactant 

free method
16

 and spherical shaped AuNPs by reducing chloroauric acid with sodium 

citrate.
17 

Finally, sugar encapsulation of AuNPs was carried out by ligand exchange process. 

   

Scheme 1. Synthesis of mannose and galactose modified linker: (a) 60 % NaH, THF, (0°C to RT), 12 

h; (b) BF3.Et2O, DCM, (0°C to RT); (c) Thioaceticacid, AIBN, 1-4 dioxane, 60°C; (d) NaOMe, 

MeOH, RT. 
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Scheme 2. Synthesis of gold nanoparticles and glyco-goldnanoparticles (G-AuNPs).   

=

R-1 = Rod-PEG-SH 

R-2 = Rod-Man-SH 

R-3 = Rod-Gal-SH 

S-1 = Sphere-PEG-SH 

S-2 = Sphere-Man-SH 

S-3 = Sphere-Gal-SH 

St-1 = Star-PEG-SH 

St-2 = Star-Man-SH 

St-3 = Star-Gal-SH 
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2.2.2 Characterization of G-AuNPs: The physical characteristics of AuNP complexes are 

presented in Table 1. The shape and size of the synthesized AuNPs were confirmed by 

scanning electron microscopy (SEM) transmission electron microscopy (TEM) and UV-vis 

absorption (Fig 1 & 2). Spherical AuNPs (18.5 ± 2.5), nano-rods (45.6 ±3.5 × 11.2 ± 0.5) and 

nano-star (40.6 ± 3.1 × 17 ± 0.9) of equal volume were used as model particles in this study. 

AuNPs functionalized with sugar and PEG was confirmed by changes of Zeta (ζ) potential 

(Table 1). After sugar ligation, the ζ-potentials for rod AuNPs changed from 34 to 10 mV, 

indicating the effective ligand changes of CTAB surfactant by the sugar substrates. At the 

same time, sphere and star AuNPs showed only a slight change in the negative potential 

(sphere: -24 to -17 mV; star: -29 to -23 mV). This may be due to the displacement of 

negatively charged citrate and HEPES surfactant by sugar scaffolds respectively. 

The number of sugar molecules on AuNPs was quantified by using a phenol-sulfuric 

acid method (Table 2). As expected almost equal concentration of sugar scaffolds confirmed. 

Experiments were performed using two E. coli strains to validate the shape dependent 

bacterial adhesion. The choice of bacterial strains was based on their ability to recognize 

specific sugar substrates. In this study, we choose FimH-mannose interactions based on ORN 

178 contain FimH receptors and ORN 208 is a mutant, having no FimH receptors.
4a

 

Fluorescence imaging clearly showed aggregation of bacteria due to specific CPIs. 

Figure 1. UV-Visible spectroscopy of (a) gold nanoparticles (AuNPs); (b) rod G-AuNPs; (c) sphere 

G-AuNPs; (d) star G-AuNPs. 

(a)                                                                     (b) 

 

 

 

 

 

(c)                                                                     (d) 
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Figure 2.  SEM images of AuNPs (a) rod; (b) sphere; (c) Star; and TEM images of AuNPs (d) rod; (e) 

sphere; (f) star; TEM images of G-AuNPs after mannose modification (g) R-2; (h) S-2; (i). St-2. 

2.2.3 Study of Bacterial Aggregation with G-AuNPs : Our first experiment was to establish 

the binding selectivity.  In this experiment, we incubated different shapes and sugar 

conjugated AuNPs with ORN 178 and ORN 208 for 1 h in PBS solution. After that cells were 

centrifuged and the aggregates formed by the bacteria were imaged and quantified. As 

expected, the maximum number of aggregation was observed with mannose coated AuNPs 

compared to galactose and PEG counterparts (Fig 3i). On the contrary, no aggregation 

formation was seen in ORN 208 in any of AuNPs (Fig 3ii). Thus, the difference in specific vs 

nonspecific binding was highly dependent on the sugar scaffold compared to the shape of the 

AuNPs. Although all three different shapes of AuNPs contained same amount of sugar, they 

apparently differ in three important physical properties such as: (1) contact area of the NPs 

with respect to external stimuli; (2) rotational volume availability and; (3) aspect ratio. Thus, 

we hypothesize that specific shape might induce sensitive bacterial adhesion and; (3) aspect 

ratio. Thus, we hypothesize that specific shape might induce sensitive bacterial adhesion. 

 

(a)                                (b)     (c) 

 

 

 

(d)   (e)      (f) 

 

 

 

(g)     (h)        (i) 
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Table 1. Physical characteristics of AuNPs and G-AuNPs. 

Particle Diameter(s) (nm) λmax (nm) ζ-potentials (mV) 

Rod 45.6 ± 3.5 × 11.3 ± 0.5 798 34.4± 0.3 

Sphere 18.5 ± 2.5 525 -24± 0.2 

Star 40.6 ± 3.1 × 17.1 ±  0.9 715 -29± 1.4 

Man-rod 45.9 ± 3.2 × 11.5 ± 1.7 799 10.7± 0.5 

Gal-rod 45.2 ± 2.2 × 11.8 ± 0.7 802 17.3± 0.8 

PEG-rod 45.9 ± 3.1 × 11.3 ± 1.5 798 30.1 ± 0.6 

Man-sphere 20.5 ± 1.3 520 -21.3± 0.5 

Gal-sphere 20.5 ± 1.2 525 -17.5± 0.3 

PEG-sphere 19.2 ± 1.8 525 -15.3± 0.2 

Man-star 44.2 ± 0.2 × 18.2 ± 0.9 725 -22.4± 1.1 

Gal-star 42.9 ± 0.2 × 18.2 ± 0.7 725 -23.8± 1.3 

PEG-star 44.6 ± 0.2 × 17.4 ± 0.9 725 -16.2± 1.6 

 

Table 2. Quantification of sugars on AuNPs 

 

 

S.No  Nanoparticles  Concentration 

(mg/mL)  

S.No  Nanoparticles  Concentration 

(mg/mL)  

1  Rod-Man  1.45 ± 0.21  4  Sphere-Gal  1.72 ± 0.25 

2  Rod-Gal  1.62 ± 0.17 5  Star-Man  1.72 ± 0.09 

3  Sphere-Man  1.79 ± 0.11 6  Star-Gal  1.43 ± 0.12 
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To demonstrate the shape dependent bacterial adhesion, experiments were performed 

using different concentrations of rod, sphere and star shaped Man-AuNPs (Fig 4i). The dose-

response bar graph of different shapes is presented in figure 4ii. Two groups of interactions 

could be identified in terms of their aggregation. The first group, composed of sphere and star 

shape AuNPs, gave a detection limit of 17 ± 2 µg/ml and 14 ± 2 µg/ml respectively with 

known number of ORN 178 E.coli stain. The second group, composed of rod-shaped AuNPs, 

gave a detection limit of 0.03 ± 0.01 µg/ml at the same conditions. 

 

 

Figure 3. (i) E. coli strain ORN178 aggregation using G-AuNPs; (ii) E. coli strain ORN208 

aggregation using G-AuNPs; 

The observed ~80-fold difference in the detection of bacteria by rod AuNPs could be 

attributed to several factors: 1) aspect ratio, which could increase specific attachment of 

particles on bacterial cell surfaces; 2) the surface effective availability for AuNPs binding; 3) 

self-assembly of NPs to amplify the specific interaction. To further validate the above results, 

SEM images were done at the lowest concentration (0.8 µg/ml) of AuNPs treated bacteria 

(Fig 5a-f). As expected, the relative amount of mannose rod AuNPs involved in effective 

CPIs is higher than sphere and star counterparts. This might be because of the large number 

of rod AuNPs interaction with E.coli surface compared to star or spherical counterparts(Fig 

5a,d).
18

 On close examination of the rod shaped AuNPs, we observed head-to-head  self-

assembly of on the surface of the bacteria (Fig 5d). In contrast, star and spherical AuNPs 

under the same conditions resulted mono-dispersed and very few aggregations, indicating that 

(a)             (b)            (c) 

 

 

(d)             (e)                       (f) 

 

 

(g)             (h)            (i) 

(a)             (b)            (c) 

 

 

(d)             (e)                       (f) 

 

 

(g)             (h)            (i) 
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Figure 4.(i) E. coli ORN178 aggregation by various concentrations of mannose modified G-AuNPs; 

(ii) Quantification of bacterial aggregation in the presence of different shapes of G-AuNPs 

functionalized with mannose. Data represent the mean of ± SEM (n =3). 

the aspect ratio of AuNPs is crucial for self-assembly and to improve the sensitive 

interactions, we also quantified the number of nanoparticles adhered on a specific µm
2
 area of 

the bacteria (Fig 5g). The binding density of rod AuNPs was found nearly 2.5 fold higher 

than that of star and spherical shaped AuNPs. This confirmed that the rod AuNPs occupied 

more surface area on bacteria than that of star and sphere AuNPs, which directly modulate 

the binding affinity. All these results correlate to mathematical model and flow chemistry 

experiment proposed by Kohlar et al.
19

 Finally, we quantified the number of AuNPs actively 

bound on the surface of the bacteria. We observed that spherical AuNPs occupied nearly 10 

and 4 fold less surface area of the bacteria compare to rod and star AuNPs, indicating that rod 

AuNPs exhibit higher avidity toward the bacteria (Fig 5h).   
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Figure 5. (a-f) SEM images of mannose functionalized G-AuNPs with E. coli ORN 178 stain: (a), (d) 

Rod; (b), (e) Sphere; (c), (f) Star; (g) Quantification of attachment of Man-AuNPs on the surface of 

bacteria. Data represent the mean number of nanoparticles on the surfaces of bacteria (n =10); (h) 

Mannose functionalized G-AuNPs bound to the surface of bacteria according to the surface 

availability; Conc of G-AuNPs = 0.8 µg/ml (n=5). (Note: While quantifying the bound G-AuNPs and 

area, the surface of the bacteria was assumed as flat surface). 

2.2.4 Study of Inhibition of Bacterial Infection with G-AuNPs: To demonstrate potential 

applications of shape dependent CPIs, HeLa cells, which have been known to express high 

mannose on the cell surface
20,

 were infected with a known amount of DAPI stained ORN 178 

E. coli. We examined infection caused by the bacteria in the presence three different shapes 

and five different concentrations (12, 25, 50, 100 and 200 µg/ml) of mannose-AuNPs. After 1 

h of incubation, both bound and unbound bacteria were separated and quantified by  
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Figure 6. Inhibition of E. coli infection of HeLa cells: (a) percentage of bound bacteria; (b) 

percentage of unbound bacteria. Quantification was done with respect to the DAPI fluorescence 

intensity, which corresponds to the concentration of the bacteria taken for the above experiment 

(control). Fluorescence intensity was calculated from the average of three independent experiments. 

measuring the fluorescence intensity of DAPI. Results obtained from different shapes showed 

that the percentage of inhibition (unbound bacteria) caused by rod AuNPs was approximately 

six-fold more than that of the star and spherical AuNPs (Fig 6). To confirm that the inhibition 

effect of mannose-rod AuNPs is indeed anchored by specific CPIs, ConA and PNA (10 µl of 

0.1 mg/ml) were added to mannose-AuNPs before mixing with bacteria and HeLa cells. Due 

to specific CPIs between mannose-ConA most of the cells got infected, whereas in the 

presence of PNA lectin, which is specific to galactose sugars showed effective inhibition of 

cell-bacterial interactions. These results confirmed that the shape of the AuNPs and specific 

CPIs fine tune the inhibition properties.  

2.3 Conclusions 

In summary, we have demonstrated that shape is one of the factor in establishing 

sensitive carbohydrate-protein interactions. Data from the bacterial adhesion and HeLa cells 

infection studies showed that the rod-shaped AuNPs functionalized with mannose had 

substantial sensitivity compared to that of star-shaped and spherical shaped AuNPs. Factors 

such as self-assembly and effective surface contact are critical for sensitive adhesion. In a 

more general perspective, blockage of E.coli infection by rod mannose-AuNPs may open 

opportunities to develop efficient medicines for urinary or digestive tract infections. 

 

 (a)                                                     (b)             
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2.4 Experimental Sections 

2.4.1 General Information: All chemicals were reagent grade and unless otherwise noted 

were used as supplied. TLC was performed on Merck silica gel 60 F254 plates (0.25 mm) and 

visualized by UV or by dipping the plate in CAM/ninhydrin solution and heating. Column 

chromatography was carried on Fluka Kieselgel 60, mesh 230–400. 
1
H and 

13
C NMR spectra 

were recorded on Jeol 400 MHz. Chemical shifts (δ) are reported in ppm, coupling constants 

(J) in Hz. Residual solvents, for CDCl3 -  δH, 7.26 and δC 77.3, for CD3OH - δH 3.31, and δC 

49.0, D2O -  δH, 4.75, are used as internal references.  

2.4.2 Synthesis of 10 and 11 

2-(2-(2-(undec-10-en-1-yloxy)ethoxy)ethoxy)ethan-1-ol (3): Triethylene glycol 1 (1.00 g, 

6.66mmol) was dissolved in THF in a round bottom flask to which 11-Bromo-1-undecene 2 

(0.776 g, 3.33 mmol) was added in the presence of 60% NaH (0.080 g, 3.33 mmol) and 

stirred it for 12 h at 0°C to RT. The solvent was removed under reduced pressure. The residue 

was dissolved in EtOAc (10 ml) and washed with water (3× 10 ml). The organic layer was 

dried over Na2SO4, filtered, and evaporated under reduced pressure. The crude was then 

purified by column chromatography (silica gel, EtOAc / PET ether 1:1) and dried under 

reduced pressure to give the product 3 as a colorless oil (44% yield). 
1
H NMR (400 

MHz, CDCl3): δ 5.87-5.77 (m, 1H), 5.02-4.92 (m, 2H), 3.75-3.58 (m, 12H), 3.46 (t, J = 6.41 

Hz, 2H), 2.07-2.01 (m, 2H), 1.62-1.55 (m, 2H), 1.36-1.26 (m, 12H).
13

C NMR (100 

MHz, CDCl3): δ 139.13, 114.02, 72.47, 71.50, 70.51, 70.23, 69.91, 61.60, 33.72, 29.46, 

29.44, 29.37, 29.34, 29.02, 28.83, 25.96. HRMS (ESI) m/z: calc‟d for C17H34NaO4, 325.2355; 

Found, 325.2354. 

Undec-1-en-11-yltri(ethy1eneglycol)-2,3,4,6-penta-O-acetyl-α-D-mannopyranoside (6): 

A solution of peracylated mannose 4  (0.22 g, 0.56 mmol) and PEG linker 3 (0.34 g, 1.12 

mmol) in DCM (7 ml) was cooled to 0 °C. Boron trifluoride diethyl etherate (0.2 ml, 2.24 

mmol) was added slowly and the solution was stirred for 12 h at 0 °C. Triethylamine (1.5 ml) 

was added, the solution was allowed to warm to RT and the solvent was removed under 

reduced pressure. The residue was dissolved in EtOAc (10 ml) and washed with water (3× 10 

ml). The organic layer was dried over Na2SO4, filtered, and evaporated under reduced 

pressure. The crude was the purified by column chromatography (silica gel, EtOAc / DCM 

3:7 to 1:1) and dried under reduced pressure to give the product 6 as a colorless oil (65% 
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yield). 
1
H NMR (400 MHz, CDCl3): δ 5.85-5.78 (m, 1H); 5.38-5.28 (m, 1H), 5.32-5.27 (m, 

1H); 5.02-4.92 (m, 1H); 4.85 (d,  J = 1.7 Hz, 1H, anomeric-H), 4.32-4.28 (m, 1H); 4.14-4.08 

(m, 1H); 3.84-3.79 (m, 1H); 3.67-3.59 (m, 12H); 3.45 (t, J = 6.41 Hz, 2H); 2.16 (s, 3H); 2.11 

(s, 3H); 2.05 (s, 3H), 2.0 (s, 3H); 1.64-1.58 (bm, 4H); 1.37-1.26 (m, 14H). 
13

C NMR (100 

MHz, CDCl3): δ 170.66, 166.99, 169.84, 169.70, 139.19, 114.06, 97.6 (anomeric-C), 71.49, 

70.56, 69.99, 69.52, 69.03, 68.68, 68.31, 67.32, 66.07, 62.34, 33.76, 29.64, 29.57, 29.49, 

29.42, 29.38, 29.07, 28.87, 20.74, 20.68. HRMS (ESI) m/z: calc‟d for C31H52NaO13, 

655.3306; Found, 655.3311. 

[1-[Methylcarbonyl)thio]undec-11-yl-tri(ethyleneglycol)-2,3,4,6-O-acetyl-α-D-

mannopyranoside (8). Undec-1-en-11-yltri(ethy1eneglycol)-2,3,4,6-penta-O-acetyl-α-D-

mannopyranoside 6  (0.15 g, 0.24 mmol) and AIBN (0.31 g, 1.92 mmol) were dissolved in 

dioxane (7 ml). Thioacetic acid (0.439 ml, 6.24 mmol) was added and the reaction mixture 

was stirred for 12 h at 60°C. The solvent was removed and the crude product was purified by 

flash column chromatography (silica gel, pet ether /EtOAc 1:1 to 1:9). The product was dried 

under high vacuum to give 8 as yellowish oil (44% yield). 
1
H NMR (400 MHz, CDCl3): δ 

5.38-5.28 (m, 2H), 5.25 (dd,  J= 1.7, 3.2 Hz,  1H); 4.85 (d,  J = 1.7 Hz, 1H, anomeric-H); 

4.29 (dd, J = 5.40, 7.33 Hz, 1H); 4.08-4.05 (m, 1H); 3.85-3.78 (m, 1H); 3.69-3.57 (m, 12H); 

3.44 (t, J = 7.33 Hz, 2H); 2.86 (t, J = 7.33 Hz, 2H), 2.32 (S, 3H); 2.16 (s, 3H); 2.11(S, 3H); 

2.04(S, 3H), 1.99 (S, 3H); 1.59-1.54 (m, 4H), 1.29-1.25(m, 14H). 
13

C NMR (100 MHz, 

CDCl3): 196.12, 170.69, 170.02, 169.88, 169.73, 97.67 (anomeric-C), 71.52, 70.69, 70.60, 

70.56, 69.99, 69.93, 69.52, 69.05, 68.33, 67.34, 66.09, 62.35, 29.66, 29.58,29.53, 29.45, 

29.12, 29.08, 28.77, 20.89, 20.75, 20.69. HRMS (ESI) m/z: calcd for C33H56NaO14S, 

731.3288; Found 731.3310.  

1-Mercaptoundec-11-yl)triethyleneglycol-α-D-mannopyranoside (10). Sodium methoxide 

(3 mg, 0.08 mmol) was added to a solution of 8 (0.1 g, 0.14 mmole) in MeOH (5 mL) and the 

solution was stirred at rt for 2 h. The reaction mixture was neutralized with Resin Amberlite 

H
+ 

IR 120, filtered and the solid was washed with MeOH (20 mL). The solvent was removed 

and the product was dried under high vacuo to give product 10 as yellowish oil (94% yield). 

1
H NMR (400 MHz, CD3OD): δ 4.77 (d, J = 1.7 Hz, 1H, anomeric-H); 3.82-3.78 (m, 3H), 

3.68-3.44 (m, 15H); 3.44 (t, J = 6.41 Hz, 2H); 2.65 (t, J = 7.33 Hz, 2H); 1.58-1.53 (m, 4H); 

1.31-1.26 (bm, 14H).
13

C NMR (100 MHz, CD3OD): 101.90 (anomeric-C), 74.76, 72.70, 

72.26, 71.74, 71.56, 71.31, 68.74, 67.92, 63.08, 30.88, 30.81, 30.75, 30.46, 30.36, 29.59, 

27.36; HRMS (ESI) m/z: calc‟d for C23H46NaO9S, 521.2760; Found 521.2747. 



 

40 

 

Undec-1-en-11-yl-tri(ethy1eneglycol)-2,3,4,6-penta-O-acetyl-β-D-galactopyrannoside 

(7). Boron trifluoride diethyl etherate (0.18 ml, 2.04 mmol) was added slowly to a solution of 

peracylated galactose 5  (0.20 g, 0.51 mmol) and  PEG linker 3 (0.30 g, 1.02 mmol) in DCM 

(7 ml) at 0 °C and the solution was stirred for 2 hours. The reaction was quenched with 

triethyl amine (2 ml) and allowed to warm to RT. The solvent was removed under reduced 

pressure; the residue was dissolved in EtOAc (10 ml) and washed with water (3×10 ml). The 

organic layer was dried with Na2SO4, filtered and the solvent was removed under reduced 

pressure. The crude was purified by column chromatography (silica gel, EtOAc / DCM 3:7 to 

1:1). The product 7 was obtained as colorless oil (60% yield). 
1
H NMR (400 MHz, CDCl3): δ 

5.86-5.76 (m, 1H); 5.43-5.37 (m, 1H); 5.23-5.19 (m, 1H); 5.03-4.91 (m, 1H); 4.56 (d, J = 7.9 

Hz, 1H, anomeric-H) 4.23-4.11(m, 2H); 3.98-3.89 (m, 1H); 3.80-3.72 (m, 2H); 3.67-3.57 (m, 

12H); 3.44 (t, J = 6.87 2H); 2.15-1.99 (m, 12H); 1.61-1.54 (m, 2H), 1.39-1.26(m, 14H).  
13

C 

NMR (100 MHz, CDCl3): δ 170.40, 170.28, 170.17, 169.49, 139.21, 114.08, 101.34 

(anomeric-C), 71.53, 70.89, 70.69, 70.59, 70.26, 70.01, 69.06, 68.76, 67.03, 61.27, 33.78, 

29.58, 29.51, 29.43, 29.40, 29.09, 28.89, 26.04, 20.81, 20.76, 20.67, 20.58. HRMS (ESI) m/z: 

calc‟d for C31H52NaO13, 655.3306; Found 655.3305. 

[1-[Methylcarbonyl)thio]undec-11-yl-tri(ethyleneglycol)-2,3,4,6-O-acetyl-β-D-

galactopyrannoside (9). Compound 7 (0.12 g, 0.19 mmol) and AIBN (0.25 g, 1.52 mmol) 

were dissolved in dioxane (7 ml), thioacetic acid (0.35 ml, 4.94 mmol) was added and the 

solution was stirred for 12 h at 60 °C. The solvent was removed and the crude was purified 

by flash column chromatography (silica gel, pet ether /EtOAc 1:1 to 1:9). The solvent was 

removed and the residue was dried to 9 as yellowish oil (40% yield. 
1
H NMR (400 MHz, 

CDCl3): δ 5.37 (d, J = 6.87, 1H); 5.21-5.18 (m, 1H), 5.02-4.99 (m, 1H); 4.59 (d, J = 7.9 Hz, 

1H, anomeric-H), 4.20-4.10 (m, 1H); 3.97-3.89 (m, 1H); 3.78-3.72 (m, 1H); 3.65-3.56 (m, 

12H); 3.43 (t, 2H, J = 6.87); 2.85 (t, 2H J = 7.33); 2.31 (s, 3H); 2.14-1.97 (m, 12H); 1.57-1.52 

(m, 4H), 1.32-1.24(m, 14H).  
13

C NMR (100 MHz, CDCl3): 196.06, 170.36, 170.25, 170.13, 

169.47, 101.31(anomeric-C), 71.49, 70.87, 70.85, 70.57, 70.23, 69.98, 69.02, 68.76, 67.02, 

61.26, 30.59, 29.63, 29.55, 29.44, 29.09, 28.75, 26.01, 20.68, 20.59. HRMS (ESI) m/z: calc‟d 

for C33H56NaO14S, 731.3288; Found 731.3284. 

(1-Mercaptoundec-11-yl)triethylene glycol-β-D-galactopyrannoside (11). Sodium 

methoxide (2 mg, 0.01 mmol) was added to a solution of compound 9 (0.09 g, 0.13 mmole) 

in MeOH (4 mL) and the reaction was stirred at rt for 2 h. The solution was neutralized with 

Resin Amberlite H
+ 

IR 120, filtered, and washed with MeOH (20 mL). The solvent was 
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removed and the product was dried under high vacuum to give product 11 as yellowish oil. 

1
H NMR (400 MHz, CD3OD): δ 4.23(d, J = 7.33, 1H, anomeric-H); 4.01-3.94 (m, 2H), 3.82-

3.80 (bm, 1H); 3.68-3.53 (m, 15H); 3.45 (t, J = 6.41 Hz, 1H); 2.65 (t, J = 6.87 Hz, 1H); 2.46 

(t, J = 7.33 Hz, 2H); 1.58-1.53 (m, 4H); 1.31-1.26 (bm, 14H).
13

C NMR (100 MHz, CD3OD): 

103.42 (anomeric-C), 75.42, 75.35, 73.53, 71.21, 21.08, 70.31, 70.11, 70.02, 69.68, 69.09, 

68.83, 61.53, 33.92, 29.67, 29.42, 29.34, 29.16, 29.08, 28.98, 25.87, 23.67. HRMS (ESI) m/z: 

calc‟d for C23H46NaO9S, 521.2760; Found 521.2759. 

2.4.3 Synthesis of rod, sphere, star shape nanoparticles:  

Synthesis of Star AuNPs: Star shaped AuNPs were synthesized by reducing Au (III) 

chlorate in HEPES buffer pH 7.4. The Star AuNPs were prepared by mixing 5 μL of 40 mM 

HAuCl4 (Sigma-Aldrich) with 1 mL of 100 mM 2-[4-(2-hydroxyethyl) piperazine-1-

yl]ethanesulfonic (HEPES) buffer. After centrifugation at 12000 rpm, the Au nanostars were 

re-dispersed in deionized water. 

Synthesis of Sphere AuNPs:  The sphere AuNPs were synthesized by mixing 1 mL of 0.5 

wt% sodium citrate with 19 mL of 0.2 mM HAuCl4 aqueous solution at 100 °C till solution 

turns pale red. After centrifugation at 13,200 rpm, the Au nanospheres were re-dispersed in 

deionized water. 

Synthesis of Rod AuNPs: Rod gold nanoparticles (AuNPs) coated with 

cetyltrimethylammonium bromide (CTAB) were synthesized via seeding growth method as 

reported previously.
1
 

Seed solution: 5 mL, 0.20 M CTAB solution was mixed with 5 ml of 0.5 mM HAuCl4. To the 

stirred solution, 0.60 ml of ice-cold 0.010 M NaBH4 was added; this will form a brownish 

yellow solution. After 2 min of the vigorous stirring solution was stored at 25 °C. 

Growth Solution: First 5 mL of 0.15 M BDAC and 0.2 M of CTAB were mixed and 

dissolved mixture by sonication at 40 °C for 20 min. To this solution was added 200 µl of 4 

mM of AgNO3 followed by addition of 5.0 mL of 1 mM of HAuCl4 solution, and after gentle 

mixing of the solution 70 µl of 0.0778 M ascorbic acid was added. The growth process will 

start with addition 12-µl of seed solution and it completes in 1 h. After centrifugation at 7,000 

rpm, the nanorods were re-dispersed in deionized water. 
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2.4.4 Synthesis of sugar conjugated AuNPs: 0.5 ml of 1 mM thiol PEG linker/thiol 

mannose linker/thiol galactose linker was added to 0.5 ml of the AuNPs solution. After 

incubation at room temperature for 12 h, the modified Au nanoparticles were separated by 

centrifugation and re-dispersed in deionized water. 

2.4.5 Zeta potential studies: We used the zeta-potential analyzer to measure the surface 

potential of AuNPs. The electrostatic potential on the particle surface is called the zeta 

potential. In the measurement, we applied unit field strength (1 Volt per metre) to the AuNP 

solution.  

2.4.6 Phenol-Sulfuric acid Assay: The concentration of mannose/ galactose sugars on 

AuNPs were determined by the phenol-sulfuric acid method. 100 μL sugar functionalized-

AuNPs was mixed with concentrated sulfuric acid (750 μL, 100%) and aqueous phenol 

solution (5% w/v, 100 μL) in the test tube and heated to 80°C. After 5 min, solution was 

cooled to room temperature and the absorbance coefficient at 490 nm was measured. AuNPs 

as such in sulfuric acid was used as a control. The sugar concentration was estimated by 

comparing the absorption of the sample with a standard curve. 

2.4.7 Bacterial Aggregation Assay: Bacterial Strains growth: The mutants E. coli ORN178 

and ORN208 were provided by Prof. Orndorff (College of Veterinary Medicine, Raleigh, NC 

United States). The bacterial cultures were grown overnight at 37°C until they reached an 

approximate OD600 of 1.0.  

For aggregation assay 2 ml aliquot of bacteria of approximate OD600 of 1.0 was 

centrifuge to obtain a bacterial pellet. The resulting pellet was washed twice with PBS buffer 

and resuspended in 1 ml PBS and adjust the concentration to 10
8
 bacteria in 1 ml. 100 µl of 

bacterial PBS solution was mixed with different shapes and different sugar coated AuNPs 

(1000 µg/ml) and incubated at room temperature for 1 h with gentle shaking.  Then, 

nanoparticles-bacteria conjugated was incubated with organic dye 4‟,6-diamidino-2-

phenylindole dihydrochloride, (DAPI) at dilution of 1/1000 for another 15 mins. Bacteria 

were then centrifuged at 4000 rpm and the pellet washed with 100 μL of PBS for 2 times.  

Pellet was again dissolved in PBS and fixed with 4% (w/v) paraformaldehyde  for 15 min. A 

drop of fixed solution was mounted on microscopic slides and imaged. The relative 

fluorescent intensity of bacteria aggregates was calculated by measuring the fluorescent 

intensity of 50 random aggregations using imagej software.
3 
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Concentration dependent studies: 10 µl of different concentration of mannose-AuNPs (1 to 

1000 µg/ml) were incubated with ORN 178 (10
8
 concentration) for 1 h, followed by above 

protocol to image the bacteria aggregations.  

2.4.8 SEM Imaging of G-AuNPs and Bacterial Aggregation: 100 µl of bacterial 

suspension with 10
8
 concentration of ORN 178 and 0.8 µg/ml of different shapes of 

mannose-AuNps) was washed with PBS.  Then bacterial pellet was dehydrated in ethanol 

gradient (10, 30, 70, 95, and 100%) and fixed with 4% glutaraldehyde for 2h. These bacteria 

were placed on small piece of silicon wafer and drying under vaccume in desicator.  Before 

imaging samples were coated with gold (Polaron SC 502 sputter coater). SEM images were 

performed in FE-SEM instrument. 

Quantification of the attachment of AuNPs on the surface of ORN 178 stain: 

Approximately 100 µl of bacterial suspension with 10
8
 concentration of ORN 178 and 

different concentration of three different shapes of AuNPs (0.8, 4, 16, 64, 128 µg/ml)  were 

added and after 1 h washed with PBS. The bacteril pellet was dehydrates as described above 

and places a drop of it was place on silicon wafe. SEM images were collected and using 

imageJ software the number of nanoparticles in a specific area was quantified. 

2.4.9 Inhibition of Bacterial Binding to HeLa Cell Line: 10
4
 HeLa cells were seeded per 

well into a 96-well plate and incubated for 24 h at 37 °C in CO2 atmosphere. Cells were 

washed three times with PBS before adding bacteria. DAPI stained ORN 178 bacteria 0.25 × 

10
8
 cells/ml) and 100 µl of (15 to 250 µg/ml) different concentrations of mannose-AuNPs or 

ConA or PNA (0.1 mg/ml) pretreated mannose-AuNPs (15 to 250 µg/ml) were added 

together.  After 60 min of incubation, cells were washed with PBS in order to eliminate non-

adherent bacteria. PBS solutions were centrifuge and 100 µl of concentration solution was 

used in fluorescent plate reading to quantify the amount of bacteria.  In parallel, attached 

bacteria were released with Triton X100 0.1% in PBS and transferred to a 96 well plate and 

DAPI fluorescence was measured in fluorescent plate reader.  
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2.6. Appendix I: Characterization Data of Synthesized Compounds 

Designation Description Page 
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Chapter 3 

Glyco-gold nanoparticle shapes enhance carbohydrate-
protein interactions in mammalian cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

59 

 

3.1 Introduction 

Carbohydrates are the most abundant class of biomolecules on cell surfaces which are 

critically important for the cellular behaviour and functions and are considered to be the first 

line of interaction between different pathogens, toxic materials, and between different cells.
1-2

 

Hence, carbohydrates are of central importance in the development of the next-generation 

biomarkers. However, the avidity of the monovalent carbohydrate-protein interactions is 

usually weak. Glyco-nanotechnology has provided multivalent scaffolds to increase the 

avidity of carbohydrate-mediated interactions and also has offered additional optical and 

electrochemical properties to develop biosensors and imaging tools.
3-5

 In addition to the 

multivalency, the investigation showed that the size, orientation and density of the sugars on 

multivalent scaffolds can fine tune specific carbohydrate-protein interactions (CPI).
6-12 

For 

example, Kiessling et al. have shown the importance of multivalent ligand architectures in 

CPI.
13

 Penadés et al. developed a protocol to synthesize AuNPs with the hybrid-sugar system 

to explore its applications in blood brain barrier permeability, anti-HIV pro-drugs carrier.
14-16 

 

Galan et al. developed glyco-quantum dots with defined glycan density and the nature of the 

oligosaccharide structures to tune the cell uptake and intracellular localization.
17

 Seeberger et 

al. have shown the orientation and spatial arrangements of sugars that influence the relative 

activity.
18-19

 Also, recent studies have demonstrated that the different shapes of the 

nanoparticles influenced the cellular uptake, biodistribution, and immune response.
20

 High 

molecular stimulation in vitro and in vivo studies reported that elongated shapes have 

enhanced translocation rate over spherical ones and might have contributed to the structural 

evolution of pathogens such as bacteria and virus from spherical to rod-like morphologies. 

Among the existing shape dependent nanoparticles to date, gold nanoparticles have been at 

the forefront of nanotechnology research.
21-27

 Questions regarding the shape dependent in 

vitro uptake and in vivo distribution have been thoroughly investigated by conjugating 

ligands such as antibodies, peptides, and aptamers to alter both the cytokine response, 

sequestration of NPs in different organs and clearance.
28-31

 However, deciphering the shape 

dependent carbohydrate-mediated interactions undoubtedly assist in understand the origin of 

cell surface carbohydrates behaviour on endothelial, epithelial and neural cells which exhibit 

different shapes. To the best of our knowledge, no attempt has been made to study the shape-

dependent CPI in in vitro models. Herein, we synthesized 3 different shapes of G-AuNPs and 

interpreted their roles in carbohydrate-mediated lectin binding and cellular uptake. Finally, 

we also studied the mechanism of cellular uptake of G-AuNPs using different pathway 
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inhibitors. Our screening deciphers the role of shape in designing the next generation 

phenotypic specific drug delivery probes. 

3.2 Results & Discussion 

3.2.1 Synthesis & Lectin Binding Affinity of The G-AuNPs: PEG linker (1) and sugar 

ligands (2-3)
 
(Fig 1) were covalently conjugated to AuNPs using previously reported ligand 

exchange processes
32 

and formed G-AuNPs were characterized by UV, SEM and TEM (Fig 

2) To demonstrate the sensitive and selective binding between G-AuNPs and lectins, we 

performed ELISA plate inhibition assay using ConA, DC-SIGN and PNA lectins with G-

AuNPs. Briefly, mannose-BSA and galactose-BSA, as reference ligands, were immobilized 

on a 96-well plate and treated with HRP-conjugated ConA or PNA lectins (1 mg/ml), in the 

presence of G-AuNPs, at different concentrations. 

 

Figure 1. Structure of the sugar conjugated AuNPS (a) sphere; (b) rod; (c) star. 

In case of DC-SIGN, lectin treatment was followed by HRP anti-IgG. After 

incubation, HRP was catalyzed and logarithmic curve for inhibition of lectin binding was 

plotted and IC50 values were determined (Fig 3(ii)). Table 1 summarizes the IC50 values of G-

AuNPs. Mannose conjugated AuNPs exhibited substantial inhibition of ConA and DC-SIGN 

lectins, while galactose or PEG-conjugated G-AuNPs showed no affinity at all. Among three 

different shapes, rod-AuNPs exhibited nearly 3-fold more potent inhibition than spherical and 

star-shaped AuNPs. To demonstrate the possible selectivity of the binding, we performed 

inhibition assay with PNA lectin. As expected, mannose-conjugated AuNPs did not bind at 

all, while a significant inhibition was seen with galactose-coated AuNPs. Among the different  
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Figure 2. (i) UV-Visible spectra of rod, sphere and star shaped G-AuNPs in water (a, c, e) and 

DMEM medium without phenol red (b, d, f); (ii) SEM images of (a) rod (R-2); (b) sphere (S-2); and 

(c) star (St-2) shaped G-AuNPs; TEM images of (d) rod (R-2); (e) sphere (S-2); and (f) star (St-2) 

shaped G-AuNPs. 
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Figure 3. (i) Zetapotential of G-AuNPs in water (brown) and DMEM (red) respectively; (ii) 

Inhibition assay of G-AuNPs with (a) ConA; (b) DC-SIGN; and (C) PNA. 

Table 1. IC50 values of G-AuNPs for inhibition of lectins 

G-AuNPs ConA (Nps/ml) DC-SIGN PNA 

S-2 2.6  10
6
 4.3  10

6
 - 

R-2 9.5  10
5
 1.1  10

6
 - 

St-2 1.4  10
6
 2.7  10

6
 - 

S-3 - - 2.5  10
6
 

R-3 - - 8.7  10
5
 

St-3 - - 1.3  10
6
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shapes of AuNPs, rod-AuNPs once again demonstrated much more inhibition sensitivity 

compared to spherical and star counterparts. Overall, these results showed that the aspect 

ratio and surface to volume ratio of the rod-AuNPs influence the strong binding affinity with 

lectins.  

3.2.2 Cellular cytotoxicity and uptake studies: The difference in the binding affinity of G-

AuNps was further assessed in an in vitro model. As the proteins present in the biological 

media can destabilize the NPs structures and functions, we first assessed the stability of the 

AuNPs in DMEM medium containing 10% FBS. The incubation of each AuNPs in biological 

medium showed no significant shift in the UV-visible profile after 24 h, which confirmed the 

stability of the shape and the size of the AuNPs (Fig 2(i)). In contrast, the zeta-potential of 

the G-AuNPs varied quite significantly, indicating that the nanoparticles were surrounded by 

a soft layer of serum proteins and which modulated the charge distribution on the G-AuNPs 

(Fig 3(i)). These results demonstrated that G-AuNPs retained their shape and stability in 

biological medium. All these results correlate to Chan et al. results.
25 

 

Figure 4. MTT assay showing the cell viability of sphere, rod and star G-AuNPs at 37 ºC for 48 h 

incubation with (a) NIH 3T3 cells; (b) HeLa cells. 

(a) 

 

 

 

 

 

 

 

(b) 
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After confirming the stability of the G-AuNPs, we investigated the uptake kinetics 

and mechanism using DC-SIGNtransfected and knockdown HeLa (human cervical cancer 

cells), HepG2 (hepatocellular liver carcinoma) and MDA-MB-231 (human breast cancer) 

cells.
33-39

 To assess the relative toxicity of the G-AuNPscell viability was evaluated using 

MTT assay in HeLa (cancer) and NIH-3T3 (normal) cell lines, incubated with different 

concentrations (2.2 × 10
6
 – 1.1 × 10

9 
NPs per ml) of PEGylated and G-AuNPs. It can be seen 

that both the HeLa and NIH-3T3 (Fig 4) cells did not show any significant cytotoxicity up to 

4.5 × 10
8
 NPs per ml even after 48 h. Hence, we set the above concentration as an ideal 

condition for further in vitro studies. 

We then addressed the cellular internalization of G-AuNPs by measuring the gold 

concentration inside the cells. DC-SIGN-transfected HeLa cells were incubated with 

PEGylated and G-AuNPs for 4 h, 24 h, and 48 h respectively, followed by washing to remove 

unbound AuNPs. The cell pellets were dissolved in aqua regia solution and the gold 

concentration was quantified by inductively coupled plasma mass spectrometry (ICP-MS). 

The mannose-AuNPs exhibited the highest number of uptake compared to galactose or 

PEGylated-AuNPs in transfected HeLa cells. Among the different shapes of mannose-

AuNPs, R-2 showed approximately 3-fold increase in the number of NPs uptakes compared 

to S-2 and St-2 after 4 h incubation and this trend continued for next 24 h and 48 h (Fig 5a-c). 

The probable reason for the highest number of rod-AuNPs uptake may be attributed to the 

fact that rod nanoparticles exhibited (1) aspect ratio, which could increase adhesion of 

particle to the cell surfaces, (2) high contact area of rod-AuNP with respect to external stimuli 

and (3) self-assembly of rod-AuPs. To confirm the selectivity, we also studied the 

nanoparticles uptake profile with DC-SIGN knockdown HeLa cells. ICP-MS clearly revealed 

the significant decrease in the mannose-AuNPs uptake, revealing the selective uptake of the 

AuNPs via receptors (Fig 5d-f).
33-35

 Further, we performed the uptake kinetics with MDA-

MB-231, which has both mannose and galactose receptors.
36

 ICP-MS results clearly revealed 

that the rod-AuNPs uptake is dominated compared to that of two other shapes and we could 

see the uptake of both the mannose and the galactose-AuNPs (Fig 5g-i). However, the 

number of mannose-AuNPs uptake was relatively higher than that of galactose-AuNPs, 

which indicated that the mannose receptors on the cell surfaces are more active than the 

galactose receptors. Finally, the above experiment was further confirmed with HepG2 cells, 

which has asialoglycan galactose receptors.
37-39
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Figure 5. Statistical analysis of ICP-MS data of HeLa (DC-SIGN transfected), HeLa (DC-SIGN 

knockdown), MDA-MB-231 and HepG2 at different time intervals. (a) HeLa-4h; (b) HeLa-24 h; (c) 

HeLa-48 h; DC-SIGN knockdown of (d) HeLa-4h; (e) HeLa-24 h; (f) HeLa-48 h (g) MDA-MB-231-4 

h; (h) MDA-MB-231-24 h; (i) MDA-MB-231-48 h; (j) HepG2-4h; (k) HepG2-24h; (l) HepG2-48h. 

Data are presented as mean ±SEM for three independent experiments (***P<0.001, **P<0.01 

*P<0.05 and n.s = not significant). 
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Figure 6. Dark field microscopic images of rod shape nanoparticles incubated with HeLa (DC-SIGN 

transfected), (a) HeLa-control; (b) HeLa, R-1; (c) HeLa, R-2; (d) HeLa, R-3; HeLa (DC-SIGN 

knockdown), (e) HeLa-control; (f) HeLa, R-1; (g) HeLa, R-2; (h) HeLa, R-3; MDA-MB-231 MDA-

MB-231-control; (j) MDA-MB-231, R-1; (k) MDA-MB-231, R-2; (l) MDA-MB-231, R-3; and 

HepG2 cells. (i) (m) HepG2-control; (n) HepG2, R-1; (o) HepG2, R-2; (p) HepG2, R-3; for 24 h at 

37°C; TEM images of HeLa cells (DC-SIGN transfected) contain (q) S-2; (r) R-2; (s) St-2 after 24 h 

at 37°C.  
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As expected, rod-AuNPs (R-3) was taken up much higher than other AuNPs (Fig 5j-

l). After 24 h and 48 h, the concentration of these AuNPs decreased. These results strongly 

suggest that nano-rods can induce specific fast uptake via carbohydrate receptors on the cell 

surfaces.  

To validate the results with different cell lines with G-AuNPs, a more conventional 

dark field microscopic (DFM) imaging study was performed.
40 

Figure 6i displays DFM 

images of DC-SIGN transfected HeLa, knockdown HeLa, MDA-MB-231 and HepG2 cells 

after 24 h incubation. In transfected HeLa cells, the bright spots from mannose-AuNPs (S-2, 

R-2, St-2) were observed close to the cell surfaces and in the cytoplasmic regions and the 

relative intensity of these bright spots was higher than PEG and galactose counterparts. 

Similar results were observed with the cell line MDA-MB-231 and HepG2 with respect to the 

carbohydrate receptors. Finally, the transmission electron microscopic (TEM) images of 

transfected HeLa cells were collected to confirm AuNPs sequestration. TEM images 

displayed a significant number of R-2 sequestration in the cytoplasmic region compared to S-

2 and St-2 (Fig 6q-s). Moreover, we observed that the nano-rods were aligned parallelly 

and/or perpendicularly to each other. Overall, these results clearly showed that the shapes of 

the AuNPs indeed modulate the CPI. 

3.2.3 Cellular Internalization pathway of R-2 in HeLa cells: To prove the mechanism of 

endocytosis, we utilized different known inhibitors for dynamin, clathrin and caveolae 

pathways to analyze the mechanism of internalization in DC-SIGN transfected HeLa cells.
41-

42
 ICP-MS was used to analyze the data, which quantifies gold concentration during the 

uptake of G-AuNPs in a cell (Fig 7). To evaluate the energy-dependent endocytosis, we 

incubated the cells with NaN3 for 30 mins to deplete ATP, followed by the addition of R-2 

NPs for 4 h. We observed a strong decrease in gold concentration during cellular uptake of 

R-2, confirming the active endocytic pathway of internalization in HeLa cells. We next 

established dynamin-dependent uptake. The addition of dynasore hydrate resulted in blocking 

dynamin function inhibiting the internalization of R-2, indicating that the internalization 

follows the conventional trend of clathrin or caveolae pathway. Further, we studied the effect 

of methyl-β-cyclodextrin (Me-β-CD), which inhibit caveolae-mediate endocytosis and 

chlorpromazine (inhibitor for clathrin-mediated endocytosis). As shown in figure 7a, cells 

that were pre-treated with clathrin inhibitor showed a significant reduction in internalization, 

whereas, Me-β-CD pre-treatment showed negligible inhibition effect. These results validated 

that the R-2 internalize via energy-dependent, clathrin-mediated endocytosis. Finally, we 
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studied the uptake of R-2 in the presence of Man-9-glycan that blocks the DC-SIGN receptor. 

The high mannose pre-treatment of cells dramatically reduce uptake of R-2. Altogether this 

clearly proves that R-2 uptake depends on the DC-SIGN receptor on clathrin-mediated 

endocytosis. A similar experiment with HepG2 cells also revealed the clathrin-mediated 

endocytosis (Fig 7b). 

 

Figure 7. Statistical analysis of ICP-MS data in presence and absence of inhibitors incubation in (a) 

HeLa (DC-SIGN transfected) cells; (b) HepG2 cells after 4 h. Data are presented as mean ±SEM for 

three independent experiments. 

3.3 Conclusions 

A library of different shapes of glyco-AuNPs was synthesized and we used them as a 

tool to characterize the cellular uptake. ELISA plate lectin inhibition assay revealed that 

selectivity and sensitivity of the binding depended not only on the sugar composition but also 

was influenced by the shape of the AuNPs. In vitro experiments further supported the high 

affinity of rod-AuNPs compared to spherical and star counterparts. The mechanistic insight 

clearly demonstrated the clathrin-mediated mannose-dependent endocytosis. We anticipate 

that this shape-dependent enhancement of cellular uptake offers a new dimension to 

synthesize multivalent glyco-probes for diagnostic and therapeutic applications.
43-44

 

3.4 Experimental Section 

3.4.1 General Information: All chemicals were reagent grade and used as supplied except 

where noted. Analytical thin layer chromatography (TLC) was performed on Merck silica gel 

60 F254 plates (0.25 mmol). Compounds were visualized by UV irradiation or dipping the 

plate in CAM/ninhydrin solution followed by heating. Column chromatography was carried 

out using force flow of the indicated solvent on Fluka Kieselgel 60 (230–400 mesh). 
1
H and 
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13
C NMR spectra were recorded on Jeol 400 MHz, with cryo probe using residual solvents 

signals as an internal reference (CDCl3 δH, 7.26 ppm, δC 77.3 ppm and CD3OD δH 3.31 ppm, 

δC 49.0 ppm). The chemical shifts (δ) are reported in ppm and coupling constants (J) in Hz. 

UV-visible measurements were performed with Evolution 300 UV-visible spectrophotometer 

(Thermo Fisher Scientific, USA). Fluorescence spectra were recorded in FluoroMax-4 

spectrofluorimeter (Horiba Scientific, U.S.A.). DC-SIGN transfected and Knockdown HeLa 

was obtained from UCSD cell bank. MDA-MB-231 and HepG2 cell lines were purchased 

from NCCS, Pune. 

3.4.2 Inhibition Assay: 96-well ELISA plates were immobilized with mannose, galactose-

BSA (1 mg/ml) as reference ligand and incubated with horesradish peroxide (HRP) labeled 

ConA or PNA (0.5 mg/ml) or DC-SIGN in the presence of different shapes of G-AuNPs  

(5.69 X 10
5
 -10

8
) in varying concentrations. After incubation for 2 h, the plates were washed 

and remaining labeled lectin bound to the reference ligand was quantified by a HRP-

catalysed color reaction using 2, 2‟-azinobis(3-ethyl-benzo-thiazoline-6-sulfonic acid) 

diammonium salt (ABTS) as substrate. In case of DC-SIGN and anti-IgG-HRP was added to 

quantify the binding of lectin.  Logerthemic curve for inhibition of lectin binding to 

immobilized Mannose or galactose are drawn. From these curves the concentration that 

reduce the binding of labeled lectin to the microtiter plates by 50% (IC50 values) were 

determined as a meassure of potency of the synthesized inhibitors. 

3.4.3 MTT Assay: The cell viability was assessed by MTT (3-(4, 5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) assay in HeLa and NIH-3T3 cells. The NIH-3T3 and HeLa 

cells in monolayers were cultured in DMEM with 10% FBS medium in 100 mm cell culture 

dishes. Cells were trypsinized and plated at a density of 10,000 cells per well in a 96 well 

plate and once the cells got adhered; they were treated with varying concentration of G-

AuNPs (number of nanoparticles) and incubated for 48 h. The medium was replaced and 10 

µl of MTT was added to each well and incubated for 4 h at 37 °C. Formazan crystals were 

dissolved in 100 µl of DMSO and absorbance at 570 nm was recorded using microplate 

reader. 

3.4.4 Preparation of Cell samples for ICP-MS analysis: For the quantitative analysis of 

gold (Au) contents in the cellular uptake study, HeLa, MDA-MB-231 and NIH-3T3 cells (10
4
 

cells per plate) were incubated with the rod, sphere and star G-AuNPs (5×10
8
 nanoparticles) 

for 4h, 24h and 48h at 37 ºC. The medium was removed and cells were washed with PBS ( 3 
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times) before trypsinizing, centrifuged and the cell pellets were digested at 85 °C with 200 µl 

of fresh aqua regia for 4 h. Then each digested sample was diluted to 6 ml with Millipore 

water. The concentration of gold, determined by ICP-MS (Thermo-Fisher Scientific, 

Germany), was converted into the number of AuNP per cell. 

3.4.5 Dark field images of cell lines: Cellular uptake of AuNPs was examined using dark 

field microscopic images. HeLa, MDA-MB-231 and NIH-3T3 cells (10
4
 cells per plate) were 

seed into 6 well plate with cover slip at the bottom and allowed to grow for 24 h in DMEM 

medium containing 10% FBS. Then cells were treated with AuNPs (5×10
8
 nanoparticles) and 

incubated at 37 °C for 24 h. Later, cells were washed 3 times with PBS and fixed with 4% 

paraformaldehyde at 37 °C for 15 min. The coverslips were then placed on the slide and fixed 

it with mounting media and dark field images were collected by exciting the cells with white 

light. 

3.4.6 TEM images of cells containing nanoparticles: The uptake of different shapes of 

AuNPs by HeLa cells was assessed by transmission electron microscopy. HeLa cells (10
4
) 

were seeded in 6-well plates at 37 °C for 4 h.  Cells were treated with different shapes of 

AuNPs (5×10
8
 nanoparticles) for 24 h at 37 ºC, followed by trypsinization. The pellet was 

fixed with 2.5% of glutaraldehyde in PBS for 4 h. The fixed cells were washed with PBS, 

further treated with 1% osmium tetroxide in water, then again washed with Millipore water 

for 2 times. The pellet was stained with 2% uranyl acetate in water for 1 h in dark after that 

the cells were again washed with water further dehydrated in ethanol (50%, 75%, 95% and 

100%). The cell pellet was made into blocks by using Epon resin kit (DER 332, DER 732) by 

heating at 60 °C for 48 h. Sections of 70–90 nm thickness were cut on an ultramicrotome 

(RMC MTX) using a diamond knife. The sections were deposited on carbon-film copper 

grids and lead citrate treatment at room temperature for 3 min prior to TEM.  

3.4.7 Cellular uptake mechanism: For all these experiments, DC-SIGN transfected HeLa 

cells were grown in 8-well chamber and treated with the specific inhibitor for 30 mins 

followed by R-2 (5 × 10
8
 NPs per ml) for 4 h at 37 °C. For energy dependent study, cells 

were incubated for 30 mins with NaN3 (50 mM). For dynamin-mediated (clathrin and 

caveolae-mediated uptake) cells were treated with dynasore Hydrate (50 µM). For clathrin 

mediated uptake studies chlorpromazine (25 µM) were added. For caveolae mediated uptake, 

cells were treated with methylated-β-cyclodextrin (10 mM). For mannose-dependent uptake, 

cells were treated with high mannose glycans (1µg) for 30 mins. After 4 h of R-2 treatment, 
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cells were washed to remove unbound materials; ICP-MS of these samples were done as 

reported in respective sections. Similarly, we performed same experiments for HepG2 by 

incubating with R-3.  

3.4.8 Zeta potential studies: We used a zeta-potential analyzer to measure the surface 

potential of AuNPs. The electrostatic potential on the particle surface is called the zeta 

potential. In the measurement, we applied unit field strength (1 Volt per metre) to the AuNP 

solution. We measured zetapotential of different shapes of AuNPs in water. In case of 

DMEM medium, We incubated all AuNps in DMEM medium for 24 h and purified by 

centrifugation and measured zetapotential. 

3.4.9 Phenol-sulfuric acid method to quantify sugars on AuNPs: The concentration of 

mannose/ galactose sugars on AuNPs was determined by the phenol-sulfuric acid method. 

100 μL sugar functionalized-AuNPs were were added to concentrated sulfuric acid (750 μL, 

100%) and aqueous phenol solution (5% w/v, 100 μL) in the test tube and heated to 80°C. 

After 5 min, solution was cooled to room temperature and the absorbance coefficient at 490 

nm was measured. AuNPs as such in sulfuric acid was used as a control. The sugar 

concentration was estimated by comparing the absorption of the sample with a standard 

curve.  
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Chapter 4 

Mapping the Glyco-Gold Nanoparticles of Different Shapes 

Toxicity, Bio-distribution and Sequestration in Adult 

Zebrafish  
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4.1 Introduction 

Carbohydrate on the cell surfaces has been recognized as the first line of contact for 

pathogens, toxins and cells
1
. Nature has utilized multivalent binding between carbohydrate 

and proteins to increase the avidity of cell signaling, molecular recognition and 

inflammations. Hence, mimicking multivalent interactions using synthetic nanoparticles can 

lead to potential therapeutic models to treat inflammations, imaging, bacterial infections, and 

cancer
2-5

. Till date, the mouse model has been extensively used as in vivo in all these 

glyconanotechnology research 
6-12

. However, owing to a significant amount of sample 

consumption, and complex biological system, there is a need for an alternative information 

rich, simple in vivo system to reduce quantity of materials consumption and at the same time 

acquiring useful biological information at inexpensive, before planning the experiment with 

the complex models. Animals including fish, insects and worms are considered to be the 

simple model for pre-clinical research and each of these in vivo tools has their own merits and 

demerits. For example, Caenorhabditis elegans is widely used to investigate the chemical 

toxicity due to its sensitivity to oxidative stress
13

. Moreover, they have a short lifespan, 

transparency, ease of cultivation, and high-level conservation of the vertebrate genome. 

However, the lack of specific organs (eyes and ears) and specific tissues (bones) limits its 

applications for further pharmacokinetics studies. Similarly, the invertebrate Drosophila 

melanogaster and Hydra have also received similar attention
14-16

. Drosophila offers various 

organs similar to human systems including the digestive system, blood vessels and kidney, 

and high genetic homology with the human genome. However, fruit flies have lack of vital 

organs such as kidney, liver and spleen. In contrast, zebrafish has been used as a model in 

developmental biology and wide range of human diseases, including cancer, cardiovascular 

disorders, neurological diseases, liver diseases and immunological studies
17-20

. Zebrafish is 

considered to be one of the simple animal models with widely accepted ethical principles and 

cost of each experiment is expected to be less than a dollar. Currently, zebrafish model was 

used to study the human diseases, including cancer, cardiovascular disorder, neurological 

diseases, liver diseases and immunological studies
21-23

. In addition to study the human 

disease, zebrafish model was also used in nanotechnology research. Li and his coworkers 

have used zebrafish model to evaluate the neural behavior of silica nanoparticles. Similarly, 

Zhu et al used fish model to demonstrate the toxicity of gold nanoparticles decorated with 

positive, negative and neutral charged ligands. Recently, Kovriznych et al has shown that 

zebrafish model can be used for optimize the toxicity of the different types of nanoparticles.
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24-27
 However, the shape dependent gold nanoparticles toxicity, biodistribution and 

sequestration has not studied well so far in zebrafish model. Herein, we report the potential 

application of adult zebrafish in glyco-nanomaterial research. As a prototype, we report how 

different shapes of PEG and mannose capped goldnanoparticles (AuNPs) influence the 

toxicity, uptake and clearance in the zebrafish model. Previously, it has been shown that 

shape of the glyco-gold nanoparticles significantly influences carbohydrate-mediated 

bacterial adhesion and endocytosis in mammalian cells
28

. Hence, deciphering the role of 

different shapes of gold-nanoparticles in in vivo system undoubtedly results in designing 

better glycoprobes to target or inhibit the carbohydrate-protein interactions (CPI).  

4.2 Results & Discussion 

4.2.1 Synthesis and characterization of Fluorescein - conjugated glyco-gold 

nanoparticles: To assess the interplay between the shape and carbohydrate-mediated 

interactions in the zebrafish model, AuNPs were synthesized by using PEG or mannose and 

fluorescein linker. The required mannose-linker was synthesized as described in the 

literature
28

. The fluorescent-linker (18) was synthesized from (13), which was obtained by 

treating with thioacetic acid and azo-isobutyronitrile (AIBN), followed by one-pot de-

acetylation and de-esterification to yield compound 15. Coupling between tert-butyl (2-

aminoethyl) carbamate and 5-Carboxyfluorescein resulted in compound 17, which was 

further deprotected and in situ coupling of 15 gave the final fluorescein linker 18. Hybrid-

AuNPs were synthesized by mixing stoichiometric ratio (8:2) of mannose-linker (10) and 

Fluorescein linker (18) (Scheme 1 and Fig 1). Unreacted ligands were separated by 

centrifugation. Similarly, pegylated hybrid AuNPs were also synthesized. The hybrid glyco-

AuNPs were characterized by using UV-visible, fluorescence, (Fig. 2) zeta potential, and 

scanning  electron microscopy (SEM) techniques. UV-visible spectra of glyco 

goldnanoparticles (G-AuNPs) dispalyed characteristic localised surface plasmon resonance 

(LSPR) peaks at 830 nm and 525 nm for rod-AuNPs, for spherical-AuNPs and 723 nm, for 

star-AuNPs respectively. Absorbtion peak between 400-500 and emission at 524 nm, 

provides the evidence for conjugation of fluorescein on AuNPs.corresponds. The sugar and 

fluorescein conjugation on AuNPs was quantified by phenol-sulfuric acid assay and UV-

visible spectroscopy (Table 2). The zeta potentials of nanoparticles were measured in both 

Dulbecco‟s Modified Eagle‟s Medium (DMEM) containing 10% fetal bovine serum (FBS) 

and water. The changes in zeta potentials confirmed displacement of primary surfactants by 
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neutral charged sugar and fluorescein linkers. In DMEM media, the soft layer of fetal bovine 

serum proteins interacts with carbohydrates moieties
29

 and alters the zeta-potential on the 

AnNPs further (Table 1). SEM images of mannose-AuNPs displayed almost identical size 

similar to native AuNPs (Fig. 3).  

 

Scheme 1. Synthesis of Fluorescein modified linker: (a) Thioaceticacid, AIBN, 1-4 dioxane, 60°C; 

(b) (i) NaOMe, MeOH, 2 h, (ii) TFA : DCM (1:1), 2 h; (c) tert-butyl (2-aminoethyl)carbamate, EDC, 

HOBt, Pyridine, 12 h; (d) (i) TFA : DCM (2:8) (ii) 15, EDCI, HOBt, Pyridine, 12 h. 

 

Figure 1. Synthesis of Fluorescence conjugated G-AuNPs: mixing of respective sugar (10 or 12) and 

18 (8 : 2) ratios in water and methanol mixture (1:1) at RT for 12 h. 

(8 : 2) 
H2O/MeOH

+
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+
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+
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Figure 2. UV-visible spectra of FL conjugated sphere, rod and star G-AuNPs in water (a, c, e) and 

Fluorescene spectra of sphere, rod and star (b, d, f) respectively. 

 

Figure 3. SEM images of (a) S-2; (b) R-2; (c) St-2 G-AuNPs. 
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Table 1. Physical charecteristics of FL conjugated G-AuNPs. 

 

Table 2. Quantification of sugars and fluorescence functionalised G-AuNPs 

 

Particle Diameter(s) (nm) λmax (nm) 

ζ-potentials (mV) 

Water DMEM 

Rod 47.6 ± 3.0 × 12.3 ± 1.5 820 30.9± 1.3 5.42 ± 0.6 

Sphere 16.5 ± 2.0 524 -22± 1.2 -16.8 ± 0.3 

Star 42.3 ± 2.5 × 16.1 ±  1.0 714 -27.5± 1.0 -6.9 ± 0.5 

R-2 48.8 ± 3.5 × 12.6 ± 1.5 830 9.5± 1.5 6.1 ± 0.7 

R-1 46.9 ± 3.0 × 12.0 ± 1.5 825 28.9 ± 1.0 2.9 ± 0.9 

S-2 19.5 ± 1.5 525 -20.1± 1.5 -4.9 ± 0.2 

S-1 19.0 ± 2.0 524 -13.7± 1.2 -2.1 ± 0.5 

St-2 45.5 ± 1.2 × 16.5 ± 2.0 723 -21.1± 1.8 -3.1 ± 0.9 

St-1 44.0 ± 1.0 × 16.5 ± 1.0 723 -17.1± 1.2 -5.2 ± 0.8 

S.No  Nanoparticles  FL Concentration (µg/mL)  Sugar Concentration (µg/mL)   

1 

2  

3 

4 

5 

6 

S-1 

S-2 

R-1 

R-2 

St-1 

St-2  

 25.54 ± 3.4 

36.12 ± 2.74 

41.4 ± 3.41 

45.5 ± 4.78 

29.23 ± 1.54 

38.01 ± 2.45 

 

1.9 ± 0.3 

 

1.7 ± 0.12 

 

1.7 ± 0.9 
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4.2.2 Acute toxicity: The nanomaterial toxicity was extensively explored in the zebrafish 

model by exposing fishes in the nanoparticles containing tank (classical method). Although 

zebrafish of all life stages are utilized for toxicological studies, we chose to use adult 

zebrafish for this study due to their ability to absorb particles effectively. Furthermore, the 

nanoparticles were administration into the zebrafish via intraperitoneal injection instead of 

classical method to reduce the amount of sample consumption and toxicity can be observed 

with minimum number of fishes
30

. To this end, AuNPs were intraperitoneal injected to the 

adult zebrafish and followed their mortality. It has been observed that none of the G-AuNps 

showed toxicity upto 120 h, indicating that G-AuNPs are biocomatible for in vivo studies 

(Fig. 4). 

 

Figure 4. Percentage of motality of zebrafish with respect to concentration in presence of G-AuNPs at 

120 h. 

4.2.3 Biodistribution and sequestration studies of G-AuNPs in Zebrafish model: Since 

the AuNPs were non-toxic, it is worth to study their biodistribution and sequestration to 

target the specific organ using different shapes
31-33

 and carbohydrate receptors. To this end, 

PEGylated and mannose-AuNPs  (5 µg/g) of different shapes were intraperitoneally injected 

into zebrafish (Fig. 5). After 4 h, 24 h and 48 h exposure, fishes were sacrificed and different 

organs (brain, eye, heart, muscles, swim bladder and digestive system) were dissected. We 

examined the biodistribution of AuNPs into the various organs by quantifying the gold 

concentration using inductively coupled plasma mass spectrometry (ICP-MS). Figure 6 

shows the organ-specific AuNPs sequestration at different time intervals. Our results 

demonstrated remarkable sensitivity of  the zebrafish towards mannose-AuNPs compared to 

PEG-AuNPs. Mannose-AuNPs were sequestered in the digestive system, swim bladder and 

heart, but not in the brain, muscles and the eyes (Fig. 6, 7). However, the intrinsic shape of 

the AuNPs generated unexpected interrelationship on the number of AuNPs uptake and 
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Figure 5. Schematic diagram of injection of G-AuNPs into zebrafish, mounting for dissection and 

collection of respective organs. 

clearance. As illustrated in figure 6(a), the digestive system exhibited maximum mannose 

AuNPs sequestration after 4 h. However, after 24 h and 48 h a drastic difference in the shape 

dependent accumulation of nanoparticles was observed. Elongated particles (R-2)  

accumulated in higher number in the initial state and got cleared after 48 h, whereas, the St-2 

was accumulated in steady state and sequestered for extended periods of time as compared to 

S-2. PEGylated-AuNPs had the least sequestration, demonstrating the inter-relationship 

between shapes and carbohydrate-mediated interactions. The sequestration of mannose-

AuNPs further support the presence of sugar receptors, either in the form of dendritic cell-

specific intercellular adhesion molecule-3-grabbing non integrin (DC-SIGN) or other C-type 

lectins. Similar trends were observed in heart, indicating the broad distribution of mannose 

receptors in the zebrafish model. In the swim bladder, accumulation was higher for mannose 

nano-rod (R-2) after 4 h
34-35

. However, after 24 h and 48 h, clearance of R-2 and slow 

sequestration of star- nanoparticles further confirm the therapeutical value of star-AuNPs. 
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Figure 6. Statistical analysis of ICP-MS data of digestive system, hearth and swimming bladder of 

zebrafish at different time intervals: (a) digestive system-4 h; (b) digestive systm -24 h; (c) digestive 

system -48 h; (d) heart-4 h; (e) heart -24 h; (f) heart -48 h; (g) swim bladder-4 h; (h) swim bladder -

24h; (i) swim bladder-48h. Data are presented as mean ± SEM for three independent experiments 

(***P<0.001, **P<0.01 *P<0.05 and n.s = not significant). 
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Figure 7.  Statistical analysis of ICP-MS data of brain, eye and muscles of zebrafish at different time 

intervals: (a) brain -4h; (b) brain -24 h; (c) brain-48 h; (d) eye -4 h; (e) eye-24 h; (f) eye-48 h; (g) 

muscles -4 h; (h) muscles-24 h; (i) muscles-48h. (***P<0.001, **P<0.01 *P<0.05 and n.s = not 

significant). 
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The observed differences in the rate of biodistribution and sequestration of different 

shapes of AuNPs could be attributed to several physical factors associated with the 

nanoparticles and the chemical compositions as well. The physical factors such as aspect ratio 

of rod shape nanoparticles induced fast uptake and clearance from the system compared to 

spherical counter parts. While friction coefficient of nanoparticles (NPs), which is high in the 

star-shape AuNPs
36

 and tumbling motion of NPs underflow invivo system is expected to be 

influence the sequestration of the star AuNPs. In addition, mannose based interactions could 

also influence the uptake mechanism. However, these interactions is more precise with higher 

glycans conjugated AuNPs. Finally, clearance of AuNPs was quantified by gold 

concentration in the water tank. As illustrated in figure 8, the PEG-AuNPs clearance from the 

zebrafish system much faster than the mannose-AuNPs counterparts. Further, star-AuNPs 

slow clearance further illustrates the significance of shapes in the in vivo studies.  
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Figure 8. Clearance of Glyco-goldnanoparticles after (a) 4 h; (b) 24 h; (c) 48 h. administration into 

zebrafish. (***P<0.001, and n.s = not significant). 

The accumulation of fluroscence conjugated G-AuNps in digestive system was 

qualitatively analyzed by confocal imaging of the tissue sections
37

. Figure 9 explicitly 

describes the relative fluorescent intensity of   fluorescein conjugated G-AuNPs after 4 h. As 

expected, PEGylated nanoparticles were least sequestered in the digestive systems. While, 

mannose-AuNPs seem to taken up substantial by the digestive system.  The time dependent, 

confocal imaging of St-2 clearly showed that St-mannose-AuNPs sequestered in the digestive 

system for a long period (Fig 9) compared to R-2. overall, the shape and mannose 

conjugation on the nanoparticles showed remarkable differences in the biodistribution and 

sequestration, which could influence the toxicity after several days. 

 

(a)                                               (b)                                           (c)  
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Figure 9. Confocal images of zebrafish digestive system injected with FL conjugated G-AuNPs after 

4 h: (a) S-1, 4h; (b) R-1, 4h; (c) St-1, 4h; (d) R-2, 24h; (e) R-2, 48h; (f) S-2, 4h; (g) R-2, 4h; (h) St-2, 

4h; (i) St-2, 24h; (j) St-2, 48h. 

4.3 Conclusion 

Here, we describe successfully constructed bifunctional fluorescent glyco-gold-

nanoparticles to probe its in vivo efficiency using zebrafish model. The binding interaction 

between the mannose epitopes of AuNPs and lectins clearly showed the spatial arrangement 

of sugars on AuNPs influence the selective and sensitive carbohydrate-protein interactions. 

The intraperitonial injection of these nanoparticles into the adult zebrafish resulted very low 

toxicity, indicating the potential use of these nanoparticles for drug delivery and imaging 

studies. Using ICP-MS analysis and confocal imaging, we have demonstrated that the rate of 

bio-distribution of the AuNPs varies with its shape and mannose conjugation. Rod-AuNPs 

showed faster uptake   and clearance. In contrast, star-AuNPs showed slow and long 

sequestration compared to other two shapes. Moreover, AuNPs showed remarkable 

sensitivity towards mannose compared to PEG linker.  

4.4 Experimental Section 

4.4.1 General Information: All chemicals were reagent grade and used as supplied except 

where noted. Analytical thin layer chromatography (TLC) was performed on Merck silica gel 

60 F254 plates (0.25 mmol). Compounds were visualized by UV irradiation or dipping the 

plate in CAM/ninhydrin solution followed by heating. Column chromatography was carried 

out using force flow of the indicated solvent on Fluka Kieselgel 60 (230–400 mesh). 
1
H and 

13
C NMR spectra were recorded on Jeol 400 MHz, using residual solvents signals as an 
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internal reference (DMSO d6 δH, 2.5, 3.3 ppm, δC 39.5 ppm and CD3OD δH 3.31 ppm, δC 49.0 

ppm). The chemical shifts (δ) are reported in ppm and coupling constants (J) in Hz. UV-

visible measurements were performed with Evolution 300 UV-visible spectrophotometer 

(Thermo Fisher Scientific, USA). Fluorescence spectra were recorded in FluoroMax-4 

spectrofluorimeter (Horiba Scientific, U.S.A.). 

4.4.2 Synthesis of Fluorescein linker  

 

                                        

Synthesis of Compound (17): 5-carboxyl-fluorescein 16 (0.2 g, 0.72 mmol), HOBt (0.08 g, 

0.53 mmol) and EDCI (0.153 g, 0.79 mmol) were stirred in dry pyridine at ice cold condition 

for 15 min. To this solution tert-butyl (2-aminoethyl) carbamate (0.127 g, 0.79 mmol), was 

slowly added. The corresponding reaction mixture was allowed to stir for 12 h. After 

completion of reaction (monitored by TLC), the crude reaction mixture was concentration 

and purified by column chromatography with MeOH : DCM (20 : 80) to afford compound 

17. Yield: 0.2 g, (72 %). 
1
H NMR (400 MHz, DMSO-d

6
) δ 10.24 (s, 2H), 8.84-8.68 (m, 1H), 

8.25 – 8.07 (m, 1H), 8.02 – 7.96 (m, 1H), 7.72 (d, J = 8.4 Hz, 1H), 7.54 (t, J = 7.6 Hz, 1H), 

7.43-7.37 (m, 1H), 6.98-6.86 (m, 1H), 6.70 (s, 1H), 6.62-6.53 (m, 3H), 3.22 (q, 1H), 3.18-

3.13 (m, 2H), 3.05 (q, J = 6.2 Hz, 1H), 1.38 (s, 9H). 
13

C NMR (100 MHz, DMSO-d
6
) δ 

168.67, 168.52, 165.28, 162.77, 160.08, 156.20, 152.30, 129.70, 129.54, 128.27, 127.68, 

126.86, 124.91, 123.82, 119.58, 113.21, 113.14, 110.10, 109.62, 109.58, 102.78, 102.72, 

78.16, 78.08, 49.07, 36.25, 28.70, 28.63. HRMS for C28H26N2O8 (M+H)
+ 

calculated m/z =  

519.1767; Found, 519.1767. 
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Synthesis of Compound (18): Compound 17 (0.2 g, 0.38 mmol) was dissolved in 1 ml of 

TFA : DCM ( 1 : 1) and allowed to stir for 2 h. After completion of the reaction, the crude 

mixture was concentrated and directly taken into next step, to this HOBt (0.06 g, 0.38 mmol), 

EDCI (0.11g, 0.57 mmol) and compound 15 (0.19 g, 0.57 mmol) were added in pyridine. The 

corresponding reaction mixture was allowed to stir for 12 h. After completion of reaction 

(monitored by TLC), the crude reaction mixture was concentrated and purified by column 

chromatography with MeOH : DCM (20 : 80) to afford compound 18. Yield: 0.08 g (41 %). 

1
H NMR (400 MHz, CD3OD) δ 7.89 (d, J = 8.3 Hz, 2H), 7.75 (d, J = 8.3 Hz, 2H), 7.58 – 7.48 

(m, 5H), 3.75 (t, J = 6.3 Hz, 2H), 3.68 – 3.57 (m, 12H), 3.47 (t, J = 6.6 Hz, 2H), 2.69 (t, J = 

7.2 Hz, 2H), 2.57 (t, J = 6.2 Hz, 2H), 1.70 – 1.66 (m, 2H), 1.57 (t, J = 6.9 Hz, 2H), 1.52 – 

1.42 (m, 2H), 1.41 – 1.26 (m, 16H). 
13

C NMR (100 MHz, CD3OD) δ 173.90, 141.33, 128.19, 

127.01, 126.97, 125.86, 117.22, 110.05, 70.98, 70.17, 70.16, 70.08, 70.01, 69.75, 66.42, 

38.44, 34.43, 34.35, 29.33, 29.25, 29.22, 29.19, 28.91, 28.82, 28.05, 26.23, 25.82. HRMS for 

C43H56N2O11S (M+Na)
+ 

calculated m/z =  831.9738; Found, 832.5280. 

4.4.3 Synthesis of fluorescence glyco-gold nanoparticles: Gold nanoparticles of different 

shapes were synthesized by applying literature procedures
38-40

. 0.5 ml of 1 mM thiol PEG 

linker (1) /thiol mannose linker (2) and 0.1 mM of 8 were mixed with 0.5 ml of the AuNPs 

solution. After incubation at room temperature for 12 h, the modified Au nanostructures were 

separated by centrifugation and re-dispersed in deionized water. 

4.4.4 Zeta potential studies: We used a zeta potential analyzer to measure the surface 

potential of AuNPs. In the measurement, we applied unit field strength (1 Volt per meter) to 

the AuNP solution. We measured zeta potential of different shapes of AuNPs in water. In the 

case of DMEM medium, we incubated all AuNps in DMEM medium (containing 10% FBS) 

for 24 h and purified by centrifugation and measured zeta potential. 

4.4.5 Phenol-sulfuric acid method to quantify sugars on AuNPs: The concentration of 

mannose sugars on AuNPs were determined by the phenol-sulfuric acid method. 50 μL sugar 
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functionalized-AuNPs were added to concentrated sulfuric acid (130 μL, 100%) and aqueous 

phenol solution (5% w/v, 30 μL) in the test tube and heated to 90°C. After 5 min, the solution 

was cooled to room temperature and the absorbance coefficient at 490 nm was measured. 

AuNPs as such in sulfuric acid was used as a control. The sugar concentration was estimated 

by comparing the absorption of the sample with a standard curve. The FITC concentration 

was measured by using absorption coefficient of FITC. 

4.4.6 Zebrafish model: Local wild-type zebrafish strain weighing approximately 500-600 

mg (2-3 months old) were maintained under standard laboratory conditions at 28 ºC under 

14:10 h light/dark cycle conductivity of 350 μS of the water maintained at pH 7.2 – 7.4. The 

surgical procedures were performed in accordance with Institutional Animal Ethical 

Committee regulation, set up by CPCSEA, Govt. of India. 

4.4.7 Acute toxicity determination: Zebrafishes were anesthetized with 2-phenoxyethanol 

and -AuNPs were injected. The number of zebrafish in each experimental and control group 

was 6 in each group. 

4.4.8 Sample preparation for ICP-MS analysis: Zebrafish were anesthetized with 2-

phenoxyethanol and injected 2 µl contain 5 µg/g nanoparticles of rod, sphere and star shape 

AuNPs via intraperitoneally using catheter implantation tubing attached to a cut 22-G needle 

tip at one end and another end attached to Hamilton syringe. After 4 h, 24 h and 48 h 

injection, fishes were sacrificed and organs were collected. Organs were homogenized with 

400 μl of aqua regia at 95 °C for 4 h. All digested samples were centrifuged at 5000 rpm for 

10 min to remove debris. Then each digested samples were diluted to 6 ml with Millipore 

water. The concentration of Au, determined by ICP-MS (Thermo-Fisher Scientific, 

Germany), was converted into the number of AuNPs per one mg. 

4.4.9 Confocal imaging studies: Zebrafish were anesthetized with 2-phenoxyethanol and 

injected with 2 µl contain 5 µg/g nanoparticles of FITC conjugated G-AuNPs via 

intraperitoneal injection. After 4 h and 48 h of injection, fishes were sacrificed and digestive 

system was collected. Organ was fixed with 4% paraformaldehyde and 4% glutaraldehyde 

followed by dehydration with the gradient increase of ethanol (75%, 95%, 100%) for 30 min 

each, further with xylene for 1 h and then fixed in paraplast. Blocks were stored in -10 °C for 

12 h before proceeding to section. 10 µm thicknesses of sections were cut by using Leica 

microtome instrument and sections were collected on PLL-coated glass plates. The sections 

were washed with xylene to remove excess of paraplast. After drying, sections were fixed 
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with mounting media. Sequestration of AuNPs in digestive system was analyzed by confocal 

fluorescence microscopy using CLSM (Zeiss LSM 710) microscope. The excitation 

wavelength was 450 nm, detection wavelength was 510 nm. 25X objective was used to image 

digestive system sections  

4.4.10 Statistical analysis: Statistical comparisons were done using the student t test or one-

way ANOVA. The ***P<0.001 **P<0.01 *p < 0.05 is considered to be statistical significance. 
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4.6 Appendix I: Characterization Data of Synthesized Compounds 

Designation Description Page 

Compound 17 
1
H, 

13
C, HRMS 94-95 

Compound 18 
1
H, 

13
C, HRMS 96-97 
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1. NMR Spectras of FITC conjugated linker 
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Chapter 5 

(Miscellaneous) 

Self-Assembly of Collagen Glycopeptides to Profile Cell 

Migration and In Vivo Wound Healing 
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5.1 Introduction 

 Protein glycosylation is a post-translational process responsible for more than 50% of 

protein modifications in nature. Attaching glycans to proteins results in a dramatic increase in 

the bioavailability, stability and solubility of proteins.
1-5

 However, the primary roadblock in 

the application of glycopeptides or glycoproteins to delineate the biology of disease pathways 

is the limited availability of robust, affordable and accessible synthetic platforms that are 

useful to decipher the biochemical basis of glycoprotein interactions. Recently, signature-

based profiling of glycopeptides has provided a powerful strategy for mimicking the protein 

structure to understand the functions of post-translational modifications.
6-10

 Such synthetic 

approaches have been used to prepare tumour-associated MUC-1 conjugates, collagen,
11

 

coiled-coils and anti-freezing glycopeptides for the study of structure-function relationships 

of native proteins.
12-14

 

 The synthesis of glycopeptides is normally carried out by incorporating glycosylated 

amino acid residues into the peptide skeleton in a step-wise process
15

 or via convergent 

synthesis, where functionalization is achieved at the final step.
14,16-17

 Host-guest interaction 

between sugar functionalized β-cyclodextrin (β-CD) and adamantyl scaffolds has recently 

emerged for the convergent assembly of multivalent glycodendrimers.
18-19

 In comparison to 

step-wise process, the host-guest strategy allows high-throughput process to obtain a dynamic 

combinatorial library in a short span. Taken such advantages, we established host-guest 

strategy between 4-adamantyl-capped peptides and sugar-appended β-cyclodextrin to create a 

versatile combinatorial library of glycopeptides. We combine solid phase peptide synthesis, 

high-throughput phenotypic-cells migration assay, molecular biology and murine wound 

healing model to identify specific glyco-peptides involvement in cell migration. Briefly, we 

designed a library of collagen modified glycopeptides (CMGs), which is one of the most 

abundant fibrous structural proteins in the extracellular matrix and extensively involved in 

cell migration process.
20-24

 We modified the collagen peptide (CPs) with 4-adamantyl 

derivatives, such that the triple helicity of the collagen remain intact and also undergo host-

guest interactions with β-cyclodextrin derivatives. We subsequently performed high-

throughput cell migration assay using primary and secondary cell lines, followed by 

mechanistic studies to identify specific combination that can evidently be involved in murine 

wound healing process.  Thus, our convergent method of screening the cell migration is 

highly scalable to identify different targets and also represent exciting new venue for drug 

discovery and inhibitors. 
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5.2 Results and discussions 

5.2.1 Construction of glyco-collagen library: Previous studies on functionalization of 

collagen have revealed that the middle site (Y-position) of proline-hydroxyproline-glycine 

triad is ideal for bio-conjugations without hampering the collagen triple helix structure.
14 

To 

monitor the glyco-collagen mediated biological responses, we synthesized two control CPs 

(C-1 and C-2) and adamantyl-CP (C-3) (Fig. 1 and Scheme 1-2) using a solid phase peptide 

synthesizer by following the standard protocol. The CPs was purified by reverse phase semi-

preparative high-performance liquid chromatography (HPLC) (Fig. 5) and characterized by 

MALDI-TOF (Table. 2).   

 The binding events between specific glycans and their complementary receptors occur 

in a multivalent and cooperative manner
.25-26

 Hence the β-cyclodextrin (β-CD) conjugates of 

common mono/disaccharide derivatives found in mammalian cell surfaces were synthesized
 

(G-2 to G-7) to mimic the collagen sugar microenvironment (Fig. 1 and Scheme 3).
27-29

 

Circular dichroism (CD) spectra and corresponding thermal unfolding curves of peptides C-1 

to C-3 and their β-CD complexes were used to verify the successful triple-helix formation of 

the CPs (Fig. 10 and Table 3). Further the morphological nature of peptide C-1 to C-3 

evaluated by Scanning Electron Microscopy (SEM).  As seen in SEM images, peptides C-1, 

C-2 underwent self-assembly into nano-needle structures whereas, C-3 displayed flat nano-

needles with an average size of 800 nm  120 nm (Fig. 11).  

 Collagen peptide (C-3) was non-covalently conjugated by mixing stoichiometric 

amounts (1:1) of β-CD derivatives (G-1 to G-7) yielding a combinatorial library of glyco-

collagen peptides in a minute (Fig. 6). The ESI-MS (soft ionization) data for C-3/G-1 of m/z 

862 [M+2K+2H]
+
/4 (Fig. 8i(b)), corresponding to the host-guest complexes, validated the 

formation of host-guest glyco-collagen peptide (GCC) complexes. The peaks at m/z 768 and 

1135 corresponding to individual C-3 and G-1 respectively, in the mass spectra arise from 

partial dissociation of C-3/G-1 complex due to the collision of the analyte ions with neutral 

gas molecules during the ionization process. Similarly, the mass spectral data of C-3/G-4 

(m/z 1242; [M+K+3H]
+
/4), C-3/G-5 (m/z 1213; [M+K+3H]

+
/4), C-3/G-10 (m/z 1525; 

[M+K+3H]
+
/4) and C-3/G-6 (m/z 1289; [M+K]

+
/4) confirmed the existence of supramolecular 

assemblies of respective GCCs and β-CD derivatives (Fig. 8ii-iii). Further 
1
H-NOESY NMR 

supported the anchoring of β-CD on adamantyl moiety as a supramolecular assembly. The 

overlapping of Pro-Hyp and β-CD peaks in the range 4.0 to 3.2 ppm, prevented unambiguous 
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assignment of the β-CD peaks for identifying changes due to host-guest complex. However, 

the adamantyl Ha-Hc peaks revealed strong NOE interactions with the protons in β-CD region 

(Fig. 7), confirming the formation of supramolecular complex between adamantine and β-

CD, not with phenyl group. Finally, the stability of the inclusion complex was confirmed by 

ITC (Fig. 9 and Table 1). The morphology of the complexes was confirmed by SEM studies 

(Fig. 11, Table 2). Glyco-collagen peptide C-3/G-1 formed bi-fringe needle-like 

morphologies, which has slightly different topology of the host-guest complexes compared to 

its native form and similar morphology was observed for C-3/G-2 complexes. 

 

 

 

 

 

 

 

 

 

Figure 1. Molecular structures of host-guest complex of collagen related peptides (C-1 to C-3) and of 

the sugar-capped β-cyclodextrin derivatives (G-1 to G-7). 

5.2.2 Identification of glyco-collagen peptides associated with wound healing. The effect 

of synthetic glyco-collagen conjugates on cell migration was investigated with primary 

fibroblast cells isolated from murine tissues (ear and tail)
30 

and secondary fibroblast cell lines 

such as NIH-3T3 and BJ cells. Different human cancer cells, including a cervical epithelial 

cancer (HeLa), breast cancer (MDA-MB-231) and endothelial cells (hUVEC) were also used 

to investigate the cell migration. The choice of specific cell lines are based on the fact that 

fibroblasts and endothelial cells are directly involved in wound healing process
31

 and cells 

isolated from primary murine tissues are often mimic in vivo responses. Identifying the 
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specific glyco-collagen molecules responsible for cell-motility of cancer cells has 

implications in basic and translational research to target invasion and metastatic process.
32

   

Figure 2. (i) Schematic representation of synthesis of library of collagen related peptides by host-

guest method and its effect in cell migration (ii) Hierarchical clustering analysis (HCA) of cell 

migration assay with different collagen modified glycopeptides (CMG) combinations after 6 h (HeLa, 

MDA-MB-231), 10 h for (BJ, hUVEC, NIH-3T3), and 10 h for (skin, ear cells extracted from mouse) 

(iii) Bright field images of progressing wound healing of skin cell lines after 10 h; (a) C-3; (b) C-3/G-

1; (c) C-3/G-2; (d) C-3/G-3; (e) C-3/G-4; (f) C-3/G-5; (g) C-3/G-6; (h) C-3/G-7. 

(i) 

(ii) 

(iii) 

(a)           (b)             (c)             (d) 
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Cell migration assays were carried out using standard literature protocols.
33

 The 

phenotypic cells were seeded in 24-well plates, allowed to form monolayer by maintaining at 

37°C in a CO2 incubator (Fig. 2i). The monolayer was scratched with 1000 µl sterile tips, in 

each well to generate wounds followed by seven different combination of GCCs (200 µM) 

were added and assayed. The commercially available Collagen-II (200 µM), sugars alone (G-

1 to G-7) and CPs alone (C-1 to C-3) were used as controls and the bright field images were 

recorded every one hour until any of the specific combinations of GCCs resulted in 100% 

wound healing with respect to untreated cells. It is hypothesized that the disparity in cell 

surface sugar receptors on different cells and the morphology of the GCC may influence the 

rate of wound healing process. The hierarchical clustering results were used to trace 

particular combinations of GCCs that are responsible for specific cell type wound healing and 

to elucidate the mechanism(s) of these processes (Fig. 2ii). For consistency, results were 

obtained by conducting duplicates and performed three independent times. 

 The hierarchical clustering analysis (HCA) responses of HeLa cell migration 

produced several distinct clusters. Although many combinations of the sugar-peptide 

complexes revealed increased cell migration during the wound healing process than the 

individual components, particularly the C-3 GCC induced stronger wound healing responses 

compared to that of the C-1, C-2 GCCs. Among the sugars, lactose conjugated peptide (C-

3/G-7) showed 90-100% wound healing after 6 h compared to maltose (C-3/G-6) (80-90%) 

and fucose (C-3/G-5) (70-80%) during the same period. HeLa cells have been shown to 

express several sugar receptors and among them, lactose receptors are considered as „Trojan 

horse‟ (Fig. 2ii, and Fig. 13iv).
34  

 In order to explore cell migration of different origins (human and mouse), 

comparative studies of wound healing behavior of the two-fibroblast cell lines i.e., NIH-3T3 

and BJ (Fig. 2ii, and Fig. 13ii-iii) were done. Both cell lines exhibited different sugar based 

hierarchical clusters, indicating differences in their cell surface sugar receptors. It has been 

shown that fibroblasts in general express growth factors, which selectively bind to heparin 

and glucosamine sugar moieties,
35

 while NIH-3T3 cells do not contain galactose specific 

asialoglycoprotein receptors.
36

 Thus, even though both cells are of the same phenotype, they 

may differ in wound healing profiles. With regard to the NIH-3T3 cell line, the combination 

of C-3/G-4 exhibited 90-100% wound healing in comparison to other GCCs. In contrast C-

3/G-3 and C-3/G-2 were effective in wound healing of BJ cells after 10 h (Fig. 13ii). The 

breast cancer cell lines MDA-MB-231 exhibited superior wound healing after 6 h when 



 

104 

 

galactose (C-3/G-2), glucose (C-3/G-3) GCCs were administered (Fig. 13v).
37

 Based on 

these results we can hypothesize that specific carbohydrate receptors and collagen 

recognizing cell-adhesive molecules demonstrate strong cell migration compared to native 

collagen peptides.  

 The experiments with the primary cell lines isolated from the different organs of 

murine (ear and skin) once again demonstrated that C-3 complex with β-cyclodextrins 

modified with galactose (G-2) exhibited 90-100% wound healing in both primary cell lines 

(Fig. 2ii-iii and Fig. 13vi-vii). While, glucose (G-3) and lactose (G-7) displayed variable cell 

migration. The endothelial hUVEC cells also displayed 90-100% wound healing with the 

complexes of galactose (C-3/G-2). Complexes with fucose (C-3/G-5) and lactose (C-3/G-7) 

exhibited 70-80% wound healing (Fig. 13i).
38

 Significantly, all these values are superior to 

control collagen-II, suggesting that the specific sugar-peptide combinations fine-tune the 

microenvironment essential for the cell migration as compared to the full-length collagen 

peptide.  

To examine the mechanism of wound healing, fluorescent imaging experiments were 

performed with FITC conjugated C-3 peptide (C-3-F) (Scheme 2) possessing four distinct 

combinations of sugars (G-1, G-2, G-5 and G-7). The data from confocal images with two 

secondary cell lines (HeLa and BJ) and primary cell line isolated from skin expressing 

different rates of migration with C-3-F GCCs were generated (Fig. 3i). After incubation of C-

3-F and GCC combination for 6 hours, fluorescence was observed on the cell surfaces and 

inside the cells.  Among them, C-3-F and C-3-F/G-1 did not bind to all the three cell lines, 

while BJ cells express C-3-F/G-2, C-3-F/G-7 glycopeptides on their cell surface in a much 

pronounced manner compared to that of other glycopeptides. These findings suggest that C-

3-F GCC derivatives might bind to the cell adhesive molecules through specific sugar-

peptide combination. Thus the sugar and collagen sequence of glycopeptides seem to be 

crucial factors for cell specific interactions and uptake.
 
We hypothesize that the glyco-

peptides bind to cell surface receptors such as integrins to regulate cell migration processes 

while, weak fluorescence intensity indicates less impact of GCCs on cell migration. Similar 

trend was also observed in the skin primary cell line and HeLa cells.  To support this 

hypothesis, the level of integrins on the cell surfaces were examined in the presence of 

specific GCC combinations. 
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5.2.3 Exploring of Integrin binding. Integrins are major class of cell adhesion molecules 

mediating cell-cell and cell-extracellular matrix interactions.
39

 During wound healing 

process, collagen-integrin interactions mediate reorganization of matrix through collagen 

construction. X-ray crystal structure analysis has shown that triple helical structure of 

collagen and presence of 4-hydroxyproline is essential for the binding of integrins.
40-42

 

Integrins (α1β1) are collagen receptors, involved in cell migration and metastatic processes 

found in fibroblast, endothelial and epithelial cells.
43

 All collagens are expected to bind 

specific integrin receptors and up-regulate the expression levels, causing the production of 

matrix metalloproteinases (MMPs). Using multiple antibodies for FACS analysis, we 

distinguished the level of integrin expression in the presence of specific glyco-CPs in primary 

(ear) and secondary fibroblast cells (BJ cells) (Fig. 3ii and Table 7). In case of BJ cells, the 

C-3/G-1 and C-3/G-5 complexes had a small effect on integrin expression (7 % and 11 %) in 

BJ cells whereas, C-3/G-2 expressed high levels (70.5%) of integrin compared to C-3/G-7 

combination (43.3%). In contrast, C-3/G-2 expressed 7 % of integrins in HeLa and 81 % in 

primary skin fibroblast cells, demonstrating that the cell surface binding of glyco-CPs results 

in up regulation of integrins, which may influence MMPs production and promote wound 

healing process.  

To examine the mechanism by which integrin induces cell migrations, the ERK/FAK 

pathways known to induce integrin-mediated cell migration during cell migration were 

examined in BJ and skin fibroblast cells.
44

 Elevated expression levels of these proteins are 

considered as a general marker of cell migration.  To test, if the GCCs inducing integrin 

elevate the ERK and FAK, protein extracts of glycol-CPs (C-3/G-2 and C-3/G-7) treated 

cells at 6 h were analyzed for the expression level of of ERK and FAK. Western blot analysis 

of FAK and ERK showed that BJ cell treated with C-3/G-2 expresed high level of ERK and 

FAK compared to C-3/G-7. In contrast, skin fibroblast cells express strong ERK and FAK in 

presence of both C-3/G-2 and C-3/G-7 conjugates (Fig. 3iii).  Overall, these results suggest 

that the cell adhesion molecules (integrins) and sugar receptors synergistically work together 

to influence cell migration. 
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Figure 3. (i) Fluorescence images of different cells incubated BJ for 10 h, Hela for 6 h, and skin for 

10 h with (a) C-3-F; (b) C-3-F/G-1; (c) C-3-F/G-2, (d) C-3-F/G-5 and (f) C-3-F/G-7 respectively (ii) 

Flow cytometry of integrin (α1β1) expression in BJ cell line after treated with (a) C-3/G-1, (b) C-3/G-

2, (c) C-3/G-5 and (d) C-3/G-7; integrin expression in HeLa celline after treated with (e) C-3/G-1, (f) 

C-3/G-2, (g) C-3/G-5 and (h) C-3/G-7;  integrin expression in skin cell line (i) C-3/G-1, (j) C-3/G-2, 

(k) C-3/G-5 and (l) C-3/G-7  (iii) The expressions of FAK, pFAK, ERK, pERK, α-tublin in (a) BJ 

cell lines  and (b) skin cell lines(35 μg whole-cell lysate of proteins) with (1) control; (2) C-3/G-2 and 

(3) C-3/G-7 were analysed by western blotting. Protein loading was assessed by probing the blots 

with anti- α-tublin. 
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 Based on the in vitro screening experiments, we investigated the wound healing effect 

of C-3/G-7 in wild-type mice model.
45

 Determination of wound healing rate and histology of 

the wound is a useful method for studying the real time application of these GCC.
46

 Hence, 5 

mm excisional wound was created on the dorsal surface of the mice and C-3/G-7 and 

collagen-II was applied on top of the wound and the decrease in the wound area was 

monitored for next 15 days (Fig. 4ii). As shown in the figure 4i, ii, the wound area of C-3/G-

7 treated mice was significantly reduced compared to that of collagen-II treated and control 

mice at postwounding days 3, 5, 8 respectively. Complete wound closure was observed in C-

3/G-7 on day ~11 whereas natural collagen and control showed similar wound healing on day 

~12, ~14 (Fig. 4i, and Fig. 14). To further confirm the progress of the wound healing, 

histomorphometric analysis was performed at the wound biopsies on day 8 of postwounding. 

Histology images of mouse shows that substantial growth of epidermis layer was observed in 

C-3/G-7 treated mouse compared with control and natural collagen treated mouse, suggesting 

the faster wound healing rate with C-3/G-7 peptide (Fig. 4iii). Overall, our study shows that 

the developments of supramolecular strategy represents an important step forward in identify 

specific biomarker for physiological and pathological processes. 

Figure 4. (i) Box and whisker plot map for the change in total wound size with respect to time from 

day 0 to day 14 in mice (ii) Respective pictures of wound taken from mice by treatment of collagen II 

(Col-II) and C-3/G-7 at different days (iii) Histological analysis of wounds after treatment with (a) 

Normal (without wound); (b) Control; (c) collagen II; (d) C-3/G-7 after 8 days (arrow indicates the 

(i) (ii) 

(iii) 
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wound healing process, scale bar = 200 μm, n = 6, Data shown as mean ± SD, Two way ANOVA post 

test for significance *p<0.05, **p<0.01, ***p<0.01). 

5.3 Conclusion 

 A new approach based on host-guest interaction to prepare glyco-peptides has been 

developed to understand high-throughput responses of cell migration for different cell lines. 

Validated through a series of biophysical and imaging techniques, it is shown that the cell 

adhesion molecules (integrin) and sugar receptors synergistically work together to influence 

cell migration. The simplicity and effectiveness of the system underscore its potential in 

accelerating glycopeptide research and greatly facilitates the development of new therapeutic 

approaches. Expanding the scope of this platform and the synthesis of new libraries is 

envisioned to open up a new direction in exploring and understanding the role of sugar-

peptide combinations in various physiological and pathological processes for which no data 

are still available. 

5.4 Experimental section 

5.4.1 General information: All chemicals were reagent grade and used as supplied except 

where noted. Analytical thin layer chromatography (TLC) was performed on Merck silica gel 

60 F254 plates (0.25 mmol). Compounds were visualized by UV irradiation or dipping the 

plate in CAM/ninhydrin solution followed by heating. Column chromatography was carried 

out using force flow of the indicated solvent on Fluka Kieselgel 60 (230–400 mesh). 
1
H and 

13
C NMR spectra were recorded on Jeol 400 MHz, Bruker 600 MHz with cryo probe using 

residual solvents signals as an internal reference (CDCl3 δH, 7.26 ppm, δC 77.3 ppm and 

CD3OD δH 3.31 ppm, δC 49.0 ppm). The chemical shifts (δ) are reported in ppm and 

coupling constants (J) in Hz. UV-visible measurements were performed with Evolution 300 

UV-visible spectrophotometer (Thermo Fisher Scientific, USA). Analytical HPLC was 

performed using a LiChrospher 100 RP-18e 5 μm (250 mm x 4 mm) column from Merck. 

Preparative HPLC was carried out on a LiChrospher RP-18e 5 μm (250 mm x 10 mm) 

column from Merck. Circular Dichroism measurements were performed with J-815 CD 

spectro-polarimeter (Jasco, Japan). Each CD profile is an average of five independent scans 

of the same sample collected at a scan speed of 30 nm min
-1

. Fluorescence spectra were 

recorded in FluoroMax-4 spectrofluorimeter (Horiba Scientific, U.S.A.), 8 well microscopic 

plates were subjected to fluroscence imaging using CLSM (Zeiss LSM 710). 
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5.4.2 Synthesis of 4(R)-amino-adamantylproline derivatives 

Scheme 1. Synthesis of 4(R)-amnio-adamantylproline derivatives. 

(2S, 4R)-N
1
-(benzyloxycarbonyl)-4-(Amino-adamantyl) proline methyl ester (3): 

Adamantane carboxylic acid 2 (3.25 g, 18.0 mmol), HOBt (2.4 g, 17.6 mmol) and EDCI (5.0 

g, 26 mmol) were stirred in anhydrous DMF at ice cold condition for 15 min. To this solution 

(2S, 4R)-N
1
-(benzyloxycarbonyl)-4-amino proline methyl ester 1 (5.0 g, 17.9 mmol), 

dissolved in anhydrous DMF was slowly added. The corresponding reaction mixture was 

allowed to stir for 12 h. After completion of reaction (monitored by TLC) water (100 mL) 

was added and the aqueous layer was extracted with ethyl acetate (3 x 80 mL) followed by  

brine wash. The organic layer was dried over anhydrous Na2SO4 and concentrated under 

vacuum. The crude product obtained was purified by silica gel chromatography (50 % ethyl 

acetate/petroleum ether) to afford compound 3 as a thick liquid. Yield: 6.4 g, (80 %). 
1
H 

NMR (CDCl3, 400 MHz) δH: 7.29-7.36 (m, 5H), 5.63 (dd, J = 19.9, 8 Hz, 1H), 5.03-5.22 (m, 

2H), 4.54 (quint, J = 6.1 Hz, 1H), 4.34-4.46 (m, 1H), 3.89 (td, J = 10.3, 6.6 Hz, 1H), 3.57 

3.75 (d, 3H), 3.36 (ddd, J = 36.8, 11.1, 4.7 Hz, 1H), 2.30 (dt, J = 11.6, 5.8 Hz, 1H), 2.11–2.23 

(m, 1H), 2.04 (d, 3H), 1.80 (d, 6H), 1.71 (q, 6H). 
13

C NMR (100 MHz, CDCl3) δC: 178.1, 

172.5, 172.3, 154.9, 154.2, 136.3, 136.2, 128.5, 128.3, 128.2, 128.1, 128.0, 67.4, 57.9, 57.7, 

52.6, 52.4, 52.1, 51.9, 48.3, 47.6, 40.6, 39.2, 37.0, 36.4, 35.8, 28.0. ESI-HRMS: for 

C25H32N2O5, [M + H]
+
 calc‟d 441.2389, found 441.2397. 

(2S, 4R)-N
1
-(fluorenylmethyloxycarbonyl)-4-(Amino-adamantyl) proline (4): The methyl 

ester 3, (5.20 g, 11.8 mmol) was subjected to hydrolysis by using LiOH (3 eq. in THF:H2O, 

1:1, 15 mL) for 1 h. THF was removed under vacuum and the aqueous layer was washed with 

ethyl acetate (3 x 50 mL) to remove THF and unreacted organic compound. The aqueous 

layer was neutralized with KHSO4 and extracted with ethyl acetate (3 x 50 mL). The combine 

organic layer was concentrated to offered white solid, to which dry methanol (15 mL) and 10 

% Pd/C (0.5 g) was added. The reaction mixture was subjected to hydrogenation for 6 h. 

After completion of reaction (monitored by TLC) the mixture was filtered through Whatman 

filter paper and the filtrate was concentrated under reduced pressure. The product obtained as 



 

110 

 

a white solid powder was dissolved in water : dioxane, 1:1 (60 mL). The pH of reaction 

mixture was maintained at 10 by addition of 10% Na2CO3. The reaction mixture was stirred 

at 0
o
C for 15 minutes to which Fmoc-Cl (5.326 g, 20 mmol) was added in portion wise 

during 45 minutes. The temperature of reaction was maintained at 0
o
C for first 4 h and then 

allowed to come at room temperature and stirred for 18 h. After completion of reaction 

dioxane was removed under vacuum and the aqueous layer was washed with ethyl acetate (3 

x 80 mL). The aqueous layer was acidified with KHSO4 to pH 2 followed by extraction with 

ethyl acetate (3 x 70 mL). Concentration of organic layer gave crude product which was 

purified by silica gel chromatography (70% ethyl acetate/petroleum ether) to afford 

compound 4 as white solid. Yield: 5.1 g, (77 %). 
1
H NMR (CD3OD, 400 MHz) δH: 7.73 (t, 

2H), 7.55–7.62 (m, 2H), 7.33 (dd, J = 12.1, 7.3 Hz, 2H), 7.26 (t, 2H), 4.27-4.47 (m, 3H), 

4.14–4.23 (m, 2H), 3.78 (td, J = 7.1, 3.5 Hz, 1H), 3.28–3.33 (m, 1H), 2.23 (dt, J = 6.3 Hz, 

2H), 1.95 (d, 3H), 1.81 (s, 6H), 1.67-1.75 (m, 6H).
13

C NMR (100 MHz, CD3OD) δC: 179.7, 

155.3, 155.2, 144.0, 143.9, 143.8, 143.7,141.3, 141.2, 141.1, 127.5, 126.9, 126.8, 125.1, 

125.0, 124.7, 119.6, 119.5, 67.8, 67.5, 59.4, 51.1, 50.9, 40.4, 38.7, 36.2, 35.8, 34.7, 28.2. ESI-

HRMS: for C31H34N2O5, [M + H]
+
 calc‟d 515.2546, found 515.2540. 

5.4.3 General procedure for synthesis of collagen model peptides: The readily available 

Rink amide resin with loading value 0.5-0.6 mmol/g was used and standard Fmoc chemistry 

was employed. The resin bound Fmoc group was first deprotected with 20% piperidine in 

DMF and the coupling reactions were carried out using in situ active ester method, using 

HBTU as a coupling reagent and HOBt as a recemization suppresser and DIPEA as a 

catalyst. All the materials used were of peptide synthesis grade (Sigma-Aldrich) and was used 

without further purification. Analytical grade DMF was purchased from Merck (India) and 

was distilled over P2O5 under vacuum at 45
o
C, stored over 4Å molecular sieves for 2 days 

before using for peptide synthesis. 

(a) Synthesis protocol for solid phase synthesis: The resin was pre-swollen overnight and 

the following steps were performed for each cycle. 

 Wash with DMF 4 x 5 mL. 

 20 % piperidine in DMF 2 x 5 mL (15 min for each) for deprotection of Fmoc group. 

 Wash with DMF 3 x 5 mL, MeOH 3 x 5 mL and DCM with 3 x 5 mL. 

 Test for complete deprotection(chloranil test).
i
 

 Coupling reaction with amino acid, DIPEA, HOBt and HBTU (3 eq.) in DMF (1 

mL). 
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 Repeat of the coupling reaction in N-Methyl pyrrolidinone (NMP) for better yield. 

 Test for completion of coupling reaction (chloranil test). 

     This cycle was repeated for every amino acid. 

 

(b) General procedure for Fmoc deprotection: 20% piperidine in DMF was added to the 

resin and the reaction mixture was kept for 15 min, drained and the piperidine treatment was 

repeated 3 times. Finally the resin was washed with DMF (3x), MeOH (3x) and DCM (3x). 

 

(c) General procedure for peptide couplings on Rink Amide Resin: Fmoc-Xxx-OH (3 

eq), HBTU (3 eq) and HOBT (3 eq) dissolved in DMF/NMP followed by iPr2NEt (7-8 eq) 

were added to the amino-functionalized resin in DMF. The mixture was kept for 2 h and last 

5 min bubbled with N2 and washed with DMF (3x), MeOH (3x) and DCM (3x). The loading 

value for peptide synthesis is taken as 0.5∼0.6. The coupling reaction was repeated in NMP 

for better yield.  

 

(d) General procedure for acetylation: Triethylamine (20 eq) and acetic anhydride (20 eq) 

were added to the resin in DMF (≈ 100 mM). The mixture was kept for 1 h followed by 

bubbled with N2 for 5 min and washed with DMF (3x), MeOH (3x) and DCM (3x). 

 

(e) General procedure for cleavage of peptides from the solid support: The dry peptide-

resin (20 mg) was taken in round-bottomed flask to which of 20% TFA in DCM (10 mL) and 

Triisopropylsilane (as scavengers) (2-3 drops) were added. The resulting mixture was kept 

for 2 h by gentle shaking. The mixture was filtered through a sintered funnel and the resin 

was washed with 3 x 5 mL of above solution. The filtrate was collected in pear shape round-

bottom flak and evaporated under reduced pressure. The resin was washed with MeOH (3 X 

5 mL) and the washings were evaporated to dryness. The residue obtained was dissolved in 

anhydrous methanol (0.1 mL) and to it anhydrous diethyl ether (4 x 1.5 mL) was added. The 

off-white precipitate obtained was centrifuged. The precipitation procedure was repeated 

twice to obtained peptide as a colourless powder. 
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Scheme 2. Synthesis of C-1 to C-3 and C-3-F peptides. 

 

 

 

 



 

113 

 

5.4.4 Synthesis of β-cyclodextrin derivatives: Galactose, mannose, fucose, maltose, and 

lactose β-cyclodextrin derivatives (G-2, G-4, G-5, G-6 and G-7) were synthesized according 

to published procedures.
8,27-28

 

 

Scheme 3. Synthesis of glucose-β-cyclodextrin (G-3). 

 

 

 

Per-acetylated sugar 8 (0.7 g, 1.79 mmole) was dissolved in DCM (10 mL).  Then BF3.Et2O 

(0.62 ml, 7.17mmol) and bromoethanol (0.50 ml, 7.17mmol) were added at 0 
o
C for 30 min 

and the reaction mixture was allowed to stir at room temperature for 12 h. Completion of 

reaction was monitored by TLC. After completion, the reaction mixture was neutralized with 

triethylamine, followed by extraction with DCM and water (1:1) mixture. Organic layer was 

dried over anhydrous Na2SO4 and concentrated under reduced pressure to give crude product, 

which was further purified on silica gel column chromatography using EtOAc/Pet-ether to get 

pure bromoethanol sugar derivative 9. 
1
H NMR (400 MHz, CDCl3): δ 5.19 (t, J = 9.62, 1H),  

5.08-4.97 (m, 2H),  4.56 (d, J = 7.78, 1H),  4.24-4.21 (m, 1H),  4.15-4.10 (m, 2H),  3.82-3.76 

(m, 1H),  3.71-3.66 (m, 1H),  3.45-3.42 (m, 2H),  2.07 (s, 3H),  2.05 (s, 3H),  2.00 (s, 3H), 

1.99 (s, 3H). 
13

C NMR (100 MHz, CDCl3): δ 170.70, 170.31, 169.46, 101.07, 72.65, 71.98, 
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71.08, 69.85, 68.37, 61.90, 29.98, 29.94, 20.80, 20.67. ESI-HRMS: for C16H23BrO10, [M + 

Na]
+
 calc‟d 477.0372, found: 477.0369. 

 

 

 

Compound 9 (0.2 g, 0.44 mmol) was dissolved in DMF (10 mL). Then potassium thiocyanate 

(0.17 g, 1.76 mmol) was added and stirred at 80 °C for 12 hr. The reaction mixture was 

diluted with 100 ml ethyl acetate and washed several times with water. The organic layer was 

dried over anhydrous Na2SO4 and concentrated under reduced pressure to give crude product, 

which was further purified by flash column using petroleum ether: ethylacetate (75:25). 
1
H 

NMR (400 MHz, CDCl3): δ 5.19 (t, J = 9.62, 1H),  5.08-4.97 (m, 2H),  4.58 (d, J = 7.78, 1H),  

4.25-4.12 (m, 3H),  3.85-3.79 (m, 1H),  3.72-3.68 (m, 1H),  3.20-3.05 (m, 2H), 2.07 (s, 3H), 

2.04 (s, 3H), 2.01 (s, 3H), 1.98 (s, 3H). 
13

C NMR (100 MHz, CDCl3): δ 170.70, 170.27, 

169.47, 169.45, 111.69, 100.93, 72.61, 72.11, 71.00, 68.25, 67.36, 61.80, 33.66, 29.74, 20.80, 

20.76, 20.65. ESI-HRMS: for C17H23O10S, [M+Na]
+ 
calc‟d 456.0940, found: 456.0944. 

 

 

 

Compound 11 (0.23 g, 0.53 mmol) was dissolved in glacial acetic acid (30 mL). Then Zn dust 

(0.20 g, 3. 18 mmol) was added and refluxed at 80 °C for 4 h. The compound was filtered to 

remove zinc dust. The organic layer was quenched with water (50 mL). Then product was 

extracted with DCM (3 X 50 mL) and dried over anhydrous Na2SO4. Organic layer was 

concentrated under reduced pressure to give product, which was further used for next reaction 

without purification. 
1
H NMR (400 MHz, CDCl3): δ5.26-5.21 (m, 1H), 5.13-4.99 (m, 2H), 

4.58 (d, J = 7.83, 1H), 4.30-4.27 (m, 1H), 4.18-4.10 (m, 2H), 4.05-4.01 (m, 2H), 3.74-3.72 

(m, 1H), 3.66-3.62 (m, 1H), 2.77-2.67 (m, 1H), 2.12 (s, 3H), 2.08 (s, 3H), 2.05 (s, 3H), 2.03 

(s, 3H); 
13

C NMR (100 MHz, CDCl3): δ 170.67, 170.28, 169.40, 169.39, 100.90, 72.71, 

71.89, 71.22, 68.37, 67.90, 61.90, 29.69, 20.75, 20.61. HRMS for C16H24NaO10S, [M+Na]
+ 

calc‟d 431.0988; found: 431.0984. 
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Compound 11 (0.21 g, 0.52 mmol) was dissolved  in DMF (10 mL) then added  per-

acetylated 6‟-Iodo-β-cyclodextrin 14 (0.1 g, 0.04mmol)  and Cs2CO3 (0.17 g, 0.52mmol) and  

reaction mixture stirred at room temperature for 72 h.The reaction mixture was diluted with 

100 ml ethyl acetate and washed several times with water. The organic layer was dried over 

anhydrous Na2SO4 and concentrated under reduced pressure to give crude product, which 

was further purified by flash column using DCM : MeOH (5-7%). 
1
H NMR (400 MHz, 

CDCl3): δ 5.24-5.17 (m, 7H), 5.11-5.05 (m, 14H), 5.00-4.95 (m, 7H), 4.59-4.44 (m, 14 H), 

4.31-4.16 (m, 14H), 4.16-3.98 (m, 28H), 3.79- 3.58 (m, 28H), 2.87-2.78 (m, 14H), 2.15- 1.99 

(m, 126H);
13

C NMR (100 MHz, CDCl3): δ 170.86, 170.72, 170.69, 170.61, 170.43, 170.38, 

170.22, 170.13, 169.71, 169.59, 169.50, 169.41, 106.28, 100.69, 99.80, 96.56, 71.91, 70.90, 

70.45, 69.15, 68.71, 67.06, 62.81, 61.27, 61.15, 61.02, 60.96, 60.41, 53.33, 29.77, 20.92, 

20.82, 20.76, 20.69. HRMS for C182H252O112S7, [M+2Na]
+2

/2
 
calc‟d 2249.5932; found: 

2249.5967. 

 

 

 

 

 

Compound 15 (0.05 g, 0.01 mmol) was dissolved in methanol (5 mL). Then sodium 

methoxide (29 mg, 0.55 mmol) was added and stirred for 2 h at RT. The mixture was 

neutralized with amberlite–IR120H
+
resins, filtered and concentrated in vacuum afford the 

final compound. S-3. 
1
H NMR (400 MHz, CD3OD): δ 5.02 (bs, 7H), 4.81 (bs, 7H), 3.88-3.71 
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(m, 49H), 3.65-3.56 (m, 28H) 3.47-3.43 (m, 7H) 3.26-3.22 (m, 7H), 2.96-2.84 (m, 21H); 
13

C 

NMR (100 MHz, CD3OD): δ100.00, 72.93, 72.82, 72.61, 72.02, 71.96, 70.91, 70.85, 70.79, 

70.75, 70.29, 70.19, 67.23, 67.18, 66.62, 60.94, 32.53.HRMS m/z calc‟d for C98H168O70S7, 

[M+2Na]
+2

/2 calc‟d 1367.3713; found: 1367.3787.  

5.4.5. Purification of the peptides using semi-quantitative HPLC: The synhetic peptides 

C-1 to C-3 were purified by HPLC (Waters 600 equipped with 2998-Photodiode array 

detector, PDA) using a semi-preperative C18 phenomenex column (250 × 10 mm) and the 

following method: Solvent- 0.1% TFA in MeCN: Water (5:95) (solution A), and 0.1% TFA 

in MeCN: Water (50:50) (solution B), gradient; 100%A to 50%B in 15 min, then 50%B to 

100%A in 30 min, 100%A in 35 min. Flow rate - 3 mL/min monitored at  = 220 nm. The 

fractions with the eluted peptide were collected, and concentrated using speed-Vacuum. The 

purity of the final peptides were further corroboraed by analytic HPLC using Merck 

LiChrospher 100 RP-18 (250 x 4 mm, 5 μM) column,and eluted with solutions A and B using 

a flow rate of 1.5 mL/min and gradient from 0 to 100% B in 20 minutes, washed 10 minutes 

column with B, 100% to A, 0% with the flow rate of 1.5 ml/min. 

 

 

Figure 5. HPLC profiles of collagen peptides. The name of the peptide is written in the right up 

corner of each chromatogram. 
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5.4.6. Formation of host-guest complexes between modified β-cyclodextrin and the 

peptides. 

Host-guest complexes were prepared by mixing equimolar concentrations of adamantyl 

modified peptides (C-1 to C-3) with β-cyclodextrin (G-1) or β-cyclodextrin substituted with 

sugar molecules (G-2 to G-7, Fig 1) followed by vortexing for 2 minutes. 

 

 

 

 

 

 

Figure 6. Molecular structures of the peptides and schematic presentation of the β-cyclodextrin 

complexes. 

 

5.4.7. Corroboration of the complex structure by NMR: 
1
H-NMR NOESY spectra were 

recorded to probe the intermolecular interactions of adamantyl protons with the -

cyclodextrin skeleton. These interactions indicate the incorporation of the adamantyl residue 

in the cavity as a result of complex formation and the cross peaks indicate which are protons 

that are in close proximity to the protons of the cyclodextrin host molecule. Peptide C-3 and 

G-1 were used to study host-guest complex formation as guest peptide as a host, respectively. 

We prepared the complex C-3 /G-1 using the protocol mentioned above and recorded the 

NOESY spectrum of the complex and that of the peptide alone (C-3). We have focused on 

the peaks of the adamantyl, labelled a, b, c (Figure 7). The cross peaks corresponds the 

adamantyl peaks in the complex C-3/G-1 complex which are absent in C-3. NMR 

absorptions confirm the formation of a host-guest complex between C-3 and G-1. 

 

 

 

 

 

Host (Adamantane) 

Guest (β-Cyclodextrin derivatives) 

Adamantane modified peptides Peptide cyclodextrin complex 
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Figure 7. (a) NOE spectra of C-3; (b) NOE spectra of C-3/G-1. 

 

5.4.8. Corroboration of the complexes structure by Mass spectrometry: The formation of 

host-guest inclusion complexes were analysed by mass spectrometry and also used to 

determine their molecular mass and the stoichiometry of the host and guest in the 

supramolecular assemblies. In order to keep the non-covalent complexes intact during the 

ionization process a native nano-ESI technique was employed. In Figure 8 the full scan of the 

C-3/G-1 sample is depicted. The positive ion mass spectrum of the fully assembled complex 

clearly indicates the presence of a tetra charged ion [C-3/G-1+2K+2H]
4+ 

with m/z = 862. The 

peaks m/z = 768, 1135, corresponding to [C-3 +3Na]
3+ 

and [G-1]
1+

ions were also detected. 

These peaks indicated partial dissociation of the complex C-3/G-1. Similarly, the peak with 

 

β-Cyclodextrin Adamantyl 

(a) (b) 
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m/z = 1242 corresponds to [C-3/G-2+K+3H]
4+

,  the peak at m/z = 1525 correspond to [C-

3/G-7+ K+ 3H]
4+

, the peak m/z = 1213 correspond to [C-3/G-5+K+ 3H]
4+

 respectively. 

 

 

 

.  

 

(a)                                                                           (b) 

 

(c)                                                                          (d) 

 

 

 

 

 

(e)                                                                         (f) 
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Figure 8. (a) Mass spectrum of the complex C-3/G-1, marked peaks corresponds to [C-3+3Na]
3+

 

(square), [G-1]
+
 (circle), [C-3/G-1+2K+2H]

4+
 (triangle); (b) Isotopic pattern of [C-3/G-1+2K+2H]

4+
 

ions; (c) Mass spectrum of the complex C-3/G-4, marked peaks corresponds to [C-3+3Na]
3+

 (square) 

and [C-3/G-2+K+3H]
4+

 (triangle) ions; (d) Isotopic pattern of [C-3/G-2+K+3H]
4+

 ion; (e) Mass 

spectrum of C-3/G-7 complex, marked peaks corresponds to [C-3+3Na]
3+

 (square) and [C-3/G-

7+K+3H]
4+

 (triangle); (f) Isotopic pattern of [C-3/G-7+K+3H]
4+

 ion; (g) Mass spectrum of C-3/G-5 

complex, marked peaks correspond to [C-3+3Na]
3+

 (square) and [C-3/G-5+K+3H]
4+

 (triangle) ions; 

(h) Isotopic pattern of [C-3/G-5+K+3H]
4+

 ion. 

 

Figure 9a. MALDI-TOF of collagen modified peptides from C-1 to C-3 and C-3-F. 

 

(g)                                                                       (h) 

 

 

Chemical Formula: C95H133N23O30 

Calculated [M + Na]
+
 : 2098.9486 

Observed [M + Na]
+
   : 2099.1416 
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Chemical Formula: C95H133N23O30 

Calculated [M + Na]
+
 : 2098.9486 

Observed [M + Na]
+
   : 2099.2344 
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Chemical Formula: C116H147N23O34 

Calculated [M + Na]
+ 

: 2429.0378 

Observed [M + Na]
+ 

  : 2429.6440 

Chemical Formula: C106H148N24O30 

Calculated [M + Na]
+
 : 2260.0691 

Observed [M + Na]
+
   : 2260.4446 
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5.4.9 ITC binding studies  

The host guest complexation further studied by isothermal titration calorimetr (ITC 200, 

USA) of C-3 peptide with β-cyclodextrine (G-1) and G-2. Compound G-1 or G-2 stock 

solution (0.03 mM) was kept in the titration cell and was titrated by collagen peptide (C-3) of 

0.02 mM in PBS buffer. Each experiment consisted of 18 injections with a successive time 

gap of 100 s between two injections. For proper mixing of the solutions the stirring speed was 

maintained at 1000 rotations/min. Cell temperature was kept fixed at 298 K and nearly three 

successive titrations were averaged out to give the ITC curves. 

 

 

Figure 9. ITC profile for C-3/G-1 and C-3/G-2 in PBS buffer at 298K. Top panels represent the 

energy (μcal s
-1

) required to maintain isothermal conditions with respect to the reference cells. Lower 

panels represent the heat evolved from each injection per mole of C-6
 
peptide

 
versus the molar ratio of 

(a) conc of G-1= 0.03 mM; (b) conc of G-2 = 0.03 mM and in phosphate buffer pH 7.4. 

 

Table 1. Binding constants of host-guest complexes. 

 

 

           

(a)                                                          (b) 

ligand n Binding constant (M
-1

) ∆H  (cal/mol) ∆S (cal/mol/deg) 

C-6/G-1 0.812 ± 0.03 4.1 ± 2.2 X 10
3
 -2.24 ±0.141X 10

3
 -49.4 

C-6/G-2 0.901 ± 0.12 5.31 ± 0.73 X 10
3
 -2.03±0.108 X 10

3
 -6800 
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Table 2. Physical characteristics of collagen related peptides. 

Entry Peptide 
Cal‟cd 

mass (m/z) 

Obse‟d mass 

(m/z) 
CD Tm (

O
C) Topography ((l × w) or radius) 

1 C-1 
[M+Na]

+
  

2098.9486 
2099.1416 34.0 

NN; (530-740 nm) × (90-95 

nm) 

2 C-2 
[M+Na]

+
  

2098.9486 
2099.1951 44.0 

NN; (850-970 nm) × (67-103 

nm) 

3 C-3 
[M+Na]

+
  

2260.0691 
2260.4446 41.0 

NN; (800-890 nm) × (120-160 

nm)  

4 C-3/G-1 3371.4491 
[M+2K+2H]

4+
  

862.8501 
51.0 

BFN; (1250-1500 nm) × (90-

180 nm) 

5 C-3/G-2 4925.9127 
[M+K+3H]

4+
  

1242.1072 
54.0 

BFN; (1250-1500 nm) × (90-

180 nm) 

6 C-3/G-5 4813.8780 
[M+K+3H]

4+
  

1213.6353 
ND ND 

7 C-3/G-10 6060.2122 
[M+K+3H]

4+
  

1525.5783 
ND ND 

 

5.4.10 Corroboration of the complexes structure by Circular Dichroism spectroscopy.  

The CD spectra of the peptides were recorded at 25°C. CD data are given as normal 

ellipticity from the normalisation of ellipticity [θ]. To facilitate analysis of uncertainties, each 

set of spectra were measured using at least three individually prepared solutions and the 

spectra are the result of 5 accumulations. A quartz cell with a path length of 0.2 cm was used, 

with ensured volume 0.2 ml (200 μM) in PBS buffer. The buffer solution was used as blank 

and the samples were annealed at 90°C for 5 min and allowed to cool RT and the samples 

were stored at 4°C for 24 h before the measurement. The parameters of the measurements are 

as follows:  

Resolution: 1 nm   Band width:  1.0 nm 

Sensitivity: 100 mdeg  Response:  1 sec 

Speed:   100 nm/min  Accumulation:  5 
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Figure 10. (i) (a) CD spectra of the CRPs from C-1 to C-3 at pH 7.2 (20mM sodium phosphate 

buffer), 25°C; (b) CD spectra of C-1 to C-3 complex with G-1 and G-2 respectively at pH 7.2 (20mM 

sodium phosphate buffer) 25°C.; (ii) (a) CD-thermal denaturation plot of C-1 to C-3 peptides and their 

complexes with G-1. Normal ellipticity at λ=225 nm, pH 7.2 (20 mM sodium phosphate buffer), 

temperature from 5°C to 85 °C; (b) First derivative cures of peptides C-1 to C-3 in complex with G-1; 

(iii) (a) CD-thermal denaturation plot of C-1 to C-3 peptides complex with G-1 and G-2 respectively. 
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Normal ellipticity at λ=225 nm, pH 7.2 (20 mM sodium phosphate buffer), temperature from 5°C to 

85°C; (b) First derivative cures of peptides C-1 to C-3 complex with G-1 and G-2 respectively. 

 

Table 3. Thermal stability (Tm) of collagen peptides and the host-guest inclusion complexes. 

Peptides Tm
o
C Peptides

10
 Tm

o
C Peptides

10
 Tm

o
C 

[Hyp-Pro-Gly] 

         (C-1) 
35 

    

[Pro-Hyp-Gly] 

         (C-2) 
41 

[Pro-Hyp-Gly] 

 

43   

[Pro-(4R)adap-Gly] 

         (C-3) 
44 

[(4R)Acp-Pro-Gly] 

          

43 [(4R)Pvp-Pro-Gly] 

 

44 

 

Table 4. Thermal stability (Tm) of collagen peptides and the host-guest inclusion complexes. 

 

 

5.4.11 Physical Properties of GCC 

 (a) SEM images of the peptides C-1 to C-3 and the host-guest inclusion complexes 

Solutions of the peptides (200 µM) and host-guest complexes were drop costed on silicon  

wafers and were left to dry overnight in room temperature. The silicon wafer were sputter 

coated with gold (
~
5-6 nm) and the samples were imaged using CARL ZEISS‟S ULTRA 

PLUS Field Emission Scanning Electron Microscope (FESEM) operating at 3.0 kV. 

Percentage compositions of the elements in the C-3, C-3/G-1 and C-3/G-2 compounds were 

measured at 10 kV by EDS analysis (Table S4). 

 

 

 

Complex Tm
o
C Complex Tm

o
C 

C-1/G-1 34 C-1/G-2 ND 

C-2/G-1 42 C-2/G-2 ND 

C-3/G-1 49 C-3/G-2 54 
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Figure 11. (i) SEM images of CRPs and its host-guest complexes (a) C-1; (b) C-2; (c) C-3; (d) C-3/G-

1; (e) C-3/G-2; (ii) Energy-dispersive X-ray (EDS) spectra of C-3 (left) and the complexes C-3/G-1 

(middle) and C-3/G-2 (right). 

 

Table 5. Elemental analysis for C-3 and its glyco-collagen conjugates (GCC) G-1 and G-2, as 

calculated from EDS spectra. 

Element Weight% (C-3) Weight% (C-3/G-1) Weight% (C-3/G-2) 

C K 45.39 46.01 50.91 

N K 17.07 15.11 14.84 

O K 37.54 38.88 32.07 

S K - - 2.18 

Total 100.00 100.00 100.00 

 

(b) UV and Fluorescence properties of the peptides and complexes 

UV-vis spectra of C-3-F in water displayed an absorption peak at λmax = 492 nm (Figure S10) 

and emission at λ = 415 nm upon excitation with light of λ = 489 nm. The quantum yield of 

the C-3-F peptide was calculated to be 0.677 (Table S3). The relative fluorescence quantum 

yields can also be determined by measuring the fluorescence of a reference fluorophore, 

FITC derivative, of known quantum yield Φ. 

(a)                          (b)                           (c)                           (d)                           (e)                     

 

(i) 

 

 

 

(ii) 

(a) 
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Figure 12. UV-Vis absorption (left) and fluorescence emission (λex  at 489 nm) spectra (right) of C-3-

F (FITC labelled C-3 peptide). 

 

Table 6. The photophysical properties of C-3-F peptide (FITC labelled C-3 peptide). 

Peptide     
    Amax     

   φ 

C-3-F 492 0.10184 517 0.677 

 

 

5.4.12 Wound healing assay 

 

i) Procedure for isolation of fibroblast cells from mouse skin and ear. We followed 

according to literature procedure for isolating skin fibroblast cells from mouse
4
. In detail, 

prior to collection, mouse skin was cleaned with 70% ethanol followed by shave the area with 

scalpel blade, incision cut was made by sterilized scalpel blade. After cut of mouse skin, 

tissues were washed with 70% ethanol, PBS for 3-4 min and immediately transferred into 

DMEM medium. Tissue sections were further cut into tiny pieces and kept it for digestion for 

90 min then cells were collected by centrifugation. Collected cells were cultured in DMEM 
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Cell line Growth Media 

HeLa/NIH-3T3/MDA-

MB-231/ BJ 

Cells were grown at 37 °C in 5% CO2 atmosphere in 

DMEM medium containing 10% fetal bovine serum and 

0.1% streptomycin 

hUVEC 

Cells were grown at 37 °C in 5% CO2 atmosphere in 

EGM-2 medium containing 1% fatal calf serum and other 

additives, including growth factors. 

(a)                                                                   (b) 
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medium containing 10% fetal bovine serum and 0.1% streptomycin. Similar procedure 

followed for ear fibroblast cells from mouse.  

Cells were seeded into 24-well tissue culture plates to form a monolayer. Details about the 

cell types, medium and other conditions are summarized in above table. The monolayer was 

gently scratched across the center of the well using 1000 µl pipette tips and the wells were 

gently washed with PBS followed by medium to remove detached cells. Different 

combinations of glyco-collagen conjugates (GCC) (200 µM) were added to different wells 

and after incubation of one hours, bright field microscopic images were recorded. The gap 

distance and area were quantitatively evaluated using ImageJ software. The measurements 

were done in triplicates. The results have shown that since each cell line has a different 

growth rate, it also corresponded to the wound healing process. For HeLa, MDA-MB-231, 

we have observed complete wound healing after 6-7 hours, whereas with BJ, hUVEC and 

NIH-3T3 wound healing was observed after 9-10 hours and for skin, ear cells wound healing 

was observed after 10-11 h. 

 

 

 

 

(a)                  (b)                                     (c)                                      (d) 

 

 

 

(e)                                    (f)                                      (g)                                     (h) 

(i) 
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Figure 13. (i) Influence of C-3 and its complexes on wound healing processes with hHUVEC cells 

after 6 hours. (a) C-3; (b) C-3/G-1; (c) C-3/G-2; (d) C-3/G-3; (e) C-3/G-4; (f) C-3/G-5; (g) C-3/G-6; 

(h) C-3/G-7; (ii) Influence of C-3 and its complexes on wound healing processes with BJ cells after 10 

hours. (a) C-3; (b) C-3/G-1; (c) C-3/G-2; (d) C-3/G-3; (e) C-3/G-4; (f) C-3/G-5; (g) C-3/G-6; (h) C-

3/G-7; (iii) Influence of C-3 and its complexes on wound healing processes with NIH3T3 cell lines 

after 10 hours. (a) C-3; (b) C-3/G-1; (c) C-3/G-2; (d) C-3/G-3; (e) C-3/G-4; (f) C-3/G-5; (g) C-3/G-6; 

(a)                  (b)                                     (c)                                      (d) 
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(h) C-3/G-7; (iv) Influence of C-3 and its complexes on wound healing processes with HeLa cell lines 

after 6 hours. (a) C-3; (b) C-3/G-1; (c) C-3/G-2; (d) C-3/G-3; (e) C-3/G-4; (f) C-3/G-5; (g) C-3/G-6; 

(h) C-3/G-7; (v) Influence of C-3 and its complexes on wound healing processes with MDA – MB 

231 cells after 6 hours. (a) C-3; (b) C-3/G-1; (c) C-3/G-2; (d) C-3/G-3; (e) C-3/G-4; (f) C-3/G-5; (g) 

C-3/G-6; (h) C-3/G-7; (vi) Influence of C-3 and its complexes on wound healing processes with ear 

cells after 10 hours. (a) C-3; (b) C-3/G-1; (c) C-3/G-2; (d) C-3/G-3; (e) C-3/G-4; (f) C-3/G-5; (g) C-

3/G-6; (h) C-3/G-7; (vii) Influence of C-3 and its complexes on wound healing processes with skin 

cells after 10 hours. (a) C-3; (b) C-3/G-1; (c) C-3/G-2; (d) C-3/G-3; (e) C-3/G-4; (f) C-3/G-5; (g) C-

3/G-6; (h) C-3/G-7. 

 

5.4.13 Confocal Laser Scanning Microscope (CLSM) images. HeLa/skin/BJ cells were 

taken in a 8 well chambered cover glass (sigma Aldrich). They were fed with FITC-

conjugated C-3-F (200 µM) for 6 hours, washed twice with PBS and dissolved in DMEM 

media. The cells were treated with Hoechst 33342 (10 µL of 2 μg/mL solution) to stain nuclei 

for 30 mins, washed 3 times with PBS buffer. The fluorescence of Hoechst 33342 and FITC 

complexes were excited with an argon laser at 405 nm and 450 nm respectively, and the 

emission was collected through 403–452 nm and 500-530 nm filters, respectively.  

 

5.4.14 Western blot analysis. BJ and skin cells were grown on a 100 mm petri dish and 

treated with 200 μM of C-3/G-1, C-3/G-2, C-3/G-5, C-3/G-7 for 6 h respectively. Cells were 

pelleted, and washed with PBS buffer and treated with protease inhibitors before treating with 

lysis buffer containing 150 mM NaCl, 1% NP-40, 0.25% SDS, 1 mM EDTA, 1 mM PMSF in 

50 mM Tris-Cl (pH 7.4). After 1 hour, the supernatant was collected by centrifugation at 

14000 rpm for 15 min and stored in aliquots. Protein content was quantified using Bradford 

method. 35 μg of protein was loaded on SDS-polyacrylamide gel electrophoresis (10%) and 

transferred onto a PVDF membrane. The membrane was incubated for 2 hours with specific 

antibodies corresponding to FAK, phospho FAK (Tyr397), ERK1/2, and phospho ERK 

(Thr202/Tyr204). Thereafter, the membranes were incubated with an HRP-conjugated 

secondary antibody for 1 hour at room temperature. Band visualization was performed using 

the Immobilon Western Chemiluminescent HRP substrate kit (Millipore Corporation, MA, 

USA). α-tubulin was used as an internal standard. Biorad Protein Ladder (Thermo, EU) was 

used to determine the molecular weights of the protein bands. 
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5.4.15 Fluorescence-activated cell sorting assay (FACS)  

HeLa/skin/BJ cells were cultured as described above and treated with C-3 host-guest 

complexes (G-1, G-2, G-5, G-7) (200 µM) for 6 hours respectively, at 37
0
C. The cells 

washed with PBS and were detached and transferred to FACS tubes. Integrin α1β1 mouse 

antibody (Santa Cruz biotechnology) were added and incubated for 1 hour followed by a 

secondary antibody. The fluorescent channel FL-2 was used to detect integrin levels. All data 

were analysed with the FlowJo software. 

 

Table 7. FACS analyses of HeLa, skin and BJ cell lines. 

Cellines 
Level of integrin expression in % 

C-3/G-1 C-3/G-2 C-3/G-5 C-3/G-7 

BJ (α1β1) 5.8 65.8 31.7 41.3 

HeLa (α1β1) 4.1 7.4 51.7 58.3 

Skin (α1β1) 7.8 60.4 12.8 61.7 

 

5.4.16 In vivo wound healing experiment: Male C57BL mice (7-8 weeks old) were 

collected from Reliance Biotech, Bombay. Prior to experiment the mices were maintiained in 

animal house for 48 h in 12 h/12 h light/dark cycle, with proper food and water. All mouse 

experiments were performed in accordance with the relevant guidelines and regulations of 

Institutional Animal Ethical Committee regulation, set up by CPCSEA, Govt. of India. Mice 

(n =6) were anesthetized by ketamine and the dorsal flank was shaved and sterilized with 

70% ethanol. Excisional wound was generated using 6 mm biopsy punch excision (surface 

area 28.27 mm
2
) and treated with native collagen II and C-3/G-7 (500 μM). Progress of 

wound healing was observed by imaging and histology, over 3, 5, 8, 11, 12, 14 days. 

Histology images were taken by cutting the tissue section of wound and fixed in bouins 

fixative, followed by dehydration with ethanol and xylene. The tissues were embeded in 

paraflast, and 10 μM sections were cut using microtome. The tissue sections were fixed on a 

PLL coated glass plates followed by treatment with hematoxylin and eosin stain and 

morphology of the section were observed under EOS microscopy.  
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Figure 14. Progress of wound healing of mouse, over the days from (0 to 14) by treatment with 

collagen-II and C-3/G-7. Compound treated with C-3/G-7 showed more wound healing rate compare 

to collagen II and control.  
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