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Abstract 
 

Chapter 1 introduces the structure-activity relationship of Heparan Sulfate (HS) and its 

mimetics. HS is a negatively charged polysaccharide, widely present on the surface of all 

mammalian cells and in the extracellular matrix. Depending on the sulfation patterns and 

uronic acid compositions, the HS sequence binds to various proteins, including growth 

factors, chemokines, and bacterial and viral spike proteins. These interactions play a crucial 

role in viral and bacterial infections, as well as cancer progression. Despite rapid progress in 

the synthesis of structurally defined HS oligosaccharides, the direct contribution of uronic 

acid residues to HS biological functions remains largely unclear. Hence, HS mimetics such as 

PG545 and PI88 were synthesized to develop drug molecules. 

 

Chapter 2 discusses the potential application of HS mimetics in the development of anti-HS 

antibodies. To this end, we synthesized sulfated Oligo-L-idose (ID49), which represents 70% 

similarity to native heparin structures. When ID49 was conjugated to CRM197 and used for 

immunisation, the serum collected at different time intervals resulted in a high-titre IgG 

antibody response against ID49, also directed against the N-unsubstituted and N-sulfated HS 

ligands. Further screening for specificity towards sulfation patterns confirmed that the 

antibody targets 6-O-sulfated and 2-O-sulfated HS N-sulfated ligands. The pharmaceutical 

potential of these antibodies was demonstrated by selectively staining cancer cells and tissue 

sections. 

 

Chapter 3 explores another potential application of heparan sulfate and its mimetics in 

regulating lysosomal-targeting chimera (LYTAC) of amyloid-β. We have demonstrated that 

native HS ligands carrying proteoglycan mimetics (PG@HH26S) have a greater potential to 

be expressed on the cell membrane compared to their mimetics (PG@ID49). Further, we 

explored successful application of proteoglycan mimetic in Aβ peptide-targeted degradation. 

HS serves as a ligand for more than 500 proteins, playing a role in numerous pathological 

conditions. The targeted degradation of HS-binding proteins using a synthetic 

neoproteoglycan backbone is critically needed. 



 
 

xiv 
 

 

Chapter 4 discusses the synthesis of amphiphilic carbohydrates to block viral entry. We 

synthesized a library of amphiphilic heparin mimetics carrying sulfated Oligo-L-idose and 

Oligo-L-iduronic acid. Among them, sulfated higher oligosaccharides of L-idose with 

lipophilic aglycones displayed potent anti-SARS-CoV-2 and antiheparanase activity, similar 

to or better than pixatimod (PG545), and were more potent than their isosteric L-iduronic acid 

congeners. The findings confirm that fine-tuning higher oligosaccharides, the degree of 

sulfation, and lipophilic groups can yield compounds with potent anti-SARS-CoV-2 activity. 

Chapter 5 reports on a library of novel L-idose (Ido)-based HS mimics with a wide range of 

sulfation patterns designed to replicate many of the functions of native HS oligosaccharides. 

We employed a linear synthesis strategy to obtain a rare oligo-Idose precursor, utilizing 

anhydrous β-L-idopyranosyl and Idose thiophenol building blocks. HS mimic microarray 

binding studies with different growth factors and chemokines showed that selectivity and 

avidity are greatly modulated by the oligosaccharide length, sulfation code, and Idose 

conformation. Notably, we have identified highly sulfated HS mimetics as potential ligands 

for inflammatory chemokines and growth factors. Further investigation into their therapeutic 

value is ongoing. 
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1.1 Introduction 

Glycans, often referred to as the "dark matter" of the biological system, pose significant 

challenges in elucidating their structure and functions1–4. Their structural complexity arises 

from the unique template-independent biosynthetic pathway, leading to highly heterogeneous 

structures with numerous modifications on core structures. Recent advancements in chemical 

and enzymatic glycans synthesis have sparked increased scientific interest in evaluating the 

structure-functional relationship of glycans5–9. Among the diverse array of cell surface 

glycans, glycosaminoglycans (GAGs) stand out as linear polysaccharide structures that 

regulate a wide range of biological activities. GAGs encompass heparan sulfate (HS), heparin 

(HP), chondroitin sulfate (CS), dermatan sulfate (DS), and hyaluronic acid (HA) among their 

repertoire. Heparan sulfate (HS), in particular, assumes prominence as a vital macromolecular 

constituent of cellular surfaces, serving as a ubiquitous receptor/coreceptor for an expansive 

repertoire of over 500 proteins (Figure. 1)10–15.  

 

Figure 1. Representative general structure of heparan sulfate proteoglycan with different 

domains and detail sugar composition. 

In that HS engages with a diverse array of growth factors including fibroblast growth factors 

(FGF), vascular endothelial growth factors (VEGF), and epidermal growth factors (EGF), are 

instigating intricate downstream signaling cascades that intricately regulate fundamental 

cellular processes such as proliferation, angiogenesis, and differentiation16. Additionally, 

heparan sulfate (HS) assumes a pivotal role in modulating immune responses, orchestrating 

leukocyte trafficking dynamics including rolling, adhesion, and migration at sites of 

inflammation through its interaction with selectins and chemokine release17–23. Furthermore, 

the dysregulation of heparanase enzyme activity at tumor foci signifies structural 

modifications in HS within the cellular membrane and extracellular matrix, thereby fostering 

tumor growth, immune evasion mechanisms, and metastatic dissemination24–26. 

Moreover,heparan sulfate (HS) functions as a pivotal receptor facilitating the adhesion of 
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various viruses and bacteria to the cellular surface, thus promoting infection27–30. Notably, in 

the context of SARS-CoV-2, the spike protein interacts with both cellular HS and 

angiotensin-converting enzyme 2 (ACE2) via its receptor-binding domain (RBD)31,32. This 

intricate binding event induces a conformational alteration in the spike protein, leading to its 

transition into a trimeric state, thereby activating the ACE2 receptor (Figure. 2). 

Heparan sulfate (HS) is composed of repeating disaccharide units linked via α(1–4) 

glycosidic bonds, comprising glucosamine and uronic acid moieties. The remarkable 

structural diversity of HS emanates from variations in sulfation patterns and uronic acid 

composition (Figure. 1)33. Noteworthy sulfation patterns encompass O-sulfation at positions 

C-6 and C-3 of glucosamine, as well as at position C-2 of the uronic acid unit, with additional 

N-sulfation occurring at glucosamine residues34–36. 

 

Figure 2. Importance of Heparan sulfate-protein interactions in various physiological and 

pathophysiological process. 
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Moreover, modifications at the uronic acid moiety, which may manifest as either D-

glucuronic acid (GlcA) or L-iduronic acid (IdoA), afford 48 theoretical disaccharide 

configurations, among which 21 are naturally observed. However, the precise biological 

functions of these modifications remain incompletely understood, and the extensive 

heterogeneity of HS presents challenges in predicting specific structural alterations and 

rationalizing their functional implications. 

To address this challenge, researchers are venturing into the exploration of unconventional 

modifications, employing bioisosteric groups to enhance both the selectivity and sensitivity 

of heparan sulfate proteoglycan interactions (HSPI)37–40. Furthermore, the inherent flexibility 

in the conformation of L-iduronic acid (IdoA) introduces an additional layer of complexity, 

known to intricately fine-tune HSPI41–44. Recent advancements in NMR spectroscopy have 

unveiled a novel 2S0-conformation of IdoA, promising to unravel a new dimension of 

microheterogeneity and provide unparalleled insights into the differentiation of HSPI45. 

1.2 Heparan sulfate binding proteins 

Heparan sulfate binding proteins (HSBPs) are categorized across diverse functional classes, 

including chemokines, cytokines, growth factors, morphogens, extracellular structural 

proteins, complement pathway components, single-transmembrane signaling receptors, and 

cell adhesion molecules. Furthermore, HSBPs encompass specialized groups such as 

proteases residing within intracellular hematopoietic cell granules, lipid-binding proteins 

implicated in lipoprotein metabolism, and amyloid and tau proteins associated with 

Alzheimer's disease16. Pathogens exploit the interaction between HSBPs and heparan sulfate 

(HS) to facilitate infection, often through evolutionary adaptation or acquisition of specific 

HSBPs. The wide-ranging repertoire of HSBPs underscores their indispensable roles in 

numerous biological processes. The interplay between HSBPs and HS chains,HS plays a 

pivotal role in mediating these functions. For example, growth factors and morphogens are 

crucial for orchestrating developmental processes and tissue regeneration, while extracellular 

structural proteins provide essential scaffolding for tissue integrity. Proteins involved in 

complement pathways contribute significantly to immune defense, whereas single-

transmembrane signaling receptors and cell adhesion molecules govern intercellular 

communication and adhesion events. A comprehensive understanding of the intricate 

structure-function relationships governing HS in these biological processes holds immense 

promise for informing the design and development of next-generation therapeutics. 
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1.2.1 Conformation plasticity of L-iduronic acid 

L-Iduronic acid (L-IdoA) predominantly adopts the 1C4-boat and 2S0-skew boat 

conformations, with the 1C4-boat conformation being relatively rare (Figure. 3). In contrast, 

D-glucuronic acid (D-GlcA) typically favors the 4C1-chair conformation 48,49. The inherent 

flexibility of L-IdoA allows for the repositioning of sulfate and carboxylic acid residues, 

which is pivotal in certain protein binding interactions. Nieto and colleagues synthesized a 

trisaccharide heparin library incorporating an L-IdoA residue flanked by various sulfated 

GlcN residues. Through extensive 2D-NMR and molecular dynamics studies, they 

demonstrated that compounds featuring a 6-O-sulfate group on the reducing end glucosamine 

(GlcN) exhibited a consistent population level of approximately 40% in the 2S0 

conformation50,51. Moreover, N-sulfation and 6-O-sulfation of GlcN significantly augmented 

the prevalence of the 2S0 conformation compared to N-acetylation. Similarly, Jian and 

colleagues investigated the conformational preferences of a fondaparinux mimic using 2D-

NMR studies, revealing that 6-O-, 3-O-sulfated, and N-sulfated GlcN residues substantially 

shifted the conformational equilibrium of IdoA from the 1C4 to the 2S0 geometry, reaching a 

population of 75% 52.  

 

Figure 3. conformational dynamics of L-IdoA. 

Recently, our lab group reported the synthesis of L-IdoA-based heparan sulfate (HS) mimics 

with varied sulfation patterns. NMR analysis of these HS mimics confirmed that 4-O-

sulfation increased the prevalence of the 1C4 geometry. Intriguingly, the 1C4conformer 

became exclusive upon additional 2-O-sulfation. Overall, the sulfation patterns on the GlcN 

residue, particularly 2-O-sulfation of L-IdoA, significantly influence the conformational 

dynamics of L-IdoA53. 
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1.2.2 Growth factors 

VEGF is a highly significant HS binding protein that regulates vascular development and 

function. Therefore, understanding the specific structural features required for VEGF binding 

is crucial for developing oligosaccharide-based anti-angiogenesis drugs. Linhardt and 

coworkers54 systematically investigated the heparin-specific structural features required for 

VEGF binding. The study showed that octasaccharide unit is minimun lenght required to bind 

to both VEGF165 and VEGF55 efficiently. Interestingly, the degree of sulfation at different 

positions in HS affects the strength of protein binding, with N- and 6-O-sulfated groups 

contributing more than 2-O-sulfation. The study also highlights the important role of the 

IdoA residue in VEGF binding. Notabely, the study revealed that the 3-O-sulfation found 

within the antithrombin binding site of heparin is not required for VEGF165 binding. These 

findings demonstrate the pivotal role of uronic acid in VEGF binding and provide new insight 

into the inherent kinetics and affinities for VEGF association with HS. Recently, we 

investigated the binding of VEGF165 with N-unsubstituted (NU) domain and N-acetate 

(NAc) domain ligands55. Our group confirmed that 3-O-sulfation is not essential for 

VEGF165 binding, and both NU and NAc domain ligands showed similar binding 

preferences. All these studies revealed that L-IdoA is pivotal for VEGF and FGF binding. To 

delineate the conformation plasticity of L-IdoA oligomers, Our group have synthesized HS 

biomimetics analogs using pure IdoA components with different sulfation and 

oligosaccharide chain length patterns. We hypothesized that these HS biomimetics may 

expose IdoA residues at the reducing and non-reducing end of the oligosaccharides, giving a 

unique scaffold to study the conformation plasticity of IdoA at different positions. 1D and 2D 

NMR studies have permitted assessing that sulfation at position O-4 enhances the population 

of the1C4geometry at the corresponding ring. The 1C4 conformer becomes almost exclusive 

upon additional sulfation at O-253. Microarray and SPR analysis of HS biomimetic analogs 

with different growth factors have also established that optimal oligosaccharide length, 

sulfation code and exclusive IdoA conformation synergistically modulate growth factors 

activity. Finally,our group identified unique mono and disaccharide-IdoA ligands with 

unusual conformation plasticity and sulfation pattern that can selectively interact with 

VEGF165. This opened new avenues for generating drug molecules for cancer therapy.  

Inspired by these findings, we undertook investigations into the binding of growth factors 

with oligo-idose mimetics. Our research involves the synthesis of oligo-idose and 
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encompasses various biological studies, specifically focusing on growth factors binding 

studies and developing antibody against HS. 

 

1.2.3 Anti-HS Antibody  

The intricate structural microheterogeneity of HS is evidenced by the staggering potential 

arrangements of a tetrasaccharide HS into 2,304 combinations, as documented by research56. 

This complexity underscores the imperative of pinpointing specific HS epitopes implicated in 

biological processes and the subsequent development of targeted antibodies or small 

molecule inhibitors, which holds immense potential for advancing drug and vaccine 

development56-59. 

For instance, prior investigations have elucidated the indispensable role of 3-O-sulfation of 

HS in facilitating the entry of Herpes simplex virus type 1 (HSV-1) into HeLa cells60-61. 

Conversely, Adeno-Associated Virus (AAV) serotypes exploit HS sequences containing N-

sulfated glucosamine and 2-O-sulfated iduronic acid residues to elicit virulence62. 

Additionally, HS microarray analysis with SAR-Cov-2 spike proteins has pinpointed highly 

N-sulfated patterns and iduronic acid composition as potential ligands for viral infection63-64, 

underscoring the critical need for antibodies targeting these HS ligands in the fight against 

viral diseases. 

To date, various approaches have been explored for the development and commercialization 

of anti-heparan sulfate/heparin antibodies. However, in many cases, purified HS 

proteoglycans have been utilized as antigens.65-67 Antibodies generated against these antigens 

have shown to exhibit broad reactivity with different sulfation patterns, predominantly 

resulting in the production of IgM class antibodies. For example, the F58-10E4 antibody, 

produced using HS proteoglycan from human fetal lung fibroblast displayed reactivity with 

mixed HS domains containing both N-acetylated and N-sulfated disaccharide units, including 

N-unsulfated glycosamines.68 On the other hand, the HepSS-1 mouse IgM antibody exhibited 

a strong binding preference to N-sulfated HS domains,69,70 but failed to differentiate the 3-O- 

or 6-O-sulfation code. The JM403 antibody displayed a preference for glucoronate over 

iduronate and exhibited strong binding to N-nonsulfated glucosamine.67,69 The NAH46 

antibody bound to sulfated HS disaccharide units, but lacked specificity for sulfation patterns. 

Lastly, the FG69-3G10 anti-HS antibody demonstrated strong binding to unsaturated 
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uronated at the nonreducing end.70 Overall, all these antibodies failed to demonstrate 

specificity to the sulfation codes and uronic acid compositions. Here, we employed an 

innovative immunization strategy that exploits molecular mimicry of HS to generate 

antibodies against HS sequences.  

1.2.4 Amyloid beta (Aβ) 

HS-protein interactions demonstrate dual effects: they enhance receptor activity, particularly 

in growth factors and chemokines, and inhibit protein aggregation in various neurological 

disorders 71. Heparan sulfate (HS) can play important roles in the biology and pathology of 

amyloid β (Aβ), a hallmark of Alzheimer’s disease. An illustrative example includes HS 

binding to β-secretase (BACE-1), which mitigates amyloid plaque formation linked to 

Alzheimer’s disease 72. Turnbull and colleagues extensively explored the structure-activity 

relationships (SARs) of BACE-1, highlighting that 6-O-sulfated and N-acetylated derivatives 

exhibit promising anti-BACE-1 activity over anti-Xa agents. Notably, variations in uronic 

acid composition showed no significant impact on their activity, while 2-O-sulfation of 

uronic acid marginally enhanced anti-BACE-1 efficacy 73,74. 

Beta-amyloid and tau proteins are prominent HS-binding neural proteins. Liu et al., in their 

investigation to identify potential HS ligands, utilized a combinatorial HS library and 

microarray analysis. Their findings revealed that higher oligosaccharides (6–8 mers) with 3-

O-sulfation at glucosamine and a mixed uronic acid residue combination on HS exhibit 

strong binding affinity to tau protein 75. In contrast, highly sulfated N-sulfated ligands 

exhibited robust adhesion to Aβ-protein. Additionally, higher oligosaccharides carrying 3-O-

sulfated mixed uronic acid-containing HS ligands demonstrated significant binding affinity to 

neproline-1, a neural growth factor. 

In the previous report by Xuefei Huang and coworkers have shown the structure−activity 

relationship of HS/Aβ interactions, synthetic HS oligosaccharides ranging from 

tetrasaccharides to decasaccharides have been utilized to study Aβ interactions. Surface 

plasmon resonance experiments showed that the highly sulfated HS tetrasaccharides bearing 

full 2-O, 6-O, and N-sulfations exhibited the strongest binding with Aβ among the 

tetrasaccharides investigated. Elongating the glycan length to hexa- and deca-saccharides 

significantly enhanced Aβ affinity compared to the corresponding HS tetrasaccharide. The 

strong binding HS oligosaccharides could reduce the cellular toxicities induced by Aβ85. 
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These discoveries offer valuable insights into the potential therapeutic applications of HS and 

its derivatives for treating neurological disorders linked to interactions involving beta-

amyloid and tau proteins. 

In Alzheimer's disease, impaired processing of amyloid precursor protein (APP) by γ-

secretase results in the accumulation of amyloid beta (Aβ) oligomers and plaques. Syndecan 

(SDC) heparan sulfate proteoglycans (HSPGs) on cell surfaces and in the extracellular matrix 

facilitate Aβ internalization, potentially contributing to disease progression. The presence of 

these Aβ aggregates causes shrinkage of brain regions critical for memory, decision-making, 

and personality, such as the cerebral cortex, and the hippocampus, important for learning and 

memory.116 (Figure 4) 

Further, Heparan sulfate (HS) significantly influences the metabolism of amyloid beta (A) 

in Alzheimer's disease through direct and indirect mechanisms. The sulfation patterns and 

modifications of HS, as well as the conformational state of A, dictate their binding 

interactions. Direct binding of HS accelerates A aggregation and deposition in the brain. 

Indirectly, HS interacts with key proteins such as sAPP, BACE1, and ApoE, which 

collectively modulate Ab production, uptake, and clearance pathways. This dual role 

underscores HS's pivotal involvement in the pathophysiology of Alzheimer's disease72. 
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Figure 4.  Heparan Sulfate plays a key role in internalization of amyloid beta (Aβ) oligomers 

and plaques. 

1.2.5 Viral spike proteins 

Pathogens such as viruses, bacteria, and parasites exploit heparan sulfate (HS) to invade the 

human immune system 76. For example, Herpes simplex virus type 1 (HSV-1) initiates 

infection by binding to HS proteoglycans through viral envelope glycoproteins gB and gC 77. 

Previous studies indicate that 3-O-sulfation of HS is crucial for blocking HSV-1 entry into 

cells like HeLa, and variations in uronic acid composition also influence the inhibition of 

HSV-1 infection 78,79. 

Similarly, uronic acid composition plays a critical role in recognizing Adeno-Associated 

Virus (AAV) serotypes. Specifically, AAV3 preferentially binds to HS sequences featuring 

N-sulfated glucosamine alternating with 2-O-sulfated iduronic acid (IdoA), while AAV6 

binds to sequences containing sulfated glucosamine with non-sulfated IdoA 80. 

Studies on COVID-19 viral pathogenesis have revealed that the interaction between the virus 

spike protein and the angiotensin-converting enzyme-2 (ACE2) cell surface receptor, 

facilitated by HS, is crucial for its pathogenicity 31,32. (Figure 5) Consequently, significant 
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efforts have been made to identify HS and its mimetics' binding sequences to the active sites 

of SARS-CoV-2 and inhibit viral replication. Researchers such as Boons et al. 32,81, Tan et al. 

82, Desai et al. 83, and Skidmore et al. 84 used limited HS libraries to identify active HS 

ligands for the spike receptor binding domain (RBD) through microarray and surface 

plasmon resonance (SPR) analyses.  

These studies suggest that sulfation patterns and IdoA composition, specifically 2-O or 6-O-

sulfated groups and N-sulfation, are potential ligands that modulate SARS-CoV-2 activity. 

These findings underscore the importance of uronic acid composition in viral infection and 

highlight the potential of HS mimetics as a therapeutic strategy against various diseases. 

1.2.6 Non-Glucosamino glycan like molecules as Heparin Mimetic 

Viruses often bind to cell surface carbohydrate residues like sialic acid or sulfated 

glycosaminoglycan (GAG) chains to initiate infection, making these carbohydrates promising 

antiviral targets. For instance, approved treatments for influenza utilize specific sialic acid 

mimetics86. Similarly, GAG chain mimetics, such as sulfated polysaccharides, have been 

shown to effectively inhibit various GAG-binding viruses like HIV, HSV, and RSV 

incultured cells 87-89. However, these compounds have failed to provide protection against 

HIV in human trials 90,91. 

The failure of these compounds in human trialsmay be due to the nature of of GAGs and their 

mimetics. These long, anionic chains bind to viral proteins through weak and reversible 

electrostatic interactions 92. For example, in the case of HSV, the presence of a GAG mimetic 

must be constant during virus attachment, as dilution can release infectious virus 93. 

Human RSV targets ciliated cells in the bronchial epithelium and type 1 pneumocytes in the 

alveoli, leading to acute bronchiolitis and pneumonia in infants, the elderly, and 

immunocompromised individuals 94-96. In cultured cells, RSV initially binds to cell surface 

sulfated GAGs via its attachment protein G 97, specifically targeting iduronic acid-containing 

GAGs like heparan sulfate or chondroitin sulfate B 98. 
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Figure 5.  HSPG role in SARS-CoV-2 viral entry. 

However, heparan and chondroitin sulfate chains are not significantly expressed on human 

airway epithelial surfaces 99. Instead, keratan sulfate, abundantly found on the apical surface 

of ciliated cells in the bronchial epithelium 100, might facilitate RSV infection, suggesting that 

GAG-mimicking compounds could protect against RSV. 

Muparfostat (formerly PI-88), an anti-cancer drug candidate 101 consists of highly sulfated 

mannose-containing oligosaccharides and shows antiviral activities against various viruses, 

including HIV 102, HSV 103, dengue, and encephalitic flaviviruses 104, as well as malaria 105. 

Inspired by the virucidal activity of certain polysulfonated compounds like PRO2000, which 

contains aromatic/lipophilic chains 106,107, and the enhanced antiviral activity of peptide-based 

inhibitors conjugated with cholesterol 108,109, efforts were made to enhance muparfostat's 

antiviral properties. 

In oncology, PG545 has demonstrated anti-angiogenic properties, inhibiting pathways 

involved in tumor-associated blood vessel formation 110. Preclinical studies show its 

effectiveness in reducing tumor growth and metastasis in cancers such as melanoma and 

pancreatic cancer 110,111. Beyond its anti-cancer properties, PG545 exhibits anti-inflammatory 

effects and has shown efficacy in models of fibrosis and autoimmune diseases 112 . 
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Figure 6. Structures of some of Non-glycosamino glycans like molecules, PG545 and PI-88. 

In addition to its applications in oncology and inflammatory diseases, PG545 targets heparan 

sulfate proteoglycans (HSPGs), key receptors for various viruses, to inhibit viral entry 

PG545, works as a novel RSV inhibitor, by mimicking the structure of HS, PG545 can 

competitively inhibit virus attachment to cell surface HSPGs, preventing viral entry into host 

cells 113.  

Additionally, PG545 and related glycosides exhibit potent virucidal activities against HSV 114 

and HIV 115, making cholestanyl-conjugated oligosaccharides promising candidates for 

treating and preventing infections by viruses that utilize GAGs as initial receptors. 
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Abstract 

Heparan sulphate (HS) sequences facilitate numerous growth factor signals, as well as in the 

adhesion and infection processes of viruses and pathogens. Identifying these HS sequences 

and obstructing their recognition with antibodies holds promise for advancing 

pharmacological agent development. Nevertheless, HS is non-immunogenic antigen and 

developing antibodies against specific sulfated patterns in HS poses significant challenges. 

Herein, we employed an innovative immunization strategy that exploits molecular mimicry of 

HS to generate antibodies against HS sequences. Cheminformatics structural similarity 

analysis of heparin mimetics against native HS ligands confirmed that sulfated oligo-L-idose 

(ID49) has maximum of  ~67% of the conserved structure compared other sulfate homo 

oligosaccharide analogs. Mice were immunized with ID49@CRM197 conjugate resulted in 

the production of robust IgG antibody responses targeting ID49, and cross-reactivity with the 

highly sulfated N-sulfated HS ligands and induce the complement-dependent cell cytotoxicity 

against tumor cells. Such pharmacological agent exhibited distinct staining of tissues sections 

and inhibited heparin mediated anticoagulation activity similar to protamine. These finding 

highlight the biomarker and therapeutic capability of the antibodies. 
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2.1 Introduction 

Heparan sulfate (HS) is a major component of the glycocalyx and extracellular matrix, 

binding to growth factors, chemokines, viral and bacterial proteins, as well as toxins. These 

interactions play critical roles in regulating processes such as angiogenesis, viral infection, 

and tumor progression.1-6 Structurally, HS comprises repeating units of D-glucosamine and 

uronic acid disaccharide units. The uronic acid composition can be either D-glucuronic acid 

or L-iduronic acid. The structural diversity of HS primarily arises from sulfation patterns, 

encompassing O-sulfation and N-sulfation. O-sulfation occurs particularly on glucosamine at 

the 6th, 3rd position, along with 2-O-sulfation of uronic acid residues. Additionally, amine 

residues of glucosamine are either N-sulfation (NS), N-acetylated (NAc) and N-unsubstituted 

(NU).7-10 Overall, a tetrasaccharide HS can arranged in 2,304 combinations, highlighting the 

structural microheterogeneity of HS.12 Identifying the specific HS epitopes involved in 

particular biological recognitions and developing antibodies or small molecule inhibitors 

against them represent a promising target for drug and vaccine development.12-15 For 

instance, previous research has shown that the 3-O-sulfation of HS is essential for facilitating 

the entry of Herpes simplex virus type 1 (HSV-1) into HeLa cells.16-17  Whereas,  Adeno-

Associated Virus (AAV) serotypes bind to HS sequences containing N-sulfated glucosamine 

and 2-O-sulfated iduronic acid residues to induce virulence.18 HS microarray analysis with 

SAR-Cov-2 spike proteins has revealed that highly N-sulfated patterns and iduronic acid 

composition serve as potential ligands for viral infection.19-20 Therefore, antibodies targeting 

these HS ligands is crucial for combating viral diseases.  

To date, various approaches have been explored for the development and commercialization 

of anti-heparan sulfate/heparin antibodies, including phage display Technology using purified 

HS proteoglycans as antigens.21-23 Antibodies generated via phage display technology offer a 

promising tactic for generating anti-heparin specific VH germinal segments. These anti-HSFv 

antibodies exhibited positive binding to specific HS sulfation patterns, with potential 

applications in inhibiting the anticoagulant activity of fondaparinux, staining HS epitopes at 

the tissue level and block viral infection at cellular level.  However,  these antibodies are 

fragments rather than full length antibodies, which limit its suitability to produce antibody-

dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC), 

which is essential for therapeutic purpose. Further half-life and stability of these antibodies 

are poor due to the absence of Fc region and posttranslational modification. Hence, 
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traditional immunization strategy to produce antibody is highly recommended.  However, 

antibodies generated by the immunization of HS proteoglycan showed broad reactivity with 

different sulfation patterns, predominantly resulting in the production of IgM class 

antibodies. For example, the F58-10E4 antibody, produced using HS proteoglycan from 

human fetal lung fibroblast displayed reactivity with mixed HS domains containing both N-

acetylated and N-sulfated disaccharide units, including N-unsulfated glycosamines.23 On the 

other hand, the HepSS-1 mouse IgM antibody exhibited a strong binding preference to N-

sulfated HS domains,24,22 but failed to differentiate the 3-O- or 6-O-sulfation code. The 

JM403 antibody displayed a preference for glucoronate over iduronate and exhibited strong 

binding to N-nonsulfated glucosamine.23,25 The NAH46 antibody bound to sulfated HS 

disaccharide units, but lacked specificity for sulfation patterns. While, the FG69-3G10 anti-

HS antibody demonstrated strong binding to unsaturated uronated at the nonreducing end.26 

Overall, we need a better antigenic substrate to produce rubust IgG antibody with specificity 

to the sulfation patterns and uronic acid composition.   

To address these limitations, we employed an innovative immunization strategy leveraging 

aspects of molecular mimicry27 to generate antibodies demonstrating cross-reactivity with 

native HS ligands. Specifically, mice were immunized with sulfated oligo-L-idose (ID49) 

ligand, which shares a more than 70% similarity index with highly sulfated N-unsubstituted 

and N-sulfated HS tetrasaccharide ligands. This immunization elicited in a high-titer IgG 

antibody response against ID49, which is also directed against the highly N-sulfated HS 

oligosaccharides. Subsequent screening for specificity towards synthetic HS sulfation 

patterns confirmed that the antibodies are directed against 6-O-sulfated and 2-O-sulfated HS 

N-sulfated HS ligands and least binding to N-unsubstituted and N-acetate HS ligands. The 

biomarker potential of these antibodies has been demonstrated by selectively staining of fixed 

tissue sections. Additionally, their therapeutic potential was evidenced by their ability to 

neutralization of heparin-mediated anticoagulation activity.  
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2.2 Result and Disscusion 

To identify potential heparin mimetics with structural resembling native HS sequences, we 

initiated our investigation by assessing the similarity scores using native sequences. The 

heparin mimetics library was derived from PG545 and sulfated oligo-iduronic acid, both 

recognized as potential ligands for targeting and modulating HS binding proteins.28-29   

Specifically, we utilized tetrasaccharides as the minimum glycan length and evaluated 

sulfated hexoses such as L-idose, L-iduronic acid, D-glucose, and D-glucuronic acid based 

heparinoids to determine their similarity scores. RDKit, a cheminformatics toolkit, was 

employed to generate these similarity scores. RDKit decode the structural similarity by 

creating a custom representation of the partial charges of atoms in the molecules and use 

similarity matric to develop similarity index, Previously, RDKit was extensively used graphic 

neural networks (GNN) to generate molecular modeling and prediction. Here, we generated 

SMILES structures for all 2,304 HS tetrasaccharides (https://github.com/rkikkeri/HS-

similarity-index. File name: chemdraw 1-2304.pdf) and compared their similarity scores with 

I45, I49, ID49, ID413, G413, GA49, G49 and GA45 (Figure 1a). As anticipated, all heparin 

mimetics exhibited varying degree of structural similarity score to native sequences (0 to 1) 

(Figure 1b & 1c Figure S1). ID49 and I45 showed optimal similarity indices of ~ 67% and 

66% respectively, to native HS ligands when compared to other heparin mimetics. Notably, 

all analogues demonstrated strong binding to N-unsubstituted (NU) domains, followed by N-

acetate (NAc) mixed domain ligands. I45 showed a preference for 6-O-sulfated or 3-O-

sulfated NU domain ligands containing 2-O-sulfated uronic acid residues (Compound 

numbers: 1, 34, 50, 83, 1585, 1634, and 1667). Conversely, I49 displayed 56% similarity 

with the same ligands (Compound numbers: 1, 34, 50, 83, and 1585), indicating that 

increased sulfation on uronic acid composition decreases structural similarity with native 

heparin structures. Whereas, ID49 exhibited a strong preference for 6-O-sulfated NU domain 

ligands carrying 2-O-uronic acid residues (Compound numbers: 99, 124, 1251, 1275, 1276), 

indicating that heparin mimetics with L-iduronic acid and L-idose can cause differences in 

molecular-level interactions. ID413 and GL413, on the other hand, showed identical 

similarity indices, with 58% preference for 3,6-O-sulfated NU domain ligands (Compound 

numbers: 148, 180, 1684, 1716). Similarly, G49 and GA45 showed similarity to ID49 and 

I45 respectively. Overall, these results demonstrated that RDKit was unable to differentiate 

uronic acid compositions of heparin mimetics when evaluating structural similarity. Overall, 

https://github.com/rkikkeri/HS-similarity-index
https://github.com/rkikkeri/HS-similarity-index
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ID49 and G49 stands out as a potential heparin mimetic to target native heparin structures. 

Here, we choose ID49 for further studies, as their structure is not existing in the mammalian 

glycocalyx. The detailed similarity index Excel sheet, RDKit code with smile structures, and 

the chemical structures of all 2304 native heparin structures are freely available for download 

on a GitHub repository  (https://github.com/rkikkeri/HS-similarity-index). 
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Figure 1. (a) Structures of heparinoids and (b) graphical representation of similarity index 

analysis with 2,304 native HS tetrasaccharides vs heparinods; (c) Similarity index of ID49: 

*Comp no 99: GlcNH2(6S)-IdoA(2S)-GlcNH2(6S)-IdoA(2S), 124: GlcNH2(6S)-IdoA(2S)-

GlcNHAc-GlcA(2S), 1251: GlcNH2(6S)-IdoA(2S)-GlcNHAc(6S)-IdoA(2S), 1275: 

GlcNH2(6S)-GlcA(2S)-GlcNH2(6S)-GlcA(2S), 1276: GlcNH2(6S)-GlcA(2S)-GlcNHAc-

GlcA(2S) (Chemical https://github.com/rkikkeri/HS-similarity-index)  

(b)                                                          (c)                           

*   *   

*   *   

https://github.com/rkikkeri/HS-similarity-index
https://github.com/rkikkeri/HS-similarity-index
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2.2.1 General Procedure 

ID49 was synthesized from idose disaccharide 11 (Scheme 1), which were derived from 1,6-

anhydro-β-L-idopyranosy1, 4-alcohol 7 and idose-thiophenoldonor 10 precursor. Compound 

7 was synthesized with a total yield of 27% from 1,2:5,6-di-O-isopropylidene-α-D-

glucofuranose through a six-step reaction. Selective 2-O-benzoylation, followed by 

regioselective ring opening with trimethyl(phenylthio)silane in the presence of ZnI2 at room 

temperature, resulted in thioglycoside 9.  Compound 9 was then treated with benzaldehyde 

dimethyl acetal and a catalytic amount of p-toluenesulfonic acid (p-TSA) at room 

temperature, leading to 10. Glycosylation of compound 10 and 8 in the presence of N-

Idosuccinimide (NIS) and a catalytic amount of trimethylsilyltrifluoromethanesulfonate 

(TMSOTf) in DCM at -10°C yielded 55% of 11. Compound 11 was divided into two 

portions; for one part, it was converted to acetate derivative by using Copper(II) 

trifluoromethanesulfonate (Cu(OTf)2) in the presence of acetic anhydride under 0˚C stirred 

overnight to obtain 12. Another part was treated with p-TSA in MeOH/DCM (2/1) to obtain 

benzylidene-deprotected disaccharide 14. Compound 12 was treated with 

trimethyl(phenylthio)silane in the presence of ZnI2 in DCM at room temperature to obtain 

disaccharide donor 13. Meanwhile, compound 14 underwent selective acetylation in the 

presence of acetic anhydride and a catalytic amount of triethylamine (TEA) to get 

disaccharide acceptor 15 with a 65% yield (Scheme1). The glycosylation of donor 13 with 

acceptor 15 in the presence of NIS and a catalytic amount of TMSOTf in DCM at -10°C 

yielded 16. Later, 16 was converted to acetylated and thiphenol donor 18. Tetrasaccharide 

donor 18 was glycosylated with linker, followed by deprotection of acetate, benzoyl group 

with lithium hydroxide (LiOH) yielded 20. Sulfation of 20 was carried out with sulfur 

trioxide trimethylamine complex in DMF at 60˚C to obtain compound 21, which was 

subjected to hydrogenation in the presence of a catalytic amount of palladium hydroxide 

(Pd(OH)2) in water for 24 h to obtain 65% yield of ID49 ligand. The structure of ID49 was 

confirmed by nuclear magnetic resonance (NMR) spectroscopy and high-resolution mass 

spectrometry (HRMS) for further use. 

ID49 was conjugated to carrier protein CRM197 to immunize the mice. The conjugation 

process involved activating ID49 with disuccinimidyl suberate ester, followed by cross-

linking to CRM197 in the subsequent step.30 The ID49@CRM197 glycoconjugate was 
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characterized through gel electrophoresis and MALDI-TOF mass spectrometry (Figure 7 & 

8).  

 

Scheme 1. Synthesis of ID49. Reagents and Conditions: (a) NAP-Br, NaH, DMF, 0˚C 92%; 

(b) 64% AcOH, 40˚C, 85%; (c) BzCl, DCM/Py (3/1), 0˚C 76%; (d) MsCl, Py, 0˚C 60%; (e) 

tBuOK, tBuOH/DCM (1/1) 88%; (f) 2N H2SO4, 1,4-Dioxane, reflux 75%; (g) BzCl, DCM/Py 

(4:1), 0˚C, 60%; (h) ZnI2/TMSSPh, DCM, 93%; (i) Benzaldehyde dimethyl acetal, p-TSA, 

ACN, 86%; (j) NIS TMSOTf, 4Å M.S, -10˚C,  90%; (k) Cu(OTf)2, Ac2O, 0˚C, 90% (13), 

70% (17); (l) ZnI2, TMSSPh, DCM, 85% (14); 85% (18); (m) p-TSA, MeOH/DCM (2/1) 77% 

; (n) Ac2O, TEA, DCM, 12h, 65%; (o) NIS, TMSOTf, 4Å M.S,-10˚C 55% (16); 63% (19); 

(p) LiOH, THF/MeOH/H2O (4/2/1), 0˚C, 70%; (q) SO3.NMe3, DMF, 60˚C, 55%; (r) 

H2/Pd(OH)2, H2O, 65%. 

2.2.2 Antibody response for ID49@CRM197 and Cross reactivity  against     

Serum antibody  

To assess the immunogenicity of ID49@CRM197, a group of four female C57BL/6 mice 

received subcutaneous immunizations with ID49 (6 μg per dose) along with aluminum 

hydroxide and Freund’s adjuvant at biweekly intervals. Controls included immunizations 
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with CRM197, PBS, and adjuvants alone. Sera were collected biweekly, as well as on the 37th 

and 60th days (Figure 2a). The ID49-specific antibody response in post-immune sera was 

evaluated by ELISA, using ID49@BSA conjugate (Figure 7 and 8) as the antigen. Analysis 

of the 37th day sera at different dilutions revealed a strong IgG antibody response compared 

to IgM by ID49@CRM197 with both adjuvants (Figure 2b & 3c). In contrast, CRM197, PBS 

alone, alum, and Freund’s alone showed nominal responses, indicating the immunogenic 

nature of ID49 (Figure 2b). Subsequent screening indicated that antibody production against 

ID49 commenced after the 15th day and continued for an extended period. Even at a 

1/100,000 dilution, a robust antibody response was observed, suggesting that ID49 can 

induce strong immune responses (Fig2d). Among adjuvants, Freund’s exhibited a better 

antibody  response compared to alum. Further screening of IgG subclasses revealed that both 

adjuvants exhibited a preferential IgG2b antibody response over IgG3, with Freund’s 

adjuvant again showing a superior IgG subclass response compared to alum conjugation 

(Figure 2e and 2f). 

Upon confirming the immunogenicity of the serum of ID49@CRM197, we started to 

investigate cross-reactivity of the antibodies with native HS sequences. To achieve this, we 

synthesized a panel of BSA-conjugated-HS ligands, ranging from disaccharide, tetra to 

hexasaccharide with various sulfation patterns from NAc, NU, NS-domain and conducted 

ELISA plate analysis (Figure 2g Table 6). Surprisingly, serum from ID49@CRM197-

freund’s/alum immunization exhibited cross-reactivity specific to heparin,  N-sulfate HS 

ligands (Figure 2g). Contrasting with the RDkit analysis, N-unsubstituted, N-acetate, and HS 

tetrasaccharide ligands showed poor binding, implying that the structural processing of the 

ID49 ligand during immunization differed from that predicted by cheminformatics toolkit. 

The negatively charged biomacromolecules such as hyaluronic acid (HA), collagen-I, 

oligonucleotide (DNA), and BSA exhibited poor binding, confirming the specificity of the 

antibodies to sulphated heparin structures (Figure 2g). 
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Figure 2. (a) Immunization regime for C57B/L female mice (4 mice/group); (b) ELISA of 

the antisera induced by vaccines preparation ID49@CRM197 mixed with alum hydroxide and 

Freunds adjuvant Total IgG antibody titer on 37th Day; (c) Total IgM antibody titer on 37th 

day; (d) Total IgG antibody titer at different days; (e) IgG2b antibody titer on 37th day; (f) 

IgG3 antibody titer on 37th day; (g) ELISA plate cross reactivity analysis of ID49@CRM197 

against HS di, tetra and hexasaccharides and biomolecules: HD-36S-NS: GlcNS(36S)α(1-

4)GlcAα-Pro-NH2; HD-26S-NS: GlcNS(6S)α(1-4)IdoA(2S)α-Pro-NH2; HD-236S-NS: 

GlcNS(36S)α(1-4)GlcA(2S)α-Pro-NH2; HD-236S-NS: GlcNS(36S)α(1-4)IdoA(2S)α-Pro-

NH2; HT-3S-NH: GlcNH(3S)α(1-4)IdoAα(1-4)GlcNH(3S)α(1-4)IdoAα-Pro-NH2; HT-2S-

g. 
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NH: GlcNHα(1-4)IdoA(2S)α(1-4)GlcNHα(1-4)IdoA(2S)α-Pro-NH2;  HT-6S-NH: 

GlcNH(6S)α(1-4)IdoAα(1-4)GlcNH(6S)α(1-4)IdoAα-Pro-NH2; HT-36S-NH: 

GlcNH(36S)α(1-4)IdoAα(1-4)GlcNH(36S)α(1-4)IdoAα-Pro-NH2; HT-26S-NH: 

GlcNH(6S)α(1-4)IdoA(2S)α(1-4)GlcNH(6S)α(1-4)IdoA(2S)α-Pro-NH2; HT-26S-NAc: 

GlcNAc(6S)α(1-4)IdoA(2S)α(1-4)GlcNAc(6S)α(1-4)IdoA(2S)α-Pro-NH2; HT-6S-NS: 

GlcNS(6S)α(1-4)IdoAα(1-4)GlcNS(6S)α(1-4)IdoAα-Pro-NH2; HTG-36S-NS: 

GlcNS(36S)α(1-4)GlcAα(1-4)GlcNS(36S)α(1-4)GlcAα-Pro-NH2; HTG-236S-NS: 

GlcNS(36S)α(1-4)GlcA(2S)α(1-4)GlcNS(36S)α(1-4)GlcA(2S)α-Pro-NH2; HT-36S-NS: 

GlcNS(36S)α(1-4)IdoAα(1-4)GlcNS(36S)α(1-4)IdoAα-Pro-NH2;  HH-26S-NS: 

GlcNS(6S)α(1-4)IdoA(2S)α(1-4) GlcNS(6S)α(1-4)IdoA(2S)α(1-4)GlcNS(6S)α(1-

4)IdoA(2S)α-Pro-NH2; HP: Heparin; HA: hyaluronic acid; DNA: plasmid 

deoxyribonucleotide.  

  Interestingly, the ID49@CRM197 antibody bound to highly N-sulfated HS tetrasaccharides 

and hexasaccharide ligands. The serum antibody showed a slight preference for L-iduronic 

acid-based (HT-26S-NS and HH-26S-NS) ligands over D-glucuronic acid-based (HTG-36S-

NS and HTG-236S-NS). Further, the binding preference increased from HT-6S-NS to HT-

26S-NS, demonstrating stronger binding with increased sulfation. Overall, these results 

suggest that the ID49@CRM197 antibody is specific to N-sulphated higher oligosaccharide 

domain HS ligands with a structural similarity to ID49 ligands ranging between 59-63%. 

2.2.3 FACS assay 

To demonstrate the biomarker proficiency of the antibody, we performed immunostaining 

assay of ID49@CRM197 on cancer cells exhibiting varying levels of aggression (MDA-MB-

468, SK-BR-3 and MCF-7) and normal cells (NIH-3T3). We incubated cells with 60th day 

ID49@CRM197 serum (1:100 dlution) for 1 h and treated them with goat anti-mouse IgG 

secondary antibody conjugated with Alexa Fluor 488 and quantified the amount of 

fluorescent staining by flow cytometry.  Our findings revealed that cancer cells which are 

aggressive and metastasis in nature like MDA-MB-468 and SK-BR-3 exhibited nearly 1.3-

fold higher fluorescence staining compared to MCF-7 (milder cancer cells) and normal cells 

(Figure 3). This indicates that as the aggression level of the cancer cells increases there is 

corresponding increase in N-sulfated HS ligands. This also correlates to the literature findings 

that triple negative breast cancer cell lines expressed higher amount of HS compared to 

normal cells.31 
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Figure 3. FACS quantification data of ID49@CRM197 serum staining of different cancer and 

normal cells using and Goat anti-mouse IgG secondary antibody Alexa Fluor 568 

2.2.4 Immunohistochemistry  

We next performed immunostaining of the antibody with different tissue section of mice. For 

this purpose, we prepared 1mm thickness slices of mouse liver, kidney, heart, lung and brain 

and treated them with ID49@CRM197 serum (1:100 dilution), followed by secondary 

antibody (Goat anti-mouse IgG secondary antibody Alexa Fluor 568) (Figure 9). Previous 

studies have been shown that HS epitopes are not evenly distributed in these tissue sections. 

Immunofluorescence studies of kidney sections with anti-K5 mAb 865 and 3G10 showed 

disparity in the staining of the tubular basement membrane, extracellular matrix compared to 

the glomerulus region and vice versa with mAb 865 antibody, indicating the presence of 

highly sulfated HS region in the basement membrane compared to glomerulus region.25 

Similarly, MP3B2’20 b.k anti-HS antibodies generated by phage display methods showed 

strong staining of kidney glomerulus but not Bowman’s capsule, whereas MDPA11 antibody 

stained Bowman’s capsule, but not the glomeruli.32 These results showed there is a 

significant difference in the HS composition in the kidney regions and ideal tissue slice for 

differentiating anti-HS antibodies. As hypothesized, ID49@CRM197 antibodies strongly 

stained distal and proximal tubules (Figure 4a & 4b). When observed at a higher resolution, 

the staining was observed mainly at the proximal tubular epithelial cell membrane and tight 

junction region rather than the tubular basement membrane, clearly indicating that there is a 
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significant difference in the HS sequence in the basement membrane over the epithelial cells, 

which was not observed in the other anti-HS antibodies. Unlike kidney section, the heart and 

lung section showed staining of cell membrane as well as internal organoids of the cardiac 

muscle cells, as well as resident cells and transient cells in the alveoli, alveolac sac and duct 

region of the lung slices (Figure 4c & 4d). Whereas, liver sections showed staining of cell 

membrane, extracellular matrix and internal part of the hepatocytes cells and differentiate the 

synosides (Figure 4e). To our surprise, ID49@CRM197 antibody failed to stain brain 

cerebellum sections (Figure 4f). Previously, anti-HS antibodies such as 10E4, NAH46, AS25, 

ACH55 and 3G10 antibodies showed selective binding of purkinje, endothelial and granular 

cells in cerebellum.26 However, non-staining of ID49@CRM197 antibodies, indicate that 

highly sulfated N-sulfate HS composition is absent in the brain cerebellum part, but abundant 

in lung, heart and liver sections, and selectively expressed in kidney. In order to confirm 

whether the ID49@CRM197 antibody binding to these tissue slides is through heparin 

mediated interaction. We performed several control experiment, including treating the tissue 

sections without serum (Figure 4g-4i) and  we pretreated the kidney and liver specimen with 

heparinase-I for 1 h before performing immunostaining. Our results showed that the 

pretreatment with heparinase-I strongly inhibited ID49@CRM197 antibody staining, 

suggesting that HS epitopes on this specimen are the key recognition site for ID49@CRM197 

antibody (Figure 10).   

2.2.5 Ex-Vivo assay 

The effect of this antibodies on the HS mediated biological activity was examined by anti-

coagulation assay using human blood sample. To this end, we incubated human blood (100 

µl) with heparin (130 µM), followed by ID49@CRM197 serum. We observed inhibition of 

heparin mediated anti-coagulation activity at 1:100 dilution (Figure 5a) similar to protamine 

activity. Consistent with our immunostaining assay, anti-coagulation assay confirmed that the 

ID49@CRM197 antibody directly binds to highly sulfated NS-domain HS ligands and lock 

their biological activities. Finally, complement-dependent cytotoxicity (CDC) was 

investigated using SK-BR-3 cells (Figure 5b). The antibodies in the sera from day 35 and day 

60 exhibited significantly greater cancer cell cytotoxicity compared to those in the sera from 

day 0 and day 15. These findings indicate that the ID49 antigen is capable of eliciting 

antibodies against native heparin sequences and inducing the cytotoxicity necessary for 

vaccine development. 
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Figure 4. Immunofluorescent images of specimens treated with  ID49 antibody and Goat 

anti-mouse IgG secondary antibody Alexa Fluor 568 (a) kidney sections showing selective 

staining of distal (DT) and promixmal tubules (PT) compared to glomerulus (G) and 

Bowman’s capsule region; (b) kidney section of proximal tubules epithelial cells (PTE) and 

claudin tight junctions (TJ) compared to tubular basement membrane (TBM); (c) heart 

section staining cardiac muscle cells; (d) lung sections staining cells in the alveolar sacs (AS), 

alveoli (A) region; (e) liver section staining the hepatocyte cells (H) compared to synoside 

(S); (f) brain cerebellum region showed no staining of purkinje (P) or granular cells (G); (g)-
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(i) tissue section treated with IgG secondary antibody without ID49@CRM197: liver (g); 

kidney (h) and heart (i). (scale bar 100 µm). 
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Figure 5. (a) Snap shot images of anticoagulation of mice blood in the presence of 

ID49@CRM197 and protamine; (b) Antibodies elicited by ID49 at different time interaval 

mediate complement dependent cytotoxicity (CDC). SK-BR-3 cells were incubated with 

serum collected at different time interval at 37 °C for 2 h, the cytotoxicity induced by the 

serum was then determined using the LDH assay. *P < 0.05.  

2.3 CONCLUSIONS 

In this work, we have presented an innovative approach to produce antibodies targeting 

specific heterogeneity within heparan sulfate polysaccharides. Using cheminformatics, we 

have identified that homo-oligosaccharides carrying sulfated L-idose/L-iduronic acid exhibit 

greater similarity index to native HS oligosaccharides with specific sulfation patterns. By 

employing a divergent [2+2] glycosylation method, we successfully synthesized the ID49 

oligosaccharides and thoroughly characterized using NMR and mass spectrometric 

techniques. The synthetic heparinoids ID49 were then conjugated to the CRM197 carrier 

protein, with an average of eight to nine glycans per CRM197 molecule, as ascertained 

through mass spectrometric analysis. C57BL/6 mice were immunized with the conjugates 

formulated with adjuvants such as aluminium hydroxide and Freund’s adjuvant respectively. 

Following three biweekly immunizations, the ID49 antigen elicited a robust anti-IgG ID49 

antibody response. Further, the IgG antibody titer response can be seen at a dilution of 

1/100,000 and showed cross reactivity with native HS sequences. Specifically, they were 

selective against N-sulfated 6-O and 2-O sulfated higher oligosaccharides, which has been 

proved to be a vital HS ligand for various biological activities.8 This property is a real asset 

for mapping the HS heterogeneity in cancer and normal cells. Further, these antibodies were 

able to stain different compartment of tissue sections, which is not stained by other HS 
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antibodies. Particularly in kidney sections, ID49@CRM197 antibody was able to stained the 

plasma membrane of distal (DT) and promixmal tubules (PT) compared to glomerulus (G) 

and Bowman’s capsule region. Indicating the HS sequence expression on the plasma 

membrane of tubules compartment of kidney is different from that of capsule region. Finally, 

anticoagulation assay and cytotoxicity assay reiterates the therapeutic potential of the 

antibodies. Isolation of the mAb and atomic level structure-activity studies of 

ID49@CRM197 antibody can offer rational approach to design antibodies against HS epitopes 

to alter physiological and pathological process. 

2.4 EXPERIMENTAL SECTION 

2.4.1 General Information 

All chemicals were reagent grade and used without further purification unless otherwise 

noted. Reactions were carried out in anhydrous solvents under a nitrogen atmosphere. 

Reaction progress was monitored by analytical thin-layer chromatography (TLC) on Merck 

silica gel 60 F254. Spots on TLC plate were visualized under UV light or by dipping the TLC 

plate in CAM/ninhydrin solution followed by heating. Column chromatography was carried 

out using Fluka kieselgel 60 (230-400 mesh). 1H and 13C NMR spectra of compounds were 

measured with Bruker 400 MHz, Bruker 600 MHz and Jeol 400 MHz using residual solvents 

as an internal reference (CDCl3 δH 7.26 ppm, δC 77.3 ppm, CD3OD δH 3.31 ppm, δC 49.0 

ppm, and D2O δH 4.79 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 

measured with FluoroMax-4 spectrofluorometer (Horiba Scientific, U.S.A.). All microscopy 

images were captured using Leica SP8 confocal microscope and processed using Image J 

software. Heparin was gifted by Lupin. India. Pune. Diphtheria Toxin, CRM mutant was 

purchase from Fina biosolutions, Maleimido active BSA was purchased from sigma-Aldrich. 

Goat anti mouse IgG secondary Antibody HRP conjugated,  Goat antimouse IgM secondary 

Antibody HRP conjugated, Goat anti mouse IgG3 secondary Antibody HRP conjugated,  

Goat Anti mouse IgG 2b cross absorbed secondary antibody HRP,  Goat anti-Mouse IgG 

(H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488, Goat anti-Mouse IgG 

(H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 568 were purchased from 

Invitrogen. All  animal  studies  were  performed  with  the  approved  protocol  from  the  
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institutional  animal  ethical  committee. ID49 purity was further confirmed by PAMN-HPLC 

using monopotassium phosphate 1.5 M for 50 min at a flow rate of 0.5 mL/min. 

 

 

Compound 2.   

In a 1-lt RB, compound1 (43 g, 0.165 moles) was dissolved in 100 ml 

of dimethylformamide (DMF). The reaction mixture was cooled to 0°C 

in an ice bath. Then, sodium hydride (NaH) (8.34 g, 0.334 moles) was 

added in portions, followed by the dropwise addition of 2-

Bromomethyl)naphthalene (55.6 g, 0.2508 moles). The reaction 

mixture was stirred for 2 hours under a nitrogen atmosphere. The progress of the reaction was 

monitored by thin-layer chromatography (TLC). After the reaction was complete, the mixture 

was concentrated under vacuum using a rotary evaporator. Subsequently, an ethyl acetate 

(EtOAc) extraction was carried out with brine, and the organic layer was dried over 

anhydrous sodium sulfate (Na2SO4). The resulting solution was concentrated under reduced 

pressure and purified by column chromatography using a dichloromethane (DCM)/hexane 

solvent system to yield compound 2 in a 92% yield. (400 MHz, Chloroform-d) 5.93 (d, J = 

3.7 Hz, 1H), 4.90 – 4.74 (m, 2H), 4.63 (d, J = 3.7 Hz, 1H), 4.42 (dt, J = 7.7, 6.0 Hz, 1H), 4.23 

– 4.11 (m, 2H), 4.08 (d, J = 3.1 Hz, 1H), 4.03 (dd, J = 8.5, 5.8 Hz, 1H), 1.49 (s, 3H), 1.43 (s, 

3H), 1.39 (s, 3H), 1.31 (s, 3H), 7.87 – 7.72 (m, 4H), 7.56 – 7.36 (m, 3H)13C NMR (101 MHz, 

Chloroform-d) δ 135.17, 133.33, 133.16, 128.33, 127.99, 127.82, 126.58, 126.29, 126.11, 

125.75, 111.94, 109.15, 105.43, 82.77, 81.70, 81.45, 72.63, 72.52, 67.53, 26.94, 26.36, 25.58. 

HR-ESI-MS (m/z): [M+Na]+, calculated for C23H28O6Na, 423.1784 ; Found 423.1789. 

 

Compound 3. 

In a 1-lt RB, compound2 (48 g, 0.1218 moles) was dissolved in 64% 

acetic acid (AcOH). The reaction mixture was stirred overnight at 40°C in 

an oil bath (without reflux). The progress of the reaction was monitored 

by thin-layer chromatography (TLC). After the reaction was complete, it 

was quenched with a cold sodium bicarbonate (NaHCO3) solution. Ethyl 

acetate (EtOAc) extraction was performed, and the organic layer was dried over anhydrous 

sodium sulfate (Na2SO4). The crude product was further purified by column chromatography 
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using a dichloromethane (DCM)/ethyl acetate (EtOAc) solvent system to obtain compound 3 

in 85% yield. 1H NMR (400 MHz, Chloroform-d) 5.96 (d, J = 3.8 Hz, 1H), 4.88 (d, J = 11.9 

Hz, 1H), 4.71 (d, J = 11.9 Hz, 1H), 4.67 (d, J = 3.8 Hz, 1H), 4.18 – 4.11 (m, 2H), 4.07 (ddd, J 

= 7.2, 5.4, 3.3 Hz, 1H), 3.82 (dd, J = 11.5, 3.4 Hz, 1H), 3.71 (dd, J = 11.5, 5.4 Hz, 1H), 1.48 

(s, 3H), 1.32 (s, 3H), 8.18 – 7.63 (m, 4H), 7.60 – 7.35 (m, 3H)13C NMR (101 MHz, 

Chloroform-d) δ 134.60, 133.30, 133.20, 128.77, 128.04, 127.86, 127.00, 126.52, 126.36, 

125.60, 111.97, 105.26, 82.26, 82.00, 80.05, 72.35, 69.33, 64.45, 26.82, 26.32. HR-ESI-MS 

(m/z): [M+Na]+, calculated for  C20H24O6Na 383.1471; Found 383.1473. 

Compound 5. 

 

In a 500 ml RB, compound 3 (48 g, 0.1331 moles) was dissolved in a 

dry dichloromethane/pyridine (4:1) solvent mixture under a nitrogen 

atmosphere. The reaction mixture was cooled to 0°C in an ice bath. 

Benzoyl chloride (18.5 ml, 0.1598 moles) was then added dropwise 

using a dropping funnel. The reaction progress was monitored by TLC. 

After the reaction was complete, it was quenched with methanol (MeOH), followed by 

subsequent workup with 10% hydrochloric acid (HCl) and saturated sodium bicarbonate 

(NaHCO3) solution. The resulting mixture was dried over anhydrous sodium sulfate 

(Na2SO4). The workup solution was concentrated and dried under reduced pressure using a 

rotary evaporator, and then taken to the next step without purification. The crude product was 

dissolved in dry pyridine, and the resulting mixture was cooled to 0°C. Methanesulfonyl 

chloride (14.5 ml, 0.1884 moles) was added dropwise under an inert nitrogen atmosphere at 

0°C. The reaction mixture was stirred overnight. The progress of the reaction was monitored 

by TLC. After the reaction was complete, the reaction mixture was concentrated under high 

vacuum. Subsequently, an extraction with dichloromethane (DCM) using 10% HCl and brine 

solutions was performed. The organic layer was dried over anhydrous sodium sulfate 

(Na2SO4), and the crude product was purified by column chromatography using a 

hexane/ethyl acetate (EtOAc) solvent system to obtain compound 5 in a 60% yield. 1H NMR 

(400 MHz, Chloroform-d) 5.95 (d, J = 3.6 Hz, 1H), 5.46 (ddd, J = 8.1, 6.3, 2.0 Hz, 1H), 4.95 

(dd, J = 12.8, 2.1 Hz, 1H), 4.92 – 4.73 (m, 2H), 4.67 (d, J = 3.6 Hz, 1H), 4.57 – 4.43 (m, 2H), 

4.21 (d, J = 3.1 Hz, 1H), 2.98 (s, 3H), 1.51 (s, 3H),1.32 (s, 3H), 8.17 – 7.87 (m, 2H) 7.93 – 

7.69 (m, 4H), 7.62 – 7.38 (m, 6H) 13C NMR (101 MHz, Chloroform-d) δ 134.69, 133.42, 

133.20, 129.85, 128.63, 128.42, 128.14, 127.79, 127.03, 126.27, 126.18, 126.00, 112.44, 
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105.51, 81.68, 81.37, 78.45, 75.49, 72.61, 64.20, 39.22, 26.96, 26.41. HR-ESI-MS (m/z): 

[M+Na]+, calculated for  C28H30O9SNa 565.1508; Found 565.1509. 

 

Compound 6.  

 

Compound 5 (34 g, 0.0632 mol) was dissolved in dry DCM/t-BuOH 

(1/1) ratio in 10 Volume each. Then potassium tertiary butoxide (BuO−K 

+ )(15.5 g, 0.139 mol)was added at 0°C. Reaction mixture was kept for 

stirring for overnight. Reaction completion was confirmed by MALDI-

TOF-MS. Further, reaction mixture was concentrated under reduced 

pressure then subsequently did DCM extraction with brine solution and purified by column 

chromatography in Hexane/EtOAc solvent system to get compound 6 in a 88% yield.1H 

NMR (400 MHz, Chloroform-d) 6.03 (d, J = 3.8 Hz, 1H), 5.04 – 4.81 (m, 1H), 4.76 – 4.56 

(m, 2H), 4.01 (d, J = 3.5 Hz, 1H), 3.81 (dd, J = 6.1, 3.5 Hz, 1H), 3.32 (ddd, J = 6.2, 4.3, 2.7 

Hz, 1H), 2.77 (t, J = 4.6 Hz, 1H), 2.53 (dd, J = 4.9, 2.7 Hz, 1H), 1.44 (s, 3H), 1.33 (s, 3H), 

7.93 – 7.70 (m, 4H), 7.59 – 7.35 (m, 3H) 13C NMR (101 MHz, Chloroform-d) δ 134.73, 

127.94, 127.86, 126.81, 126.32, 125.59, 105.59, 82.60, 82.51, 82.14, 72.07, 50.30, 43.34, 

26.94, 26.43. HR-ESI-MS (m/z): [M+Na]+, calculated for  C20H22O5Na 365.1365; Found 

365.1366. 

3-O-(2-naphthylmethyl)-1,6-anhydro--L-idopyranoside (7).  

Compound 6 (14.3 g, 0.04187 mol) was dissolved in 1,4-Dioxane/2N 

H2SO4 (1/1) ratio.The reaction mixtute kept on reflux at 105˚C for 

overnight. The completion of   reaction was monitored by TLC. Further, 

reaction mixture was extracted with EtOAc against NaHCO3 Solution and dried over 

anhydrous Na2SO4. Crude was purified by column chromatography in EtOAc/Hexane solvent 

system to get compound 7in a 75% yield. 1H NMR (400 MHz, Methanol-d4) 5.15 (d, J = 1.9 

Hz, 1H), 4.94 (d, J = 4.7 Hz, 2H), 4.29 (t, J = 4.7 Hz, 1H), 4.21 (s, 1H), 4.01 (d, J = 7.7 Hz, 

1H), 3.78 (ddd, J = 8.0, 4.4, 1.1 Hz, 1H), 3.62 (ddd, J = 7.8, 5.1, 1.1 Hz, 1H), 3.54 – 3.40 (m, 

2H), 3.24 (p, J = 1.7 Hz, 1H), 7.86 – 7.66 (m, 4H), 7.51 – 7.27 (m, 3H)13C NMR (101 MHz, 

Methanol-d4) δ 136.24, 127.74, 127.70, 127.43, 126.33, 125.93, 125.79, 125.60, 102.15, 
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83.48, 77.84, 77.52, 77.20, 75.75, 74.86, 74.80, 71.13, 64.72, 48.40. HR-ESI-MS (m/z): 

[M+Na]+, calculated for  C17H18O5Na  325.1052; Found 325.1055. 

2,4-O-Dibenzoyl-3-O-(2-naphthylmethyl)-1,6-anhydro--L-idopyranoside (8). 

Compound 7 (8 g, 0.0278 mol) was dissolved in DCM/Pyridine (4/1) ratio 

solvents. The reaction mixture was cooled to 0°C and then benzoyl chloride 

(3.86 ml, 0.03336 mol) was added dropwise under N2 atmosphere. The 

reaction mixture was monitored by using TLC, after completion of reaction, mixture was 

quenched by MeOH. Further, workup was carried out by 10% HCl and NaHCO3 and dried 

over Na2SO4. Purification was done by column chromatography in EtOAc/Hexane solvent 

system to get compound 8 in a 60% yield. 1H NMR (400 MHz, Chloroform-d) 5.53 (d, J = 

1.7 Hz, 1H), 5.10 (dd, J = 8.2, 1.8 Hz, 1H), 4.93 (d, J = 11.8 Hz, 1H), 4.83 (d, J = 11.8 Hz, 

1H), 4.47 (t, J = 4.6 Hz, 1H), 4.14 (dd, J = 7.7, 0.8 Hz, 1H), 4.09 – 3.97 (m, 1H), 3.91 (t, J = 

8.2 Hz, 1H), 3.73 (ddd, J = 7.9, 5.0, 1.1 Hz, 1H), 8.02 (dd, J = 8.3, 1.4 Hz, 2H), 7.87 – 7.65 

(m, 4H), 7.62 – 7.49 (m, 1H), 7.51 – 7.33 (m, 5H)  13C NMR (101 MHz, Chloroform-d) δ 

135.46, 133.52, 133.25, 133.10, 129.91, 129.45, 128.60, 128.56, 127.96, 127.80, 126.86, 

126.33, 126.16, 125.75, 99.57, 80.31, 76.77, 75.21, 74.82, 71.60, 65.41. HR-ESI-MS (m/z): 

[M+Na]+, calculated for  C24H22O6Na 429.1314; Found 429.1316. 

(4,6-benzylidinyl-2-benzoyl-3-O-(2-naphthylmethyl))--L-idopyranosyl--(1→4)(2-O-

benzoyl-3-O-(2-naphthylmethyl)-1,6-anhydro)--L-idopyranoside (11). 

 

Monosaccharide donor 10 (1 g, 1.664 mmol), acceptor8 (0.733 g, 1.82 

mmol) and freshly dried 4 Å molecular sieves were taken in round 

bottom flask and was dissolved in dry DCM in 10 volumes, kept for stirring for 2h under N2 

atmosphere. Then reaction mixture was cooled to - 10˚C. Further, TMSOTf (62 µl, 0.336 

mmol) and NIS (0.486 g, 2.164 mmol) were added and kept for stirring. The reaction 

completion was monitored by TLC, after completion of reaction, it was neutralized with 

triethylamine Et3N and did cilite filtration and subsequently did sodium thiosulfate Na2S2O3 

workup and dried over Na2SO4. Purification was done by silica column in EtOAc/Hexane 

solvent system to get compound 11 in a 55% yield. 1H NMR (400 MHz, Chloroform-d) 5.57 

(d, J = 1.7 Hz, 2H),5.28 (t, J = 15.7 Hz, 3H), 5.14 – 5.03 (m, 2H), 4.91 (d, J = 11.4 Hz, 1H), 

4.73 – 4.55 (m, 3H), 4.35 – 4.24 (m, 2H), 4.13 – 3.95 (m, 3H), 3.89 (dd, J = 19.4, 7.8 Hz, 
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3H), 3.32 (d, J = 11.4 Hz, 1H), 7.96 (d, J = 7.1 Hz, 3H), 7.92 – 7.81 (m, 5H), 7.74 – 7.66 (m, 

1H), 7.58 (dd, J = 17.9, 8.3 Hz, 3H), 7.53 – 7.47 (m, 4H), 7.46 – 7.42 (m, 2H), 7.42 – 7.36 

(m, 3H), 7.35 – 7.28 (m, 4H) 7.27 (d, J = 3.3 Hz, 1H), 7.23 (d, J = 8.1 Hz, 2H), 7.10 (d, J = 

7.0 Hz, 1H)13C NMR (101 MHz, Chloroform-d) 165.75, 165.27 δ 133.40, 133.36, 130.14, 

129.81, 128.96, 128.47, 128.38, 128.13, 128.00, 127.93, 127.88, 127.82, 127.70, 127.21, 

126.49, 126.36, 126.25, 126.18, 125.89, 100.89, 99.50, 95.39, 78.69, 74.35, 73.52, 72.99, 

72.00, 65.95, 59.69. HR-ESI-MS (m/z): [M+Na]+, calculated for  C55H48O13Na 923.3043; 

Found 923.3047. 

(6-O-acetyl-2-O-benzoyl-3-O-(2-naphthylmethyl))--L-idopyranosyl-(1→4)(2-O-benzoyl-3-O-

(2-naphthylmethyl)-1,6-anhydro)--L-idopyranoside (15).  

 

Compound 11 (1.143 g, 1.27 mmol) was dissolved in 

DCM/MeOH (2/1) ratio, CSA (0.590 g, 2.54 mmol) was added 

and kept for stirring for 3-4h. The reaction was monitored by 

TLC, after colpetion of reaction, reaction mixture was concentrated under reduced pressure. 

Purification was done without workup by silica column by using EtOAc/Hexane solvent 

system to get compound 14(no attached NMR). Compound 14 (0.83 g, 1.02 mmol) was 

dissolved in dry DCM in 10 Volume, Ac2O (1.9 ml, 10.14 mmol) and Triethylamine (0.143 

ml,1.02 mmol) were added at 0˚C   and kept for stirring for overnight.The completion of the 

reaction was monitored by TLC, after completion of reaction, it was quenched with MeOH 

and did  sat.NaHCO3 workup then dried over  Na2SO4.  Purification was done by silica 

column in EtOAc/Hexane solvent system to get compound 15  in 65% yield.1H NMR (400 

MHz, Chloroform-d)5.51 (d, J = 1.8 Hz, 1H), 5.29 (dt, J = 2.4, 1.1 Hz, 1H), 5.16 (s, 1H), 

5.04 – 4.96 (m, 2H), 4.87 (d, J = 11.5 Hz, 1H), 4.76 (d, J = 11.8 Hz, 1H), 4.71 – 4.61 (m, 

2H), 4.53 (d, J = 11.8 Hz, 1H), 4.31 – 4.23 (m, 2H), 4.22 – 4.16 (m, 2H), 4.03 – 3.91 (m, 

2H), 3.85 – 3.68 (m, 2H), 2.54 (d, J = 10.6 Hz, 1H), 1.91 (s, 3H), 8.07 – 7.97 (m, 2H), 7.90 – 

7.76 (m, 4H), 7.75 – 7.68 (m, 2H), 7.65 – 7.55 (m, 2H), 7.52 (dd, J = 8.4, 1.7 Hz, 1H), 7.50 – 

7.37 (m, 7H), 7.37 – 7.30 (m, 2H), 7.28 (d, J = 1.6 Hz, 1H), 7.23 – 7.15 (m, 2H), 7.07 (dd, J 

= 8.4, 1.7 Hz, 1H) 13C NMR (101 MHz, Chloroform-d) δ 170.92, 135.54, 134.77, 133.91, 

133.16, 132.97, 129.78, 129.62, 129.14, 128.92, 128.77, 128.47, 128.15, 127.91, 127.77, 

127.75, 127.57, 127.16, 126.41, 126.32, 126.19, 126.01, 125.79, 125.58, 99.41, 95.23, 77.99, 
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77.27, 76.53, 75.26, 75.17, 74.17, 72.75, 71.74, 68.14, 66.91, 66.12, 65.55, 63.21, 20.73. HR-

ESI-MS (m/z): [M+Na]+, calculated for C48H44O12Na 835.2730; Found 835.2736. 

Thiophenyl-((4,6-O-diacetyl-2-benzoly-3-(2-naphthylmethyl))--L-idopyranosyl--(1→4)(6-O-

acety-2-benzoyl-3-O-(2-naphthylmethyl))--L-idopyranoside(13). 

 

Compound 11 (730 mg, 0.813 mmol) was dissolved in Ac2O (5 

ml), Cu(OTf)2 (29.5 mg, 0.0813 mmol) was added at 0˚C and 

kept for stirring for overnight. Completion of reaction was 

monitored by TLC, after completion, reaction mixture was 

concentrated under reduced pressure and rotavapour, then 

subsequently crude was extracted with EtOAc against sta. 

NaHCO3  solution and dried over Na2SO4. The crude was concentrated and dried under 

reduced pressure, further it was taken to next step without purification, Crude Compound 

12(1.69 g, 1.693 mmol) and ZnI2(1.137 g, 3.56 mmol) was taken in a round bottom flask 

which is covered with aluminium foil, and was kept on high vacuum for 2 hours. The reaction 

mixture was dissolved in dry DCM and trimethyl(phenylthio)silane TMSSPh (0.962 g, 5.26 

mmol) was added, kept for stirring for 1 hour. The reaction completion was monitored by 

TLC, after completion of reaction, clite filtration was done and then purified by silica column 

in a EtOAc/Hexane  solvent system to get compound 13 in a 85% yield.1H NMR (400 MHz, 

Chloroform-d) 5.70 (d, J = 2.4 Hz, 1H), 5.63 (d, J = 1.4 Hz, 1H), 5.30 – 5.21 (m, 1H), 5.16 – 

4.92 (m, 4H), 4.84 (t, J = 11.3 Hz, 2H), 4.58 – 4.40 (m, 4H), 4.32 – 4.18 (m, 1H), 3.88 – 3.74 

(m, 3H), 3.37 (dd, J = 11.7, 4.2 Hz, 1H), 2.01 (s, 3H), 1.95 (s, 3H), 1.90 (s, 3H) 8.08 – 7.92 

(m, 3H), 7.89 – 7.70 (m, 10H), 7.68 – 7.63 (m, 2H), 7.63 – 7.51 (m, 3H), 7.46 – 7.33 (m, 9H), 

7.16 – 7.09 (m, 2H)13C NMR (101 MHz, Chloroform-d) δ 170.59, 165.51, 134.78, 134.64, 

133.61, 133.33, 133.04, 132.20, 129.98, 129.79, 129.02, 128.46, 128.36, 128.25, 128.19, 

128.03, 127.97, 127.74, 127.69, 127.61, 126.81, 126.74, 126.17, 126.05, 126.03, 125.85, 

125.81, 125.68, 101.72, 86.20, 77.48, 77.25, 74.50, 73.23, 72.57, 72.48, 68.73, 67.40, 66.90, 

65.97, 64.14, 62.93, 62.75, 20.78, 20.53. HR-ESI-MS (m/z): [M+Na]+, calculated for 

C60H56O15SNa 1071.3238; Found 1071.3239. 

Thiophenyl-((4,6-O-diacetyl-2-O-benzoly-3-O-(2-naphthylmethyl))--L-idopyrnosyl--(1→4)(6-

O-acetyl-2-O-benzoyl-3-O-(2-naphthylmethyl))--L-idopyrnosyl--(1→4)(6-O-acetyl-2-O-
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benzoyl-3-O-(2-naphthylmethyl))--L-idopyrnosyl--(1→4)(6-O-acetyl-2-O-benzoyl-3-O-(2-

naphthylmethyl))--L-idopyrnose (18).  

Compound 13 donor (1.02 g, 1.00 mmol) and 

Compound 26 acceptor (0.606 g, 0.708 mmol) was 

glycosylated to get compound 16 by using previous 

procedure. The crude product 16 was take to next step 

without purification. Compound 16 (530 mg, 0.298 

mmol) was dissolved in Ac2O (5 ml), Cu(OTf)2 (11 

mg, 0.0298 mmol) was added at 0˚C and kept for 

stirring for overnight. Completion of reaction was 

monitored by TLC, after completion, reaction mixture was concentrated under reduced 

pressure and rotavapour, then subsequently crude was extracted with EtOAc against sta. 

NaHCO3  solution and dried over Na2SO4. The crude was concentrated and dried under 

reduced pressure, Further it was taken to next step without purification, Crude Compound 17 

(370 mg, 0.197 mmol) and ZnI2 (132 mg, 0.413 mmol) was taken in a round bottom flask 

which is covered with aluminium foil, and was kept on high vacuum for 2 hours. The reaction 

mixture was dissolved in dry DCM and trimethyl(phenylthio)silane TMSSPh (116 µl, 0.610 

mmol) was added, kept for stirring for 1 hour. The reaction completion was monitored by 

TLC, after completion of reaction, clite filtration was done and then purified by silica column 

in a EtOAc/Hexane  solvent system to get compound 18 in a 85% yield1H NMR (400 MHz, 

Chloroform-d) 5.62 – 5.55 (m, 2H), 5.28 (dt, J = 6.8, 3.8 Hz, 2H), 5.19 (t, J = 2.1 Hz, 1H), 

5.07 (d, J = 11.7 Hz, 1H), 5.00 – 4.81 (m, 9H), 4.78 (d, J = 11.5 Hz, 2H), 4.67 – 4.62 (m, 

1H), 4.52 – 4.43 (m, 1H), 4.39 – 4.25 (m, 4H), 4.24 – 4.16 (m, 2H), 4.13 – 4.05 (m, 2H), 4.02 

(t, J = 4.8 Hz, 1H), 3.89 – 3.82 (m, 2H), 3.79 (d, J = 11.5 Hz, 1H), 3.65 – 3.51 (m, 3H), 1.94 

(s, 3H), 1.87 (d, J = 4.1 Hz, 6H), 1.82 (s, 3H), 1.74 (s, 3H), 8.01 (dd, J = 8.3, 1.4 Hz, 2H), 

7.91 (dd, J = 9.9, 3.0 Hz, 3H), 7.87 – 7.79 (m, 7H), 7.78 – 7.72 (m, 5H), 7.65 (dd, J = 6.9, 2.2 

Hz, 4H), 7.59 (tt, J = 7.9, 1.8 Hz, 6H), 7.55 – 7.50 (m, 2H), 7.47 – 7.43 (m, 2H), 7.43 – 7.41 

(m, 2H), 7.40 – 7.36 (m, 6H), 7.35 – 7.29 (m, 7H), 7.24 – 7.14 (m, 7H)13C NMR (101 MHz, 

Chloroform-d) δ 165.28, 165.03, 134.93, 134.86, 134.60, 133.65, 133.35, 133.28, 133.20, 

133.13, 133.08, 132.01, 130.10, 129.92, 129.89, 129.79, 129.30, 129.01, 128.93, 128.49, 

128.32, 128.29, 128.24, 128.20, 128.08, 128.02, 127.88, 127.86, 127.80, 127.73, 127.66, 

127.61, 127.55, 127.03, 127.00, 126.95, 126.83, 126.13, 126.11, 126.01, 125.95, 125.89, 

125.85, 125.77, 125.69, 101.06, 100.42, 99.47, 86.02, 77.25, 76.49, 76.37, 75.46, 75.09, 
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74.91, 74.05, 73.33, 73.27, 73.08, 72.56, 68.92, 68.81, 68.39, 67.34, 66.97, 66.62, 66.19, 

64.24, 62.75, 62.70, 62.24, 62.02, 20.77, 20.66, 20.62, 20.55. HR-ESI-MS (m/z): [M+Na]+, 

calculated for C112H104O29SNa 1967.6282; Found 1967.6285. 

Ethoxy-2-azidoethoxyl-O-((4,6-O-diacetyl-2-O-benzoly-3-O-(2-naphthylmethyl))--L-

idopyrnosyl-(1→4)(6-O-acetyl-2-O-benzoyl-3-O-(2-naphthylmethyl))--L-idopyrnosyl-

(1→4)(6-O-acetyl-2-O-benzoyl-3-O-(2-naphthylmethyl))--L-idopyrnosyl-(1→4)(6-O-acetyl-

2-O-benzoyl-3-O-(2-naphthylmethyl))--L-idopyrnose (19).  

 

Compound 18 donor (0.95 g, 0.490 

mmol),azidoexthoxy ehanol linker acceptor  

(178.7 mg, 0.735 mmol) and freshly dried 4 Å 

molecular sieves were taken in round bottom 

flask and was dissolved in dry DCM in 10 

volume,  kept for stirring for 2h under N2 

atmosphere. Then reaction mixture was cooled 

to - 10˚C. Further, TMSOTf (62 µl, 0.098 

mmol) and NIS (0.486 g, 0.637 mmol) were added and kept for stirring. The reaction 

completion was monitored by TLC, after completion of reaction, it was neutralized with 

triethylamine Et3N and did cilite filtration and subsequently did sodium thiosulfate Na2S2O3 

workup and dried over Na2SO4. Purification was done by silica column in EtOAc/Hexane 

solvent system to get compound 19 in a 55% yield. 1H NMR (400 MHz, Chloroform-d)5.32 

(ddd, J = 13.9, 6.8, 3.0 Hz, 3H), 5.24 – 5.11 (m, 1H), 5.07 – 4.71 (m, 12H), 4.65 (t, J = 2.4 

Hz, 1H), 4.47 (ddt, J = 7.8, 5.7, 2.4 Hz, 2H), 4.41 – 4.33 (m, 2H), 4.32 – 4.24 (m, 2H), 4.24 – 

4.02 (m, 6H), 3.95 – 3.78 (m, 5H), 3.72 – 3.49 (m, 8H), 3.12 (dt, J = 5.9, 3.8 Hz, 2H), 1.94 (s, 

3H), 1.90 (s, 3H), 1.87 (s, 3H), 1.83 (s, 3H), 1.76 (s, 3H), 8.06 – 7.98 (m, 2H), 7.91 – 7.79 

(m, 8H), 7.78 – 7.53 (m, 16H), 7.49 – 7.30 (m, 16H), 7.24 – 7.13 (m, 6H) 13C NMR (101 

MHz, Chloroform-d) δ 170.59, 170.50, 133.64, 133.31, 133.26, 133.13, 133.08, 132.96, 

132.92, 130.00, 129.96, 129.87, 129.79, 129.37, 129.30, 128.48, 128.28, 128.20, 128.16, 

128.07, 127.87, 127.80, 127.71, 127.60, 127.04, 127.00, 126.98, 126.55, 126.28, 126.13, 

126.05, 125.98, 125.93, 125.90, 125.85, 125.76, 100.55, 100.31, 99.76, 98.32, 77.25, 76.35, 

75.99, 75.61, 75.10, 74.85, 74.78, 73.32, 73.24, 72.80, 72.56, 72.51, 70.22, 70.16, 68.53, 

68.47, 68.05, 67.78, 67.33, 66.97, 66.29, 65.38, 64.24, 62.74, 62.54, 62.20, 50.67, 20.77, 
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20.69, 20.63, 20.54. HR-ESI-MS (m/z): [M+Na]+, calculated for C110H107N3O31Na 

1988.6786; Found 1988.6787. 

Ethoxy-2-azidoethoxyl-O-((3-O-(2-naphthylmethyl))--L-idopyrnosyl-(1→4)(3-O-(2-

naphthylmethyl))--L-idopyrnosyl-(1→4)(3-O-(2-naphthylmethyl))--L-idopyrnosyl-

(1→4)(3-O-(2-naphthylmethyl))--L-idopyrnose (20).  

 

Compound 19 (150 mg, 0.0763mmol) was 

dissolved in THF/MeOH/H2O (4/2/1) and LiOH 

(16.0 mg, 0.381 mmol) was added at 0°C and 

kept for stirring for 3-4 hours. The reaction 

completion was monitored by TLC, after 

completion, reactioin mixture was neutrilized by 

amberlite 120 H+ resin, Further, reactioin 

mixture was filterd by cotton plugh filtration, then it was concentrated under by reduced 

pressure, further it was purified by silica column in MeOH/DCM  solvent system to get 

compound 20 in a 70% yield.1H NMR (400 MHz, Chloroform-d) 4.86 (d, J = 11.9 Hz, 1H), 

4.82 (s, 1H), 4.78 (s, 1H), 4.74 (d, J = 10.1 Hz, 3H), 4.69 (d, J = 5.8 Hz, 1H), 4.64 (d, J = 8.3 

Hz, 1H), 4.59 (d, J = 10.6 Hz, 2H), 4.53 (s, 1H), 4.42 (s, 1H), 4.39 – 4.26 (m, 4H), 4.21 (t, J 

= 6.7 Hz, 1H), 4.12 (d, J = 11.2 Hz, 1H), 3.96 (dd, J = 7.6, 4.4 Hz, 2H), 3.93 – 3.74 (m, 8H), 

3.72 (d, J = 3.7 Hz, 1H), 3.63 (ddtd, J = 22.0, 10.2, 5.1, 2.7 Hz, 9H), 3.52 (dt, J = 10.4, 5.1 

Hz, 2H), 3.42 (dd, J = 9.5, 4.6 Hz, 4H), 3.31 – 3.23 (m, 1H), 3.15 (t, J = 5.0 Hz, 2H), 7.86 – 

7.57 (m, 16H), 7.55 – 7.29 (m, 12H) 13C NMR (101 MHz, Chloroform-d) δ 134.38, 133.20, 

133.17, 133.11, 128.51, 128.42, 128.16, 128.00, 127.98, 127.84, 127.79, 127.75, 127.56, 

127.52, 127.50, 126.38, 126.35, 126.31, 126.27, 126.24, 126.20, 126.14, 126.09, 126.06, 

125.73, 103.23, 102.96, 102.79, 101.34, 77.27, 74.40, 74.22, 74.00, 73.68, 73.19, 72.77, 

72.61, 72.36, 71.98, 71.58, 70.38, 70.04, 69.97, 67.50, 66.96, 66.78, 66.54, 66.43, 66.32, 

66.13, 65.85, 64.45, 62.00, 61.65, 60.98, 50.71. HR-ESI-MS (m/z): [M+Na]+, calculated for 

C72H81N3O22Na 1362.5209; Found 1362.5210. 
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Ethoxy-2-aminoethoxyl-O-((2,4,6-O-trisulfonato)--L-idopyrnosyl-(1→4)(2,6-O-

trisulfonato)--L-idopyrnosyl-(1→4)(2,6-O-trisulfonato)--L-idopyrnosyl-(1→4)(2,6-

O-trisulfonato)--L-idopyrnose (ID49).  

 

Compound 20 (25 mg,18.67mmol) and 

SO3.NMe3 (250mg,1.68mol) was thoroughly 

dried together under high vacuum, then was 

dissolved in dry DMF solvent and stirred at 

60°C for 72h, Further DMF was evaporated 

under reduced pressure and then purified by 

Bound elute C-18 column to get compound 21 

in 35% yield. The compound 21 (15mg,7.01mmol) was dissolved in H2O and Pd(OH)2(10% 

per wt) was added and stirred for 42h under hydrogen atmosphere. Further, reaction mixture 

was filtered and concentrated, finally purified by Bound elute C-18 column by using H2O as a 

solvent to get compound 22 (ID49) in a  50% yield. 1H NMR (400 MHz, Deuterium Oxide) 

5.07 (d, J = 10.6 Hz, 4H), 4.63 (t, J = 7.6 Hz, 2H), 4.50 – 4.40 (m, 1H), 4.34 – 4.15 (m, 17H), 

3.86 (qd, J = 12.1, 10.8, 5.8 Hz, 5H), 3.77 – 3.68 (m, 5H), 3.15 (t, J = 5.1 Hz, 2H) 13C NMR 

(101 MHz, Deuterium Oxide) δ 100.35, 99.98, 98.56, 76.15, 75.92, 75.80, 74.92, 73.40, 

72.70, 72.65, 71.88, 69.64, 68.13, 67.65, 67.52, 67.38, 67.00, 66.52, 66.22, 66.11, 65.66, 

65.17, 64.20, 39.17. HR-ESI-MS (m/z): [M], calculated for C28H42NO49S9
-9 162.6485; Found 

162.6489. 

2.4.2 RDKit analysis 

The similarity index value was computed using RDKit in Google Colab. A Python program, 

including libraries such as NumPy and Pandas, was imported and designed for the task. A 

comprehensive catalogue comprising 2304 HS tetrasaccharide chemical structures (PDF file), 

along with the similarity index (Excel file) and the program file (IPYNB), has been deposited 

on the Github server for free access. (https://github.com/rkikkeri/HS-similarity-index )  

2.4.3 Synthesis and characterization of ID49-CRM197 

Solution of sugar (1 mg) in 100 µl of anhydrous DMSO was added dropwise to the mixture 

of suberic acid bis(N-hydroxysuccinimide ester) (13 mole excess) and triethyl amine (5 mole 

excess) in 150 µl of DMSO at RT and further stirred for 2 h. Next reaction mixture diluted 

https://github.com/rkikkeri/HS-similarity-index
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with 500 µl of PBS pH 7.4 and extracted with chloroform (5 ml X 3) to remove non reacted 

linker. Further the aqueous phase was added slowly to the stirring solution of CRM197 (1 mg) 

in 500 µl of PBS pH 7.4 and continued stirring for 16 h at RT. Finally resulting conjugate 

was purified and concentrated using 10 KDa centrifugal filter and characterized using 

MLADI-TOF and gel-electrophorosis. 

 

2.4.4 Immunization studies 

Immunization studies were carried out using 6−8 week old female (C57BL/6) mice as per the 

protocol approved by the institutional ethical committee. Five groups of mice (n = 4) were 

immunized subcutaneously with 100 μl of each formulation. ID49-CRM197 (6 µg sugar per 

dose) added to equal volume of Freund’s adjuvant with rigorous mixing to form oil emulsion. 

For alum adjuvant added equal volume of ID49-CRM197 (6 µg sugar per dose) added to alum 

with mixing. CSF, CSA, alum, Freunds adjuvant, CRM197 and PBS injected to mice on days 

0, 14, and 28. The mice were bled on day 0, 15, 28, 37, 60 and the serum antibody titer was 

analyzed using ELISA. 

2.4.5 General protocol to synthesize HS-thio derivatives 

A solution of -Lipoic acid (484.7mmol) in dry DCM was treated with pentaflurophenol 

(969.4mmol) in the presence of dibicyclohexylcarbodiimide (DCC) (969.4mmol) and kept for 

stirring for overnight under N2 atmosphere, then reaction mixture was evaporated  under 

reduced pressure, Further purification was done by column chromatography with a solvent 

system Hexane/EtOAc to get  pentafluro active ester of  -Lipoic acid. Further, HS ligands 

(1.29 mmol) was taken in dry DMF and was treated with pentafluro active ester of -Lipoic 

acid (2.59mmol) and Et3N (5.19mmol) under N2 atmosphere, kept for stirring for 4 h at 40˚C. 

Further, DMF was evaporated under reduced pressure, purification was done with bond elute 

C18 column to get -Lipoic acid conjugated HS ligands. Synthesis of NU and NAcetate 

domain HS ligands were already reported by our group.14 Synthesis of NS domain ligands are 

carried out by using literature protocols.33  

2.4.6 General protocol for BSA conjugation 

Synthetic HS mimetic was treated with tris(2-carboxyethyl)phosphine (TCEP, 25 μL of a 100 

mM stock solution, pH 7.4) at room temperature for 1h and then added further to the solution 
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of malemide activated BSA in PBS under stirring and continued stirring for 16 h at room 

temperature. Finally, the BSA-conjugated HS-mimetics were purified using 10 KDa 

centrifugal filter.    

2.4.7 Characterization of ID49@CRM197and BSA conjugated HS mimetics.  

All conjugates were characterized by MALDI-TOF and gel-electrophoresis.   

2.4.8 Evaluation of Serum Antibody Titer using ELISA 

The IgG antibody titers were determined using an ELISA protocol. 96-well plates (Nunc 

MaxiSorp® flat-bottom) were initially coated with 100 µl of BSA-conjugated sugars (from a 

stock solution of 2 µg/ml) in coating buffer (0.1 M Na2HPO4 in water, pH 9.3) overnight at 

4°C. Following coating, the plates were washed three times with washing buffer (PBS + 0.1% 

Tween-20) and then blocked with blocking buffer (2% BSA) for 1 hour at room temperature. 

After blocking, the plates were washed again, and mice serum at various dilutions (1:1000, 

1:10000, 1:100000) was added to the plates and incubated for 1 hour at room temperature, 

followed by another round of washing. Subsequently, HRP-conjugated IgG secondary goat 

anti-mouse antibody (diluted 1:2000, ThermoFisher) was added to the plates and incubated 

for 1 hour at room temperature. After another washing step, liquid TMB substrate solution 

was added, and the reaction was stopped by the addition of 0.5 M H2SO4. Finally, the 

absorbance was measured at 450 nm. 

2.4.9 FACS analysis  

Cells (5 × 105 cells per well) were seeded into a 6-well plate and incubated overnight. 

Subsequently, the cells were subjected to treatment with serum diluted at a ratio of 1:100 for 

1 hour, followed by washing and incubation with Goat anti-mouse IgG secondary antibody 

conjugated with Alexa Fluor 488 for 1 hour at 37°C. Afterward, the cells were washed again 

and suspended in FACS buffer for analysis. 

 

2.4.10 Immunohistochemistry of tissue sections 

To assess the recognition of tissue section cell surface glycans by mouse serum antibodies, 

we conducted immunostaining on mouse tissue sections. For dewaxing and antigen retrieval 

of paraffin-embedded mouse tissue sections: Slides were initially heated at 60°C for 5 
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minutes, then placed into glass slide holders and subjected to dewaxing as follows: Twice in 

100% xylene wash for 5 minutes each, followed by immersion in 100% isopropanol with 

brief agitation (10–20 seconds) for 3 minutes, and finally twice in H2O with brief agitation. 

For antigen retrieval, sections were incubated with 0.1% trypsin for 1 hour at 37°C, followed 

by washing with PBS. Subsequently, tissue sections were treated with a 1:100 dilution of 

mouse serum for 1 hour at 4°C, followed by PBS washing. Finally, sections were treated with 

Goat anti-mouse IgG secondary antibody Alexa Fluor 568 (diluted 1:1000) for 2 hours at 

room temperature, followed by PBS washing, and then subjected to confocal imaging. For 

immunostaining with Heparinase treatment, tissue sections underwent a pretreatment step 

with heparinase (0.03 IU/ml) for 1 hour at 37°C. After PBS rinses, sections were treated with 

serum antibodies and then stained using Goat anti-mouse IgG secondary antibody Alexa 

Fluor 568, as described above. 

 

2.4.11 Ex-vivo Blood Coagulation Assay 

Freshly collected blood was utilized for assay without additional processing. Aliquots of 100 

μL were prepared, to which Heparin (130 μM) and different dilutions of mice serum were 

added. These samples under different conditions were placed in Eppendorf tubes, and a 

picture was captured after 15 minutes. Clot formation was verified by gently rotating the 

Eppendorf vials. 
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Figu

re 6. Similarity index of heparin mimics against 2304 HS tetrasaccharides (a) I45; (b) I49; (c) 

ID49; (d) G413; (e) GA49; (f) G49; (g) GA45  
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2.7 SDS-PAGE of BSA-Conjugate 

 

Figure 7. SDS-Gel page of all BSA conjugated HS-Mimetis and ID49@CRM197 
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Figure 8. MALDI-TOF spectra of ID49@CRM197 and BSA conjugated HS ligands.  

Table 1. MALDI-TOF masses of all BSA conugated HS ligands. 

Sr. 

No 
BSA@HS-mimetics MALDI-TOF Mass 

Number of sugar 

per BSA molecule 

1 BSA-HT-26S-NAc 85568.8566 ~  10 

2 BSA-HT-26S-NH 85628.3278 ~  10 

3 BSA-HT-36S-NH 89600.0841 ~ 13 

4 BSA-HT-6S-NH 85337.3711 ~ 11 

5 BSA –HT-2S-NH 93903.1370 ~ 20 

6 BSA-HT-3S-NH 86568.2459 ~ 12 

7 BSA-HT-6S-NS 82099.6579 ~ 7 

8 BSA-ID49 84563.7032 ~ 6 

9 BSA-HD-236S-NS 86229.8663 ~ 11 

10 BSA-HD-36S-NS 85127.2700 ~ 10 

11 BSA-HD-26S-NS 87477.2770 ~ 12 

12 BSA-HD-236S-NS 90625.1196 ~ 15 

13 BSA-HH-26S-NS 85866.9404 ~ 10 

14 BSA-HTG-36S-NS 81240.105 ~ 4 

15 BSA-HTG-236S-NS 84127.8900 ~ 6 

16 BSA-HT-236S-NS 88187.9383 ~ 8 
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Figure 9. Confocal Images of tissue sections treated with 1:100 diluted Mice serum 
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Figure 10. Confocal Images of heparinase treated tissue sections treated with 1:100 diluted 

Mice serum 
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CHAPTER-3 
Heparan Sulfate Neoproteoglycan Promotes 

Lysosome Targeting Chimeras of Amyloid-β 

Protein. 
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Abstract 

Lysosome targeting chimaeras (LYTAC) represent a promising strategy for clearing 

unwanted toxic extracellular and membrane proteins. However, challenges include the 

identification of potential ligands for these proteins and the lysosome-driving module. 

Herein, we developed the first synthetic heparan sulfate-based neoproteoglycan modular 

system that anchors on the cell membrane for an extended period to pull the amyloid-beta 

(Aβ) into the lysosomal compartment for degradation. We have identified sulfated oligo L-

Idose tetrasaccharide (ID49) and heparan sulfate hexasaccharides (HH26S) as potential 

micromolar range ligands for Aβ(1-42) peptide. When these molecules are expressed on the 

peptide-based fluorescent neoproteoglycan backbone, PG@HH26S persist on the cell 

membrane and facilitate the Aβ(1-42) endocytosis to the lysosomal compartment and 

subsequent degradation. Overall, neoproteoglycan open a new avenue to generate LYTAC 

platforms for degrading plethora of HS binding proteins, including growth factor (receptor)s, 

morphogens and toxic secreted proteins in the future. 
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3.1 Introduction 

Alzheimer's disease (AD) is a progressive neurodegenerative disorder that has significantly 

impacted the lives of millions globally.1 Despite the approval of drugs such as aducanumab, 

lecanemab, and donanemab,2 AD continues to be a major global health challenge. With the 

rapid increase in the incidence of AD, especially among the elderly population, there is a 

critical need to investigate alternative treatment methods. Studies on AD have revealed that 

the formation of neuritic plaques composed of Amyloid β-peptide (Aβ) and the toxicity 

regulated by these aggregates are major hallmarks of the condition.3-4 Consequently, 

significant efforts have been made to develop small molecule inhibitors for Aβ aggregates.5-8 

Alternatively, targeted protein degradation (TPD) represents a potent strategy to degrade 

selective protein aggregates in the brain for treating AD. TPD approaches, such as 

proteolysis-targeting chimeras (PROTACs) and molecular glues, exploit selective protein 

inhibitors and the ubiquitin-proteasome system to design small molecule probes.9-11 

Nevertheless, designing TPD for Aβ plaques is particularly challenging due to their 

extracellular aggregation.12 Consequently, researchers have opted alternate strategies 

involving targeting of Aβ cross-interacting proteins to create TPD models. 

 

Scheme 1. Lysosomal-targeting chimera of Aβ aggregates using neoproteoglycans.  
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Scheme 2. (I) Synthesis of  ID49 :  Reagents and Conditions: (a) NIS TMSOTf, 4Å M.S, -

10˚C,  90% (3); 55% (6); R1 Linker, 63% (8); (b) i) Cu(OTf)2, Ac2O, 0˚C, 90%; ii) ZnI2, 

TMSSPh, DCM, 85% (4) 80% (7); (c) i) p-TSA, MeOH/DCM (2/1) 77%; ii) Ac2O, TEA, 

DCM, 0˚C, 75% (d) i) LiOH, THF/MeOH/H2O (4/2/1), 0˚C, 70%; (e) SO3.NMe3, DMF, 

60˚C, 90%; (f) Pd(OH)2/C/H2 , H2O, 79%;  

For example, PROTACs have been used to target tau protein, leading to a reduction in 

amyloid-beta (Aβ) aggregates, as tau aggregates cross-interact with Aβ aggregates.13 

Similarly, PROTACs have targeted tau phosphorylating kinases, such as glycogen synthase 

kinase-3, to decrease tau phosphorylation and the subsequent production of Aβ peptides.14 

While, TRAFTACs (transcription factors targeted degradation chimeras) were designed to 

inhibit Aβ-mediated activation of transcription factors such as NF-κB and FoxOs.15-16 

Additionally, the cross-interaction between Aβ and transthyretin (TTR) was targeted to 

develop a targeted protein stabilization system, deubiquitinase-target chimera (DUBTAC), 

aimed at enhancing the stability of the tetrameric form of the TTR protein and improving the 

clearance of Aβ aggregates.17 Although TRAFTACs, DECTACs, and PROTACs have shown 

potential for treating AD, their indirect ability to target Aβ aggregates lessens their efficacy in 

AD applications. In contrast, lysosomal targeting chimeras (LYTACs) have emerged as a 

promising strategy for targeting extracellular and membrane proteins degradation.18-25 

Bertozzi et al. previously demonstrated that LYTAC-mediated degradation of apolipoprotein 

E4 and other membrane proteins reduces cancer cell proliferation.26-28 However, to the best of 

our knowledge, LYTAC degradation of Aβ has not been reported thus far. Herein, we 

introduce the first steps towards developing a LYTAC model system based on the heparan 

sulfate proteoglycan (HSPG) platform to degrade Aβ aggregates (Scheme 1). The choice of 

the HSPG platform for the LYTAC probe is based on the principle that HSPGs naturally 
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clear Aβ aggregates by binding to them and transporting them to lysosomal compartments for 

degradation, thereby mitigating neurotoxicity.29-31 Hence, identifying specific HSPG epitopes 

to regulate protein degradation and modelling them on synthetic backbones is a promising 

strategy for designing LYTAC probes. 

3.2 Results and Discussion 

To design an effective HSPG-based LYTAC model, we first need to identify heparan sulfate 

(HS) ligands suitable for Aβ binding. HS is a heterogenous sulfated polymer composed of D-

glucosamine and uronic acid based disaccharide repeating units. The structural diversity of 

HS arises from the sulfation pattern and uronic composition. For example, HS tetrasaccharide 

can be assembled into 2,304 combinations.32 Previously, Hung et al. showed that a highly 

sulfated N-sulfated ligand with a minimum hexasaccharide length (HH26S) is suitable for Aβ 

binding.33-36 Accordingly, we synthesized HH26S and HS mimetics (ID49) carrying the same 

charge density (+9) to determine how the structural heterogeneity and conserved charge 

composition modulate Aβ binding and LYTAC modeling.  

ID49 was synthesized from L-idose monosaccharide donor 1 and acceptor 2 (Scheme 2(i)), 

which were derived from 1,6-anhydro-β-L-idopyranosyl-4-alcohol as previously described.37-

40 The glycosylation of compounds 1 and 2 in the presence of N-iodosuccinimide (NIS) and a 

catalytic amount of trimethylsilyl trifluoromethanesulfonate (TMSOTf) in DCM at -10°C 

yielded 90% of compound 3. Compound 3 was converted into disaccharide donor 4 by a one-

pot anhydrous ring opening and acetylation using copper(II) trifluoromethanesulfonate 

(Cu(OTf)2) in the presence of acetic anhydride, followed by treatment with 

trimethyl(phenylthio)silane (TMSSPh) in the presence of ZnI2 in DCM at room temperature. 

Compound 3 was also converted into an acceptor by treatment with p-TSA in MeOH/DCM 

(2/1) to obtain benzylidene-deprotected disaccharide, which was then subjected to selective 

acetylation, yielding 73% (over 2 steps) of compound 5. Glycosylation of donor 4 with 

acceptor 5 in the presence of NIS and a catalytic amount of TMSOTf in DCM at -10°C 

yielded compound 6, which was subsequently converted into thiophenol donor 7 using 

Cu(OTf)2 and TMSSPh/ZnI2. Tetrasaccharide donor 7 was then glycosylated with an azido- 

ethoxyethanol linker to yield compound 8. Lithium hydroxide (LiOH) mediated deacetylation 

and debenzoylation of compound 8 yielded 70%of 9, which wassulfated in the presence of 

sulfur trioxide trimethylamine  
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Scheme 3. Synthesis of neoproteoglycan carrying HH26S and ID49 ligands. (a) Rink amide 

resin peptide synthesis; (b) HH26S-DBCO or ID49-DBCO in DMF at RT for 7 days 

complex in DMF at 60˚C, yielded compound 10.  which was then subjected to hydrogenation, 

resulting in a 65% yield of the ID49 ligand.  

 

Comp n KD (µM) ΔH (cal/mol) ΔS (cal/mol/deg) 

ID49 1.87 0.205 9.44 7.41 -2.88 0.616 -6.86 

HH26S 2.07 0.310 10.9 10.3 -2.06 0.574 -6.77 

 

Table 1. ITC data for ID49 and HH26S with Aβ1-42 (0.05 mM). Data are the average of 3 

titrations ±SD.  

To validate the binding affinity and specificity of the native and heparin mimetics with the 

Aβ peptide, isothermal titration calorimetry (ITC) experiments were performed using HH26S 

and ID49 with Aβ1-42 in a 0.05 mM pH 5.6 sodium acetate buffer.48 The ITC measurements 

indicated similar binding affinities, with dissociation constants (KD) of 9.44 and 10.9 µM, 

respectively (Table 1, Figure 3). These results suggest that highly sulfated ligands are 

preferred for Aβ binding. Although HH26S and ID49 have the same charge density, HH26S 

showed a slightly better binding affinity compared to ID49. This warrants further 

investigation of both molecules as potential ligands for LYTAC modelling.Motivated by the 
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strong binding of both ligand (ID49 and HH26S), we next constructed neoproteoglycans 

(neoPG: PG@ID49 and PG@HH26S) using PG@N3, which was synthesized as reported 

previously.37 First ID49 and HH26S ligand was treated with DBCO active ester linker, 

followed by cupper free click reaction using stoichiometric amount of PG@N3 and HS 

ligands for seven days (Scheme 3).Compound was purified by preparative HPLC and 

characterized by mass spectra and NMR techniques. The purity of the compound was further 

characterized by analytical HPLC. UV-visible and fluorescent spectra of the final compound 

was characterized and summarized, as expected both compound showed characteristic peaks 

of Cy5 with 5-6 nm bathochromic shift compared to the Cy5 as such, indicating the 

glycoconjugation.   Quantum yield of the both compounds was 22.7 and 22.8,  compared to 

atto 655 quantum yield of 30. illustrating the brightness of the probe. Prior to conducting the 

LYTAC, we examined the potential of PG@HH26S and PG@ID49 in cell surface 

engineering utilizing MDA-MB-468 and SH-SY-3 breast cancer and glioblastoma cells. The 

rationale for employing these cell lines stems from literature results that demonstrate the Aβ 

ability to inhibit cancer cell proliferation and mitigate the metastasis of breast cancer cells.49-

50 A solution of neoPG (1 µM) was added to the cells and washed after 30 min incubation and 

confocal images displayed significant difference in the plasma membrane (PM)  expression 

and internalization of the neoPGs. 
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Figure 1. Confocal images illustrating time-dependent uptake of proteoglycan mimic in 

MDA-MB-468 and SH-Sy-3 cell lines (scale bar 10 µm); (b) Statistics of cell surface 

decoration by proteoglycan mimic at differing time intervals; (c) Co-localisation of 

PG@HH26S with anti-cadherin antibody on the cell surface of MDA-MB-468 cells; (d) Co-

localisation with lysosomes at differing time intervals; (e) Statistical Pearson’s coefficient 

quantification of PG@HH26S in early, late, and lysosomal compartments of MDA-MB-468 

cells at differing time intervals (scale bar 10 µm). 
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To our surprise PG@ID49  showed internalization within 30 mins (Figure 1a & 1b), whereas 

PG@HH26S displayed intense fluorescence on PM and continue to express even after 3.5 h 

in MDA-MB-468 cell line, indicating that native HS structure support cell membrane 

decoration over its mimetics. We observed a similar trend in SH-SY-3 cell line, but both 

neoPGs absolutely internalized after 3.5 h, indicating the glycoclayx composition modulate 

the cell membrane decoration of neoPG. Additionally, it was observed that PG@HH26S 

efficiently labels the cell membrane at a mere 100 nM concentration (Figure4), highlighting 

the commercial value of the probe. We also found that a reduction in neoPG concentration 

leads to more prominent cell membrane expression compared to internalisation after 1 h. We 

validated the decoration of the cell membrane by PG@HH26S using co-staining with a green 

fluorescent anti-cadherin antibody. Figure 1c displays colocalization of green and red 

fluorescence on the cell membrane and inside the cells, indicating that the PG@HH26S 

managed to draw some cadherin receptors into the cells. Next, we used early, late endosome 

and lysosomal markers at different time interval (Fig. 1d, 1e &5) to investigate the 

endocytosis pathway of the PG@HH26S.  We observed that most of the PG@HH26S 

was sequestered in either early or late endosome in the first 6 h. After that the peptide 

was repopulated from late endosomal to lysosomal region. After 48 h, PG@HH26S 

was found majorly sequestered in late endosome and lysosomal region. Based on these 

studies, we hypothesize that PG@HH26S could be a potential LYTAC model for 

targeting Aβ protein. Inspired by the lysosomal sequestration of neoPG, we then sought to 

determine if PG@HH26S guides the Aβ aggregate to the lysosomal compartment and induce 

LYTAC. To achieve this, We first carried out an MTT assay of PG@HH26S and Aβ alone 

and in combination to evaluate the cytotoxic protection ability of neoPG against Aβ. As 

shown in Figure 2a, Aβ induced toxicity within the range of 15-30 µM in the MDA-MB-468 

cell line, whereas PG@HH26S demonstrated the least toxicity even at 20 µM concentration 

(Fig 2b). We then mixed 30 µM of Aβ with different concentrations of PG@HH26S peptide, 

hoping that neoPG binds to Aβ and reduce the toxicity by degrading the peptide. Figure 2c 

clearly illustrate that 2 µM onward was effectively block the toxicity of Aβ. Overall, 

PG@HH26S showed promising results in blocking the cytotoxicy of the Aβ. Next, to 

understand the mechanism of mitigate the Aβ toxicity by neoPG, we examined confocal 

images of PG@HH26S (500 nM) and FITC-labelled Aβ (2 µM) at various time intervals. 

Here, we used lower concentration of neoPG and Aβ compared to MTT assay, which 

facilitated a clearer visualisation of the endocytosis process.  The colocalization is expected 

to reveal the molecular-level interaction between the neoproteoglycan and Aβ peptide. As 
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expected, following incubation for 1 h, we noted a promising colocalization of PG@HH26S 

and the Aβ peptide at the plasma membrane (Fig 2a). Performing the assay without neoPG 

for 1 hour showed no green fluorescence of the Aβ peptide either on the cell membrane or 

inside the cells (Fig 2d), suggesting that PG@HH26S is necessary for the cell membrane 

arrangement of the Aβ internalization (Fig 2d & 2f).As depicted in Figure 2d, with increasing 

time, the colocalisation of PG@HH26S and Aβ was observed both on the cell membrane and 

inside the cells. Pearson coefficient measurements at different time intervals showed that 

PG@HH26S facilitated Aβ peptide binding and endocytosis. Without PG@HH26S, only a 

small fraction of the peptide was detected inside the cells after 4 hours (Fig 2e),. These results 

clearly indicate that the molecular-level interaction between the hexasaccharide ligand of 

PG@HH26S and the Aβ peptide is vital for driving the peptide into the cell.  

 

 

Figure 2. (a) Cytotoxicity of Aβ peptide to MDA-MB-468 cells after 48 hours of incubation; 

(b) Cytotoxicity induced by PG@HH26S to MDA-MB-468 cells following 48 hours of 

incubation; (c) Cytotoxicity induced by Aβ (30 µM) in the presence of PG@HH26S at 

different levels; (d) Confocal images for LYTAC of FITC-Aβ in the presence of 

PG@HH26S at various times (0.5 - 4 hours) in MDA-MB-468 cells (Scale bar = 10 µm); (e) 

Confocal images for FITC-Aβ in the absence of PG@HH26S after 2 hours and 4 hours 

respectively; (f) Pearson’s coefficient for the co-localisation of PG@HH26S and FITC-Aβ; 
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(g) FACS data for LYTAC of beta-amyloid FITC-Aβ in the presence of PG@HH26S at 

different time points; (h) Quantification of FACS data.   

Next, we sought to determine whether the driven peptide undergoes LYTAC.We quantified 

the LYTAC of the peptide through FACS measurements taken at different time intervals (24 

h, 48 h, and 72 h) (Fig 2g, 2h &6). The FACS quantification data indicated that the Aβ 

peptide underwent LYTAC over time, with a notable amount decrease in the FITC 

fluorescent of peptide after 48 h. Whereas, Aβ peptide without PG@HH26S showed slow 

degree of LYTAC, indicating the PG@HH26S enhance the LYTAC compared to native 

proteoglycans. Interestingly, PG@HH26S did not undergo fragmentation even after 72 

hours. These findings are consistent  

with those of Bertozzi et al.,51 where it was shown that neoproteoglycan peptides are prone to 

recycling and are expressed on the cell membrane. Overall, our findings clearly reveal that 

PG@HH26S not only binds to the Aβ peptide but also has LYTAC potential of Aβ peptide.  

3.3 Conclusion 

To summarize, we have successfully demonstrated a novel synthetic heparan sulfate-based 

LYTAC platform that functions independent of antibody conjugation, making it applicable in 

any environment. As a prototype, we used HS hexasaccharide (HH26S) and a sulphated 

Oligo-L-idose (ID49) peptide conjugated system for Aβ binding and Aβ-LYTAC.  We have 

demonstrated that native HS ligands carrying peptide (PG@HH26S) has greater potential to 

be expressed on the cell membrane compared to their mimetics (PG@ID49). Cytotoxicity 

assay, confocal and FACS measurement successfully demonstrated Aβ targeted degradation 

via lysosomal pathway. HS serves as a ligand for more than 500 proteins, playing a role in 

numerous pathological conditions.52-53 The targeted degradation of HS-binding proteins using 

synthetic neoproteoglycan backbone is critically needed for various therapeutic and clinical 

applications. We are currently in the process of expanding this LYTAC platform.  

3.4 Experimental Part 

3.4.1 General Information 

All chemicals were reagent grade and used without further purification unless otherwise 

noted. Reactions were carried out in anhydrous solvents under a nitrogen atmosphere. 

Reaction progress was monitored by analytical thin-layer chromatography (TLC) on Merck 

silica gel 60 F254. Spots on TLC plate were visualized under UV light or by dipping the TLC 
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plate in CAM/ninhydrin solution followed by heating. Column chromatography was carried 

out using Flukakieselgel 60 (230-400 mesh). 1H and 13C NMR spectra of compounds were 

measured with Bruker 400 MHz, Bruker 600 MHz and Jeol 400 MHz using residual solvents 

as an internal reference (CDCl3 δH 7.26 ppm, δC 77.3 ppm, CD3OD δH 3.31 ppm, δC 49.0 

ppm, and D2O δH 4.79 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 

measured with FluoroMax-4 spectrofluorometer (Horiba Scientific, U.S.A.). All microscopy 

images were captured using Leica SP8 confocal microscope and processed using Image J 

software. The fluorescent tagged Aβ was purchased from (Anaspec, USA) and non-

fluorescent Aβ was purchased from (Biolinkk, Delhi). 

 

3.4.2 Isothermal titration calorimetry(ITC) 

The thermodynamic analysis of amyloid-42(A42) against ID49 and HH26SNS Heparan 

mimetic oligosaccharides was conducted using an isothermal titration calorimeter (MicroCal 

PEAQ-ITC). The sample cell contained A42 (0.05mM) in sodium acetate buffer at pH 5.6.   

and was titrated against sulfated oligosaccharide (1mM) in sodium acetate buffer at pH 5.6. 

individually. Titrant was added in 2 μL increments, with a 150 s delay between injections. 

Heat of reaction was measured after each addition of titrant.To ensure thorough mixing of the 

solutions, the stirring speed was maintained at 750 rotations/min. The cell temperature was 

held constant at 298 Kand nearly three successive titrations were averaged to obtain the ITC 

curves. 
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Figure 3:ITC data for ID-49 and HH26S compound. 

3.4.3 Synthesis of PG@HH26S and PG@ID49 

3.4.3.1 General Procedure for Conjugation of Sugar Molecules 

The sugar derivative was dissolved in 400 µL of dry DMF and stirred for 5 minutes. Next, 

NEt3 (2 equivalents) was added, followed by dropwise addition of the solution of DBCO-

NHS in 400 µL, while stirring at room temperature. After 12 hours, DMF was evaporated, 

and the crude product was purified using LH-20 size exclusion chromatography. Then, a 

compound with an azide linker (1 eq.) was dissolved in 500 µL of CHCl₃ and 500 µL of 

MeOH. Subsequently, a solution of sugar molecules (1.2 eq. per azide of peptide) in H₂O (1 

mL) was added, followed by the addition of another 500 µL of MeOH. The resulting solution 

was stirred for 7 – 8 days at room temperature. The progress of the reaction was monitored by 

infrared spectroscopy (IR). After the completion of the reaction (approximately 7 - 8 days), 

the solvent was evaporated under reduced pressure and first purified using 10kD cutoff filter 

followed by purification using HPLC (MeOH: H2O). The compound was characterized using 

1H NMR, IR, HR-ESI-MS. The purity of compound was checked using reverse-phase high-

performance liquid chromatography (HPLC) using (95% H2O + 5% MeOH) and (95% 

MeOH + 5% H2O) at the flow rate of 0.5mL/min. 
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PG@HH26S 

The compound was characterized using 1H NMR, IR and HR-ESI-MS (m/z): [M/44]-, calcd 

is 299.9601; found, 299.9444. The purity of compound was checked using reverse-phase high 

performance liquid chromatography (HPLC) the elution time is ~ 12.4 min.  

PG@ID49 

The compound was characterized using 1H NMR, IR and HR-ESI-MS (m/z): [M/44]-, calcd 

is ; found 255.2322. The purity of compound was checked using reverse-phase high 

performance liquid chromatography (HPLC) the elution time is ~ 12.7 min. 

3.4.4 Cell surface engineering studies: 

A total of 20,000 cells were seeded into 8-well confocal imaging plates and incubated 

overnight at 37°C. The next day, the cells were treated with PG@ID49 and PG@HH26S(1 

µM to 100 nM each) for 30 minutes. After treatment, the cells were washed three times with 

PBS, and the nuclei were stained with Hoechst 33342. Following the staining, fresh media 

was added, and fluorescent images were captured using a Leica SP8 microscope. 

100 nM 50 nM 10 nM1 µM

 

Figure 4. Confocal images of PG@HH26S at different dilution (scale bar 10 µm). 

 

3.4.5 Co-localization studies: 

 

To study the cellular co-localization of PG@HH26S, MDA-MB 468 cells were grown on 

cover glass (10,000 cells per well) overnight. The cells were treated with 1 µM PG@HH26S 

for various time intervals (1 to 48 hours), followed by treatment with different organelle 

markers. For lysosome labelling, the cells weFre treated with Lyso Green for 1 hour at 37°C, 

followed by staining with Hoechst for 10 minutes. The cells were then fixed with 4% 

paraformaldehyde and the glass slides were mounted. 

For early and late endosome co-localization, the cells were first fixed with 4% 

paraformaldehyde, then permeabilized with 0.1% Triton X-100 for 10 minutes, followed by 

blocking with 2% BSA for 45 minutes at room temperature. The cells were then labelled with 
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primary EEA1 and LAMP2 antibodies overnight at 4°C, followed by washing with PBS and 

treatment with secondary antibody at a 1:2000 dilution for 45 minutes at room temperature. 

The coverslips were washed and mounted on glass slides for imaging. 
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       Figure 5. Colocalization of PG@HH26S at different time interval.  

 

3.4.6 MTT assay. 

MTT assay was used to check cell proliferation. MDA-MB-468 cells (5 × 103 cells per well) 

were plated in 96 well plate in DMEM medium and incubated overnight followed by 

treatment with different concentration of Aβ (0 – 30 µM), PG@HH26S (0 - 20µM and Aβ 

(30 µM) with different concentration of PG@HH26S (0 – 10 µM) and further incubation for 

48 h. Afterward 10 µl of MTT (5 mg/ml) reagent was added to each well and incubated plates 

further for 4h at 37 ºC. Purple precipitate formed was dissolved by adding 100 µl of DMSO 

and plate was read at 570 nm. 

3.4.7 Confocal imaging of Lysosomal degradation chimera of Aβ(1-42). 

A total of 20,000 cells were seeded into 8-well confocal imaging plates and incubated 

overnight at 37°C. The next day, the cells were treated with FITC-Aβ1-42 (2 µM) followed 

by PG@HH26S (1 µM) for 30 minutes. After treatment, the cells were washed three times 

with PBS, and the nuclei were stained with Hoechst 33342. Following the staining, fresh 

media was added, and fluorescent images were captured using a Leica SP8 microscope. 
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3.4.8 FACS Study.  

MDA-MB 468 cells (1 X 106 cells per well) were seeded in 6 well tissue culture plate and 

incubated at 37 °C overnight. Cells treated with PG@HH26S (1 µM) for 1 h followed by 

washing and then treated with FITC-Aβ1-42 (2 µM) and continued incubation at 37 °C for 

different time intervals. On completion of incubation cells were washed with PBS and fixed 

with 4% paraformaldehyde at room temperature for 15 min followed by washing with PBS. 

Finally, cells were suspended in FACS buffer taken for the analysis.  

Aβ42 alone
Aβ42 in  PG@HH26S PG@HH26S in Aβ42 

24h

48 h

72 h

Control

 

Figure 6: FACS data for LYTAC of Aβ inMDA-MB468 cel 

3.4.9 Synthesis of ID49 tetrasaccharide 

(4,6-benzylidinyl-2-benzoyl-3-O-benzyl)--L-idopyranosyl-(1→4)(2-O-benzoyl-3-O-

benzyl-1,6-anhydro)--L-idopyranoside(3). 

 

Monosaccharide donor 1(1 g, 1.80mmol), acceptor2(0.514 g, 

1.44mmol) and freshly dried 4 Å molecular sieves were taken in 

round bottom flask and was dissolved in dry DCM in 10 volumes, 

kept for stirring for 2h under N2 atmosphere. Then reaction mixture 

was cooled to - 10˚C. Further, TMSOTf (65 µl, 0.360mmol) and NIS (0.527 g, 2.345mmol) 

were added and kept for stirring. The reaction completion was monitored by TLC, after 

completion of reaction, it was neutralized with triethylamine Et3N and did celite filtration and 

subsequently did sodium thiosulfate Na2S2O3 workup and dried over Na2SO4. Purification 

was done by silica column in EtOAc/Hexane solvent system to get compound 3 in a 90% 
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yield.1H NMR (400 MHz, Chloroform-d)5.56 (d, J = 1.7 Hz, 1H), 5.44 (s, 1H), 5.33 – 5.18 

(m, 2H), 5.09 (dd, J = 8.3, 1.8 Hz, 1H), 4.89 (d, J = 11.5 Hz, 1H), 4.74 (d, J = 11.5 Hz, 1H), 

4.64 (t, J = 4.5 Hz, 1H), 4.59 – 4.47 (m, 2H), 4.31 – 4.19 (m, 2H), 4.07 (td, J = 6.5, 5.8, 1.6 

Hz, 2H), 3.97 – 3.78 (m, 4H) 3.48 (dd, J = 13.0, 2.0 Hz, 1H), 7.99 (ddd, J = 30.4, 8.2, 1.4 Hz, 

4H), 7.61 – 7.54 (m, 1H), 7.53 – 7.37 (m, 9H), 7.36 – 7.16 (m, 9H), 7.08 (dd, J = 6.6, 3.0 Hz, 

2H) 13C NMR (101 MHz, Chloroform-d) δ 165.87, 138.06, 137.62, 133.38, 133.33, 130.08, 

129.87, 128.91, 128.55, 128.48, 128.31, 128.20, 128.16, 128.13, 128.10, 127.87, 127.63, 

126.34, 100.90, 99.43, 95.41, 78.47, 76.91, 75.08, 74.26, 73.52, 72.98, 72.25, 71.96, 69.35, 

65.85, 65.64, 59.59. HRMS m/z calculated for C48H46O11Na, 798.3040; Found 798.3044. 

(6-O-acetyl-2-O-benzoyl-3-O-benzyl)--L-idopyranosyl-(1→4)(2-O-benzoyl-3-O-benzyl-1,6-

anhydro)--L-idopyranoside (5). 

 

Compound 3 (1.143 g, 1.42mmol) was dissolved in DCM/MeOH 

(2/1) ratio, CSA (0.397 g, 1.71mmol) was added and kept for 

stirring for 3-4h. The reaction was monitored by TLC, after colpetion of reaction, reaction 

mixture was concentrated under reduced pressure. Purification was done without workup by 

silica column by using EtOAc/Hexane solvent system to get selective benzylidene 

deprotectedintermediate product (no attached NMR). Further, this benzylidene deprotected 

intermediate product (0.83 g, 1.6mmol) was dissolved in dry DCM in 10 Volume, Ac2O (1.1 

ml, 11.65mmol) and Triethylamine (0.223 ml,1.6mmol) were added at 0˚C   and kept for 

stirring for overnight. The completion of the reaction was monitored by TLC, after 

completion of reaction, it was quenched with MeOH and did sat.NaHCO3 workup then dried 

over  Na2SO4.  Purification was done by silica column in EtOAc/Hexane solvent system to 

get compound 5 in 65% yield.1H NMR (400 MHz, Chloroform-d) 5.52 (d, J = 1.8 Hz, 1H), 

5.18 (dt, J = 2.5, 1.1 Hz, 1H), 5.11 (s, 1H), 5.01 (dd, J = 8.3, 1.8 Hz, 1H), 4.81 (d, J = 11.6 

Hz, 1H), 4.72 – 4.61 (m, 3H), 4.59 – 4.49 (m, 2H), 4.25 – 4.18 (m, 2H), 4.15 (dd, J = 6.0, 2.0 

Hz, 2H), 3.90 (t, J = 8.4 Hz, 1H), 3.85 (ddd, J = 3.6, 2.6, 1.2 Hz, 1H), 3.78 (ddd, J = 7.9, 5.1, 

1.2 Hz, 1H), 3.71 (dd, J = 10.9, 3.4 Hz, 1H), 2.53 – 2.48 (m, 1H), 1.99 (s, 3H), 8.00 (dd, J = 

8.4, 1.3 Hz, 2H), 7.94 (dd, J = 8.3, 1.3 Hz, 2H), 7.66 – 7.51 (m, 2H), 7.50 – 7.44 (m, 2H), 

7.44 – 7.36 (m, 5H), 7.36 – 7.28 (m, 2H), 7.11 – 7.06 (m, 3H), 7.06 – 7.02 (m, 2H)13C NMR 

(101 MHz, Chloroform-d) δ 138.10, 137.45, 133.99, 133.41, 129.94, 129.85, 128.85, 128.66, 

128.48, 128.27, 128.21, 128.14, 127.96, 127.55, 99.46, 95.42, 75.20, 75.15, 74.29, 72.58, 



 
 

115 
 

71.88, 68.15, 67.10, 66.16, 65.63, 63.38, 20.96. HRMS m/z calculated for C43H44O12Na, 

752.2833; Found 752.2836. 

Thiophenyl-((4,6-O-diacetyl-2-O-benzoly-3-O-benzyl)--L-idopyranosyl-(1→4)(6-O-

acety-2-benzoyl-3-O-benzyl))--L-idopyranoside(4).  

 

Compound 3(730 mg, 0.911mmol) was dissolved in Ac2O (5 

ml), Cu(OTf)2 (33 mg, 0.0911mmol) was added at 0˚C and 

kept for stirring for overnight. Completion of reaction was 

monitored by TLC, after completion, reaction mixture was 

concentrated under reduced pressure and rotavapor, then 

subsequently crude was extracted with EtOAc against sta. NaHCO3 solution and dried over 

Na2SO4. The crude was concentrated and dried under reduced pressure, further it was taken to 

next step without purification, Further, this crude compound (1.69 g, 1.881mmol) and 

ZnI2(1.26 g, 3.95mmol) was taken in a round bottom flask which is covered with aluminum 

foil, and was kept on high vacuum for 2 hours. The reaction mixture was dissolved in dry 

DCM and trimethyl(phenylthio)silane (TMSSPh) (1.11 ml, 5.83mmol) was added, kept for 

stirring for 1 hour. The reaction completion was monitored by TLC, after completion of 

reaction, celite filtration was done and then purified by silica column in a EtOAc/Hexane  

solvent system to get compound 4 in a 85% yield1H NMR (400 MHz, Chloroform-d) 5.64 (t, 

J = 2.2 Hz, 1H), 5.59 (s, 1H), 5.24 – 5.19 (m, 1H), 5.07 – 4.91 (m, 3H), 4.84 (d, J = 11.3 Hz, 

1H), 4.67 (dd, J = 20.7, 11.5 Hz, 2H), 4.53 – 4.35 (m, 4H), 4.17 (t, J = 3.0 Hz, 1H), 3.91 – 

3.73 (m, 3H), 3.44 (dd, J = 11.6, 4.4 Hz, 1H), 2.03 (s, 3H), 1.95 (s, 3H), 1.90 (s, 3H), 8.02 

(dd, J = 8.3, 1.4 Hz, 2H), 7.92 (dd, J = 8.2, 1.4 Hz, 2H), 7.59 (ddt, J = 8.4, 7.0, 1.1 Hz, 3H), 

7.51 – 7.39 (m, 7H), 7.39 – 7.25 (m, 8H), 7.22 (t, J = 7.7 Hz, 3H)13C NMR (101 MHz, 

Chloroform-d) δ 175.24 – 168.64 (m), 165.32 (d, J = 48.6 Hz), 137.39, 137.18, 135.72, 

133.61, 133.40, 131.69, 130.09, 129.77, 129.34, 129.11, 128.96, 128.52, 128.48, 128.43, 

128.35, 128.23, 128.03, 127.96, 127.65, 127.53, 101.79, 86.08, 74.33, 72.82, 72.55, 72.43, 

68.69, 67.72, 66.90, 65.95, 64.28, 62.76 (d, J = 6.2 Hz), 23.29 – 14.44 (m). HRMS m/z 

calculated for C52H52O15SNa, 948.3027; Found 948.3031. 

(4,6-O-diacetyl-2-O-benzoly-3-O-benzyl)--L-idopyrnosyl-(1→4)(6-O-acetyl-2-O-benzoyl-

3-O-benzyll)--L-idopyrnosyl-(1→4)(6-O-acetyl-2-O-benzoyl-3-O-benzyl)--L-

idopyrnosyl-(1→4)(1,6-anhydro-2-O-benzoyl-3-O-benzyl)--L-idopyrnose(6). 
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Compound 6was synthesised by using synthetic 

procedure of compound 3 in a 53% yield.1H NMR (400 

MHz, Chloroform-d) 5.50 (d, J = 1.8 Hz, 1H), 5.35 (t, 

J = 3.1 Hz, 1H), 5.27 (t, J = 2.7 Hz, 1H), 5.13 (dt, J = 

2.7, 1.1 Hz, 1H), 5.08 (d, J = 2.1 Hz, 1H), 5.02 – 4.96 

(m, 2H), 4.90 (s, 1H), 4.87 – 4.78 (m, 3H), 4.77 – 4.70 (m, 1H), 4.68 (d, J = 11.5 Hz, 2H), 

4.64 – 4.60 (m, 2H), 4.59 – 4.53 (m, 3H), 4.45 (ddd, J = 8.0, 4.6, 1.8 Hz, 1H), 4.37 – 4.16 (m, 

4H), 4.17 – 4.06 (m, 3H), 4.05 – 3.95 (m, 2H), 3.91 – 3.77 (m, 4H), 3.69 – 3.61 (m, 1H), 3.58 

– 3.51 (m, 2H), 1.94 (s, 3H), 1.91 – 1.87 (m, 6H), 1.84 (s, 3H), 8.04 – 7.99 (m, 2H), 7.97 – 

7.86 (m, 6H), 7.63 – 7.15 (m, 32H)13C NMR (101 MHz, Chloroform-d) δ 170.57, 170.55, 

170.42, 169.93, 165.79, 165.67, 165.35, 165.01, 138.13, 137.52, 137.42, 137.19, 133.64, 

133.39, 133.30, 133.25, 130.08, 129.99, 129.87, 129.76, 129.44, 129.30, 129.11, 129.04, 

128.47, 128.42, 128.37, 128.34, 128.21, 128.18, 128.03, 127.99, 127.92, 127.84, 127.50, 

127.34, 100.83, 100.72, 99.35, 95.50, 77.72, 77.36, 77.05, 76.73, 76.60, 75.85, 74.97, 74.93, 

74.63, 72.97, 72.82, 72.51, 72.39, 71.92, 68.22, 68.10, 67.46, 66.71, 65.98, 65.44, 64.12, 

62.77, 62.36, 62.14, 20.76, 20.58, 20.56, 0.02. HRMS m/z calculated for C88H88O28Na, 

1592.5462; Found 1592.5467. 

Ethoxy-2-azidoethoxyl-O-((4,6-O-diacetyl-2-O-benzoly-3-O-benzyl)-(1→4)-L-idopyrnosyl-

(6-O-acetyl-2-O-benzoly-3-O-benzyl)-(1→4)-L-idopyrnosyl-(6-O-acetyl-2-O-benzoly-3-O-

benzyl))-(1→4)-L-idopyrnosyl-(6-O-acetyl-2-O-benzoly-3-O-benzyl))-(1→4)-L-

idopyrnoside (8).  

 

Compound 8 was synthesised by using synthetic 

procedure of compound 3 in a 63% yield. 1H NMR 

(400 MHz, Chloroform-d)  5.34 – 5.23 (m, 3H),5.13 

(d, J = 2.5 Hz, 1H), 5.03 – 4.95 (m, 2H), 4.93 – 4.75 

(m, 6H), 4.71 – 4.60 (m, 4H), 4.57 (t, J = 2.4 Hz, 

1H), 4.49 – 4.38 (m, 2H), 4.38 – 4.24 (m, 4H), 4.14 – 3.96 (m, 6H), 3.96 – 3.88 (m, 1H), 3.88 

– 3.76 (m, 4H), 3.72 – 3.51 (m, 7H), 3.48 (t, J = 3.6 Hz, 1H), 3.19 (dt, J = 6.0, 4.0 Hz, 2H), 

1.98 (s, 3H), 1.94 (s, 3H), 1.88 (s, 3H), 1.85 (s, 3H), 1.79 (s, 3H), 8.05 – 7.99 (m, 2H), 7.95 

(ddd, J = 8.5, 3.6, 1.3 Hz, 4H), 7.92 – 7.85 (m, 2H), 7.63 – 7.55 (m, 1H), 7.51 – 7.41 (m, 8H), 
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7.36 (ddd, J = 7.8, 6.7, 1.7 Hz, 3H), 7.32 (p, J = 1.5 Hz, 3H), 7.30 – 7.27 (m, 4H), 7.27 – 7.26 

(m, 3H), 7.25 – 7.20 (m, 6H), 7.20 – 7.14 (m, 4H) 13C NMR (101 MHz, Chloroform-d) δ 

170.50, 137.93, 137.53, 137.18, 133.62, 133.34, 133.08, 130.12, 130.06, 129.97, 129.75, 

129.41, 129.29, 128.47, 128.41, 128.34, 128.32, 128.30, 128.25, 128.22, 128.17, 128.09, 

128.02, 127.85, 127.80, 127.71, 127.65, 101.00, 100.64, 100.28, 98.35, 76.56, 76.16, 75.91, 

74.96, 74.53, 72.91, 72.78, 72.45, 72.38, 72.28, 70.27, 70.17, 68.19, 67.72, 67.64, 67.50, 

66.78, 66.04, 65.15, 64.16, 62.71, 62.17, 62.11, 50.72, 20.76, 20.74, 20.61, 20.53, 

20.50.HRMS m/z calculated for C94H99N3O31Na, 1766.6296; Found 1766.6299. 

 

Ethoxy-2-azidoethoxyl-O-((2,4,6-O-trisulfonato-3-O-benzyl)- (1→4)-L-idopyrnosyl-(2,6-O-

disulfonato-3-O-benzyl)- (1→4)-L-idopyrnosyl-(2,6-O-disulfonato-3-O-benzyl))- (1→4)-

L-idopyrnosyl-(2,6-O-disulfonato-3-O-benzyl))-(1→4)-L-idopyrnoside(10). 

 

Compound 8(106mg, 60.035mmol) was 

dissolved in THF/MeOH/H2O (4/2/1) and 

LiOH (113.35mg, 2.701mol) was added at 

0°C and kept for stirring for 3-4 hours. The 

reaction completion was monitored by 

TLC, after completion, reaction mixture 

was neutralized by amberlite 120 H+ resin, 

Further, reaction mixture was filtered by cotton plough filtration, then it was concentrated 

under by reduced pressure, further it was purified by silica column in MeOH/DCM solvent 

system to get compound9 in a 95% yield.Further, Compound9 (36mg, 0.0315mmol) and 

SO3.NMe3 complex (395.72mg, 2.843mmol) was dissolved in dryDMF under N2 atmosphere, 

reaction mixture was kept for stirring at 60°C for 36 h, Next DMF was evaporated under 

reduced pressure, resulting residue was purified using bond elute C18 column with ACN/H2O 

solvent system to get compound 10 in a 90 % yield. 1H NMR (600 MHz, Deuterium Oxide)  

5.08 (s, 1H), 5.01 (d, J = 11.5 Hz, 1H), 4.91 (s, 2H), 4.81 – 4.72 (m, 7H), 4.65 (s, 1H), 4.63 – 

4.49 (m, 2H), 4.45 – 4.33 (m, 5H), 4.31 (s, 1H), 4.27 – 4.20 (m, 1H), 4.20 – 4.11 (m, 6H), 

4.06 (d, J = 10.4 Hz, 3H), 4.03 – 3.94 (m, 1H), 3.90 (d, J = 10.6 Hz, 1H), 3.74 (d, J = 11.7 

Hz, 3H), 3.70 (dd, J = 2.2, 1.3 Hz, 2H), 3.68 – 3.63 (m, 3H), 3.59 (s, 1H), 3.37 – 3.32 (m, 

2H), 7.51 – 7.44 (m, 5H), 7.44 – 7.29 (m, 15H) 13C NMR (151 MHz, Deuterium Oxide) δ 
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137.68, 137.65, 137.61, 136.95, 128.66, 128.62, 128.60, 128.24, 128.11, 100.50, 100.41, 

74.31, 73.86, 73.15, 73.02, 72.55, 71.45, 70.96, 70.29, 69.39, 69.29, 68.00, 65.85, 65.41, 

55.51, 50.22, 50.17. HRMS m/z calculated for C56H64N3O49S9
-9, 205.5572; Found 205.5575. 

Ethoxy-2-aminoethoxyl-O-((2,4,6-O-trisulfonato)-(1→4)-L-idopyrnosyl-(2,6-O-

disulfonato)-(1→4)-L-idopyrnosyl-(2,6-O-disulfonato))-(1→4)-L-idopyrnosyl-(2,6-O-

disulfonato))-(1→4)-L-idopyrnoside (ID49). 

 

The compound10(15mg, 8.10 mmol) was 

dissolved in H2O and Pd(OH)2(10% per wt.) 

was added and stirred for 42h under hydrogen 

atmosphere. Further, reaction mixture was 

filtered and concentrated, finally purified by 

Bound elute C-18 column by using H2O as a 

solvent to get compound ID49in a 80% yield. 1H NMR (600 MHz, Deuterium Oxide) 5.07 

(d, J = 10.6 Hz, 4H), 4.63 (t, J = 7.6 Hz, 2H), 4.50 – 4.40 (m, 1H), 4.34 – 4.15 (m, 17H), 3.86 

(qd, J = 12.1, 10.8, 5.8 Hz, 5H), 3.77 – 3.68 (m, 5H), 3.15 (t, J = 5.1 Hz, 2H) 13C NMR (151 

MHz, Deuterium Oxide) δ 100.35, 99.98, 98.56, 76.15, 75.92, 75.80, 74.92, 73.40, 72.70, 

72.65, 71.88, 69.64, 68.13, 67.65, 67.52, 67.38, 67.00, 66.52, 66.22, 66.11, 65.66, 65.17, 

64.20, 39.17. HRMS m/z calculated for C28H42NO49S9
-9, 162.6485; Found 162.6487. 
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Abstract 

Herein, we report the synthesis and biological evaluation of a novel series of heparinoid 

amphiphiles as inhibitors of heparanase and SARS-CoV-2. By employing a tailor-made 

synthetic strategy, a library of highly sulfated homo-oligosaccharides bearing D-glucose or a 

C5-epimer (i.e.,L-idose or L-iduronic acid) conjugatedwith various lipophilic groups was 

synthesized and investigated for anti-viral activity. Sulfated higher oligosaccharides of D-

glucose or L-idose with lipophilic aglycones displayed potent anti-SARS-CoV-2 and anti-

heparanse activity, similar to or better than pixatimod (PG545), and were more potent than 

their isosteric L-iduronic acid congeners. Lipophilic groups such as cholestanol and C18-

aliphatic substitution are more advantageous than functional group appended lipophilic 

moieties. These findings confirm that fine-tuning of higher oligosaccharide, degree of 

sulfation, and lipophilic groups could yield promising drug candidates for treating COVID-

19. 
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4.1 INTRODUCTION 

The SARS-CoV-2 coronavirus has caused widespread intestinal and respiratory infections 

worldwide, claiming millions of lives during the recent COVID-19 pandemic.1 Despite the 

approval of several vaccines and drug molecules2, SARS-CoV-2 continues to be a major 

pathogenic virus globally3. Given its high mutation rate and the rapid emergence of new 

variants, developing new drug molecules to complement vaccine programs is highly 

desirable. Studies of SARS-CoV-2 viral pathogenesis have revealed that the binding of the 

virus's spike protein to the glycosaminoglycan heparan sulfate (HS) and the angiotensin-

converting enzyme 2 (ACE2) cell surface receptor is a critical factor in pathogenicity.4 

Consequently, significant efforts have been made to determine the binding sequence of HS 

and its mimics to SARS-CoV-2 active sites to inhibit virus replication.5 

Structurally, heparan sulfate (HS) is a highly sulfated polysaccharide composed of repeating 

units of (1→4)-linked glucosamine and uronic acid disaccharides. These disaccharides 

feature various O-sulfate and N-sulfate/N-acetate modifications on the uronic acid and 

glucosamine, respectively.6Due to these modifications, there are 2,304 possible combinations 

of HS tetrasaccharides, making the identification of specific HS ligands for the spike protein 

challenging.7Boons et al., Zhongping et al., Skidmore et al., and Desai et al. used a limited 

HS library to identify active HS ligands for the spike receptor binding domain (RBD) using 

microarray and surface plasmon resonance techniques. 4b, 5a, 8These studies suggest that the 

composition of iduronic acid and sulfation patterns, specifically 2-O, 6-O, or N-sulfation 

groups, are crucial for modulating SARS-CoV-2 activity. 5a Furthermore, Linhardt et al. 

reported that unfractionated heparin (UFH), enoxaparin, and 6-O-desulfated UFH 

demonstrated strong inhibition of SARS-CoV-2 binding to epithelial cells. 9Additionally, 

intranasal administration of these drugs showed low toxicity and bioavailability in blood, 

indicating their potential as therapeutic agents for SARS-CoV-2 infection.10 

Although these studies provide insight into how spike proteins recognize native HS ligands, 

the structural complexity and synthetic challenges hinder the discovery of potential HS 

ligands for the spike protein. Alternatively, HS mimics represent potential therapeutic 

molecules for targeting SARS-CoV-2 infection. 11Previous studies, including our own 

research, have demonstrated that HS mimics derived from L-iduronic acid can mimic many 

functions of native heparin/HS, including anti-viral activity. Notably, the heparinoid 
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amphiphile pixatimod (PG545, Fig. 1), originally developed as an anticancer drug 12, is a 

potent inhibitor of heparanase—an enzyme that degrades HS and plays crucial roles in 

inflammation and viral pathogenesis, including SARS-CoV-2 13, 14. Early studies indicated 

that pixatimod exhibits antiviral activity both in vitro and in vivo against various viruses that 

use HS as an entry receptor, with EC50s ranging from 0.06 to 14 µg/mL, and demonstrates 

low toxicity and high selectivity indices. These viruses include HSV-2 15, HIV 16, RSV 17, 

Ross River virus 18, Barmah Forest virus 18, CHIKV 18, and Dengue virus 19. Furthermore, in 

vivo evidence suggests that pixatimod possesses anti-inflammatory activities linked to the 

inhibition of IL-6 18, 20, a cytokine associated with respiratory failure in hospitalized 

symptomatic COVID-19 patients 21. Subsequently, pixatimod has been shown to effectively 

inhibit SARS-CoV-2 infection of cells at concentrations within its safe therapeutic dose range 

and to significantly reduce SARS-CoV-2 viral titers and COVID-19-like symptoms in the 

K18-hACE2 mouse model 22. Molecular modeling studies indicate that the steroid sidechain 

of pixatimod plays a crucial role in disrupting the spike-ACE2 interaction 22. The lipophilic 

side chains of amphiphilic heparinoids, such as pixatimod, confer several enhanced properties 

compared to their unmodified counterparts. Apart from binding to the heparin/HS binding 

sites of HS-binding proteins, these lipophilic side chains can also interact with nearby 

hydrophobic residues, often resulting in greater potency in many bioassays (e.g., heparanase 

inhibition) 12. Importantly, they improve pharmacokinetics (i.e., longer half-life, increased 

bioavailability, lower plasma clearance), and exhibit low anticoagulant activity (high 

anticoagulant activity being a common undesirable side effect of heparinoids) 12. Of 

particular relevance, these compounds can also exhibit virucidal activity, provided the side 

chain is sufficiently large and lipophilic 15-17, 23a, a feature lacking in most unmodified HS 

mimics. 

This article rationalizes the anti-viral activity of heparinoid amphiphiles by describing the 

design and synthesis of a library that manipulates the saccharide ligand's nature, 

oligosaccharide chain length, degree of sulfation, and lipophilic group. Compared to PG545, 

optimized L-idose-based oligosaccharides demonstrated effective inhibition of SARS-CoV-2. 

Importantly, many compounds exhibited higher inhibitory activity than PG545 in the 

heparanase inhibition assay. Isothermal titration calorimetry (ITC) binding studies and 

molecular docking highlighted the significance of oligosaccharide chain length and lipophilic 

group in spike protein binding. Overall, these findings pave the way for designing future HS 

mimics to target SARS-CoV-2 and other HS-dependent viral infections. 
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Figure 1. The structure of pixatimod (PG545). R = SO3Na. 

 

4.2 RESULTS AND DISCUSSION 

To pinpoint optimal ligands for targeting SARS-CoV-2 virulence, we developed and 

synthesized a diverse library of six heparinoid amphiphiles featuring L-iduronic acid and L-

idose saccharide moieties. This library encompasses highly sulfated di-, tri-, and tetra-L-

iduronic acid/L-idosides paired with a cholestanol moiety (Fig. 2). Our hypothesis revolves 

around how variations in oligosaccharide chain length, saccharide ligand nature, degree of 

sulfation, and lipophilic group intricately modulate anti-viral activity. The selection of 

saccharide systems is expected to impact anti-viral efficacy by presenting diverse sulfate 

group conformations and arrangements. Recent studies have demonstrated the conformational 

adaptability of both sulfated L-iduronic acid homo-oligosaccharides and PG545. 24The range 

of lipophilic groups includes variations in glycosidic configuration (α versus β), non-steroidal 

side chains, and modifications such as fluorescent or pro-fluorescent tags (e.g., azide, 

alkyne). Computational investigations underscore the critical role of PG545's lipophilic side 

chain in binding to target proteins, such as the SARS-CoV-2 spike protein  22 and heparanase. 

24b Prior research has also established that adequately sized lipophilic side chains can 

impartvirucidal activity to amphiphilic heparinoids.15-
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17,23

 

Figure 2. Structures of new heparinoid amphiphiles synthesized in this study. 

 

4.2.1 Synthesis of L-idose and L-iduronic acid based amphiphiles 

The synthesis of L-idose and L-iduronic acid based amphiphiles is highly challenging, as L-

sugars are not commercially available, and controlling the stereoselective glycosylation 

between the saccharides and lipophilic groups is difficult. We have recently reported a novel 

linear approach to synthesize homo-oligoiduronic acid24a. We employed a similar approach to 

synthesis theL-idose based amphiphiles (IDC-2, IDC-3, and IDC-4) from L-idose. Building 

block 1 was converted into the thiophenylL-idosyl donor by treatment with a mixture of 

acetic acid and Cu(OTf)2 for anhydro-ring opening followed by glycosylation with 

thiophenol. The L-idose donor 10 was glycosylated with 8 using TMSOTf and NIS as an 

activator to yield 56% of the disaccharide precursor 11. Compound 11 was converted to the 

disaccharide donor 13 by treatment with Cu(OTf)2 and acetic acid and thioglycosylation. 

Compound 13 and cholesterol were coupled by using NIS and TfOH and subjected to 

deprotection of esters under basic conditions, and sulfation in the presence of SO3·Et3N 

yielding 69% of compound 16. Finally, the hydrogenation of the 2-naphthylmethyl ether 

protecting groups over Pd/C produced the target compound IDC-2. In the case of the tri- and 

tetrasaccharides (IDC-3 and IDC-4), the reaction sequences were similar to those of IDC-2. 

Similarly, di-,tri- and tetrasaccharide iduronic acid amphiphiles (IAC-2, IAC-3 and IAC-4) 

were synthesized.(Scheme1) 
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Scheme 1: Synthesis of IDC-2: Reagents and conditions: (a) Cholesterol, NIS, TfOH, 

CH2Cl2, 4 Å M.S, -10 °C; (b) NaOMe, MeOH/CH2Cl2(2:1), 85%; c) SO3·Et3N, DMF, 60 °C, 

70% ; d) H2, Pd(OH)2, H2O. 55%. 

4.2.2 Biological Evaluation 

Contemporary strategies for designing anti-viral drugs have increasingly focused on 

selectively inhibiting heparanase, a crucial enzyme that modulates heparan sulfate 

proteoglycans (HSPGs) on the cell surface, serving as receptors for numerous viruses 13. The 

degradation of HS by heparanase facilitates viral spread to distant sites and has been notably 

implicated in COVID-19. Studies have demonstrated a correlation between increased plasma 

heparanase activity, elevated HS levels, and COVID-19 severity and outcomes, 14 which has 

led to the evaluation of HS mimetics, including pixatimod. 22 

Synthetic heparinoids were evaluated for their ability to inhibit heparanase using the 

fondaparinux assay 27, with PG545 as the positive control compound. The IC50 values are 

summarized in Table 1. All heparinoids exhibited potent inhibition of heparanase, except for 

the shorter IAC-2, consistent with prior findings indicating that sulfated oligosaccharide 

chains in this class of compounds must be at least trisaccharides for strong inhibition 12. 

Heparanase inhibitory potency correlated with the oligosaccharide chain length; for instance, 

tetrasaccharide analogs like PG545 demonstrated robust inhibition. Additionally, an increase 

in oligosaccharide chain length from di- to tri- and tetrasaccharides (L-idose and L-iduronic 

acid derivatives) systematically enhanced potency against heparanase, underscoring the 

importance of sulfation levels. 26 
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Moreover, the glycosidic linkage between cholestanol and the sugar moiety also influenced 

potent inhibition. Furthermore, amphiphilic groups like azido, alkynyl, and fluorescent tags 

significantly enhanced heparanase inhibition compared to PG545, with some compounds 

exhibiting up to six-fold greater potency. Incorporating a C18 chain at the reducing end also 

yielded strong or comparable inhibition to PG545. These results highlight that D-

oligomaltoside analogs are preferable for targeting heparanase over their L-idose or L-

iduronic acid counterparts. The incorporation of hydrophobic moieties such as C18 or 

cholestanol, with or without fluorophores or other modifications, effectively modulates 

heparanase inhibition activity. 

 

Figure 3: Invitro evaluation of antiviral property (PRNT)  of IAC amd IDC series compounds 

and PG545 aganist SARS-CoV-2 D614 variant  

Following the assessment of anti-heparanase activity of the amphiphilic heparinoids, we 

investigated their anti-viral properties. The compounds were evaluated using a plaque 

reduction neutralization test (PRNT) against SARS-CoV-2 D614 and G614 isolates in Vero 

cells (Table 1 and Fig. 3). These strains were chosen as they are local (Australian) clinical 

isolates available to us. The D614 isolate represents an early clinical strain containing the 

ancestral D614 form of the Spike protein, initially identified in Wuhan, China. The G614 

isolate carries the D614G mutation, which emerged in Europe in February 2020, conferring 

increased infectivity and becoming the dominant global variant by May 2020. However, it 

was subsequently replaced by newer variants and ceased circulation. 28Comparing our new 
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compounds against these variants allowed benchmarking against PG545, known for its potent 

antiviral activity against SARS-CoV-2. 22 

Due to limited availability of compounds, the IAC and IDC series were only tested against 

the ancestral D614 isolate. As shown in Table 1, the L-idose and L-iduronic acid analogs 

demonstrated activity dependent on the oligosaccharide chain length, with IC50 values in the 

micromolar range. Among these, trisaccharide analogs IDC-3 and IAC-3 exhibited more 

potent activity than other analogs, showing similar IC50 values to PG545 in this assay. These 

findings indicated that the trisaccharide scaffold is optimal for inhibiting SARS-CoV-2 

within this series.Overall, these findings underscored the ability to distinguish between anti-

heparanase and antiviral activities using amphiphilic heparinoid ligands. 

Table 1. Inhibitory potency of test compounds against heparanase and SARS-CoV-2 isolates 

(PRNT).NI = no inhibition. NT = not tested. 

Entry Inhibitor Heparanase 

(IC50, M)a 

SARS-Cov-2 D614 

(IC50, g/mL)b 

SARS-CoV-2G614 

(IC50, g/mL)b 

1 PG545 0.123 ± 0.017 29.6 ± 5  NT 

2 IAC-2 NI 33.7 ± 9.5  NT 

3 IAC-3 3.54 ± 0.07 30.4 ± 6.5  NT 

4 IAC-4 3.41 ± 0.14 48.5 ± 9  NT 

5 IDC-2 10.42 ± 0.24 32.1 ± 7  NT 

6 IDC-3 3.44 ± 0.06 26.9 ± 5  NT 

7 IDC-4 3.19 ± 0.09 27.5 ± 4.5  NT 

aHeparanase inhibition in M ± SE, n =3.bPRNT in g/mL ±SEM, n =2. 

To explore the interactions of the most potent compounds with the RBD domain of the 

SARS-CoV-2 spike protein, isothermal titration calorimetry (ITC) experiments were 

conducted using selected compounds and PG545 (as a control), with recombinant ancestral 

Spike protein RBD expressed in HEK 293 cells (GenBank: QHD43416). IAC-3 and IDC-3 

were chosen based on their comparable or superior potency to PG545 in PRNT and 

heparanase assays 
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Figure 4: ITC profile for the interaction of selected heparinoids with spike protein. 

The ITC measurements revealed that all compounds bound to the RBD with dissociation 

constants (KD) ranging from 1.87 to 9.18 µM (Fig. 4, Table 2). Notably, IDC-3 exhibited 

similar affinity to the RBD compared to PG545, 

Table2. ITC data for selected compounds.Data are the average of 3 titrations ±SD. 

Compound n KD (µM) ΔH (cal/mol) ΔS (cal/mol/deg) 

PG545 1.56 ± 0.03 9.12 ± 1.44 -8554 ± 196 12.4 ± 0.3 

IAC-3 1.73 ± 0.12 9.18 ± 2.91 -8143 ± 107 13.2 ± 0.12 

IDC-3 1.53 ± 0.05 2.11 ± 1.73 -4452 ± 114 11.8 ± 0.4 

 

4.2.3 Molecular Docking Studies 

IAC-3 and IDC-3 were subsequently docked using GlycoTorch Vina29 to investigate their 

interactions with heparanase and the SARS-CoV-2 spike protein RBD. The highest scoring 
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complexes of each ligand with the two proteins are depicted in Fig. 4 and 5, while the top 

four next-best scoring complexes and the ensemble cluster for each ligand are presented in 

the Supporting Information (Fig. 6-9). It has been previously reported that PG545 forms a 

complex with heparanase, orienting the cholestanol group towards heparin-binding domain II. 

24b 

Several similarities are observed between the docked conformations of PG545 and those of 

IAC-3 and IDC-3 bound to heparanase. Firstly, all ligands obstruct the catalytic residues of 

heparanase (Glu 225 and Glu 343), with the cholestanol side chain establishing crucial 

hydrophobic contacts. Additionally, all ligands interact within heparin-binding domains I and 

II. However, a distinguishing feature is the specific residues bound by each compound within 

these domains. PG545 interacts with three residues in the first binding domain (Lys 159, Phe 

160, Lys 161) and two in the second binding domain (Arg 272, Lys 274). In contrast, IAC-3 

and IDC-3 interact with two residues (Lys 159 and Phe 160) in the first binding domain, but 

engage with four residues (Gln 270, Arg 272, Lys 274, Thr 275) in the second binding 

domain. These additional binding interactions likely contribute to their enhanced heparanase 

inhibitory potency compared to IAC-3 and IDC-3. 

IAC-3 and IDC-3 were further docked into the spike RBD, with the top scoring complex 

identified for each shown in Fig. 4. Previous studies have reported the conformation of 

PG545 in complex with the RBD-ACE2 complex. 22 PG545 and the complexes of IAC-3 and 

IDC-3 share several common features. All ligands exhibit interactions with residues within 

heparin binding site I, facilitated by the sulfate groups within their structures. 

Specifically, PG545 interacts with five residues within the binding site (Arg 346, Asn 354, 

Arg 355, Lys 356, Arg 466). In contrast, IAC-3 interacts with one residue (Arg 346) within 

the binding site, while IDC-3 engages with three residues (Arg 346, Asn 354, Arg 466), 

which likely contributes to its higher affinity compared to IAC-3. However, both IAC-3 and 

IDC-3 bind similarly to PG545 with some distinct interactions: IAC-3 interacts with Leu 452, 

whereas the tighter binding IDC-3 interacts additionally with Tyr 449 and Leu 452. 
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Figure 4. (A) Ribbon diagram of heparanase(PDB ID:5E9C) coloured blue to red from the 

N- to C-terminal with key residues involved in binding labelled. The top scoring complex 

obtained from docking with GlycoTorch Vina of (B) IAC-3, (C) IDC-3,.The surfaces (B-D) 

are in the same orientation as the ribbon diagram in (A). The enzyme surface is rendered 

using UCSF Chimera, wherein the hydrophobic regions of the surface are in tan and the 

hydrophilic in blue.  

 

Figure 5. (A) Ribbon diagram of RBD of SARS-CoV-2 spike protein heparin binding site I 

(PDB ID: 6LZG). (B) Ribbon diagram of RBD of spike protein heparin binding site III. Both 
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diagrams coloured blue to red from the N- to C-terminal, with the residues responsible for 

binding labelled. The top scoring complex obtained from docking with GlycoTorch Vina of 

(C) IAC-3, (D) IDC-3,. The receptor surface is rendered using UCSF Chimera, wherein the 

hydrophobic regions of the surface are in tan and the hydrophilic in blue. The surfaces (C-E) 

are oriented in the same orientation as the ribbon diagram in (A). 

 

Figure 6: Second to fifth top scoring conformations calculated obtained from docking with 

GlycoTorch Vina of the three identified ligands with heparanase (PDB ID:5E9C). The 

enzyme surface is rendered using UCSF Chimera, wherein the surface's hydrophobic regions 

are tan and the hydrophilic in blue. The conformations of (A) IAC-3. (B) IDC-3. Amino acids 

are not shown for clarity. 

 

Figure 7: Second to fifth top scoring conformations calculated obtained from docking with 

GlycoTorch Vina of the three identified ligands with RBD of SARS-CoV-2 spike protein 
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(PDB ID: 6LZG). The enzyme surface is rendered using UCSF Chimera, wherein the 

surface's hydrophobic regions are tan and the hydrophilic in blue. The conformations of (A) 

IAC-3. (B) IDC-3. Amino acids are not shown for clarity. 

 

 

Figure 8: Ensemble cluster conformation obtained from docking with GlycoTorch Vina of 

the three identified ligands with heparanase (PDB ID:5E9C). The enzyme coulombic surface 

is rendered using UCSF Chimera using the default setting, wherein negative charges are 

coloured red, and positive charges are coloured blue. The conformation of (A) IAC-3. (B) 

IDC-3. Amino acids are not shown for clarity. 

 

Figure 9:. Ensemble cluster conformation obtained from docking with GlycoTorch Vina of 

the three identified ligands with RBD of SARS-CoV-2 spike protein (PDB ID: 6LZG). The 
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RBD coulombic surface is rendered using UCSF Chimera using the default setting, wherein 

negative charges are coloured red, and positive charges are coloured blue. The conformation 

of (A) IAC-3. (B) IDC-3. Amino acids are not shown for clarity. 

 

4.3 CONCLUSIONS 

Inspired by the amphiphilic HS mimetic pixatimod (PG545), a heparanase inhibitor in 

clinical trials showing promising activity against SARS-CoV-2, we synthesized a library of 

amphiphilic heparinoid mimetics as potential anti-SARS-CoV-2 agents. Employing a custom 

synthetic strategy, we varied the sulfated oligosaccharide moiety (highly sulfated, poly-L-

idose, or poly-L-iduronic acid) with the lipophilic groups. 

The compounds were assessed for their ability to inhibit heparanase and two SARS-CoV-2 

isolates using a plaque reduction neutralization test. Sulfated higher oligosaccharides of L-

idose with lipophilic aglycones exhibited potent anti-SARS-CoV-2 and anti-heparanase 

activities comparable to or superior to pixatimod (PG545), outperforming their isosteric L-

iduronic acid counterparts. Notably, lipophilic groups like cholestanol and C18-aliphatic 

substitution provided greater advantages than other types of lipophilic moieties. 

Confirmation of the binding of the most potent compounds to the RBD of the SARS-CoV-2 

spike protein was achieved through ITC and molecular docking calculations. These results 

underscore the potential of fine-tuning higher oligosaccharide structure, degree of sulfation, 

and lipophilic groups in developing effective drug candidates for COVID-19 treatment. 

Specifically, IDC-4 shows promising potential to inhibit SARS-CoV-2 infection. 

4.4 EXPERIMENTAL SECTION 

4.4.1 General Information 

General experimental details have been given previously.24, 25 High-resolution MS (HRMS) 

for polysulfated final products were performed in negative ion ESI mode using a Bruker 

MicroTOF Q II mass spectrometer, calibrated using Agilent calibration solution (G1969-

85000, Agilent). The instrument was scanned from 50 – 3000 m/z with a scan time of 2 
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seconds.The purity of compounds IAC-3, IAC-4, IDC-3, IDC-4were determined to be ≥95% 

pure by HPLC or SEC . 

 

4.4.2 Synthesis of IAC and IDC Series: 

General Procedure for Ester Deprotection 

Compounds were dissolved in a THF/MeOH/H2O water mixture (4/2/1). 50 eq of LiOH.H2O 

was added and the reaction was stirred for 2-3 days. After completion,the reaction was 

quenched with Amberlite IR120 acidic resin (or Dowex 50WX8 H+ resin if the compound is 

sulfated), filtered and evaporated under reduced pressure, and the residue was purified by 

flash chromatography using DCM and MeOH as eluent to give the deprotected compounds. 

 

General Procedure for O-Sulfation 

Compounds were dissolved in dry DMF (6 mL). SO3·Et3N (5 eq per OH group) was added 

and the reaction was stirred for 3 days at 60°C. After completion,the reaction was cooled to 

RTand aqueous NaHCO3 (10 eq per OH group) was added and stirring continued for another 

16h. The mixture was then filtered and washed with DCM/MeOH (1/1, 10 mL), solvents 

were evaporated under reduced pressure and the resulting residue was purified by using C-18 

bond elute column eluting with increasing acetonitrile concentration in water, and passed 

through sodium (Na+) resin column using water as eluent. The product fraction was 

lyophilized to afford sulfated compounds as a white powder.  

 

General Procedure for Hydrogenolysis 

Compound was dissolved in dry methanol, 20% Pd(OH)2 on carbon (0.025 g per benzyl 

group) was added and the reaction vessel was purged with hydrogen gas. The reaction 

mixture was stirred at RT for 2-3 days. The mixture was filtered through celite, and the 

filtrate was evaporated under reduced pressure. The residue was purified through bond elute 

C-18 column eluted with water. Sulfated compounds were passed through sodium (Na+) 

resin. The product fraction was lyophilized to afford sulfated compounds as a white powder. 
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Thiophenyl-((4,6-O-diacetyl-2-benzoly-3-(2-naphthylmethyl))--L-idopyranosyl--(1→4)(6-O-

acety-2-benzoyl-3-O-(2-naphthylmethyl))--L-idopyranoside(13). 

 

Compound 11 (730 mg, 0.813 mmol) was dissolved in Ac2O (5 ml), 

Cu(OTf)2 (29.5 mg, 0.0813 mmol) was added at 0˚C and kept for 

stirring for overnight. Completion of reaction was monitored by TLC, 

after completion, reaction mixture was concentrated under reduced 

pressure and rotavapour, then subsequently crude was extracted with 

EtOAc against sta. NaHCO3  solution and dried over Na2SO4. The crude was concentrated 

and dried under reduced pressure, further it was taken to next step without purification, Crude 

Compound 12(1.69 g, 1.693 mmol) and ZnI2(1.137 g, 3.56 mmol) was taken in a round 

bottom flask which is covered with aluminium foil, and was kept on high vacuum for 2 hours. 

The reaction mixture was dissolved in dry DCM and trimethyl(phenylthio)silane TMSSPh 

(0.962 g, 5.26 mmol) was added, kept for stirring for 1 hour. The reaction completion was 

monitored by TLC, after completion of reaction, clite filtration was done and then purified by 

silica column in a EtOAc/Hexane  solvent system to get compound 13 in a 85% yield.1H 

NMR (400 MHz, Chloroform-d) 5.70 (d, J = 2.4 Hz, 1H), 5.63 (d, J = 1.4 Hz, 1H), 5.30 – 

5.21 (m, 1H), 5.16 – 4.92 (m, 4H), 4.84 (t, J = 11.3 Hz, 2H), 4.58 – 4.40 (m, 4H), 4.32 – 4.18 

(m, 1H), 3.88 – 3.74 (m, 3H), 3.37 (dd, J = 11.7, 4.2 Hz, 1H), 2.01 (s, 3H), 1.95 (s, 3H), 1.90 

(s, 3H) 8.08 – 7.92 (m, 3H), 7.89 – 7.70 (m, 10H), 7.68 – 7.63 (m, 2H), 7.63 – 7.51 (m, 3H), 

7.46 – 7.33 (m, 9H), 7.16 – 7.09 (m, 2H)13C NMR (101 MHz, Chloroform-d) δ 170.59, 

165.51, 134.78, 134.64, 133.61, 133.33, 133.04, 132.20, 129.98, 129.79, 129.02, 128.46, 

128.36, 128.25, 128.19, 128.03, 127.97, 127.74, 127.69, 127.61, 126.81, 126.74, 126.17, 

126.05, 126.03, 125.85, 125.81, 125.68, 101.72, 86.20, 77.48, 77.25, 74.50, 73.23, 72.57, 

72.48, 68.73, 67.40, 66.90, 65.97, 64.14, 62.93, 62.75, 20.78, 20.53. HR-ESI-MS (m/z): 

[M+Na]+, calculated for C60H56O15SNa 1071.3238; Found 1071.3239. 
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3-Cholestanyl 2,4,6-tri-O-sulfonato-α-L-idopyranosyl-(1→4)-2,6-di-O-sulfonato-α-L-

idopyranoside (IDC-2) 

 

 

The compound 16 (0.05 g, 0.039 mmol) was dissolved 

in dry methanol (2 mL), 20% Pd(OH)2 on carbon 

(0.11 g, 0.017 mmol) was added and purged with 

hydrogen gas, and the mixture was stirred at RT for 24 

h. The residue was filtered and the filtrate was evaporated under reduced pressure and 

purified through a bond elute C-18 column eluted with water. The product fraction was 

lyophilized to afford compound IDC-2 (0.035 g, 57%). 1H NMR (600 MHz, D2O) δ 5.08 

(d, J = 40.7 Hz, 2H), 4.78 – 4.74 (m, 1H), 4.46 (d, J = 8.0 Hz, 1H), 4.28 – 4.22 (m, 3H), 4.16 

(dt, J = 10.9, 6.8 Hz, 6H), 3.77 (s, 1H), 3.65 (s, 1H), 1.87 (d, J = 12.4 Hz, 1H), 1.77 (s, 1H), 

1.72 (s, 1H), 1.63 (s, 1H), 1.57 (s, 2H), 1.43 (td, J = 13.1, 7.3 Hz, 4H), 1.32 – 1.13 (m, 10H), 

1.01 (dd, J = 14.2, 5.1 Hz, 6H), 0.92 (h, J = 12.5, 12.0 Hz, 5H), 0.81 (d, J = 6.6 Hz, 3H), 0.75 

(dd, J = 6.6, 2.6 Hz, 6H), 0.72 (s, 3H), 0.56 (s, 3H).  HRMS m/zcalcd for C39H63O26S5
5-: 

1107.2239 found(m/z + 5H): 222.4530. 

 

4.4.3 Plaque Reduction Neutralisation Test (PRNT) 

The ability of the compounds to neutralize live SARS-CoV-2 virus was assessed using our 

established protocol.22, 31Briefly, the compounds were titrated in DMEM in round bottom 96 

well plates. For SARS-CoV-2, QLD02/2020—30/1/2020 (GISAID accession 

EPI_ISL_407896) and QLDID935/2020—25/03/2020 (GISAID accession EPI_ISL_436097), 

referred as D614 and G614, respectively, was isolated and obtained from Queensland Health, 

Brisbane, Australia. Viruses were passaged three times in Vero E6 cells and titrated by focus-

forming assay on Vero E6 cells.  The viruses were incubated with serial diluted compound or 

vehicle for 1 hour at 37 °C prior to adding to pre-seeded VeroE6 cells at 50 μl/well. Mixtures 

were incubated onto cells for 30 minutes. Overlay were then subsequently added before 

proceeding as per immunoplaque assay protocol. IC50 values were derived from a three-

parameter dose response curve fit to plaque numbers obtained for compound titration 

performed in duplicate per condition. All work with viruses was performed in a biosafety 
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level 3 laboratory. In vitro work and protocol were approved by the University of Queensland 

Biosafety committee (IBC/447B/SCMB/2021). 

4.4.4 Cytotoxicity assays 

The cytotoxicity assay of compounds and vehicle was performed on Vero 76 cells and 

measured using the MTT assay in 96 wells plate format as described previously.19 

 

4.4.5 Heparanase inhibition assays 

For high-throughput screening of thecompound library for heparanase inhibition, a 

colorimetric assay based on the cleavage of the synthetic heparin pentasaccharide 

fondaparinux (Arixtra)27was carried out. The assay measures the appearance of the 

disaccharide product of heparanase-catalyzed fondaparinux cleavage, colorimetrically using 

the tetrazolium salt WST-1. Assay solutions (100 μL) were composed of 40 mM sodium 

acetate buffer (pH 5.0) and 100 mM fondaparinux (Arixtra) with or without inhibitor. 

Recombinant heparanase32 was added to a final concentration of 140 pM, to start the assay. 

The plates were incubated at 37°C for 18–21 h and the reaction was stopped by the addition 

of 100 μL solution containing 1.69 mM 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-

tetrazolio]-1,3-benzene disulfonate (WST-1) in 0.1 M NaOH. The plates were developed at 

60°C for 60 min, and the absorbance (OD) was measured at 584 nm. In each plate, a standard 

curve constructed with D-galactose as the reducing sugar standard was prepared in the same 

buffer and volume over the range of 2–100 μM. I each experiment, each compound was 

examined in duplicate for its capacity to inhibits heparanase at increasing concentration 

ranging from 6.25ng/ml to 3.125 mg/ml. A dose-response curve was then plotted and the 

IC50 value calculated. Each experiment was repeated 2-3 times and the variation (SE) 

between the IC50 values listed in table  1 did not exceed15%  of the mean.  

 

4.4.6 Isothermal titration calorimetry 

The thermodynamic analysis of heparinoids and the spike protein (SAE1000, Sigma-

Aldrich)was conducted using an isothermal titration calorimeter (ITC 200, USA). The 

titration cell contained spike protein (10 µM) and was titrated with heparinoids (1 mM of 2 

μL) in a tris buffer (10 mM Tris, 50 mM NaCl, pH 7.5). Each experiment comprised 18 

injections with a consecutive time interval of 100 s between two injections. To ensure 
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thorough mixing of the solutions, the stirring speed was maintained at 1000 rotations/min. 

The cell temperature was held constant at 298 K, and nearly three successive titrations were 

averaged to obtain the ITC curves (Fig. 4). 

 

4.4.7 Molecular docking 

The crystal structure of the RBD-ACE2 complex (PDB ID: 6LZG)33 was obtained from the 

RCSB Protein Data Bank. After removing water molecules, ACE2 chains, and any cofactors 

or ligands, UCSF Chimera 1.1634 was utilised for structure editing and visualization. For 

docking three compounds, namely IAC-3, IDC-3  the GlycoTorch Vina29 docking program 

was employed. Glycam carbohydrate builder (Glycam.org) was used to build the sulfated 

backbone of oligosaccharides, which was then modified by adding a cholestanol group at the 

reducing end using Discovery Studio35 to obtain the required structure. During the docking 

process, all sulfate and hydroxyl groups, as well as glycosidic torsion angles of the ligand, 

were treated as flexible. The box size was adjusted to cover both sites I and II, reported 

previously22 for PG545. Docking runs were carried out with an energy range of 12, an 

exhaustiveness of 80, chi_cutoff = 1, chi_coeff = 2, and the number of modes set to 100. The 

docking simulations were repeated twice to ensure accuracy and reliability. To identify 

common binding modes and oligosaccharide-protein interactions, a cluster analysis using 

UCSF Chimera 1.16 was performed on multiple docking solutions obtained from the docking 

process. This analysis aimed to identify poses that could potentially exhibit similar 

interactions with the ligand-RBD complex. 

The same approach was used to dock the 3 ligands to heparanase. The 5E9C crystal structure 

cocrystallised with heparin tetrasaccharide,36 was selected for docking studies. Water and all 

non-standard residues were removed before docking, and Glu225 was manually protonated. 

The active site was defined based on the co-crystallised ligand (heparin tetrasaccharide) with 

heparanase. 

The results from the docking were visualised using UCSF Chimera version 1.16. The clusters 

were determined using the ensemble cluster tool within Chimera 1.16. Pose analysis was 

carried out using Biovia Discovery Studio Visualiser 2021, ligand interaction 2D diagram 

tool. Hydrophobic surfaces were created using ChimeraX 1.3,37 and the coulombic surfaces 

were created using Chimera 1.16.  
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Abstract 

Heparan sulfate mimetics, derived from homooligosaccharides are potential candidates for 

drug development in cancer and viral therapy. Consequently, the synthesis of HS mimetics 

with diverse sulfation patterns and the assessment of their biological activity is an active area 

of research. Here, we present the synthesis of oligo L-idose-based HS mimetics, aiming to 

fine-tune the growth factors and chemokines biological activities. A comparative study on the 

interaction of HS binding proteins with sulfated oligo L-idose and oligo L-iduronic acid has 

revealed the synergistic role of charge diversity in the form of carboxylate and sulfate group 

in protein binding and activation. This insight paves the way for designing therapeutic 

molecules targeting cancer and immunology. 
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5.1 Introduction 

Mammalian cell surfaces are densely covered with polysaccharide units, typically known as 

glycosaminoglycans (GAGs). Heparan sulfate is the most heterogeneous GAG structure, 

featuring α(1,4)-linked D-glucosamine and hexuronic acid units, which can be L-iduronic 

acid or D-glucuronic acid.1 The structural heterogeneity of HS results from the sulfate groups 

located at various positions on the saccharides and the differing compositions of hexuronic 

acid. Sulfation patterns that are most frequently observed include O-sulfation at C-6 and C-3 

of glucosamine and C-2 of the uronic acid unit, with N-sulfation at glucosamine being 

another important sulfation. Additionally, glucosamine residues are N-acetylated and remain 

N-unsubstituted, forming NAc, NU, and NS domains in heparan sulfate.1,2 Among these 

domains, NS and NAc are recognized for their ability to bind numerous proteins that are 

abundantly present on the cell surface and in the extracellular matrix. HS binds to a diverse 

spectrum of growth factors/morphogens and their receptors, enzymes, cell adhesion 

molecules, chemokines, and various microbial proteins.3,4 Elucidating the molecular-level 

details of these interactions is vital for drug discovery. The groundbreaking research 

conducted by the Linhardt, Seeberger, Boons, Hung, Hsieh-Wilson, Desai, Turnbull, Liu, and 

Gardiner labs has unveiled a combinatorial library of HS oligosaccharides to decode the 

structure-activity relationship of proteins.5,6,7,8 These studies have demonstrated that 

electrostatic interactions between negatively charged sulfates and carboxylates and the 

positively charged lysine and arginine side chains of proteins are crucial for HS-protein 

interactions. Furthermore, these anionic residues and hydroxyls groups of HS are involved in 

hydrogen bonding, van der Waals forces, and coordination bonding with proteins, thereby 

strengthening the interaction.9 Nevertheless, at physiological pH, the carboxylate group tends 

to engage in hydrogen bonding networks instead of ionic interactions. Consequently, it is still 

uncertain why nature has opted for two different anionic residues on the HS backbone. How 

do these residues work synergistically and independently to affect protein binding 

specificity? What is the ideal charge density necessary for precise HS-protein interactions? 

To address these fundamental questions, it is necessary to develop a combinatorial library of 

HS mimetics, where uronic acid/uranate residues are varied with different sulfation patterns. 

Conducting systematic binding studies on these molecules could potentially result in the 

discovery of advanced drug molecules that inhibit specific HS-protein interactions. Herein, 

we report the synthesis of a library of sulfate and non-sulfate L-idose oligosaccharides.10 We 

compare the binding specificity to various growth factors and chemokines along with sulfated 
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L-iduronic acid oligosaccharides of similar charge density and unique charge diversity 

through microarray screening. We further evaluate specificity using SPR and the best 

candidate is then utilized to inhibit specific HS-protein interactions. 

5.2 Results and Discussion 

 

Scheme 1. Synthesis of sulfated L-idose monosaccharide derivatives. (a) azidoethoxyethanol, 

NIS TMSOTf, 4Å M.S, -10˚C (b) LiOH, THF/MeOH/H2O (4/2/1), 0˚C (c) SO3.NMe3, DMF, 

60˚C (d)H2/Pd(OH)2/C, H2O;(e)DDQ, DCM/H2O (18/1). 
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Scheme 2. Synthesis of non-sulfated and sulfated L-idose oligosaccharides: Reagents and 

conditions: (a) azidoethoxyethanol, NIS TMSOTf, 4Å M.S, -10˚C (b) LiOH, 

THF/MeOH/H2O (4/2/1), 0˚C (c) SO3.NMe3, DMF, 60˚C (d)H2/Pd(OH)2/C, H2O;(e)DDQ, 

DCM/H2O (18/1). 

The synthesis of sulfated L-idose monosaccharide derivatives was performed using an idose-

thiophenol donor (Scheme 1) which was synthesized according to a literature procedure.11 

We synthesized 3-O-benzyl and 3-O-naphthyl protected idose thiophenol separately to 

achieve different sulfation patterns. The 3-O-benzyl protected idose thiophenol was 

deacetylated and debenzoylated to yield precursor 5, which was subjected to hydrogenolysis 

to produce ID10, or to sulfation and hydrogenolysis to produce ID13. The synthesis of ID14 

and ID11 was performed using the 4a precursor, which was subjected to selective NAP 

deprotection using DDQ, yielding 5a. 5a intermediate was then either subjected to 3-O-

sulfation and hydrogenolysis or to lithium hydroxide-based deacetylation and debenzoylation, 

followed by sulfation and hydrogenolysis, resulting in the formation of ID11 and ID14, 

respectively. 
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The synthesis of oligo L-idose (Scheme 2) is not straightforward as controlling the α-

glycosidic linkages between the successive idose residue is difficult. Recently, we have 

reported a new linear approach to synthesize oligo-idose using 1,6-anhydro-β-L-idopyranosyl 

4- alcohol (2) acceptor and idose-thiophenol (3)  donor.11We synthesized these two building 

block from 1,2:5,6-di-O-isopropylidene-α-D-glucofuranose (1) using literature procedure 

with 6-8 steps with overall yield of 0.2 %.  Glycosylation of 2 and 3 was carried out using 

NIS and TMSOTf promotor, followed by acetolysis of the anhydro-ring in the presence of 

copper(II) trifluoromethanesulfonate [Cu(OTf)2] and acetic anhydride, and finally anomeric 

acetate was converted to thiophenol donor usinb TMSSPh/ZnI2 method yielded the di-Idose 

donor. Glycosylation of di-Idose donor with an azide-linker yielded fully protected di-Idose 

intermediate (13). Similar reaction conditions with di- or tri-IdoA donor (11 and 12) and 

acceptor 3 yielded tri- and tetra-IdoA precursors (14 and 15). Global deprotection of these 

precursors yielded desired non-sulfate IdoA ligands (ID20, ID30, and ID40) (Figure 2). 

Further deacetylation and debenzoylation, sulfation and hydrogenolysis yielded highly 

sulfated idose oligosaccharide series (ID25, ID37 and ID49). For 3-O-suilfated idose (I-22 

and I-33), we first synthesized 3-O-NAP protected oligosaccharide donor (10a, 11a and 12a) 

and linker glycosylated oligosaccharide (13a, 14a and 15a)using above procedure, followed 

by selectively NAP deprotection, sulfation and global deprotection yielded final compounds. 

Overall, we synthesized 12 different idose mono to tetrasaccharide derivatives and all final 

compounds were purified by ion-exchange resin chromatography, followed by a bond elute 

column. Their structures and purity were confirmed by standard NMR and mass spectrometry 

techniques. 
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Sulfation ID

Charge Growth Factors

Su
lf

at
e

C
a

rb
o

xy
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et

FG
F2

V
EG

F

H
B

-E
G

F

A
m

p
h

ir
e

u
lin

B
M

P
2

%

None

ID10 0 0 0 14 0 9 14 6 100

ID20 0 0 0 1 0 5 5 2 75

ID30 0 0 0 3 0 5 9 5 50

ID40 0 0 0 13 0 9 15 11 25

I-10 0 -1 -1 35 23 22 52 41 0

I-20 0 -2 -2 35 13 25 47 35

I-30 0 -3 -3 26 8 22 65 45

I-40 0 -4 -4 27 24 28 59 47

Mono-Sulfated

ID11 -1 0 -1 87 30 31 60 50

I-11 -1 -1 -2 40 89 55 60 83

I-21 -1 -2 -3 54 99 47 66 91

I-31 -1 -3 -4 57 59 45 72 73

I-41 -1 -4 -5 49 5 20 67 47

Di-Sulfated
ID22 -2 0 -2 82 78 65 72 90

I-12 -2 -1 -3 50 72 79 66 71

Tri-Sulfated

ID33 -3 0 -3 90 85 72 70 86

ID13 -3 0 -3 81 74 61 59 62

I-23 -3 -2 -5 63 76 63 57 74

Tetra-Sulfated
ID14 -4 0 -4 85 71 67 51 64

I-34 -4 -3 -7 97 76 97 93 73

Penta-Sulfated
ID25 -5 0 -5 73 76 63 53 67

I-45 -5 -4 -9 41 70 48 51 66

Hepta-Sulfated ID37 -7 0 -7 92 84 90 42 87

Nono-Sulfated ID49 -9 0 -9 96 87 81 61 72

Natural Heparin HP * * * 37 55 21 69 36
 

Figure 1. Growth factors glycan microarray binding assay and structural analysis. Binding was tested 

at three serial dilutions, then detected with the relevant biotinylated secondary antibody (1 μg/mL) 

followed by Cy3-Strepavidin (1.5 μg/mL). Arrays were scanned, relative fluorescent units (RFU) 

obtained for each chemokine, and mean rank between the three dilutions was calculated for glycans 

printed at 100 μM concentration. For this purpose, the binding RFUs per dilution per glycan was 

determined, then maximum RFUs in each detection were determined and set as 100% binding and all 

other glycans were calculated as a ratio of max (percent). The rank for each glycan was averaged 

between the three dilutions for each detection and SEM was carried out. This analysis allowed to 

compare the glycans’ binding patterns across chemokines. The mean rank is shown as a heatmap of 

all examined binding assays together (red highest, blue lowest, and white 50th percentile of ranking).  
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Sulfation ID

Charge A B C D
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C
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8

C
X

C
L1

2

C
C

L2
1

C
X

C
L1

0

C
C

L7

C
C

L2

C
C

L5 %

Non-Sulfated

ID10 0 0 0 14 7 0 1 5 1 5 3 100

ID20 0 0 0 4 0 0 0 0 0 0 0 75

ID30 0 0 0 14 2 0 0 3 1 5 2 50

ID40 0 0 0 20 0 2 0 2 0 5 1 25

I-10 0 -1 -1 74 46 62 52 47 30 4 2 0

I-20 0 -2 -2 82 58 66 63 45 30 2 2

I-30 0 -3 -3 69 72 38 46 24 17 0 1

I-40 0 -4 -4 67 56 56 48 44 33 0 2

Mono-Sulfated

ID11 -1 0 -1 70 20 55 77 33 37 60 50

I-11 -1 -1 -2 81 80 64 62 57 58 23 15

I-21 -1 -2 -3 94 84 79 71 67 55 25 38

I-31 -1 -3 -4 86 80 92 83 78 75 36 30

I-41 -1 -4 -5 72 54 45 60 23 12 0 10

Di-Sulfated
ID22 -2 0 -2 74 50 73 80 75 72 65 47

I-12 -2 -1 -3 53 51 75 79 82 94 66 75

Tri-Sulfated

ID33 -3 0 -3 97 100 73 61 96 83 73 43

ID13 -3 0 -3 78 56 63 36 65 72 74 88

I-23 -3 -2 -5 88 76 98 86 96 87 69 86

Tetra-Sulfated
ID14 -4 0 -4 83 59 71 46 56 75 79 96

I-34 -4 -3 -7 67 84 82 80 74 79 67 80

Penta-Sulfated
ID25 -5 0 -5 97 83 74 49 77 82 79 80

I-45 -5 -4 -9 70 72 91 50 87 80 88 91

Hepta-Sulfated ID37 -7 0 -7 87 26 86 35 51 78 83 90

Nono-Sulfated ID49 -9 0 -9 93 42 87 21 60 81 79 83

Natural Heparin HP * * * 33 28 33 87 74 81 40 71
 

Figure 2. Microarray analysis of chemokines.  

To identify hidden HS mimetic-binding active sites on growth factors, we constructed a 

microarray platform of HS mimetics carrying both L-idose and L-iduronic acid based ligands. 

The synthetic HS mimetics were printed onto epoxide-functionalized microarray slides in 

replicates of four, as described in the Experimental Section, and tested on HS binding growth 

factors (FGF1, FGF2, VERG, HB-EGF, amphiregulin and BMP2) and three homeostatic 

chemokines (CCL28, CXCL12, and CCL12) and six inflammatory chemokines [CXCL8 (IL-

8), CXCL10 (IP-10), CCL2 (MCP-1), CCL7 (MCP-3), CCL13 (MCP-4), and CCL5 

(RANTES)]. To validate the binding order of HS mimetics with  growth factors, we ranked 

each glycan based on percentage of its relative fluorescent intensity against the optimal 

fluorescent signal. Our results showed that most of the most of the growth factor and 

chemokines prefers highly sulfated oligosaccharides. Further investigation of specificity and 

selectivity is under progress.  
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5.3 Conclusion 

We report a novel, tailor-made heparan sulfate (HS) mimetic that features an exclusive L-

idose scaffold with various sulfation patterns and oligosaccharide chain lengths as potential 

ligands to target chemokines and growth factors. Our preliminary analysis indicated that 

highly sulfated oligosaccharides demonstrated preferential binding to the majority of growth 

factors and chemokines. Further analyses, including surface plasmon resonance (SPR) 

binding studies and biological activity assessments of these molecules, are currently in 

progress. 

5.4 EXPERIMENTAL SECTION 

5.4.1 General Information 

All chemicals were reagent grade and used without further purification unless otherwise 

noted. Reactions were carried out in anhydrous solvents under a nitrogen atmosphere. 

Reaction progress was monitored by analytical thin-layer chromatography (TLC) on Merck 

silica gel 60 F254. Spots on TLC plate were visualized under UV light or by dipping the TLC 

plate in CAM/ninhydrin solution followed by heating. Column chromatography was carried 

out using Flukakieselgel 60 (230-400 mesh). 1H and 13C NMR spectra of compounds were 

measured with Bruker 400 MHz, Bruker 600 MHz and Jeol 400 MHz using residual solvents 

as an internal reference (CDCl3 δH 7.26 ppm, δC 77.3 ppm, CD3OD δH 3.31 ppm, δC 49.0 

ppm, and D2O δH 4.79 ppm). The chemical shifts (δ) are reported in ppm and coupling 

constants (J) in Hz. 

Ethoxy-2-azidoethoxyl-O-(4,6-O-diacetyl-2-O-benzoly-3-O-

benzyl)-(1→4)-L-idopyrnoside (4) 

 

Monosaccharide donor2(300mg, 0.541 mmol), acceptorAzido 

ethoxy ethanol linker(56mg, 0.433 mmol) and freshly dried 4 Å molecular sieves were taken 

in round bottom flask and was dissolved in dry DCM in 10 volumes, kept for stirring for 2h 

under N2 atmosphere. Then reaction mixture was cooled to - 10˚C. Further, TMSOTf (24µl, 

0.1082 mmol) and NIS (158.2mg, 0.703 mmol) were added and kept for stirring. The reaction 

completion was monitored by TLC, after completion of reaction, it was neutralized with 

triethylamine Et3N and did cilite filtration and subsequently did sodium thiosulfate Na2S2O3 

workup and dried over Na2SO4. Purification was done by silica column in EtOAc/Hexane 
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solvent system to get compound 4 in a 85% yield.1H NMR (400 MHz, Chloroform-d) 5.30 – 

5.13 (m, 1H), 5.03 (s, 1H), 4.97 (t, J = 2.2 Hz, 1H), 4.84 (d, J = 11.6 Hz, 1H), 4.70 (d, J = 

11.6 Hz, 1H), 4.58 (td, J = 6.4, 1.8 Hz, 1H), 4.24 (d, J = 6.4 Hz, 2H), 3.93 (ddd, J = 10.1, 5.4, 

3.1 Hz, 1H), 3.84 (td, J = 2.7, 1.3 Hz, 1H), 3.78 – 3.47 (m, 5H), 3.21 (t, J = 5.0 Hz, 2H), 2.07 

(s, 3H), 1.98 (s, 3H), 8.14 – 7.93 (m, 2H), 7.65 – 7.51 (m, 1H), 7.45 (t, J = 7.6 Hz, 2H), 7.42 

– 7.23 (m, 5H).13C NMR (101MHz, Chloroform-d) δ 170.68, 170.15, 137.64, 133.55, 129.81, 

129.47, 128.45, 128.36, 127.84, 127.69, 98.18, 72.66, 72.23, 70.34, 70.15, 67.67, 67.06, 

67.01, 63.66, 62.91, 50.76, 20.81. HRMS m/z calculated for C28H33N3O10Na, 571.2166; 

Found 571.2169. 

 

Ethoxy-2-azidoethoxyl-O-(3-O-benzyl)-(1→4)-L-idopyrnoside (5) 

 

 

Compound4 (106mg, 0.1855mmol) was dissolved in 

THF/MeOH/H2O (4/2/1) and LiOH (234mg, 5.567 mmol) was 

added at 0°C and kept for stirring for 3-4 hours. The reaction 

completion was monitored by TLC, after completion, reactioin mixture was neutrilized by 

amberlite 120 H+ resin, Further, reactioin mixture was filterd by cotton plugh filtration, then 

it was concentrated under by reduced pressure, further it was purified by silica column in 

MeOH/DCM  solvent system to get compound5 in a 95% yield. 1H NMR (400 MHz, 

Chloroform-d) 4.94 (s, 1H), 4.71 (d, J = 11.5 Hz, 1H), 4.53 (d, J = 11.5 Hz, 1H), 4.20 – 4.08 

(m, 1H), 4.06 – 3.81 (m, 5H), 3.75 – 3.48 (m, 6H), 3.21 (t, J = 5.0 Hz, 2H), 7.44 – 7.17 (m, 

5H).13C NMR (101MHz, Chloroform-d) δ 138.09, 128.37, 127.77, 127.60, 101.71, 75.51, 

71.69, 70.36, 70.17, 67.58, 66.33, 65.65, 50.73HRMS m/z calculated for C17H25N3O7Na, 

383.1693; Found 383.1695. 

 

Ethoxy-2-azidoethoxyl-O-(2,4,6-O-trisulfonato-3-O-benzyl)-(1→4)-L-idopyrnoside (13) 

 

Compound5 (32mg,0.0835mmol) and SO3.NMe3 

(348mg,2.505mol) was thoroughly dried together under high 

vacuum, then was dissolved in dry DMF solvent and stirred at 

60°C for 72h, Further DMF was evaporated under reduced pressure and then purified by 
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Bound elute C-18 column to get compound6 in 80% yield.1H NMR (400 MHz, Deuterium 

Oxide) 5.17 (s, 1H), 4.82 (s, 2H), 4.64 (ddd, J = 8.2, 3.5, 1.5 Hz, 1H), 4.50 (ddt, J = 18.5, 2.2, 

1.3 Hz, 2H), 4.38 – 4.25 (m, 3H), 4.02 (ddd, J = 11.0, 4.8, 3.1 Hz, 1H), 3.87 – 3.84 (m, 2H), 

3.82 (s, 1H), 3.78 (dd, J = 5.4, 4.3 Hz, 2H), 3.51 – 3.44 (m, 2H), 7.58 – 7.45 (m, 5H).13C 

NMR (101 MHz, Deuterium Oxide) δ 137.03, 128.78, 128.56, 128.50, 98.30, 73.26, 72.36, 

71.15, 70.67, 69.45, 69.41, 68.01, 67.39, 64.49, 55.61, 50.30.HRMS m/z calculated for 

C17H22N3O16S3
-3, 206.6726; Found 206.6729. 

 

Ethoxy-2-aminoethoxyl-O-(1→4)-L-idopyrnoside(ID10) 
 

 

The compound5(15mg,0.391mmol) was dissolved in H2O 

and Pd(OH)2(10% per wt) was added and stirred for 42h 

under hydrogen atmosphere. Further, reaction mixture was 

filtered and concentrated, finally purified by Bound elute C-18 column by using H2O as a 

solvent to get (ID10)in a  90% yield. 1H NMR (400 MHz, Chloroform-d) 4.74 (d, J = 5.0 Hz, 

1H), 4.04 (dt, J = 8.1, 4.1 Hz, 1H), 3.89 (tdd, J = 8.1, 4.7, 1.1 Hz, 1H), 3.78 – 3.59 (m, 11H), 

3.45 (ddd, J = 7.4, 5.0, 1.1 Hz, 1H), 3.14 – 3.09 (m, 2H). 13C NMR (101 MHz, Deuterium 

Oxide) δ 100.24, 71.82, 71.75, 71.04, 70.26, 69.59, 67.63, 66.37, 59.45, 39.05.HRMS m/z 

calculated forC10H21NO7Na, 267.1318; Found 267.1321. 

 

Ethoxy-2-aminoethoxyl-O-(2,4,6-sulfonato)-(1→4)-L-idopyrnoside(ID13) 
 

 

The compound6 (15mg,0.241mmol) was dissolved in H2O 

and Pd(OH)2(10% per wt) was added and stirred for 42h 

under hydrogen atmosphere. Further, reaction mixture was 

filtered and concentrated, finally purified by Bound elute C-18 column by using H2O as a 

solvent to get (ID13)in a  91% yield. 1H NMR (400 MHz, Chloroform-d) 5.03 (d, J = 0.9 Hz, 

1H), 4.51 – 4.42 (m, 1H), 4.27 – 4.07 (m, 5H), 3.84 (td, J = 6.9, 6.3, 4.0 Hz, 1H), 3.69 (ddd, J 

= 5.0, 3.7, 2.0 Hz, 5H), 3.12 (t, J = 5.1 Hz, 2H).13C NMR (101 MHz, Deuterium Oxide) δ 

98.40, 73.48, 73.23, 69.64, 67.98, 67.33, 66.56, 66.34, 64.63, 39.22.HRMS m/z calculated 

forC10H18NO16S3
-3, 167.9935; Found 167.9939. 
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Ethoxy-2-azidoethoxyl-O-(4,6-O-diacetyl-2-O-benzoly-3-O-(2-naphthylmethyl)-(1→4)-L-

idopyrnoside (4a) 

 

 

 

Compound 4a was synthesises by using synthetic procedure of 

compound 4 in a 78% yield. 1H NMR (400 MHz, Chloroform-d) 

5.36 – 5.25 (m, 1H), 5.09 – 4.94 (m,4H), 4.87 (d, J = 11.8 Hz, 1H), 4.61 (td, J = 6.4, 1.8 Hz, 

1H), 4.28 – 4.15 (m, 2H), 4.06 – 3.86 (m, 2H), 3.77 – 3.50 (m, 5H), 3.15 (t, J = 5.0 Hz, 2H), 

2.05 (s, 3H), 1.98 (s, 3H), 8.13 – 7.96 (m, 2H), 7.95 – 7.73 (m, 4H), 7.63 – 7.37 (m, 6H) 13C 

NMR (101 MHz, Chloroform-d) δ 170.68, 170.16, 135.06, 133.55, 129.82, 128.45, 128.14, 

127.94, 127.71, 126.53, 126.17, 126.01, 125.69, 98.22, 72.77, 72.34, 70.29, 70.17, 67.65, 

67.11, 67.08, 63.73, 62.89, 50.72, 20.82, 20.78. HRMS m/z calculated forC32H35N3O16Na, 

621.2322; Found 621.2326. 

Ethoxy-2-azidoethoxyl-O-(4,6-O-diacetyl-2-O-benzoly)-(1→4)-L-idopyrnoside (5a) 

 

 

Compound4a(440 mg, 0.707 mmol) was dissolved in DCM/H2O 

(18:1) solvent mixture. To that DDQ (481.8 mg, 2.122 mmol) 

was added and kept sterring for overnight at RT, after 

completion of reaction, workup was done with sat. NaHCO3 and dried over Na2SO4, Filtered 

and concentrated, Purification was done by silica columnin EtOAc/Hexane solvent system to 

get compound5a in a 83% yield.1H NMR (400 MHz, Chloroform-d)5.12 (d, J = 1.6 Hz, 1H), 

5.08 (dt, J = 2.6, 1.2 Hz, 1H), 4.97 (td, J = 2.4, 1.2 Hz, 1H), 4.58 (td, J = 6.4, 2.0 Hz, 1H), 

4.26 (dd, J = 6.4, 2.4 Hz, 2H), 4.06 (s, 1H), 4.01 – 3.91 (m, 1H), 3.80 – 3.64 (m, 5H), 3.52 (q, 

J = 10.8, 8.7 Hz, 1H), 3.40 (dt, J = 5.9, 4.7 Hz, 2H), 8.15 – 7.99 (m, 2H), 7.65 – 7.54 (m, 

1H), 7.50 – 7.40 (m, 2H) 13C NMR (101 MHz, Chloroform-d) δ 170.65, 169.98, 165.13, 

133.59, 129.87, 129.38, 128.44, 97.78, 70.20, 69.85, 68.58, 67.72, 66.89, 66.00, 63.20, 62.74, 

50.74, 20.78, 20.76.HRMS m/z calculated for C21H27N3O10Na, 481.1696; Found 481.1697. 
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Ethoxy-2-azidoethoxyl-O-(1→4)-L-idopyrnoside (6a) 

 

 

Compound5a (138 mg, 0.2907 mmol) was dissolved in 

THF/MeOH/H2O (4:2:1) ratio, to that LiOH.H2O (183 mg, 4.369 

mmol) was added at 0˚C and kept for overnight. Afer completiom 

of reaction, it was neutralized in amberlite 120 H+ resin, Further, reactioin mixture was filterd 

by cotton plugh filtration, then it was concentrated under reduced pressure, further it was 

purified by silica column in MeOH/DCM  solvent system to get compound 6a in a 87% 

yield.1H NMR (400 MHz, Methanol-d4)4.71 (d, J = 2.7 Hz, 1H), 3.99 (ddd, J = 7.2, 4.9, 2.4 

Hz, 1H), 3.88 – 3.78 (m, 1H), 3.72 – 3.51 (m, 9H), 3.46 (ddd, J = 4.7, 2.7, 1.0 Hz, 1H), 3.32 

– 3.25 (m, 2H13C NMR (101 MHz, Methanol-d4) δ 101.00, 70.54, 69.85, 69.80, 69.67, 68.87, 

66.84, 61.22, 50.39. HRMS m/z calculated forC10H19N3O7Na, 293.1223; Found 293.1224. 

 

Ethoxy-2-azidoethoxyl-O-(4,6-O-diacetyl-3-O-sulfonato-2-O-benzoly)-(1→4)-L-

idopyrnoside (8a) 

 

 

Compound5a (100 mg, 0.207 mmol) and SO3.NMe3 complex 

(289 mg, 2.077 mmol) was dissolved in dryDMF under N2 

atmosphere, reaction mixture was kept for stirring at 60°C for 24 h, Next DMF was 

evaporated under reduced pressure, resulting residue was purified using silica column with 

DCM/MeOH solvent system to get compound8a in a 85% yield.1H NMR (400 MHz, 

Methanol-d4)5.32 (dd, J = 2.6, 1.3 Hz, 1H), 5.27 (t, J = 2.3 Hz, 1H), 4.72 (td, J = 2.9, 1.1 Hz, 

1H), 4.66 (ddd, J = 7.3, 5.2, 1.7 Hz, 1H), 4.36 – 4.20 (m, 2H), 3.99 (ddd, J = 11.0, 6.0, 3.3 

Hz, 1H), 3.95 – 3.88 (m, 1H), 3.87 – 3.72 (m, 5H), 3.47 (t, J = 4.9 Hz, 2H).13C NMR (151 

MHz, Methanol-d4) δ 171.15, 170.50, 133.50, 129.51, 129.37, 128.34, 97.86, 70.30, 70.27, 

69.65, 67.96, 67.54, 66.81, 63.63, 62.60, 50.62, 48.13, 47.99, 47.85, 47.70, 47.56, 47.42, 

19.53, 19.43. HRMS m/z calculated forC21H26N3O13S
-1, 560.1192; Found 560.1196. 
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Ethoxy-2-azidoethoxyl-O-(3-O-sulfonato)-(1→4)-L-idopyrnoside (9a) 

 

Compound 8a(138 mg, 0.2907 mmol) was dissolved in 

THF/MeOH/H2O (4:2:1) ratio, to that LiOH.H2O (183 mg, 4.369 

mmol)  was added at 0˚C and kept for overnight. Afer 

completiom of reaction, it was neutralized, Further, reactioin mixture was filterd by cotton 

plugh filtration, then it was concentrated under reduced pressure, further it was purified by 

silica column in MeOH/DCM  solvent system to get compound9a in a 90% yield. 1H NMR 

(400 MHz, Methanol-d4) 4.72 (dd, J = 1.8, 1.0 Hz, 1H), 4.35 (td, J = 3.8, 1.0 Hz, 1H), 4.02 

(ddd, J = 6.9, 5.0, 1.9 Hz, 1H), 3.87 – 3.77 (m, 2H), 3.76 – 3.69 (m, 2H), 3.69 – 3.61 (m, 5H), 

3.53 (ddd, J = 11.0, 5.8, 3.9 Hz, 1H), 3.32 – 3.28 (m, 2H).13C NMR (101 MHz, Methanol-d4) 

δ 100.83, 75.04, 70.27, 69.72, 68.02, 67.80, 67.44, 67.11, 61.45, 50.56, 47.66, 47.44, 47.23, 

47.02, 22.76. HRMS m/z calculated forC10H18N3O16S
-1, 372.0718; Found 372.0717. 

Ethoxy-2-aminoethoxyl-O-(3-O-sulfonato)-(1→4)-L-idopyrnoside(ID11) 

 

 

 

The compound9a (15mg,0.403mmol) was dissolved in H2O 

and Pd(OH)2(10% per wt) was added and stirred for 42h 

under hydrogen atmosphere. Further, reaction mixture was 

filtered and concentrated, finally purified by Bound elute C-18 column by using H2O as a 

solvent to get (ID11)in a  85% yield.1H NMR (400 MHz, Deuterium oxide) 4.84 (dd, J = 1.8, 

1.0 Hz, 1H), 4.36 (td, J = 3.6, 1.1 Hz, 1H), 4.07 (ddd, J = 7.0, 4.8, 1.9 Hz, 1H), 3.94 – 3.84 

(m, 2H), 3.81 (ddd, J = 3.4, 2.0, 1.1 Hz, 1H), 3.79 – 3.68 (m, 6H), 3.67 – 3.60 (m, 1H), 3.17 – 

3.11 (m, 2H) 13C NMR (101 MHz, Deuterium Oxide) δ 100.00, 75.48, 69.55, 68.17, 67.16, 

66.92, 66.61, 66.17, 61.07, 39.16. HRMS m/z calculated for C10H20NO10S
-1, 346.0813; Found 

346.0816. 

 

Ethoxy-2-azidoethoxyl-O-(2,3,4,6-O-sulfonato)-(1→4)-L-idopyrnoside (7a) 

 

 

Compound6a(54mg, 0.184mmol) and SO3.NMe3 complex 

(717.5mg, 5.155mmol) was dissolved in dryDMF under N2 
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atmosph ere, reaction mixture was kept for stirring at 60°C for 36 h, Next DMF was 

evaporated under reduced pressure, resulting residue was purified using silica column with 

DCM/MeOH solvent system to get compound7a in a 77 % yield. 1H NMR (400 MHz, 

Deuterium oxide)5.04 (d, J = 1.3 Hz, 1H), 4.90 (td, J = 2.5, 1.3 Hz, 1H), 4.54 – 4.43 (m, 3H), 

4.25 – 4.10 (m, 2H), 3.93 – 3.82 (m, 1H), 3.78 – 3.71 (m, 4H), 3.71 – 3.62 (m, 1H), 3.43 (dd, 

J = 5.8, 4.1 Hz, 2H)13C NMR (101 MHz, Deuterium Oxide) δ 98.02, 70.90, 70.74, 70.36, 

69.52, 69.27, 67.95, 67.43, 64.17, 50.32. HRMS m/z calculated for C10H15N3O19S4
-4, 

152.2301; Found 152.2305. 

Ethoxy-2-aminoethoxyl-O-(2,3,4,6-O-sulfonato)-(1→4)-L-idopyrnoside(ID14) 

 

 

The compound7a(15mg,0.0246mmole) was dissolved in H2O 

and Pd(OH)2(10% per wt) was added and stirred for 42 h under 

hydrogen atmosphere. Further, reaction mixture was filtered and 

concentrated, finally purified by Bound elute C-18 column by using H2O as a solvent to get 

(ID14)in a 80% yield. 1H NMR (400 MHz, Deuterium oxide)5.06 (s, 1H), 4.89 (dt, J = 2.9, 

1.3 Hz, 1H), 4.53 – 4.38 (m, 3H), 4.26 – 4.09 (m, 2H), 3.93 – 3.82 (m, 1H), 3.81 – 3.62 (m, 

5H), 3.14 (ddt, J = 6.8, 3.5, 1.6 Hz, 2H) 13C NMR (151 MHz, Deuterium Oxide) δ 97.99, 

70.91, 70.66, 70.22, 69.54, 67.96, 67.40, 66.51, 64.24, 39.27. HRMS m/z calculated 

forC10H17NO19S4
-4, 145.7325, Found 145.7327. 

Ethoxy-2-azidoethoxyl-O-((4,6-O-diacetyl-2-O-benzoly-3-O-benzyl)-(1→4)-L-idopyrnosyl-

(6-O-acetyl-2-O-benzoly-3-O-benzyl))-(1→4)-L-idopyrnoside (13) 

 

Azido ethoxy ethanol linker glycosylated product 13 was 

obtained using synthetic procedure of compound 4 to get 

78% yield.1H NMR (400 MHz, Chloroform-d) 5.41 (t, J = 

2.2 Hz, 1H), 5.28 – 5.19 (m, 1H), 5.09 – 4.98 (m, 2H), 4.67 

(dd, J = 11.3, 7.4 Hz, 2H), 4.56 – 4.33 (m, 5H), 4.18 – 4.05 (m, 1H), 4.02 – 3.88 (m, 1H), 

3.88 – 3.79 (m, 3H), 3.76 – 3.53 (m, 5H), 3.41 (dd, J = 11.6, 4.3 Hz, 1H), 3.20 (dt, J = 6.0, 

3.9 Hz, 2H), 2.07 (s, 3H), 1.95 (s, 3H), 1.93 (s, 3H), 8.07 – 7.98 (m, 2H), 7.92 – 7.82 (m, 

2H), 7.64 – 7.51 (m, 3H), 7.50 – 7.39 (m, 3H), 7.38 – 7.26 (m, 7H), 7.22 (dt, J = 8.2, 6.9 Hz, 

3H)13C NMR (101 MHz, Chloroform-d) δ 170.63, 137.26, 133.60, 133.31, 130.03, 129.76, 
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128.46, 128.44, 128.34, 128.31, 128.27, 128.02, 127.77, 127.62, 101.48, 98.49, 75.05, 72.48, 

72.38, 70.33, 70.22, 67.72, 67.62, 67.51, 66.62, 65.05, 63.95, 62.97, 62.74, 50.74, 20.87, 

20.77, 20.55. HRMS m/z calculated for C50H55N3O17Na, 969.3531; Found 969.3533. 

Ethoxy-2-azidoethoxyl-O-((3-O-benzyl)-(1→4)-L-idopyrnosyl-(3-O-benzyl))-(1→4)-L-

idopyrnoside (16) 

 

 

Compound 16was obtained from esters group deprotection of  

compound 13 using synthetic procedure of compound 5to get 

85% yield.1H NMR (400 MHz, Chloroform-d) 4.95 (s, 1H), 

4.80 (s, 1H), 4.69 (d, J = 11.9 Hz, 1H), 4.58 – 4.49 (m, 3H), 

4.29 (t, J = 6.6 Hz, 1H), 4.20 – 4.10 (m, 1H), 3.95 – 3.82 (m, 3H), 3.81 – 3.72 (m, 5H), 3.71 – 

3.53 (m, 9H), 3.23 (t, J = 5.0 Hz, 2H)7.37 – 7.19 (m, 10H) 13C NMR (101 MHz, Chloroform-

d) δ 130.98 – 122.77 (m), 103.03, 101.32, 74.17, 73.94 (d, J = 4.3 Hz), 72.59, 71.22, 70.35, 

70.06, 69.74, 67.51, 66.52 – 65.92 (m), 64.35, 61.46, 50.71. HRMS m/z calculated for 

C30H41N3O12Na, 635.2690; Found 635.2692. 

Ethoxy-2-aminoethoxyl-O-((2,3,4,6-anhydro)-(1→4)-L-idopyrnosyl-(2,3,6-anhydro))-

(1→4)-L-idopyrnoside  (ID20) 

 

 

Hydrogenolysis of compound 10 was done by using the 

previous procedure of compound (ID10) to get compound 

(ID20) in a yield 89% yield.1H NMR (600 MHz, Deuterium 

Oxide) 4.76 (dd, J = 6.2, 4.4 Hz, 2H), 4.15 (dq, J = 8.8, 4.6 

Hz, 2H), 3.89 (dt, J = 9.2, 5.4 Hz, 2H), 3.82 – 3.60 (m, 14H), 3.52 (ddd, J = 12.6, 6.9, 4.4 Hz, 

2H), 3.19 – 3.07 (m, 2H). 13C NMR (151 MHz, Deuterium Oxide) δ 101.39, 100.35, 77.52, 

71.43, 71.34, 70.49, 70.33, 70.19, 70.17, 69.93, 69.57, 67.52, 66.36, 59.84, 59.70, 39.05. 

HRMS m/z calculated for C16H31NO12Na, 429.1846; Found 429.1847. 
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Ethoxy-2-azidoethoxyl-O-((2,4,6-O-trisulfonato-3-O-benzyl)-(1→4)-L-idopyrnosyl-(2,6-O-

disulfonato-3-O-benzyl)-(1→4)-L-idopyrnoside (19) 

 

Compound 19was obtained by performing sulfation reaction 

of compound 16 using synthetic procedure of compound 6to 

get 75% yield. 1H NMR (400 MHz, Deuterium Oxide) 5.20 

(s, 1H), 5.11 (s, 1H), 4.95 – 4.83 (m, 4H), 4.61 – 4.49 (m, 

3H), 4.40 (dt, J = 2.1, 1.0 Hz, 1H), 4.29 (pd, J = 7.5, 6.5, 3.2 Hz, 5H), 4.23 – 4.16 (m, 1H), 

4.04 – 3.90 (m, 2H), 3.87 – 3.65 (m, 6H),, 3.45 – 3.40 (m, 2H), 7.56 (ddd, J = 8.4, 4.6, 1.8 

Hz, 3H), 7.51 (dt, J = 7.4, 1.5 Hz, 2H), 7.49 – 7.40 (m, 4H)13C NMR (101 MHz, Deuterium 

Oxide) δ 137.72, 137.03, 130.94 – 125.11 (m), 100.39, 98.50, 75.17, 73.77, 73.19, 72.31, 

72.14, 71.66, 71.14, 70.40, 69.40 (d, J = 10.0 Hz), 68.22, 67.70, 67.45, 65.65, 64.44, 50.25. 

HRMS m/z calculated for C30H36N3O27S5
-5, 206.0033; Found 206.0039. 

 

Ethoxy-2-aminoethoxyl-O-((2,4,6-O-trisulfonato)-(1→4)-L-idopyrnosyl-(2,6-O-

disulfonato)-(1→4)-L-idopyrnoside (ID25) 

 

 

Compound (ID25) was obtained by doing hydrogenolysis 

reaction of compound 19 using synthetic procedure of 

compound (ID13)to get 85% yield. 1H NMR (400 MHz, 

Deuterium Oxide) 5.06 – 4.99 (m, 2H), 4.41 (ddd, J = 8.4, 

3.8, 2.0 Hz, 1H), 4.30 – 4.12 (m, 10H), 3.89 – 3.79 (m, 1H), 3.78 – 3.74 (m, 1H), 3.71 – 3.63 

(m, 5H), 3.15 – 3.04 (m, 2H) 13C NMR (101 MHz, Deuterium Oxide) δ 100.14, 98.59, 76.12, 

74.27, 72.83, 72.33, 69.65, 68.17, 67.52, 67.40, 67.05, 66.37, 66.31, 65.62, 64.43, 39.23. 

HRMS m/z calculated for C16H26NO27S5-5, 164.7865; Found 164.7867. 
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Ethoxy-2-azidoethoxyl-O-((4,6-O-diacetyl-2-O-benzoly-3-O-(2-naphthylmethyl))-(1→4)-L-

idopyrnosyl-(6-O-acetyl-2-O-benzoly-3-O-(2-naphthylmethyl))-(1→4)-L-idopyrnoside 

(13a) 

 

 

Compound 13a was synthesises by using synthetic 

procedure of compound 4a in a 78% yield. .1H NMR (400 

MHz, Chloroform-d) 5.49 – 5.38 (m, 1H), 5.28 (p, J = 1.1 

Hz, 1H), 5.08 – 4.94 (m, 4H), 4.83 (dd, J = 19.9, 11.5 Hz, 

2H), 4.60 – 4.40 (m, 5H), 4.16 (t, J = 3.3 Hz, 1H), 4.01 – 3.92 (m, 1H), 3.92 – 3.81 (m, 3H), 

3.70 (dt, J = 4.4, 3.1 Hz, 3H), 3.66 – 3.52 (m, 2H), 3.42 (dd, J = 11.6, 4.1 Hz, 1H), 3.14 (dt, J 

= 6.0, 3.8 Hz, 2H), 2.03 (s, 3H), 1.95 (s, 3H), 1.92 (s, 3H), 8.04 – 7.93 (m, 3H), 7.90 – 7.69 

(m, 9H), 7.69 – 7.54 (m, 2H), 7.50 – 7.34 (m, 8H), 7.21 – 7.10 (m, 2H)13C NMR (101 MHz, 

Chloroform-d) δ 170.70, 170.66, 169.98, 165.45, 165.08, 135.27, 134.71, 133.60, 133.29 (d, 

J = 4.9 Hz), 133.13 (d, J = 2.2 Hz), 132.96, 129.90, 129.79, 129.36, 129.14, 128.45, 128.24, 

128.11, 127.98, 127.87, 127.67 (d, J = 4.6 Hz), 126.92, 126.54, 126.11, 125.95, 125.79, 

101.09, 98.44, 75.24, 72.93, 72.55 (d, J = 2.8 Hz), 70.26, 70.19, 68.04, 67.77, 67.35, 65.29, 

64.02, 63.00, 62.62, 50.68, 20.81, 20.78, 20.56. HRMS m/z calculated for C58H59N3O17Na, 

1069.3844; Found 1069.3847. 

Ethoxy-2-azidoethoxyl-O-((4,6-O-diacetyl-2-O-benzoly)-(1→4)-L-idopyrnosyl-(6-O-acetyl-

2-O-benzoly))-(1→4)-L-idopyrnoside (16a) 

 

Compound 16awas obtained by doing selective NAP-

deprotection reaction of compound13a using synthetic 

procedure of compound5ato get 82% yield. 1H NMR (400 

MHz, Chloroform-d) 5.23 (dd, J = 4.5, 2.5 Hz, 1H), 5.13 – 

5.02 (m, 3H), 4.57 – 4.52 (m, 1H), 4.51 – 4.37 (m, 3H), 4.35 – 4.24 (m, 2H), 4.15 – 4.07 (m, 

1H), 4.15 – 4.07 (m, 1H), 3.99 (s, 1H), 3.95 – 3.88 (m, 1H), 3.86 (t, J = 3.5 Hz, 1H), 3.76 (dd, 

J = 11.7, 3.4 Hz, 1H), 3.70 – 3.56 (m, 7H), 3.37 – 3.30 (m, 2H), 2.05 (s, 3H), 2.02 (s, 3H), 

1.99 (s, 3H), 8.13 – 8.06 (m, 2H), 8.07 – 7.97 (m, 2H), 7.70 – 7.33 (m, 6H) 13C NMR (101 

MHz, Chloroform-d) δ 170.82, 170.70, 170.25, 165.26, 133.63, 133.58, 129.99, 129.80, 

129.29, 129.21, 128.62, 128.45, 100.89, 98.28, 78.61, 70.09, 69.96, 69.92, 69.46, 69.33, 
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68.28, 67.12, 64.97, 64.87, 62.74, 62.20, 50.67, 20.76, 20.70, 20.51. HRMS m/z calculated 

for C36H43N3O17Na, 789.2592; Found 789.2594. 

Ethoxy-2-azidoethoxyl-O-((4,6-O-diacetyl-3-O-sulfonato-2-O-benzoly)-(1→4)-L-

idopyrnosyl-(6-O-acetyl-3-O-sulfonato-2-O-benzoly))-

(1→4)-L-idopyrnoside (19a) 

 

Compound 19a was obtained by doing selective sulfation 

reaction of compound16a using synthetic procedure of 

compound8a to get 75% yield. 1H NMR (400 MHz, 

Methanol-d4) 5.50 – 5.43 (m, 1H), 5.42 – 5.33 (m, 1H), 

5.19 (t, J = 1.3 Hz, 1H), 5.10 – 5.02 (m, 1H), 5.00 (d, J = 1.6 Hz, 1H), 4.70 (td, J = 3.5, 0.9 

Hz, 1H), 4.63 (ddd, J = 8.1, 4.0, 2.0 Hz, 1H), 4.58 – 4.40 (m, 3H), 4.16 (q, J = 3.8, 2.7 Hz, 

1H), 4.03 – 3.89 (m, 2H), 3.84 (dt, J = 10.8, 4.9 Hz, 1H), 3.80 – 3.73 (m, 3H),  3.72 (d, J = 

4.0 Hz, 2H),3.42 (t, J = 4.9 Hz, 2H), 3.39 – 3.32 (m, 2H), 8.27 – 8.18 (m, 2H), 8.14 – 8.06 

(m, 2H), 7.72 – 7.60 (m, 4H), 7.53 (t, J = 7.8 Hz, 2H)13C NMR (101 MHz, Methanol-d4) δ 

171.81, 171.68, 170.45, 165.65, 165.36, 133.52, 133.28, 129.98, 129.52, 128.73, 128.32, 

101.81, 97.97, 76.42, 71.66, 70.98, 70.02, 69.60, 68.34, 68.02, 67.59, 67.31, 64.69, 64.43, 

62.92, 62.54, 53.87, 50.58, 48.36, 48.15, 47.93, 47.72, 47.51, 47.30, 47.08, 19.54, 19.52, 

19.45. HRMS m/z calculated for C36H41N3O23S2
-2, 473.5791; Found 473.5793. 

 

Ethoxy-2-azidoethoxyl-O-((3-O-sulfonato)-(1→4)-L-idopyrnosyl-(3-O-sulfonato))-(1→4)-

L-idopyrnoside (21a) 

 

 

Compound 21awas obtained by doing ester deprotection 

reaction of compound19a using synthetic procedure of 

compound 8a to get 83% yield. 1H NMR (400 MHz, 

Deuterium Oxide) 4.88 – 4.84 (m, 2H), 4.63 (d, J = 3.1 Hz, 

1H), 4.36 (t, J = 4.1 Hz, 1H), 4.18 (dt, J = 17.0, 6.8 Hz, 2H), 3.98 (d, J = 3.0 Hz, 1H), 3.92 (t, 

J = 3.0 Hz, 1H), 3.90 – 3.79 (m, 3H), 3.73 (tdd, J = 8.4, 6.8, 3.6 Hz, 7H), 3.67 – 3.59 (m, 

2H), 3.42 (t, J = 4.9 Hz, 2H)13C NMR (101 MHz, Deuterium Oxide) δ 102.55, 99.88, 75.78, 

73.54, 72.82, 69.62, 69.37, 68.78, 67.24, 66.97, 66.91, 66.66, 66.59, 60.68, 60.50, 50.28. 

HRMS m/z calculated for C16H27N3O18S2
-2, 306.5371; Found 306.5373. 
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Ethoxy-2-aminoethoxyl-O-((3-O-sulfonato)-(1→4)-L-idopyrnosyl-(3-O-sulfonato))-

(1→4)-L-idopyrnoside  (ID22) 

 

Compound (ID22) was obtained by doing hydrogenolysis 

reaction of compound21a using synthetic procedure of 

compound (ID11) to get 83% yield. 1H NMR (600 MHz, 

Deuterium Oxide) 4.90 – 4.78 (m, 2H), 4.63 (d, J = 3.1 Hz, 

1H), 4.38 – 4.33 (m, 1H), 4.20 (ddd, J = 7.2, 5.3, 2.0 Hz, 1H), 4.14 (dd, J = 7.3, 5.3 Hz, 1H), 

3.99 (d, J = 3.2 Hz, 1H), 3.93 – 3.90 (m, 1H), 3.89 – 3.83 (m, 2H), 3.81 – 3.68 (m, 9H), 3.67 

– 3.62 (m, 1H), 3.18 – 3.10 (m, 2H)13C NMR (151 MHz, Deuterium Oxide) δ 102.52, 99.83, 

75.50, 73.45, 72.76, 69.56, 68.78, 68.67, 67.16, 67.04, 66.96, 66.81, 66.63, 66.60, 66.41, 

60.71, 60.55, 39.16. HRMS m/z calculated for C16H29NO18S2
-2, 293.5418; Found 293.5419. 

Ethoxy-2-azidoethoxyl-O-((4,6-O-diacetyl-2-O-benzoly-3-O-benzyl)-(1→4)-L-idopyrnosyl-

(6-O-acetyl-2-O-benzoly-3-O-benzyl)-(1→4)-L-idopyrnosyl-(6-O-acetyl-2-O-benzoly-3-O-

benzyl))-(1→4)-L-idopyrnoside (14) 

 

 

Azido ethoxy ethanol linker glycosylated product 14 was 

obtained by using synthetic procedure of compound 4 in a 

82% yield. 1H NMR (400 MHz, Chloroform-d) 5.36 (dt, J 

= 15.8, 2.7 Hz, 2H), 5.16 – 5.12 (m, 1H), 5.07 – 4.98 (m, 

2H), 4.92 – 4.78 (m, 4H), 4.68 (dt, J = 13.5, 10.5 Hz, 3H), 

4.58 (t, J = 2.3 Hz, 1H), 4.53 – 4.25 (m, 5H), 4.17 – 3.99 (m, 3H), 3.99 – 3.77 (m, 5H), 3.76 – 

3.46 (m, 7H), 3.21 (ddd, J = 5.9, 4.1, 3.0 Hz, 2H), 1.98 (s, 3H), 1.94 (s, 3H), 1.90 (s, 3H), 

1.87 (s, 3H), 8.04 – 7.99 (m, 2H), 7.99 – 7.88 (m, 4H), 7.62 – 7.55 (m, 1H), 7.52 – 7.33 (m, 

10H), 7.29 (td, J = 7.3, 5.4 Hz, 6H), 7.25 – 7.15 (m, 7H) 13C NMR (101 MHz, Chloroform-d) 

δ 177.47, 170.60, 170.53, 170.51, 169.95, 165.60, 165.38, 165.00, 137.92, 137.51, 137.21, 

133.64, 133.36, 133.09, 130.15, 130.00, 129.76, 129.40, 129.32, 129.12, 128.49, 128.42, 

128.36, 128.23, 128.20, 128.04, 127.87, 127.78, 127.69, 101.17, 100.65, 98.39, 77.47, 77.34, 

77.15, 76.84, 76.73, 76.23, 75.00, 74.47, 72.93, 72.51, 72.38, 72.28, 70.39, 70.29, 70.20, 

68.21, 67.73, 67.63, 67.46, 66.69, 65.99, 65.16, 64.10, 62.79, 62.22, 50.73, 31.93, 20.77, 

20.75, 20.62, 20.57, 0.04. HRMS m/z calculated for C72H72N3O24Na, 1369.4897, Found 

1369.4899. 
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Ethoxy-2-azidoethoxyl-O-((3-O-benzyl)-(1→4)-L-idopyrnosyl-(3-O-benzyl))-(1→4)-L-

idopyrnosyl-(3-O-benzyl))-(1→4)-L-idopyrnoside (17) 

 

 

Compound 17was obtained from esters group deprotection 

of compound14 using synthetic procedure of compound 

5to get 88% yield. 1H NMR (400 MHz, Chloroform-d) 

4.90 (s, 1H), 4.83 (s, 1H), 4.79 (s, 1H), 4.72 (d, J = 11.8 

Hz, 1H), 4.62 – 4.49 (m, 6H), 4.43 (d, J = 8.5 Hz, 1H), 

4.33 (dt, J = 15.7, 6.6 Hz, 2H), 4.16 (dd, J = 11.7, 5.5 Hz, 2H), 4.01 (d, J = 3.8 Hz, 1H), 3.96 

– 3.74 (m, 8H), 3.72 – 3.52 (m, 15H), 3.47 (dd, J = 12.1, 3.4 Hz, 1H), 3.22 (t, J = 5.0 Hz, 

2H), 7.38 – 7.26 (m, 15H)13C NMR (101 MHz, Chloroform-d) δ 137.08, 128.58, 128.39, 

128.34, 128.24, 127.78, 127.56, 103.08, 101.28, 77.28, 74.41, 74.26, 74.07, 73.07, 72.77, 

72.62, 71.97, 71.46, 70.39, 70.09, 67.52, 66.73, 66.54, 66.47, 66.29, 64.37, 62.02, 61.05, 

50.75. HRMS m/z calculated for C43H57N3O17, 887.3688; Found 887.3691. 

 

Ethoxy-2-azidoethoxyl-O-((2,4,6-O-trisulfonato-3-O-benzyl)-(1→4)-L-idopyrnosyl-(2,6-O-

disulfonato-3-O-benzyl)-(1→4)-L-idopyrnosyl-(2,6-O-disulfonato-3-O-benzyl))-(1→4)-L-

idopyrnoside (20) 

 

Compound 20 was obtained by performing sulfation 

reaction of compound 17 using synthetic procedure of 

compound 6 to get 73% yield.1H NMR (600 MHz, 

Deuterium Oxide) 5.05 (s, 1H), 4.96 (s, 1H), 4.86 (s, 1H), 

4.79 – 4.72 (m, 5H), 4.69 – 4.61 (m, 3H), 4.58 – 4.51 (m, 

1H), 4.41 – 4.30 (m, 4H), 4.26 (t, J = 1.8 Hz, 1H), 4.17 (dd, J = 11.6, 8.5 Hz, 1H), 4.14 – 

4.06 (m, 6H), 3.98 (dd, J = 10.6, 3.4 Hz, 1H), 3.89 – 3.83 (m, 1H), 3.73 – 3.67 (m, 3H), 3.67 

– 3.60 (m, 4H), 3.36 – 3.31 (m, 2H), 7.49 – 7.23 (m, 15H)13C NMR (151 MHz, Deuterium 

Oxide) δ 137.74, 136.96, 128.82, 128.71, 128.65, 128.62, 128.60, 128.54, 128.24, 128.16, 

128.06, 100.56, 100.40, 98.43, 75.53, 75.08, 74.41, 73.18, 73.06, 72.37, 71.82, 71.46, 70.91, 

70.25, 69.37, 69.22, 67.99, 67.95, 67.69, 67.24, 65.97, 65.73, 64.12, 50.19.HRMS m/z 

calculated for C43H50N3O38S7
-7, 205.7165; Found 205.7169.  
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Ethoxy-2-azidoethoxyl-O-((2,4,6-O-trisulfonato)-(1→4)-L-idopyrnosyl-(2,6-O-

disulfonato)-(1→4)-L-idopyrnosyl-(2,6-O-disulfonato))-(1→4)-L-idopyrnoside (ID37) 

 

 

Compound (ID37) was obtained by performing 

hydrogenolysis reaction of compound 20 using 

synthetic procedure of compound (ID13) to get 80% 

yield. 1H NMR (600 MHz, Deuterium Oxide) 5.16 

(dd, J = 15.3, 3.8 Hz, 3H), 4.72 (dt, J = 9.7, 3.3 Hz, 

1H), 4.54 (dtd, J = 11.3, 8.0, 6.9, 4.0 Hz, 1H), 4.45 – 4.23 (m, 15H), 4.07 – 3.66 (m, 10H), 

3.31 – 3.16 (m, 2H)13C NMR (151 MHz, Deuterium Oxide) δ 100.27, 100.06, 98.56, 76.16, 

75.87, 74.75, 73.06, 72.70, 72.57, 71.98, 69.62, 68.10, 67.89, 67.79, 67.64, 67.40, 67.36, 

67.03, 66.72, 66.23, 66.12, 65.38, 64.23, 39.16. HRMS m/z calculated for C22H34NO38S7
-7, 

163.4120, Found 163.4124.   

Ethoxy-2-aminoethoxyl-O-((2,3,4,6-anhydro)-(1→4)-L-idopyrnosyl-(2,3,6-anhydro))-

(1→4)-L-idopyrnosyl- (2,3,6-anhydro))-(1→4)-L-idopyrnoside (ID30) 

 

 

Compound (ID30)was obtained by performing 

hydrogenolysis reaction of compound 17 using 

synthetic procedure of compound (ID10)to get 80% 

yield.1H NMR (400 MHz, Deuterium Oxide) 4.76 (t, J 

= 4.6 Hz, 3H), 4.27 (td, J = 6.8, 6.3, 3.0 Hz, 1H), 4.15 

(ddd, J = 7.2, 5.2, 3.6 Hz, 2H), 3.90 (ddd, J = 8.7, 6.4, 

4.1 Hz, 2H), 3.83 – 3.63 (m, 15H), 3.61 – 3.47 (m, 3H), 3.14 (t, J = 5.0 Hz, 2H)13C NMR 

(101 MHz, Deuterium Oxide) δ 101.65, 101.42, 100.37, 77.57, 77.34, 71.29, 70.37, 70.33, 

70.13, 70.04, 69.85, 69.69, 69.59, 67.54, 66.35, 59.93, 59.74, 39.06. HRMS m/z calculated 

for C22H41NO17Na, 591.2374; Found 591.2376. 

Ethoxy-2-azidoethoxyl-O-((4,6-O-diacetyl-2-O-benzoly-3-O-(2-naphthylmethyl))-(1→4)-L-

idopyrnosyl-(6-O-acetyl-2-O-benzoly-3-O-(2-naphthylmethyl))-(1→4)-L-idopyrnosyl-(6-O-

acetyl-2-O-benzoly-3-O-(2-naphthylmethyl))-(1→4)-L-idopyrnoside (14a) 
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Compound 14a was synthesises by using synthetic 

procedure of compound 4 in a 75% yield. 1H NMR (400 

MHz, Chloroform-d) 5.39 (dt, J = 8.2, 3.1 Hz, 2H), 5.22 – 

5.15 (m, 1H), 5.06 – 4.92 (m, 5H), 4.91 – 4.75 (m, 4H), 

4.66 (t, J = 2.3 Hz, 1H), 4.50 (tq, J = 5.7, 3.3, 2.4 Hz, 2H), 

4.39 (dd, J = 11.3, 7.2 Hz, 1H), 4.35 – 4.26 (m, 2H), 4.26 – 4.15 (m, 2H), 4.13 – 4.05 (m, 

1H), 4.03 – 3.83 (m, 5H), 3.68 (qd, J = 6.0, 2.9 Hz, 3H), 3.65 – 3.51 (m, 4H), 3.13 (dt, J = 

5.9, 3.6 Hz, 2H), 1.94 (s, 3H), 1.90 – 1.83 (m, 9H), 8.07 – 7.98 (m, 2H), 7.94 – 7.87 (m, 3H), 

7.83 (ddd, J = 8.4, 7.0, 1.5 Hz, 3H), 7.78 – 7.66 (m, 9H), 7.63 (d, J = 8.4 Hz, 1H), 7.61 – 7.54 

(m, 2H), 7.49 – 7.34 (m, 12H), 7.19 (td, J = 7.8, 4.8 Hz, 4H) 13C NMR (101 MHz, 

Chloroform-d) δ 170.62, 170.57, 170.46, 169.98, 165.59, 165.30, 165.03, 135.39, 134.93, 

134.63, 133.66, 133.30, 133.18, 133.16, 133.11, 133.08, 133.02, 132.97, 130.12, 130.04, 

129.88, 129.81, 129.42, 129.35, 129.09, 128.67, 128.51, 128.30, 128.28, 128.20, 128.14, 

127.90, 127.73, 127.68, 127.65, 127.03, 127.00, 126.60, 126.26, 126.15, 126.10, 125.99, 

125.91, 125.88, 125.86, 100.60, 100.28, 98.37, 77.47, 77.35, 77.15, 76.83, 76.49, 75.94, 

75.19, 74.76, 73.33, 72.79, 72.62, 72.54, 70.24, 70.20, 68.59, 68.05, 67.82, 67.33, 66.89, 

66.29, 65.42, 64.19, 62.84, 62.51, 62.26, 50.70, 20.79, 20.67, 20.58. HRMS m/z calculated 

for C84H83N3O24Na, 1517.5397; Found 1517.5399. 

 

Ethoxy-2-azidoethoxyl-O-((4,6-O-diacetyl-2-O-benzoly)-(1→4)-L-idopyrnosyl-(6-O-acetyl-

2-O-benzoly))-(1→4)-L-idopyrnosyl-(6-O-acetyl-2-O-benzoly)) -(1→4)-L-idopyrnoside 

(17a) 

 

Compound 17a was obtained by doing selective NAP-

deprotection reaction of compound14a using synthetic 

procedure of compound 5ato get 75% yield. 1H NMR 

(400 MHz, Chloroform-d) 5.19 (dd, J = 8.6, 5.6 Hz, 1H), 

5.12 (dd, J = 4.0, 2.2 Hz, 1H), 5.05 (d, J = 5.6 Hz, 1H), 

5.02 – 4.96 (m, 2H), 4.91 (t, J = 1.4 Hz, 1H), 4.78 (t, J = 2.8 Hz, 1H), 4.60 (ddd, J = 8.8, 3.5, 

2.2 Hz, 1H), 4.41 – 4.22 (m, 5H), 4.19 – 3.98 (m, 8H), 3.93 – 3.83 (m, 1H), 3.77 (t, J = 3.1 

Hz, 1H), 3.72 – 3.58 (m, 7H), 3.43 (dd, J = 6.0, 4.3 Hz, 1H), 3.38 – 3.29 (m, 2H), 2.04 (d, J = 

2.8 Hz, 3H), 1.98 (d, J = 5.9 Hz, 6H), 1.88 (s, 3H), 8.17 – 7.96 (m, 6H), 7.64 – 7.49 (m, 5H), 
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7.44 (dt, J = 11.8, 7.8 Hz, 4H) 13C NMR (101 MHz, Chloroform-d) δ 171.17, 170.76, 170.38, 

170.18, 165.54, 165.34, 165.20, 133.67, 133.51, 130.04, 129.88, 129.80, 129.66, 129.25, 

129.10, 128.64, 128.51, 128.48, 100.83, 99.67, 98.10, 81.18, 77.39, 77.27, 77.07, 76.88, 

76.75, 71.97, 70.68, 70.09, 69.87, 69.24, 68.53, 68.50, 67.61, 66.97, 66.41, 64.84, 64.60, 

63.08, 62.18, 61.50, 50.69, 20.71, 20.70, 20.63, 20.47, 0.01. HRMS m/z calculated for 

C51H59N3O24Na, 1097.3488; Found 1097.3490. 

Ethoxy-2-azidoethoxyl-O-((4,6-O-diacetyl-3-O-sulfonato-2-O-benzoly)-(1→4)-L-

idopyrnosyl-(6-O-acetyl-2-3-O-sulfonato-O-benzoly)-(1→4)-L-idopyrnosyl-(6-O-acetyl-2-

3-O-sulfonato-O-benzoly-))-(1→4)-L-idopyrnoside (20a) 

 

Compound 20a was obtained by doing selective sulfation 

reaction of compound17a using synthetic procedure of 

compound 6ato get 75% yield. 1H NMR (400 MHz, 

Methanol-d4) 5.41 (t, J = 2.4 Hz, 1H), 5.30 – 5.10 (m, 3H), 

4.94 (dt, J = 8.0, 2.2 Hz, 3H), 4.83 (d, J = 1.3 Hz, 1H), 

4.74 – 4.69 (m, 2H), 4.63 – 4.52 (m, 3H), 4.40 – 4.28 (m, 3H), 4.19 (dd, J = 11.3, 7.5 Hz, 

1H), 4.07 (d, J = 2.4 Hz, 1H), 3.90 – 3.51 (m, 9H), 3.28 (t, J = 4.9 Hz, 2H), 1.92 (s, 3H), 1.90 

(s, 3H), 1.88 (s, 3H), 1.81 (s, 3H), 8.15 – 8.07 (m, 4H), 8.02 – 7.88 (m, 2H), 7.60 – 7.44 (m, 

7H), 7.38 (t, J = 7.8 Hz, 2H) 13C NMR (101 MHz, Methanol-d4) δ 172.14, 171.82, 171.43, 

170.12, 165.83, 165.61, 165.21, 133.31, 133.14, 129.97, 129.91, 129.70, 129.51, 129.44, 

129.38, 128.76, 128.58, 128.21, 101.73, 101.54, 97.79, 78.07, 76.70, 76.29, 72.58, 71.94, 

71.11, 70.25, 69.79, 69.56, 68.19, 68.08, 67.62, 67.30, 66.37, 64.77, 64.59, 63.15, 62.77, 

62.65, 50.59, 48.26, 48.05, 47.84, 47.62, 47.41, 47.20, 46.99, 19.58, 19.54, 19.46, 19.34. 

HRMS m/z calculated for C51H56N3O33S3
-3, 444.7325; Found 444.7327. 

Ethoxy-2-aminoethoxyl-O-((3-O-sulfonato)-(1→4)-L-idopyrnosyl-(3-O-sulfonato)-

(1→4)-L-idopyrnosyl-(3-O-sulfonato))-(1→4)-L-idopyrnoside  (ID33) 

 

 

Compound (ID33) was obtained by doing 

hydrogenolysis reaction of compound20a using 

synthetic procedure of compound (ID11) to get 83% 

yield. 1H NMR (400 MHz, Deuterium Oxide) 4.83 (d, 
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J = 2.2 Hz, 3H), 4.59 (s, 1H), 4.55 – 4.47 (m, 1H), 4.35 – 4.21 (m, 2H), 4.18 – 4.04 (m, 2H), 

4.01 – 3.92 (m, 3H), 3.89 – 3.80 (m, 4H), 3.80 – 3.54 (m, 18H), 3.12 – 3.04 (m, 2H) 13C 

NMR (101 MHz, Deuterium Oxide) δ 102.56, 102.22, 99.94, 75.72, 73.53, 72.90, 72.69, 

72.28, 69.63, 68.87, 67.27, 67.13, 66.89, 66.73, 66.67, 66.56, 66.33, 60.74, 60.61, 60.03, 

39.24. HRMS m/z calculated for C22H36NO26S3
-3, 276.0287; Found 276.0289. 

 

Ethoxy-2-azidoethoxyl-O-((4,6-O-diacetyl-2-O-benzoly-3-O-benzyl)-(1→4)-L-idopyrnosyl-

(6-O-acetyl-2-O-benzoly-3-O-benzyl)-(1→4)-L-idopyrnosyl-(6-O-acetyl-2-O-benzoly-3-O-

benzyl))-(1→4)-L-idopyrnosyl-(6-O-acetyl-2-O-benzoly-3-O-benzyl))-(1→4)-L-

idopyrnoside (15) 

 

Compound 15 was synthesised by using synthetic 

procedure of compound 4 in a 75% yield. 1H NMR 

(400 MHz, Chloroform-d)  5.34 – 5.23 (m, 3H),5.13 

(d, J = 2.5 Hz, 1H), 5.03 – 4.95 (m, 2H), 4.93 – 4.75 

(m, 6H), 4.71 – 4.60 (m, 4H), 4.57 (t, J = 2.4 Hz, 

1H), 4.49 – 4.38 (m, 2H), 4.38 – 4.24 (m, 4H), 4.14 

– 3.96 (m, 6H), 3.96 – 3.88 (m, 1H), 3.88 – 3.76 (m, 4H), 3.72 – 3.51 (m, 7H), 3.48 (t, J = 3.6 

Hz, 1H), 3.19 (dt, J = 6.0, 4.0 Hz, 2H), 1.98 (s, 3H), 1.94 (s, 3H), 1.88 (s, 3H), 1.85 (s, 3H), 

1.79 (s, 3H), 8.05 – 7.99 (m, 2H), 7.95 (ddd, J = 8.5, 3.6, 1.3 Hz, 4H), 7.92 – 7.85 (m, 2H), 

7.63 – 7.55 (m, 1H), 7.51 – 7.41 (m, 8H), 7.36 (ddd, J = 7.8, 6.7, 1.7 Hz, 3H), 7.32 (p, J = 1.5 

Hz, 3H), 7.30 – 7.27 (m, 4H), 7.27 – 7.26 (m, 3H), 7.25 – 7.20 (m, 6H), 7.20 – 7.14 (m, 4H) 

13C NMR (101 MHz, Chloroform-d) δ 170.50, 137.93, 137.53, 137.18, 133.62, 133.34, 

133.08, 130.12, 130.06, 129.97, 129.75, 129.41, 129.29, 128.47, 128.41, 128.34, 128.32, 

128.30, 128.25, 128.22, 128.17, 128.09, 128.02, 127.85, 127.80, 127.71, 127.65, 101.00, 

100.64, 100.28, 98.35, 76.56, 76.16, 75.91, 74.96, 74.53, 72.91, 72.78, 72.45, 72.38, 72.28, 

70.27, 70.17, 68.19, 67.72, 67.64, 67.50, 66.78, 66.04, 65.15, 64.16, 62.71, 62.17, 62.11, 

50.72, 20.76, 20.74, 20.61, 20.53, 20.50.HRMS m/z calculated for C94H99N3O31Na, 

1766.6296; Found 1766.6299. 
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Ethoxy-2-azidoethoxyl-O-((2,4,6-O-trisulfonato-3-O-benzyl)-(1→4)-L-idopyrnosyl-(2,6-O-

disulfonato-3-O-benzyl)-(1→4)-L-idopyrnosyl-(2,6-O-disulfonato-3-O-benzyl))-(1→4)-L-

idopyrnosyl-(2,6-O-disulfonato-3-O-benzyl))-(1→4)-L-idopyrnoside (21) 

 

 

Compound 21was obtained by performing sulfation 

reaction of compound 18 using synthetic procedure of 

compound 6to get 62% yield. 1H NMR (600 MHz, 

Deuterium Oxide)  5.08 (s, 1H), 5.01 (d, J = 11.5 Hz, 

1H), 4.91 (s, 2H), 4.81 – 4.72 (m, 7H), 4.65 (s, 1H), 

4.63 – 4.49 (m, 2H), 4.45 – 4.33 (m, 5H), 4.31 (s, 1H), 

4.27 – 4.20 (m, 1H), 4.20 – 4.11 (m, 6H), 4.06 (d, J = 10.4 Hz, 3H), 4.03 – 3.94 (m, 1H), 3.90 

(d, J = 10.6 Hz, 1H), 3.74 (d, J = 11.7 Hz, 3H), 3.70 (dd, J = 2.2, 1.3 Hz, 2H), 3.68 – 3.63 (m, 

3H), 3.59 (s, 1H), 3.37 – 3.32 (m, 2H), 7.51 – 7.44 (m, 5H), 7.44 – 7.29 (m, 15H) 13C NMR 

(151 MHz, Deuterium Oxide) δ 137.68, 137.65, 137.61, 136.95, 128.66, 128.62, 128.60, 

128.24, 128.11, 100.50, 100.41, 74.31, 73.86, 73.15, 73.02, 72.55, 71.45, 70.96, 70.29, 69.39, 

69.29, 68.00, 65.85, 65.41, 55.51, 50.22, 50.17. HRMS m/z calculated for C56H64N3O49S9
-9, 

205.5572; Found 205.5575. 

Ethoxy-2-aminoethoxyl-O-((2,4,6-O-trisulfonato)-(1→4)-L-idopyrnosyl-(2,6-O-

disulfonato)-(1→4)-L-idopyrnosyl-(2,6-O-disulfonato))-(1→4)-L-idopyrnosyl-(2,6-O-

disulfonato))-(1→4)-L-idopyrnoside (ID49) 

 

 

Compound (ID49)was obtained by doing 

hydrogenolysis reaction of  compound 21 using 

synthetic procedure of compound (ID13) to get 

83% yield. 1H NMR (600 MHz, Deuterium 

Oxide)  5.07 (d, J = 10.6 Hz, 4H), 4.63 (t, J = 7.6 

Hz, 2H), 4.50 – 4.40 (m, 1H), 4.34 – 4.15 (m, 

17H), 3.86 (qd, J = 12.1, 10.8, 5.8 Hz, 5H), 3.77 – 3.68 (m, 5H), 3.15 (t, J = 5.1 Hz, 2H) 13C 

NMR (151 MHz, Deuterium Oxide) δ 100.35, 99.98, 98.56, 76.15, 75.92, 75.80, 74.92, 

73.40, 72.70, 72.65, 71.88, 69.64, 68.13, 67.65, 67.52, 67.38, 67.00, 66.52, 66.22, 66.11, 
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65.66, 65.17, 64.20, 39.17. HRMS m/z calculated for C28H42NO49S9
-9, 162.6485; Found 

162.6487. 

 

Ethoxy-2-aminoethoxyl-O-((2,3,4,6-anhydro)-(1→4)-L-idopyrnosyl-(2,3,6-anhydro))-

(1→4)-L-idopyrnosyl- (2,3,6-anhydro))-(1→4)-L-idopyrnosyl- (2,3,6-anhydro))-(1→4)-L-

idopyrnoside (ID40) 

 

Compound (ID40)was obtained by doing 

hydrogenolysis reaction of  compound 18 using 

synthetic procedure of compound (ID10) to get 

83% yield. 1H NMR (600 MHz, Deuterium Oxide)  

4.85 – 4.73 (m, 4H), 4.26 (dt, J = 7.5, 3.9 Hz, 2H), 

4.15 (tt, J = 7.9, 4.1 Hz, 2H), 3.90 (dt, J = 17.7, 5.6 

Hz, 4H), 3.73 (dddt, J = 38.7, 29.0, 17.9, 5.5 Hz, 21H), 3.62 – 3.47 (m, 5H), 3.13 (t, J = 5.1 

Hz, 2H) 13C NMR (151 MHz, Deuterium Oxide) δ 101.66, 101.40, 100.35, 77.44, 77.31, 

71.23, 70.30, 70.09, 69.97, 69.78, 69.68, 69.63, 69.57, 67.52, 66.34, 59.95, 59.91, 59.73, 

39.04.HRMS m/z calculated for C28H51NO22Na, 753.2903; Found 753.2905. 
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