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Abstract 

Glycosaminoglycan (GAGs) are sulphated polysaccharides which can bind to multiple proteins. 

Heparan sulfate (HS) and chondroitin sulfate (CS) are two representative GAGs and the 

interactions between proteins have been implicated in cancer, viral infection and Alzheimerôs 

disease. Due to the heterogeneous and complex structure of GAGs, the structural requirements 

for protein binding are less defined. The chemical synthesis of GAGs fragments, which can 

offer structurally-defined oligosaccharides, is required for exploring GAGs-protein binding 

properties. 

This thesis presents the development of the chemical synthesis of HS/CS oligosaccharides 

based on glucuronic acid (GlcA) unit. Exploring building blocks applicable to the 

oligosaccharide with different protecting groups were developed. These protecting group can 

be selectively deprotected. This method allows for preparing more types of HS/CS 

oligosaccharide units in fewer synthesis steps.    

Two types of amine tag were designed for fluorescence detection and magnetic nanoparticles 

(MNPs) conjugation. These works will help to investigate HS/CS oligosaccharides in the 

biological application in future research. 
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1.Carbohydrates and Glycosaminoglycans 

1.1 Carbohydrates in Our Life  

Carbohydrates are an essential part of life. They play an essential role in many areas, such as 

papermaking, food industry and textile industry. The ancient Egyptians used papyrus for 

producing paper, and in ancient China, tree bark, hemp and other plants were used in 

papermaking. Wood pulp is still the primary material in the modern papermaking industry, and 

the main ingredient of the paper is cellulose 1. Starch 2 widely exists in food, such as rice, 

wheat and corn. As a key raw material in the textile industry, the most common component is 

also cellulose (Figure 1)1,2.   

 

 Figure 1. Structures of Cellulose and Starch 

However, their role in biological systems and biochemistry is the most diverse and of most 

interest. In organisms, glycolysis is an important biological process. This process can convert 

glucose into pyruvate, and the free energy released during the process can form ATP 3 and 

NADH 43 (Figure 2). 

 

Figure 2. Structures of ATP and NADH 
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ATP and NADH are both contain ribose structures and they are important energy sources for 

cells4,5. The overall glycolysis process can be simply represented as6: 

Glucose + 2 NAD+ + 2 ADP + 2 PO4
-3 
Ą 2 Pyruvate + 2 NADH + 2 H+ + 2 ATP + 2 H2O 

Furthermore, the intermediates of carbohydrate metabolism are carbon sources for many 

biomacromolecules. In the glycolysis pathway, pyruvate is reduced to lactic acid for energy in 

the cytoplasm or enters the mitochondria to oxidise to form acetyl CoA, then enters the 

tricarboxylic acid cycle. This process can achieve the conversion into sugars, fats and amino 

acids in the body7. 

Another carbohydrate metabolism pathway can convert glucose into glucose-1-phosphate, and 

then the UDP-glucose can be synthesised by reaction with uridine triphosphate (UTP). UDP-

glucose can form UDP-glucuronate by reacting with UDP-glucose dehydrogenase (UGDH)8,9. 

UDP-glucuronic acid 5 (Figure 3) is an important material that the liver can utilise to eliminate 

xenobiotics. It can react with lipophilic molecules to increase their solubility and excrete them from the 

body10, and this process named glucuronidation. 

 

Figure 3. Structure of UDP-Glucuronic Acid 

Carbohydrates can also act as a carrier of bioinformation. Nucleotides are the basic building 

block of nucleic acid. If the sugar in nucleotide is deoxyribose, it called deoxyribonucleotide 

6a, and if the sugar is ribose, it called ribonucleotide 6b. The polymers of these two nucleotides 

form DNA and RNA. (Figure 4). Furthermore, in the life process, such as cell signalling, 

differentiation, development and immune response, carbohydrates demonstrate many critical 

effects11. Thus, carbohydrates are a fascinating area for future developments in new drug design 

and discovery. 
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Figure 4. Structures of Nucleotides 

1.2 Carbohydrate-base Drugs 

Since scientists isolated a protein which can combine with sugar on red blood cell from 

Canavalia ensiformis in 196312,13, people started to research the interactions of sugars and 

proteins. These carbohydrate-binding proteins can agglutinate red blood cells, and the proteins 

are called lectins. Lectins are now used for blood typing. Because each type of red cell has its 

specific sugar on the surface and can react with specific lectins, this phenomenon has been 

applied to identify blood type14. After more and more glycobiological theories have been 

developed, the medical efficiencies of carbohydrate compounds have clarified gradually. 

Today, carbohydrate-based drugs account for a large proportion in the pharmaceuticals area. 

Calicheamicin ɔ1 7 (Figure 5) is a carbohydrate-based enediyne antibiotic. The carbohydrate 

section of Calicheamicin ɔ1 can help the whole drug molecule to embed into the minor groove 

of DNA. Then the drug molecule can be activated by Bergman-type cycloaromatisation, which 

generates diradical species. The diradical can quickly abstract the hydrogen from the DNA 

skeleton to break the DNA chains, thereby producing cytotoxins15 (Figure 6). 
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Figure 5. Structure of  Calicheamicin ɔ1 

 

 

Figure 6. Mechanism of enediyne antibiotic 

Erythromycin A 8 is a carbohydrate-containing antibiotic used for the treatment of Gram-

positive bacteria16. Digoxin 9 is a cardiac glycoside which is used for treating heart conditions17. 

As a glucosidase inhibitor, acarbose 10 lowers blood sugar, and research shows that acarbose 

can work effectively with type 2 diabetes18 (Figure 7). 
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Figure 7. Structures of Erythromycin A, Digoxin and Acarbose 

Carbohydrate-base drugs are also used for the treatment of viral infections. Zanamivir 11 can 

treat influenza A and B by inhibiting the neuraminidase on the envelope of virals19. In the field 

of antivirals, nucleoside analogues are an important class of antiviral drugs. Aciclovir 12 is 

used against the infection of herpes simplex virus (HSV)20. Aciclovir can be converted to 

acyclovir monophosphate by viral thymidine kinase, and then it can convert to acyclovir 

triphosphate by host cell kinases. Acyclovir triphosphate can combine with viral DNA to 

inhibit the replication21. The other nucleotides analogue, Zidovudine 13, is used for the 

treatment of HIV infection. Zidovudine works as a competitive inhibitor to inactivate the viral 

reverse transcriptase and leads to the termination of the DNA chain synthesis22 (Figure 8). 
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Figure 8. Structures of Zanamivir, Aliclovir and Zidovudine 

During this COVID-19 pandemic, Remdesivir 14 (Figure 9) has been widely reported as having 

potential against the infection of severe acute respiratory syndrome coronavirus 2 (SARS-CoC-

2). The Xiao group23 reported that Remdesivir performed against activity in vitro, and Wit 

Group24 reported Remdesivir could reduce lung damage in animal testing. Unfortunately, 

WHO25 has concluded that Remdesivir had little or no effection in clinical and Remdesivir is 

not suggestive in hospitalised therapy unless patients have a severe infection.   

 

Figure 9. Structure of Remdesivir 

The shells of many pathogens are usually wrapped in a layer of polysaccharides with weak 

immunogenicity, which enables them to escape the hostôs immune surveillance. Such capsular 

polysaccharide structures are very attractive research targets, and vaccines research based on 

these structures has achieved great success in infectious disease control26,27. Scientists from 

Cuba and Canada28 collaborated to develop a vaccine named  Quimi-Hib® 15 for preventing 

Haemmophilus influenzae type B (Figure 10).  
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Figure 10. Structure of  Quimi-Hib® vaccine 

Carbohydrate-based vaccines can also be used in parasite infection. Seeberger Group29,30 has 

reported the synthesis of glycosylphosphatidylinositol (GPI) from malaria parasite 

P.falciparum and prepared vaccine 16 with an immunogenic carrier protein (Figure 11). Even 

though the immunogen could not kill the parasite, it demonstrated the protection against the 

pathogenesis of malaria in vivo31. 

 

Figure 11. Structure of GPI-based vaccine 

Except for these carbohydrate-based drugs, there is another type of carbohydrates named 

glycosaminoglycan (GAG), which demonstrates several significant medical efficiencies. 

Glycosaminoglycans (GAGs) are long unbranched polysaccharides consisting of amino sugars 

and uronic sugars or galactose. According to the structures, GAGs can be classified as heparin 
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(HP)/heparan sulfate (HS), chondroitin sulfate (CS), keratan sulfate (KS) and hyaluronic acid 

(HA)32. 

1.3 Heparin and Heparan Sulfate 

1.3.1 Introduction 

Heparin (HP) and Heparan sulfate (HS) are a kind of linear glycosaminoglycan that consists of 

repeating disaccharide units. Even though they have similar disaccharide subunits, their 

distribution, structure and function are different. HP performs an anticoagulant effect. It is 

produced and stored by both basophils33 and mast cells, but mainly in mast cells34. HS widely 

exists in various cells, and it participates in the membrane structure and the interaction between 

cells and between cells and matrix35,36.  

The common structural feature is the disaccharide unit composed of uronic acid and amino 

sugar. The uronic acid monosaccharide could be iduronic acid (IdoA) 17 or glucuronic acid 

(GlcA) 18, and both of them could be 2-O-sulfated. The amino sugar building block may be 

either N-acetylglucosamine (GlcNAc) 19 or N-sulfo-glucosamine (GlcNS) 20, and they could 

be 6-O-sulfated and may also be 3-O-sulfated (Figure 12)37.  

 

Figure 12. Monosaccharide building blocks of HP and HS 
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In both HP and HS, the uronic acid is connected to glucosamine via ɓ(1Ą4) linkages, and these 

disaccharide units are connected via Ŭ(1Ą4) glycosidic linkages and to form HP and chains. 

In HP chain, IdoA(2S)-(1Ą4)-GlcNS(6S) is the most common disaccharide subunits and it can 

account for 90% of HP from bovine lung37.  

Unlike HP, the proportions of IdoA and GlcA in HS chains occur with different ratios in 

different tissues. In endothelial cells and connective tissue mast cells, the major repeating 

disaccharide unit is GlcA-GlcNS(3S), but more IdoA(2S)-GlcNS(3S) disaccharide subunits are 

presented in kidney cells38-40. Besides that, HS has a lower sulfation degree of monosaccharide 

and a higher acetylation degree than HP (Figure 13)37. 

 

Figure 13. The general structure of HP/HS 

1.3.2 Heparan Sulfate Proteoglycans  

Proteoglycans (PGs) are an essential part of the extracellular matrix (ECM) and play important 

roles in matrix remodelling, homeostasis and signalling41. Proteoglycan is a glycoconjugate, 

and its basic structure consists of long unbranched glycosaminoglycans and a core protein 

connected by covalent bonds42.  
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Heparan sulfate proteoglycan (HSPG) is a proteoglycan attached with heparin sulfate, and it 

presents several functions in cells and tissues. There are three subfamilies of HSPGs. The first 

subclass is the membrane-spanning proteoglycans, including syndecans, betaglycan, and 

CD44v3. The second one is glycophosphatidylinositol (GPI)-linked proteoglycans named 

glypicans, and the other one is the secreted extracellular matrix (ECM) proteoglycans 

containing perlecan, agrin and collagen XVIII43. 

HSPGs can act as co-receptors for growth factors and tyrosine kinases for their receptors, 

improving signal transmission44,45. They also help to transport chemokines across cells and 

present them on the cell surface46, and this behaviour helps repair tissue damage. In basement 

membranes, HSPGs can collaborate with the matrix to maintain the basement membrane 

structure47 and provide material for cell migration48.  

1.3.3 Heparin and Heparan Sulfate in Cancer 

Heparin and its derivatives are commonly used to treat cancer-related thromboembolism, but 

clinical evidence shows that patients who use unfractionated heparin (UFH) and low-

molecular-weight heparin (LMWH) have a longer survival time than those who use other 

anticoagulants49,50. 

Heparin and its derivatives can inhibit angiogenesis and lymphangiogenesis51, which may be a 

potential factor for UFH and LMWH to inhibit cancer. Studies have shown that the probability 

of cancer metastasis through lymphatic vessels is 3-5 times that of metastasis through blood 

vessels52. When vascular endothelial growth factor receptor 3 (VEGFR-3) is phosphorylated, 

lymphangiogenesis is activated53. A derivative of LMWH, LHbisD4, has been shown to inhibit 

lymphangiogenesis by inhibiting the phosphorylation of VEGFR-3. In vitro experiments have 

shown that LHbisD4 can significantly reduce the metastasis of cancer cells to lymph nodes54ï

56. 

Another potential factor may be the effect of heparin on platelets. Scientists have found that 

platelets can act as a bridge between cancer cells and the endothelial layer, thereby enhancing 

the ability of cancer cells to metastasise57,58. P-selectin exists in platelets and endothelial cells, 

and when P-selectin is lacking or using heparin P-selectin inhibitors, the metastatic ability of 

cancer cells is weakened59. In the study of human colon cancer LS180 cells, it was found that 

heparin can break the adhesion between cancer cells and P-selectin60 (Figure 14). 
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Figure 14. Mechanism of HP inhibits the adhesion between the cancer cell and P-selectin; (A) 

P-selectins bind to the ligands on the cancer cell to form a platelet-cancer cell complex; (B) HP 

blocks the binding of the cancer cell to the platelet52. 

As an analogue of heparin, heparin sulfate can also affect cancer-related processes. HSPGs 

interact with many proteins, thereby affecting cell growth, differentiation and cell response to 

the environment61. HS has been developed as an anticoagulant in clinical trials and it was found 

that it could perform an inhibition to the growth and transfer of tumour cells62. The proliferation 

and transfer of tumour cells are related to angiogenesis. Tumour cells release angiogenesis 

factor to improve angiogenesis, and most of these cells have high expression of VEGF. VEGF 

receptor (VEGFR) has three subclasses: VEGFR-1, VEGFR-2 and VEGFR-3. VEGF can 

combine with VEGFR to promote vessel growth and VEGFR-2 play a key role in these 

processes. HS can bind with VEGFR-2 to decrease the activity of VEGFR-2 and block the 

combination of VEGF and VEGFR, so the vessels growth of tumour cells is restrained63.  

Tumour cells also have a high expression of heparanase (HPSE). HPSE can cleave the HS 

chains in the HSPGs, which can release VEGF and accelerate tumour growth. HS has a high 

affinity with HPSE and can be decomposed by HPSE. HP and HS can suppress tumour transfer 

effectively64. 

The HSPGs can also be an alarm when cells become cancerous. The change of ligands makes 

HSPGs altered. For example, glypican-1 is presented at a higher level in cancer cells than in 

normal cells65. HSPGs interactions can also be represented by binding to fibronectin, laminin, 

htrombospodin and collagen66. These interactions are usually decided by the sulfation character 

of the binding HSPGs and it can affect the adhesion of cancer cells. For example, syndecan-2 

(SDC2) improves cell adhesion and proliferation. The down-regulation of expression of SDC2 

can lead to arrest of the cell cycle, which leads to inhibition of colon and breast cancer67,68. In 

cancer of breast, colon, prostate and bladder, SDC2 is expressing at a high level64. Based on 
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this property, a methylated SDC2 has been developed as a serum DNA marker for diagnosis 

of colon cancer at an early stage69,70. 

1.3.4 Heparin and Heparan Sulfate in AIDS 

The human immunodeficiency virus (HIV-1) leads to acquired immune deficiency syndrome 

(AIDS)71. Heparin and its derivatives have demonstrated abilities to inhibit HIV72. To enter 

into a cell, HIV needs to bind to envelope glycoprotein gp120 first and then combine with 

receptor CD473 and a co-receptor (CCR5 or CXCR4)74,75. HS has been known that it has an 

interaction with gp120. HIV can bind to HS polysaccharides, and the viral particle will bind to 

the cell surface and leads to infection76,77. The following observation of HS binding to CD4 

can inhibit HIV entry78. A CD4-linked HS dodecasaccharide conjugation has been designed. 

This glycoconjugate can bind to gp120 and block the CD4 bind (Figure 15)71. 

 

Figure 15. Mechanism of HP to inhibit the HIV binding to CD4; (A) HIV is binding of gp120 

to a cell surface receptor CD4 and a co-receptor; (B) CD4-HS glycoconjugate block the 

interaction between gp120 to CD4 and co-receptor71. 

1.3.5 Heparan Sulfate in Other Diseases  

Diabetes can lead to kidney failure which can change the properties of the glomerular capillary 

wall. This change can cause proteinuria, which is also one of the symptoms of diabetes. The 

glomerular capillary wall has a filtering effect on macromolecules, and the glomerular 
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basement membrane (GBM) is considered to play a key role in this function. There is an 

electrostatic impedance to negatively charged macromolecules in GBM, which may be due to 

the presence of glycosaminoglycans in the GBM structure79ï81. GBM has a three-layer structure: 

the inner lamina rara interna, the lamina densa and the outer lamina rara externa, and a large 

amount of negatively charged heparan sulfate is found in the inner and outer lamina82ï84. 

Increased activity of heparanase has been observed in diabetic nephropathy, and this enzyme 

can degrade HS. Studies have shown that a low molecular weight heparin Sulodexide can 

reduce the effect of proteinuria excretion. The reason may be Sulodexide is a heparanase 

inhibitor to prevent HS degradation85. 

Inflammation is a defence response of the body to stimuli, which is mainly achieved by the 

entry of leukocytes from the blood into the injured tissue. HS plays an essential role in this 

process. Selectin on leukocytes can interact with HS on the endothelial surface and slow down 

circulating cells86. Then HS activates leukocyte adhesion molecules, thereby promoting strong 

adhesion, catching white blood cells and making them move out of the blood vessel87,88. In 

addition, HS can present activated chemokines and interleukins to attract leukocytes89. 

Researches90 have shown that HP has an anti-inflammatory effect. The mechanism may be that 

HP interferes with the combination of selectin between HS and to achieve the anti-

inflammatory effect86. 

AS the most common neurodegenerative diseases, one of the main features of Alzheimer's 

disease (AD) is the accumulation of amyloid-ɓ (Aɓ) in the brain91. It is believed that HSPG 

promotes the aggregation of Aɓ and HS has been shown to protect Aɓ aggregates from 

proteolytic degradation, resulting in the persistence of Aɓ. HP can enhance the synthesis of 

amyloid precursor protein (APP)92. Aɓ is produced by APP, and in this process, ɓ-position 

amyloid precursor protein cleaving enzyme 1 (BACE1) can generate the ɓ terminus of Aɓ. 

Therefore, BACE1 is an important target for AD drug development. HP and HS themselves 

have been proven to have an inhibitory effect on BACE193. In vitro experiments, LMWH can 

cross the blood-brain barrier (BBB) while retaining the ability to inhibit BACE194,95. 

1.4 Chondroitin Sulfate 

1.4.1 Introduction 

Meyer et al. identified a large amount of chondroitin sulfate (CS) in the study of connective 

tissue96. Like HP/HS, CS is also a linear glycosaminoglycan, which is one of the main 
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components of the extracellular matrix in connective tissue97. CS can help cartilage resist 

physical compression98. Some studies have shown that intake of CS can relieve osteoarthritis99, 

but there are also researches shown that CS has no pronounced effect on the treatment of 

osteoarthritis100,101.  

CS is composed of a repeating disaccharide unit, and unlike HP/HS, this disaccharide unit 

contains only glucuronic acid (GlcA) and N-acetylgalactosamine (GalNAc). GlcA and GalNAc 

is linked via ɓ(1Ą3) linkage, and the disaccharide unit are connected via ɓ(1Ą4) linkages. 

According to the site and degree of sulfation, CS can be classified as CS-A, CS-B, CS-C, CS-

D, CS-E, CS-F, CS-K, CS-L, CS-M and CS-O (Figure 16). CS-A is rich in [GlcA-GalNAc(4S)] 

and CS-C is rich in [GlcA-GalNAc(6S)]. CS-D and CS-E are disulfate CS, and their structures 

are [GlcA(2S)-GalNAc(6S)] and [GlcA-GalNAc(4,6S)], respectively102. CS-B is now formerly 

known as dermatan sulfate (DS) and it has a hybrid copolymer structure composed of low 

modification CS and high modification DS domains103. CS-F, also called FucCS, is fucosylated 

chondroitin sulfates, a distinct CS derivative found in sea cucumber species. It has the same 

(GlcA-GalNAc) backbone as that of CS, but there is also a sulphated fucosyl branching unit 3-

O-linked to the GlcA unit104. CS-K is [GlcA(3S)-GlaNAc(4S)], L is [GlcA(3S)-GalNAc(6S)] 

and M is [GlcA(3S)-GalNAc(4,6S)]105. CS-O is chondroitin which has no sulfation on the sugar 

chain106.  



32 

 

 

Figure 16. Structures of CS derivatives 

CSs widely exist in humans, other mammals and invertebrates, and extracted CSs typically 

contain different variations.  Commercial CS source is usually the cartilage of mammals and 

marine organisms. Generally, mammalian tracheal cartilage contains more CS-A and some CS-

C, while shark cartilage is rich in CS-D and some CS-D106, and squid cartilage is a commercial 

source of CS-E105. 

1.4.2 Chondroitin Sulfate Proteoglycans 

Chondroitin sulfate proteoglycans (CSPGs) are a series of proteoglycan composed of the core 

protein and CS chains. CSPGs widely exist in various human tissues and are one of the 

important components of cartilage. Besides,  CSPGs participate in cell growth, adhesion and 

migration processes and interact with other extracellular components107. 
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CSPG plays a critical role in the nervous system. Spinal cord injury (SCI) is a destructive 

central nervous system (CNS) disease. A glial scar will be formed, and CSPG is one of the 

components of this scar. The glial scar can act as a barrier to prevent the damage from spreading 

to nearby healthy tissues, but it also blocks the new axons to grow into the injury position and 

inhibits the self-regenerate of the spinal cord108. Osterhout group109 reported that the use of 

chondroitinase to degrade CS can reverse the inhibitory effect of CSPGs, allowing 

oligodendrocyte progenitor cells (OPCs) to grow into the injury suites. Igarashi group110 used 

a genetic device to remove an important CS synthase from mice and found that these mice had 

smaller glial scar than the mice treated with chondroitinase. The smaller scars may contribute 

to a better recovery, as this weakens the barrier for axons to grow into the injury site. In addition, 

they also up-regulated the synthesis of HS and observed that it could promote the growth of 

axons and make mice recover even better.   

1.4.3 Chondroitin Sulfate in Cancer 

CS is a key molecule that regulates multiple cellular processes, and the abnormal expression 

and functions of CSPGs have been confirmed in many types of cancer. High concentrations of 

CSPGs can be found in tumour stroma and tumour fibrosis tissues, such as versican and 

decorin111. Versican is secreted by prostate fibroblasts and is found in the blood vessels of brain 

tumours, the stroma of prostate cancer, breast cancer and some other types of malignant 

tumours112. Versican can form macromolecular complexes with hyaluronic acid (HA) and 

CD44, which can promote the movement of prostate cancer cells and cause tumour migration. 

In breast cancer, versican also expresses a similar function, and this function enhances cancer 

the ability of tumour cells to metastasise113,114. In human colon cancer, it was found that the 

structures of versican and decorin were changed, the DS chains on these proteoglycans were 

substituted by non- and 6-sulfated CS disaccharide. The same structural changes were also 

found in rectal cancer, pancreatic cancer and gastric cancer115. Furthermore, in the study of 

multiple myeloma, it was found that the proteoglycan serglycin synthesised and secreted by 

tumour cells only contains CS chains116. In the study of renal adenocarcinoma, it was found 

that versican produced by renal adenocarcinoma cells can interact with L-selectin and P-

selectin through the CS chain. Cancer cells that bind to selectin can interact with platelets, 

white blood cells and vascular endothelial cell, causing its spread in the microvasculature117. 

CD44 is a cell adhesion molecule, and studies have shown that the CS chain plays an important 

role in the binding of CD44 and proteoglycan. The CS-A chain can help CD44 bind to the 
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aggrecan of rat chondrosarcoma. CD44 can also conjugate with serotonin which modified by 

CS-A and CS-C118ï120. In the process of wound repair, CD44-related CSPG can bind 

fibrinogen/fibrin to mediate the adhesion of wound microvascular endothelial cells and migrate 

to the fibrin matrix. After the use of ɓ-xyloside to inhibit the synthesis of CSPG, this migration 

and invasion are reduced121. 

Based on the research of CS in the pathogenesis of cancer, related drugs have been developed. 

Exposing CS and HS to carbodiimide (EDAC) can generate new glycans. This sugar can be 

used in myeloma cells and breast cancer apoptosis of cells in vitro. When EDAC-modified CS 

is injected directly into breast tumours growing in rats, it can reduce or eliminate cancer cells 

and has no obvious toxicity to adjacent normal tissues122. In addition, the use of chondroitinase 

can also reduce binding between CSPG and P-selectin, thereby inhibiting the metastasis of 

cancer cells123. FucCS, in biological experiments, has also been found can inhibit the metastasis 

of cancer cells mediated by selectin124. 

1.4.4 Chondroitin Sulfate in Central Nervous System Disease 

ECM is a crucial cellular environment and participates in the physiological activities of cells. 

PGs are the majority component of ECM, and CSPGs constitute most of them in the CNS125. 

About this series of CSPGs, they belong to the lectican family. Based on this protein, four types 

of CSPGs are formed: aggrecan, versican, neurocan, and brevican125 (Figure 17). 
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Figure 17. Domain structures of CSPGs in CNS. Lacticans are composed of the N-terminal 

domain and the C-terminal domain. All lacticans contain CS chains, and only aggrecan contains 

KS chains125. 

Among the several types of CSPGs found in the ECM of the nervous system, aggrecan has 

been shown to be related to the growth of the neurite108. Aggrecan is encoded by the CSPG1 

gene and is widely distributed in the human body. Its core protein has a molecular weight of 

370kDa and has keratan sulfate side chains. The N-terminal of aggrecan can be covalently 

combined with HA, and the formed polymer is the main component of cartilage126. The core 

protein of aggrecan is composed of three globulins (G1, G2 and G3), which can be divided into 

the globular domain between G1 and G2 domains and the globular domain containing GAGs 

between G2 and G3127. Among them. The ends of the G1 is the N-terminal, which is the binding 

site for GAG chains. This area has a large amount of negative charge, which can affect the 

osmotic pressure of the surrounding environment. The C-terminal G3 can regulate the linkage 

of the GAG chains and affect the secretion of aggrecan128. 
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Brevican is encoded by the CSPG7 gene and has a domain containing the CS chains between 

G1 and G3. The molecular weight of its core protein is 145kDa129. Brevican is more expressed 

in the adult brain than in the embryo and is present in the perineuronal net of large neurons130. 

Brevican is believed to regulate the plasticity of paralbumin cells, which are considered to be 

required for learning and memory131. Neurocan has a similar structure as Brevican, encoded by 

the CSPG3 gene, and its core protein molecular weight is 164kDa132. Generally, neurocan is 

secreted by neurons, and it mainly exists in the adult central nervous system. It can bind to 

specific receptors on neuronal cell membranes and neuronal cell adhesion molecules to affect 

the growth of axons133. 

Versican is encoded by the CSPG2 gene and is widely distributed in heart, cartilage, nerve and 

skin tissues. Its core protein has a molecular weight between 265-370kDa and usually contains 

12-15 CS chains. Versican subtypes V1 and V2 are crucial in the human body. The V1 subtype 

is mainly expressed in the late embryonic stage and induces the differentiation of neurons134, 

while the V2 subtype is expressed in mature tissues and is the main component of the ECM of 

mature neurons, inhibiting the outgrowth of nerve synapses135. 

In addition to the lactican family, there are two more important CSPGs in the central nervous 

system: neuron-glial antigen 2 (NG2) and CD44. NG2 is encoded by the CSPG4 gene, and it 

is a kind of transmembrane CSPG expressed in glial cells. In CNS, glial cells can be divided 

into astrocytes, oligodendrocytes and microglia136. The expression of NG2 is associated with 

scar formation composed of astrocytes. In traumatic brain injury (TBI), SCI and 

neurodegenerative diseases, the number of NG2 riched glial cells in the lesion site is 

significantly increased136,137. Studies have shown that NG2 can inhibit axon regeneration after 

CNS injury in mice138. Another CSPG CD44 is encoded by the CSPG8 gene, mainly expressed 

in the white matter of the human brain and secreted by astrocytes139. CD44 is the receptor of 

another key GAG, HA, and HA also plays a critical role in the brain140.  

In perineuronal nets (PNs), the relevant components of ECM can maintain the structural 

stability of neurons and protect neurons from damage141. There is an age-related increase in the 

expression of aggrecan, and it is considered to play a key role in the protection of neurons142. 

Studies have found that subcortical neurons wrapped in PNs containing aggrecan will be less 

affected by neurofibrillary degeneration142, and the wrapped neurons can also be protected from 

the influence of amyloid proteins141. However, the researchers found that the expression of a 
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specific metalloproteinase is increased in AD, Down syndrome (DS) and Pickôs disease (PD). 

This enzyme can degrade aggrecan, thereby harming the brain143. 

In neurodegenerative diseases, brevican can help maintain the integrity of the synapses. The 

matrix containing brevican can form perisynaptic coats with cartilage link protein-1 in the 

human brain, which can maintain the integrity of the synapse144. The study in SPs has found 

that the loss of synapses occurred simultaneously with the loss of brevican-based coats141. 

Defective brevican processing can also lead to poor neuronal plasticity in AD145. Neurocan is 

abundantly secreted by astrocytes, and the aggregation of Aɓ can obviously promote the 

expression of neurocan146. It has been reported that the neurocan can prevent unnatural linkage 

between nerve cells and maintain the health of the nervous system. After central nervous 

system damage, astrocytes also produce neurocan in large quantities, which may be used to 

supplement the ECM proteins lost due to injury125.  

NG2 is secreting by a subtype of glial cells called oligodendrocyte precursor cells (OPC), or 

NG2 cells. These cells are abundant in the adult brain, accounting for 5-8% of brain cells147. 

When the nervous system is injured, these cells will activate rapidly. These cells can 

accumulate around amyloid plaques, phagocytose and degrade Aɓ through endocytosis. In 

addition, NG2 cells can be differentiated to produce neurons148. Destruction of NG2 cells is an 

early pathological phenomenon of AD149, which leads to the increase of Aɓ and the inability 

to produce new neurons150. Also, the loss of NG2 glial cells has been found in PD and 

ALS151,152. It has been reported that brain-derived neurotrophic factors can improve synaptic 

plasticity and restore cognitive function by targeting the NG2 cells, which may be an effective 

strategy for treating neurodegenerative diseases153. 

1.4.5 Chondroitin Sulfate in Osteoarthritis  

Osteoarthritis (OA) is characterised by changes in the structure and metabolism of joint tissues, 

leading to cartilage degradation, subchondral bone sclerosis and synovial inflammation. CS is 

the main component of the ECM of connective tissues. In cartilage, CS is responsible for the 

biomechanical function of cartilage. The accumulation of CSPG in cartilage can help cartilage 

resist pressure154. During bone development, all cartilages produce CS155. In the study of 

osteoarthritis, it was found that the total mass of cartilage and the amount of CS in the joint 

fluid is reduced156. Intake of CS can be used as a treatment for cartilage damage because 

increasing the CS concentration can promote the regeneration of the matrix154. 
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The mechanism of how CS affect OA has not been definitively concluded. Studies have shown 

that neutrophil elastase can degrade proteins in the connective tissue matrix. CS has been found 

that it can inhibit the activity of proteases due to the charge density157. In addition, the anti-

inflammatory effect of CS can treat rheumatoid arthritis. Pro-inflammatory cytokines TNF-Ŭ 

and IL-1 are found in patients with rheumatoid arthritis. These two cytokines can induce the 

synthesis of IL-6. TNF-Ŭ, IL-1 and IL6 are highly expressed in the lesion in rheumatoid arthritis, 

and CS can reduce the levels of TNF-Ŭ and IL-6 in the serum158.  

In addition, CS can also promote the synthesis of type II collagen and PGs in the matrix. This 

may be because CS can downregulation the activities of matrix metalloproteinases159. CS can 

also act on the cell signal signalling pathway. It has been reported that CS can act the MAP 

kinase pathway, inhibiting the activation of extracellular signal-regulated kinase 1/2 (Erk 1/2) 

and p38 mitogen-activated protein kinase (MAPK), and it can reduce the translocation of the 

nuclear transcription factor-əB (NF-əB). These effects lead to the reduction of chondrocyte 

apoptosis and improve joint function160. CS can also reduce cell apoptosis through antioxidant 

effects. Cell peroxidation is the direct result of free radical damage, and it has been found to 

play an important role in the process of cell death. CS can reduce the production of free radicals 

and scavenge free radicals. It can reduce DNA chains break and proteins oxidation161. CS can 

also help to restore the endogenous antioxidants, reduced glutathione (GSH) and superoxide 

dismutase (SOD), and protect cartilage cells from being attacked by free radicals162. 

1.5 Other Types of GAGs 

1.5.1 Dermatan Sulfate 

DS is mainly expressed in the skin and is highly produced in the process of wound repair163. 

DS is also called CS-B. In DS chain, uronic acid and GalNAc is linked via ɓ(1Ą3) linkage and 

the disaccharide units are connected via ɓ(1Ą4) linkages. DS was initially defined as the CS 

family by the GalNAc-GlcA disaccharide structure in its chain, but the GalNAc-IdoA structure 

was subsequently found in the chain that distinguishes DS from CS. The position of IdoA in 

the DS chain is variable, and the degree of sulfation is also uncertain. The particular structure 

of DS makes it contains three variables in uronic acid position (GlcA or IdoA or 2S-IdoA) and 

four variables in the position of GalNAc (GalNAc or 4S-GalNAc or 6S-GalNAc or 4,6S-

GalNAc) (Figure 18)164.  
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Figure 18. Structure of DS 

The disaccharide structure and the sulfation degree in the DS chain affect the interaction 

between DS and different proteins. It has been reported that compared with the fragments that 

predominate in  GlcA-based disaccharide, fragments containing more IdoA can significantly 

inhibit the proliferation of fibroblasts165. DS also shows anticoagulant effects. HP generally 

forms a complex with fibrin and thrombin, but DS does not bind to fibrin and directly binds to 

thrombin166. This particular complex makes DS performing better anticoagulant effect than HP 

on the prevention of thrombosis after surgery. DS can also achieve anticoagulation by 

activating the activated protein C (APC), an endogenous inhibitor164. 

DSPG also participates in many physiological functions in the human body. Tenascin-X is an 

ECM protein in connective tissue. The DS chain on decorin can be combined with tenascin-X 

to maintain the tensile strength of the skin167. In the skin injury, syndecan-1 and decorin are 

also increased significantly in the dermis168. It has been reported that most soluble PGs in 

wounds are DSPGs163, and the mice lacking syndecan-4 showed slow wound healing169. 

Syndecan-1 and syndecan- 4 can also induce fetal skin repair without scarring168. 

1.5.2 Keratan Sulfate 

Keratan sulfate (KS) was firstly identified in the cornea170, and subsequent researches showed 

KS also exists in cartilage, bone and brain171,172. The representative structure of KS consists of 

a repeating disaccharide unit which is composed of ɓ(1ŕ3) glycosidically linked N-acetyl-D-

glucose and D-galactose, and the disaccharides are connected via ɓ(1ŕ4) linkages (Figure 

19)173. 
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Figure 19. Structure of KS 

KS is closely related to eye diseases. Macular dystrophy is a genetically related eye disease, 

and it causes the degeneration of the most sensitive part of the central retina. Studies have 

found that mutations of the CHST6 gene influence the sulfated level of KS. Corneal N-

acetylglucosamine-6-sulfotransferase (C-GlcNac6ST) is a key enzyme that produced the 

CHST6 gene, and it is essential for KS sulfation. It has been reported that the low activity of 

this enzyme can lead to the production of unsulfated KS, which affects the transparency of the 

cornea174. Moreover, the lack of sulfated KS will make the mice have thinner cornea than those 

healthy mice175. Defects in the KS chain can also lead to keratoconus, and this disease can 

cause visual impairment176. 

As one of the essential components of EMC and cells, KSPGs participate in cell adhesion, 

migration and proliferation. The KS chains on KSPGs can also work as biosensors on cell 

recognition and information transmission174. KSPG also plays an important role in cancer. Two 

KSPGs, podocalyxcin and lumican, are expressed in cells. Studies have shown that they all 

contain oversulfated KS in tumour cells, which is believed to be related to tumour cell invasion, 

metastasis and growth177,178. 

1.5.3 Hyaluronic Acid  

Hyaluronic acid (HA) was firstly found in the vitreous body of bullôs eye in 1934.  The structure 

of HA consists of a repeating disaccharide unit which is composed of ɓ(1ŕ4) glycosidically 

linked N-Acetyl-D-glucose and D-GlcA, and the disaccharides are connected via ɓ(1ŕ3) 

linkages (Figure 20). 
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Figure 20. Structure of HA 

HA is one of the essential components of ECM. It is responsible for maintaining the elasticity 

and viscosity of connective tissue and regulating water transport between them. HA is widely 

used clinically because of its superior moisturising effect and viscoelasticity179. For example, 

HA in OA can be used as a joint supplemental fluid to reduce the impact of joints and increase 

their lubricity180. Or in eye surgery, HA can be used as an assistive material to help maintain 

the shape of the internal structure of the eye179. 

HA is also closely related to cancer. Studies have shown that all human epithelial tumours are 

wrapped in HA-rich matrixes, which corresponds to the fact that normal epithelial cells have 

deficient HA expression. HA is considered to be the main component to maintain the stability 

of tumour cell structure. Moreover, overexpression of HA will affect the life expectancy of 

cancer patients181. It is reported that increased HA expression can significantly increase the 

recurrence rate of colorectal cancer182, and the increase of HA in urine could be an early 

symptom of bladder cancer181. In addition, HA can promote tumour metastasis. HA can 

increase the fluidity of ECM, allowing tumour cells to move around in the ECM183. HA also 

plays an important role in the process of cell division. HA accumulates inside the cell, 

especially around the nucleus184, and then move to the cell surface during mitosis. HA can 

interact with PGs such as CD44, versican and aggrecan, which is also believed to help cell 

migration185. 
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2. Synthesis methods of Glycosaminoglycans 

2.1 Chemical Synthesis of Glycosaminoglycans 

2.1.1 Synthesis of Glycosides 

In the synthesis of oligosaccharides, the formation of glycosides is a critical step. Fischer 

glycosylation is one of the most famous methods to prepare glycosides. This method is easy to 

operate, involving suspension of monosaccharides in alcohol with an acid catalyst, and heating 

to reflux to obtain the corresponding products186 (Figure 21).  

 

Figure 21. Fischer glycosylation with D-glucose 

According to reaction time, this method can obtain the kinetic product (short reaction time) or 

the thermodynamic product (longer reaction time)187 (Figure 22). 

 

Figure 22. Thermodynamic and kinetic products in Fischer glycosylation 

In Fischer glycosylation, the activities of glycosyl donors (free sugar or hemiacetal) are usually 

low, so active alcohol as glycosyl acceptor in this method is necessary product yield obtained 

by method is not ideal. In addition to Fischer glycosylation, another well-known glycoside 

synthesis method is the Koenigs-Knorr reaction, which is widely used in halogenated sugar 

research. 
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Glycosyl halides have been very important in the development of carbohydrate chemistry. The 

first reported glycoside reaction was in 1879. Arther Michael synthesised a phenyl glycoside 

by using tetra-acetyl glucopyranosyl chloride, sodium phenolate and ethanol188. According to 

this method, Koenigs and Knorr developed a glycosylation method using glycosyl bromide 

with alcohol and silver carbonate189 (Figure 23). 

 

Figure 23. Koenigs-Knorr reaction with acetyl-bromo-glucopyranoside 

In the following study of the Koenigs-Knorr reaction, Helferich introduced promoters to the 

reaction, including HgCN2 and the combination of HgBr2/HgO. The promoter can block the Ŭ 

face of the reaction intermediate and promote the formation of the ɓ-product189. Schuerch found 

that silver triflate is one of the most effective catalysts for the Koenigs-Knorr reaction190. 

Although the Koenigs-Knorr reaction is constantly being improved, the production of heavy 

metal waste is still unavoidable. Therefore, other glycosylation methods are more deployed. 

Sinay had used the Koenigs-Knorr reaction to synthesise disaccharide, and he found that the 

yield of the target product was poor when 2-acetamido-2-deoxy-glucopyranoside was used as 

the acceptor. He studied the intermediate products and found that a large amount of imidates 

were formed during the reaction191. According to this discovery, Sinay prepared glycosyl 

acetimidate by using glycosyl halide and methyl acetamide, and he used this compound as a 

donor and obtained a very high yield of the target product in disaccharide synthesis192 (Scheme 

1). 

 

Scheme 1. Synthesis of 1,2-cis-disaccharide with imidate 
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After that, Schmidt developed the trichloroacetimidate method. Trichlorocacetimidate is a 

better leaving group than methyl acetimidate. He prepared O-glycosyl trichloroacetimidate and 

confirmed the trichloroacetimidate is a brilliant leaving group. In this method, starting material 

1-OH unsubstituted sugar can interact with trichloroacetonitrile under base conditions and form 

the glycosyl trichloroacetimidate compound. In the trichloroacetimidate method, potassium 

carbonate catalysed reaction is conducive to the ɓ-configuration products, while sodium 

hydride is conducive to forming the Ŭ-configuration products and extending the reaction time 

is also conducive to the formation of Ŭ-products (Figure 24)193.  

 

Figure 24. Tricloroacemidate method with 1-hydroxyl-glucopyranose 

Compared with the Koenigs-Knorr reaction, the trichloroacetimidate method does not require 

heavy metal reagents, and the product is stable enough to store. In addition, the 

trichloroacetimidate method is more flexible than general glycosylation protocols. In 1990, 

Fraiser-Reid proposed the concept of armed/disarmed in carbohydrate synthesis. In the 

glycosylation reaction, if the glycosyl donor has an electron-withdrawing group (ester group) 

at C-2 position, the glycosylation is not easy to occur. In contrast, if there is an electron-

donating substituent (ether group) on the C-2 position of the donor, glycosylation is easy to 

occur (Figure 25)194.  
































































































































































