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Abstract This short review describes the assistance of click chemistry
in the chemical modification of glycosaminoglycans. Through an
alkyne-azide 1,3-dipolar cycloaddition reaction, the chemically and
physiologically stable triazole unit connects glycosaminoglycans with
other labelled or attached functionalities. The synthesized glycosamino-
glycan (GAG) conjugates act as drug carriers, forming hydrogels or
nanohydrogels for localized drug delivery or injectable GAGs and so on.
These are used in research on antithrombotic agents, protein binding,
and hepatocyte growth factors, as well as in mechanistic studies of gly-
cosaminoglycans biosynthesis and wound healing.
1 Introduction
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3 Click Chemistry
4 Modification of GAGS Applying Click Chemistry
5 Conclusions
6 Abbreviations
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1 Introduction

Naturally abundant anionic heteropolysaccharides, gly-

cosaminoglycans (GAGs), are composed of an amino sugar

(N-acetylated, or N-sulfated D-glucosamine and/or N-ace-

tyl-D-galactosamine), uronic acid (D-glucuronic acid or L-

iduronic acid), and galactose units, as shown in Figure 1.1–6

The linkages are either 1,4- or 1,3- and the sulfation are at

4-, 6-, or 2-positions, depending on the GAG type, with the

exception of hyaluronan, which is unsulfated. GAGs usually

control cell–cell contacts, cell proliferation, enzyme inhibi-

tion, growth factor receptor activation and other metabolic

processes. Apart from the organization of extracellular ma-

trices, due to high charge density (retaining water mole-

cules),7 glycosaminoglycans have been reported to interact

with different proteins, especially chemokines,8 during in-

flammation9–12 and for promoting chemotaxis.13,14 Their

contribution is also highly notable in the studies of blood

anticoagulation,15 fertilization,16 and reproduction17 etc.

These are mostly found as part of a proteoglycan that is at-

tached to a protein core.

Heparin, heparan sulfate, chondroitin sulfate, keratan

sulfate, and hyaluronan are the most extensively used GAGs

in medicine. One of the GAGs, heparan sulfate (HS),18 is pri-

marily found on the surface of cells for circulating leuco-

cytes and regulating cell–cell and cell–extracellular matrix

interactions. Heparin generally dissociates from the protein

core and exists as free GAG chains, and it acts as an antico-

agulant, in brain development, and as an anticancer agent.19

Though structurally similar, the average heparin disaccha-

ride contains 2.7 sulfate groups, whereas heparan sulfate

contains one sulfate group per disaccharide, and L-iduronic

acid predominates in heparin, whereas the D-glucuronic

acid epimer is present in heparan sulfate.20,21 Chondroitin

sulfate (CS) contains a higher percentage of glucuronic acid

units than iduronic acid. It is used as an alternative medi-

cine in dietary supplements to treat osteoarthritis, brain

development, learning and memory-related issues, joint

pain and so forth. Dermatan sulfate, also known as chon-

droitin sulfate B, plays roles in coagulation, cardiovascular

disease, carcinogenesis, infection, wound repair, skin shape

maintenance, and fibrosis. The concentration of iduronic

acid units is higher than that of glucuronic acid units in

CS.22 Keratan sulfate is the only GAG that does not contain

uronic acid; it is composed of almost all glucosamine and

some 6-sulfated galactose units.23 It is one of the major

components of the cornea and plays important roles in cor-
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Figure 1  Structures and pictorial representation of glycosaminoglycans
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neal development and the maintenance of corneal trans-

parency in the tissue. Hyaluronic acid (HA)24 has the highest

average molecular weight, with longer chains reaching 104

kDa; other GAGs fall between 30 and 40 kDa. HA has roles

in tumor marking, eye and plastic surgery, and wound heal-

ing etc.

2 Synthetic Modification of GAGS

Though these GAGs are biologically and medicinally im-

portant polysaccharides obtained from natural sources (an-

imal tissue or bacterial cells) with heterogeneity and struc-

tural variation, sufficient quantities of these well-defined

polysaccharides are required for structure–activity rela-

tionship investigations as well as other biological studies. In

recent times, it has been observed that polysaccharides can

be modified to produce a wide range of derivatives such as

nanogels, hydrogels, and micelles with unique architectural

structures.25–27 The structural modifications of heteropoly-

saccharide GAGs are also not far behind and are used for

coatings, drug delivery, drug carriers, and biomedical mate-

rials etc.28,29 Thus their modifications are a priority in many

research communities.

One of the most common approaches is the chemical

modification,30 which provides the advantage of simple and

well-defined structural modifications to tailor homoge-

neously dispersed GAGs or surface-modified GAGs with re-

quired functional groups and conjugation. For well-con-

trolled structures, typical modification strategies include

selective oxidation, esterification or etherification, nucleo-

philic displacement reactions, protection–deprotection etc.

These chemical reactions may have several drawbacks, such

as tedious steps, low yields, longer reaction times, and low-

yielding coupling with large molecules, particularly protein

or peptides or other bulky molecules. Though the methods

mentioned above are still very useful and continue to be

used by the scientific community, click chemistry in this

case may be essential for conjugating with a macromole-

cule. According to this viewpoint, chemical modification

using click chemistry may provide these polysaccharide

materials in a well-defined manner, allowing researchers to

gain a deeper understanding of the structure–property re-

lationships of polysaccharide derivatives and other biomed-

ical applications.

3 Click Chemistry

The idea of copper-catalyzed azide-alkyne ‘click chem-

istry’, which was first introduced by Sharpless and co-

workers,31 has had a significant influence on the conjuga-

tion chemistry employed by the macromolecule fraternity.

The ‘click’ reactions are typically stereospecific, modular,

widely applicable, and provide extraordinarily high yields.

Furthermore, the reaction conditions and product isolation

are straightforward, utilizing readily available chemicals

and safe or benign solvents. Though ‘click’ reactions include

the well-known azide–alkyne Huisgen cycloaddition, thiol-

ene and thiol-Michael reactions, Diels–Alder reaction, and

oxime click reaction, this review focuses primarily on the

azide–alkyne Hüisgen cycloaddition.32

Click chemistry links together small molecules in a

quick, efficient manner to yield covalently conjugated prod-

ucts. The simple process of click chemistry involves the

chemical joining of small units together, for example, an

azide and an alkyne group, to produce a triazole. Other than

linear click chemistry, strain-promoted non-catalytic cyc-

loaddition with cyclooctynes is highly applicable in biology

due to the Fenton reaction developed by Bertozzi and co-

workers.33 Under acidic or basic conditions, metabolic deg-

radation, and redox conditions, the biorthogonal triazole

motif is generally stable to hydrolysis.

4 Modification of GAGS Applying Click 
Chemistry

A typical marine polysaccharide, derived from sea cu-

cumber called fucosylated chondroitin sulfate (fCS) has a

variety of biological properties, but its promising anticoag-

ulant properties are incomparable. Here, a site-selective

alkynylation on CS was reported with controlled ratios

ranging from 0.15 to 0.78. With the aid of the Cu(I) stabiliz-

ing ligand tris(hydroxypropyl triazolylmethyl)amine (THP-

TA) and the copper-catalyzed azide–alkyne cycloadditions

(CuAACs) ‘click’ reaction with azide substituted fucose, the

fucose branches were successfully grafted onto alkynylated

CS. The biological activities of a small library of 12 fCS

mimics with different sulfation patterns and fucose branch

densities were obtained. The findings demonstrated that

fCS mimics having Chondroitin sulfate backbone (CSE) CSE-

F1 and CSE-SF1 had anticoagulant properties through in-

trinsic pathways and antithrombin III (ATIII)-inhibited bo-

vine 14 coagulation factor Xa (Fxa). The study found that

the CSE backbone and free carboxyl groups are essential for

the anticoagulant action of these compounds (Scheme 1).34

In the field of polysaccharide synthesis, Linhardt and co-

workers extended their research into the development of

unnaturally chemically modified nucleotide sugars, UDP-4-

N3-GlcNAc and UDP-4-N3-GalNAc, to incorporate hyaluro-

nan, heparosan, or chondroitin. To generate triazole-linked

labelled-GAGs for detection and wound healing, the UDP-4-

N3-GlcNAc was first conjugated with Alexa Fluor 488 DBCO

alkyne as a chain termination substrate for hyaluronan or

heparosan synthase (Scheme 2). This enzymatic methodol-

ogy provides a ‘green’ strategy to access regioselectively

azide-functionalized GAGs, which would bring superior
SynOpen 2023, 7, 277–289
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control of the final structure and composition of these mac-

romolecules compared to chemical methods to install azido

groups into polysaccharides.35

A chondroitin and hyaluronan pseudo tetrasaccharide

with 1,4-disubstituted 1,2,3-triazole rings as inter-glyco-

sidic linkers were synthesized by exploiting very efficient

CuAACs as key steps by Bera et al.36

Scheme 2  Synthesis of Alexa Fluor 488-labelled GAGs

Scheme 1  Synthesis of fucosylated chondroitin sulfate mimetics
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In another work, Linhardt and co-workers converted the

amino functionalities on decellularized aortas into azido

groups using 3-azido benzoic acid. The polyester-8-hy-

droxy-1-acetylene bis-MPA dendron was reacted with aor-

tas azide through an alkyne azide click reaction to produce

eight new attachment sites for each modified amine and to

extend the end groups of the dendron towards the luminal

side of the vessel. Next, end-on modified heparin chains

were used to elaborate the dendron end groups. On the sur-

face of native endothelial cells, heparin chains were posi-

tioned similarly to heparan sulfate groups (Scheme 3).

Through the use of fluorescence microscopy and histologi-

cal examination, the consistency of the heparin coating was

confirmed. Studies on platelet adhesion and the factor Xa

anti-thrombogenic assay were used to show the effective-

ness of heparin linkage. According to the findings, the in

vivo blood compatibility of decellularized aortas with other

vessels may be enhanced using directed heparin immobili-

zation.37

Heparanase (HPSE) is an endoglycosidase that breaks

down HS in the extracellular matrix and cell membrane. A

non-reducing-end labelling of HS via click chemistry was

developed and used in this study for the HPSE assay. HS

chains on recombinant human syndecan 4 were first la-

belled with GlcNAz at their non-reducing ends using di-

meric HS polymerase EXT1/EXT2 (Figure 2). The labelled

sample was then biotinylated using click chemistry, immo-

bilized on a multi-well plate, and detected using ELISA.

HPSE digestion of the biotinylated sample removed the la-

bel, reducing the signal in the ELISA assay. Nonreducing end

labelling eliminated the interference in an HPSE reaction

caused by retained internal HS labelling. The assay is very

sensitive, requiring only 2.5 ng of labelled syndecan 4 in

each reaction and is highly reproducible, with Z′> 0.6. Over-

all, this method is suitable for high-throughput drug

screening on HPSE.38

For in vivo imaging research, Willén and co-workers

produced the naphthoxylosides XylNapN3 and XylNapN3,

tagged with the TAMRA fluorophore. XylNapN3 was estab-

lished as a substrate for 4GalT7 and galactosylation follow-

ing an identical kinetic pattern to that of XylNap. It has

been demonstrated that A549 cells take up XylNapN3 and

begin the manufacture of soluble GAGs with comparable

size and disaccharide compositions to GAGs from the well-

known primers XylNap and XylNapOH. These GAG chains

successfully underwent a strain-promoted cycloaddition

reaction with an Alexa Fluor 647 fluorophore containing

DBCO (Scheme 4). After being successfully biotinylated us-

ing an azide derivative, GAGs obtained from primary fibro-

blasts stimulated with XylNapN3 were employed in SPR as-

says to ascertain the kinetics of their interaction with he-

patocyte growth factor.39

Scheme 3  Dendron-functionalized heparin linked through the triazole motif
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Scheme 4  Azide-labelled GAGs for conjugation to the Alexa Fluor 647 fluorophore
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Figure 2  Non-reducing-end labelled-HS proteoglycan for HPSE assay
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(Scheme 5). Saponification of the methyl esters of 1,2,3-tri-

azole derivative followed by sulfation yielded the nonasul-

fate 9s-HA4-(triazolyl)-EDTA, which helped quantify bind-

ing to IL-10 by measuring chemical shift perturbations in

HSQC-NMR spectra. The precise position of the metal che-

lating, sulfated GAG, complexed with copper-(II) by using

paramagnetic resonance enhancement (PRE) NMR on the

protein surface was assessed, indicating the structure of the

IL-10-GAG complex.40

Balagurunathan and co-workers41 designed and synthe-

sized a library of click-xylosides having various aglycones to

interpret the mechanism of GAG biosynthesis in a cellular

system and assessment of glycosaminoglycan. In their pro-

gram, click chemistry was explored for the connection of

metabolically stable xyloside with various hydrophobic

groups via triazole linkage (Figure 3). Their studies revealed

that the structure of the aglycone moieties, sulfation pat-

tern, disaccharide composition, and chain length of GAG

chains affect the mechanism of GAG biosynthesis. In anoth-

er work, RGD-conjugated xylosides via triazole linkage to

prime GAG chains in various cell types were used to deter-

mine the mechanism of biosynthesis.41b,42

Piperno and co-workers covalently grafted -cyclodex-

trin (CD) on the hyaluronic acid backbone by employing a

triazole linkage formed by the reaction of mono-6-deoxy-6-

azido-cyclodextrin (CDN3) with alkyne-functionalized

HA.43 Alkyne fragments were added to the HA backbone by

a coupling process known as ‘triazine-activated amidation’.

The interaction with acyclovir (Acy), a model antiviral drug,

demonstrated that the biological features of the HA-CD/Acy

complex (cytotoxicity and suppression of viral plaque

formation) coupled with a delayed-release of Acy from

HA-CD/Acy exhibit a good antiviral activity (Scheme 6).

Scheme 5  Preparation of defined sulfated GAG with anomeric modifications
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Meo and co-workers synthesized amphiphilic hyaluron-

ic acid and riboflavin derivatives (HA-c-Rfv)-based self-as-

sembled hydrogel nanoparticles by utilizing the copper sul-

fate-catalyzed azide-alkyne cycloaddition (CuAAC) reaction

in the presence of ascorbic acid in DMSO for two hours at

room temperature. With yields of between 84 and 89%, the

products were collected by freeze-drying. The esterification

of HA carboxylic groups with alkyne moieties produced

polymeric chains that could couple with RfvN3. Using an

autoclave-based method, this amphiphilic material gener-

ated nanohydrogels (NHs) in the 150–200 nm range in wa-

ter medium. By including dextrose as a cryoprotectant, the

NHs formulation could be freeze-dried, and NHs were ob-

tained that were exceptionally stable in aqueous solutions.

As a case study for a drug-laden nanocarrier, dexametha-

sone, piroxicam, and paclitaxel were successfully loaded

into NHs using the film-hydration approach (Scheme 7).

PEG-N3 was employed to obtain PEGylated NHs, and it was

coupled with an HA-c-Rfv derivative that had an excess of

propargylic sections, opening the door to a variety of func-

tionalization options.44

Galderma and Boiteau prepared functionalized cross-

linked hyaluronic acid (HA) in one step as shown in Scheme

8.45 1,4-Butanediol diglycidyl ether was used as cross-

linker. This is advantageous because workup procedures

performed prior to the cross-linking step could result in HA

degradation. The click CuAAC reaction performed well with

azido-epoxide and alkyne-fluorescein in both organic and

aqueous media. The hydrogel formed by cross-linked HA is

useful in cosmetic and medical surgery.

Saletti and co-workers recently described how to create

hydrogels by cross-linking (CL) hyaluronan grafted (HA-FA-

Pg) copolymers. In this instance, the clickable propargyl

groups of the HA-FA-Pg graft copolymers were employed in

a very mild CuAAC dimerization reaction in the presence of

extremely small quantities of CuBr and DIPEA in THF. The

Scheme 6  Triazole-linked -cyclodextrin (CD) grafted hyaluronic acid
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resulting HA-FA-HEG-CL materials interacted with water to

produce hydrogels that exhibited a variety of gelation char-

acteristics. Different rheological behaviors have been seen

for HA-FA-HEG-CL materials in various biological domains

due to the tuning potential afforded by the crosslinking de-

gree (Scheme 9). Since its shear-thinning ratio exactly falls

within the range of a healthy synovial fluid, HA(270)-FA-

HEG-CL-10 appears to be a strong candidate for use in the

treatment of osteoarticular disorders. Since its shear-thin-

ning ratio exactly falls in the range of a healthy synovial flu-

id shear-thinning ratio (70–250), HA(270)-FA-HEG-CL-10

appears to be a good candidate for application in the treat-

ment of osteoarticular diseases. It is also suitable as a vis-

cosity enhancer for eye drops. The qualitative and quantita-

tive cytotoxicity data show that the HA(270)-FA-Pg graft

copolymer cross-linking process is fully biocompatible be-

cause the resulting HA(270)-FA-HEG-CL-10, HA(270)-FA-

HEG-CL-20, and HA(270)-FA-HEG-CL-40 materials had no

in vitro cytotoxic effects.46

Using water-soluble hyaluronic acid (HA) with side

chains including alkyne and azide moieties, Crescenzi and

co-workers reported the production of HA-sodium salt

based ‘click’ hydrogels. After gelation in aqueous solutions

of benzydamine and doxorubicin, it was demonstrated that

the polysaccharide-bearing nanogels function as a drug res-

ervoir for the drug doxorubicin (Scheme 10). In fact, the au-

thors showed that the hyaluronan networks enabled both

the successful trapping of yeast cells as well as an effective

controlled release of doxorubicin. In the latter instance, 60%

of the cells demonstrated proliferative activity following

the hydrogel scaffold’s click creation.47

Martini and co-workers described the synthesis and de-

termined the stability of HA-hydrogels, cross-linked via tri-

azoles. Herein, a positively charged alkylated triazole ring

was reacted with thiolated hyaluronan via the thio-Michael

addition to get neutral and charged triazole-based cross-

linkers with respect to their ability to form hydrogels.48

Scheme 8  Single-step preparation of cross-linked hyaluronic acid-based hydrogel

O
O

O
HO

OH

O OH
HO

O
NHAc

OH

O
O

O

HO
OH

O OH
HO

O
NHAc

OH

O

BDDE

Fluoro BDDE

+
NaOH

O O
O
HO

HO

O
OH

HO
O

NHAc

O

O O
O

HO
HO

O OH
HO

O
NHAc

OH

O

OH

O

O

OH
N

NN O

O

O

O

OH

O
O

HO
OH

O OH
HO

O
NHAc

O

O
OH

O

O

O
HO

OH

O OH

O

O
O

O
O

BDDE

O
O

HO
O

N
NN

O O

O

O

OH

Fluoro BDDE

OH
OHA

Scheme 9  HA-based platform using HA-FA-Pg graft copolymer

O O

NHAcOH
O
HO

O
OH

O

O

O
HO

O

x

O O

NHAcOH

O
HO

O
OH

OH

O
HO

y

HA-FA-Pg

N
N

N O

O N
NN

4

O O

NHAcHO

O
HO

O
OH

O

O
HO

O

x

O O

NHAcOH

O
HO

O
OH

OH

O
HO

y

O O

AcHNOH

O
HO

O
OH

O
O

O
HO

O

O

x

O O

AcHNOH

O
HO

O
OH

OH

O
HO

y

HA-FA-Pg

CuBr and DIPEA

O
O

O

SynOpen 2023, 7, 277–289



286

S. Bera et al. ReviewSynOpen
A biological hydrogel was formed by employing a click

reaction of the hyaluronic acid (HA), chondroitin sulfate

(CS), and gelatin in order to replicate the extracellular ma-

trix found in natural cartilage, made up of core proteins and

glycosaminoglycans. 11-Azido-3,6,9-trioxaundecan-1-

amine (AA) was used to modify HA and CS, and propionic

acid was used to modify gelatin (G-PA). A cross-linked hy-

drogel was formed when the azide (-N3) groups of HA-AA

and CS-AA reacted with the alkyne groups of G-PA in the

presence of Cu(I). The synthesized hydrogel was extremely

swollen and displayed elastomer-like properties with

weight loss of up to 45% after 4 weeks of incubation in

phosphate-buffered saline. The hydrogel released 10% CS

and 20% gelatin in 2 weeks.49 Thus, this hydrogel could

boost chondrocyte adhesion and proliferation, according to

in vitro cell culture results.

Another hydrogel was formed by exploring the click re-

action of an azido-derivative of hyaluronate with propar-

gylated p(NiPAAm). For that, the azido-hyaluronan deriva-

tive was synthesized using coupling reagent ethyl-3-(3-di-

methylaminopropyl) carbodiimide hydrochloride (EDC) or

carbonyl diimidazole (CDI), followed by the addition of hy-

aluronan, N-hydroxysuccinimide (NHS) and 11-azido-3,6,9-

trioxaundecan-1-amine to get HAAz derivative HAAz5 and

HAAz33, respectively. Then the resulting azido derivative

was coupled with propargylated p(NiPAAm) to form the hy-

drogel (Scheme 11). This hybrid system exhibits several be-

havioral responses to changes in temperature, pH, and ionic

strength while preserving both cumulative and individual

sensitivity to external stimuli.50 An additional advantage is

its ability to simulate extracellular hyaluronidase-catalyzed

matrix degradation. On the surface of these hybrid hydro-

gels, HT-29 (tumor) cells proliferate more than NIH3T3

(healthy) cells, and it might work as a potential biopolymer

for localized drug delivery.

Scheme 11  Cross-linking of hyaluronan azide and propargylated p(NiPAAm) for hydrogel formation

Scheme 10  Schematic representation of triazole-linked HA-based hy-
drogels
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Ito and co-workers’ research involved the reaction of hy-

aluronic acid-derived azide (HA–A) with cyclooctyne-at-

tached HA (HA–C) using a double-barreled syringe to form

a hydrogel via strain-promoted [3+2] cycloaddition without

any catalyst, under physiological conditions. The hydrogel

slowly degraded in PBS buffer over 2 weeks, and it was ac-

celerated to 9 days by hyaluronidase, while it rapidly de-

graded in a cell culture media with fetal bovine serum

within 4 days. Both HA–A and HA–C showed good biocom-

patibility with fibroblast cells in in vitro assays. This inject-

able HA-derived hydrogel is expected to be useful for tissue

engineering and drug-delivery systems utilizing its orthog-

onality (Scheme 12).51

Scheme 12  Synthesis of injectable hyaluronan-based hydrogel

5 Conclusions

Glycosaminoglycans (GAGs) are essential for biological

activities such as cell-cell communication and cell prolifera-

tion, in addition to influencing enzymes and activating

growth factor receptors during numerous metabolic pro-

cesses. The widespread applications of GAG chains in blood

coagulation, wound healing, tumor biology, and cosmetic or

medical surgery inspired the development of GAG-derived

therapeutic medicines such as modified GAG chains, GAG

binding peptides, GAG-based enzyme inhibitors etc. In the

literature, no precise method for efficient chemical synthe-

sis of these highly sulfated and complex polysaccharides

such as glycosaminoglycans has been detailed as a pre-

ferred synthetic route. The click reaction, as a highly reac-

tive and efficient method, has been established as a reliable

tool for synthesizing or modifying functional biomacromol-

ecules such as glycosaminoglycans. Its synthetic potential

for structural modification may open up new avenues for

the formation of important structural motifs for GAG func-

tion, as well as labelled bio-functional glycosaminoglycans

and oligosaccharides to enhance GAG biological activity.

These developments will be highly beneficial to the field of

GAG syntheses covering the research on modern glycobiol-

ogy, proteoglycans, as well as heparan sulfate, chondroitin

sulfate and hyaluronan fragments in biological systems.

Hence, oligosaccharide synthesis and the amplification of

multivalency via the formation of the triazole unit employ-

ing click methods are simple and useful approaches that ad-

dress the difficulties involved with total syntheses of GAGs

using organic chemistry or biosynthesis.

We demonstrated the modification of GAGs through the

connection of other important motifs using chemically and

biologically stable triazole linkage via the click reaction

with azide and alkyne in this review article. The develop-

ment of GAG-derived therapeutic drugs, such as modified

GAG chains, GAG binding peptides, and GAG-based enzyme

inhibitors, was sparked by the extensive use of GAG chains

in blood coagulation, wound healing, tumor biology, and

aesthetic or medical surgery. The field of tissue engineer-

ing, injectable hyaluronan-based hydrogels, and localized

drug-delivery research, including the synthesis of hydrogels

and nanohydrogels, may all benefit from the use of the syn-

thesized GAGs. These are employed in studies on hepato-

cyte growth factors, protein binding, and anti-thrombotic

therapy. Drugs such as doxorubicin, dexamethasone, piroxi-

cam, and paclitaxel can also be transported with the help of

triazole-linked GAGs.

6 Abbreviations

CuAAC copper-catalyzed azide-alkyne cycloadditions

ATIII antithrombin III

UDP uridine diphosphate

EXT1/EXT2 exostosin 1 and 2 gene

ELISA enzyme-linked immunosorbent assay

GlcNAz N-azidoacetylglucosamine-tetraacylated

TAMRA tetramethylrhodamine

DBCO dibenzoazacyclooctyne

SPR surface plasmon resonance

EDTA ethylenediaminetetraacetic acid

RGD Arg-Gly-Asp

DIPEA N,N-diisopropylethylamine

PEG poly(ethylene glycol)

NIH3T3 National Institutes of Health, 3-day transfer, 

inoculum 3 × 105 cells

HT29 human colon adenocarcinoma
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