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INTRODUCTION

The synthesis of intricate organic compounds has been a
key obstacle in the field of synthetic chemistry, where accuracy,
effectiveness and adaptability are of utmost importance. Click
chemistry is a very influential methodology that has significantly
transformed the field of molecular assembly. The approach,
popularized by Barry Sharpless, has offered chemists a colle-
ction of reactions that are not only extremely efficient but also
surprisingly straightforward, dependable and widely applicable
[1].

Carbohydrates, being vital biomolecules, play a crucial
role in a diverse range of biological processes. Sugar-based
molecules play a vital role in important activities such as cellular
recognition, immunological responses and the control of diffe-
rent metabolic pathways [2]. Glycoconjugates are often seen as
intricate structures in which carbohydrate units are connected
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The application of click chemistry in the synthesis of intricate carbohydrate derivatives has revolutionized the domains of chemical biology
and synthetic chemistry. This review examines the function of click chemistry, namely the copper(I)-catalyzed azide-alkyne cycloaddition
(CuAAC), in effectively altering carbohydrate structures and producing practical glycoconjugates. Carbohydrates are essential in several
biological functions, such as cellular recognition and immunological responses, however, their complicated structure makes production
difficult. Click chemistry provides an optimal answer to these issues due of its simplicity, high yields and bioorthogonality. This methodology
has been extensively used in the advancement of glycoproteins, glycodendrimers and glycopeptides, which play a crucial role in the fields
of drug discovery, vaccine development and diagnostics. In addition, click chemistry has facilitated the development of biodegradable
polymers and glycomacromolecules that have the potential to be used in materials science, namely for sustainable materials and smart
technology. The flexibility and accuracy of CuAAC in producing carbohydrate-based structures provides new opportunities for investigation,
stimulating advancements in both biomedicine and industrial applications. This evaluation also emphasizes the capacity of click chemistry
to expedite the advancement of multifunctional therapeutic drugs that target intricate ailments like cancer.
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to proteins, lipids or other macromolecules. Comprehending
and controlling these formations is crucial for progressing sectors
such as biomedicine, where glycoconjugates contribute to drug
discovery, vaccine design and illness diagnostics [3].

An extremely helpful method in click chemistry for the
synthesis and modification of carbohydrates is the copper(I)-
catalyzed azide-alkyne cycloaddition (CuAAC) [4]. Since its
inception in the early 2000s by the Meldal & Sharpless research
groups [5], CuAAC has gained recognition for its remarkable
capacity to selectively react at specific sites, produce a large
amount of desired product and operate under gentle conditions.
This reaction has played a crucial role in the formation of 1,4-
disubstituted 1,2,3-triazoles, which function as stable and bior-
thogonal connectors in the synthesis of glycoconjugates [6].
The versatility of CuAAC in accommodating different functional
groups and its ability to withstand a wide range of reaction cond-
itions, including aquatic environments, make it highly suitable
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for the intricate process of building carbohydrate-based struc-
tures [7]. Both click chemistry and enzymatic labeling, with
their site-specificity and fast reaction rates, have been suggested
as effective methods for functionalizing therapeutic compounds
to address biological issues. The amalgamation of the two ideas
has resulted in a robust and versatile instrument, reminiscent of
a “Swiss Army knife”. The click reactions that are often utilized
in conjunction with lipid-modifying enzymes are shown Fig. 1.

The application of click chemistry in carbohydrate research
has significantly expanded the toolkit available to chemists
and biologists [9]. It allows for the rapid and selective synthesis
of a wide range of glycoconjugates, including glycoproteins,
glycolipids and glycopeptides. These compounds are essential
in exploring the biological roles of carbohydrates and in devel-
oping new therapeutic agents [10]. The use of click chemistry
in the discovery of new bioactive molecules provides a means
for the fast exploration of chemical space, facilitating lead
optimization by structure-activity relationship (SAR) through
the generation of analogue libraries. The application of click
chemistry has also been extended to materials science and
chemical biology including, respectively, the construction of
polymeric structures and biological probes for selective label-
ing of biomolecules either in cells or within living organisms
[11,12]. The ease with which click chemistry can be integrated
into carbohydrate synthesis has led to its widespread adoption,
enabling researchers to overcome many of the challenges tradi-
tionally associated with carbohydrate chemistry [13].

This review seeks to provide a comprehensive overview
of the role of click chemistry in the synthesis of carbohydrates
and their conjugates. The foundational aspects of click chemistry,
with a focus on CuAAC and explore its application in the effi-
cient construction of various glycoconjugates will be discussed.
The review will highlights recent advancements, methodolo-
gical innovations and practical applications, emphasizing the
significance of click chemistry in the continued exploration
and exploitation of carbohydrates in biological and medicinal
chemistry.

Click chemistry: Click chemistry, a term coined by K.B.
Sharpless in 1999, encompasses a set of very efficient chemical
reactions which are simple, adaptable and deliver significant
amounts of desired products while generating few unwanted
byproducts. These reactions are distinguished by their depen-
dability and capacity to be carried out in harmless solvents under
gentle conditions, making them appropriate for a broad range
of scientific applications [14,15]. Out of all these, the Cu(I)-
catalyzed azide-alkyne cycloaddition (CuAAC) is the most
well-known and commonly used [16]. The basis of this reaction
is the 1,3-dipolar cycloaddition between organic azides and
alkynes, which was first investigated by Rolf Huisgen in 1960s.
Nevertheless, the first thermal cycloaddition lacked selectivity,
resulting in a combination of 1,4- and 1,5-disub-stituted
triazoles [17]. In 2001, Sharpless & Meldal [5] found that
copper(I) catalysis could be used to guide the reaction toward
producing just 1,4-regioisomer. This discovery greatly
enhanced the speed and efficiency of the synthesis. This advan-
cement was a notable leap, converting the formerly slow process
into one that operates at a speed more than 100 times quicker,

solidifying the CuAAC reaction as a fundamental element of
click chemistry [18].

Click responses may be categorized into four distinct
groups. Various types of chemical reactions, which includes
the cycloaddition of unsaturated species, such as 1,3-dipolar
cycloaddition reactions and Diels-Alder transformations. It also
mentions nucleophilic substitution chemistry, which involves
ring-opening reactions of strained heterocyclic electrophiles
like epoxides, aziridines and aziridinium and episulfonium ions
[19]. It also encompasses reactions involving carbonyl groups,
which are not aldol, including those producing oxime ethers,
hydrazones, thioureas, ureas, etc. Finally, it discusses the addi-
tion reactions to C-C multiple bonds, which have proven useful
for mild polymer synthesis. These reactions include epoxida-
tion, dihydroxylation, aziridination, sulfenyl halide addition
and Michael additions of Nu-H reactants such as thiolene
reactions (nucleophile- or radical-mediated) [19,20]. Reactions
using click chemistry are readily executed, rapid, very specific,
unaffected by oxygen and water and may result in significant
structural variety with high yields [21]. Furthermore, the analysis
of these reactions is straightforward and does not need exten-
sive chromatographic purifications. Out of all these reactions,
the cycloadditions, namely the Huisgen 1,3-dipolar cyclo-
addition catalyzed by Cu(I) that involve the formation of bonds
between carbon and heteroatoms, are the most often used [22].

The Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC)
is a prominent example of click reactions, which have several
kinds of reactions. The CuAAC reaction proceeds along a distinct
route compared to the uncatalyzed thermal reaction. It exhibits
exceptional regioselectivity, resulting in the exclusive forma-
tion of 1,4-disubstituted 1,2,3-triazoles [23]. Furthermore, the
CuAAC reaction occurs at a much quicker pace, about 107 times
faster than the thermal reaction. The increased efficiency is a
result of the sequential mechanism of CuAAC, which is different
from other cycloaddition processes that occur simultaneously
[24]. The process begins with the coordination of Cu(I) to a
terminal alkyne, resulting in the formation of a copper acetylide
complex [25]. The organic azide reacts with this complex by
nucleophilic attack, resulting in the formation of a six-membered
metallacycle that contains copper. The catalytic efficiency of
copper not only speeds up the reaction but also guarantees a
high level of regioselectivity, resulting in the exclusive synth-
esis of the 1,4-disubstituted 1,2,3-triazole product. In addition,
the reaction has a high tolerance for a broad range of solvents,
including aqueous systems and is compatible with a multitude
of functional groups [26]. The favourable reaction conditions,
along with its straightforward operation, make CuAAC a comp-
elling approach for altering intricate molecular structures.
Although the copper-catalyzed method is widely used, a differ-
ent approach called ruthenium-catalyzed azide-alkyne cyclo-
addition (RuAAC) was introduced in 2005 [27]. This alternate
method allows for the selective production of 1,5-disubstituted
triazoles. While RuAAC offers increased tolerance for certain
functional groups, its use is restricted since the catalytic system
is sensitive to the reaction media [28].

Carbohydrates, essential biomolecules involved in several
biological processes, have seen extensive exploration using
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click chemistry [29]. Their structural complexity and diverse
functional roles in cellular recognition, adhesion and immune
responses make them important targets in drug development
and bioconjugation studies. However, the synthesis of carbo-
hydrate derivatives is often hindered by stereochemical comp-
lexity and the necessity for protection/deprotection strategies
[30]. CuAAC has proven particularly valuable in this context,
enabling the efficient coupling of azide- or alkyne-function-
alized carbohydrate moieties to generate a wide range of glyco-
conjugates. This method has been applied to the synthesis of
biologically relevant molecules such as glycopeptides, glyco-
dendrimers and glycopolymers. These glycoconjugates are
invaluable in various scientific fields, including drug discovery
and diagnostics, where they are used to develop glyco-arrays
for high-throughput screening or to explore carbohydrate-
protein interactions [31].

Incorporating azide and alkyne functionalities into carbo-
hydrate scaffolds allows for the straightforward synthesis of
complex molecules, bypassing several difficulties traditionally
associated with carbohydrate chemistry [32]. The ability of
CuAAC to proceed under aqueous conditions is particularly
advantageous, as several biological processes occur in such
environments. Furthermore, the triazoles formed through click
chemistry are highly stable and biocompatible, making them
ideal for applications in medicinal chemistry and chemical
biology [33]. Click chemistry has significantly contributed to
the synthesis of neoglycopolymers and glycomacromolecules,
which hold potential uses in vaccine development and treat-
ments. The use of click chemistry in carbohydrate synthesis

not only simplifies the process of glycan derivatization but also
opens new avenues for the design of functional biomolecules
with enhanced pharmacological properties. This powerful and
versatile approach continues to expand its utility in the synth-
esis of carbohydrate-based structures, offering new possibilities
for future research in glycobiology and related fields [34].

Carbohydrate derivatives synthesized via click
chemistry: The CuAAC reaction is also widely used to prepare
carbohydrate derivatives. Numerous examples can be found
in recent literature [35], including the synthesis of N-glycosyl
triazoles from acetylenes or derivatives containing the acetylenic
function connected to sugars or amino acids. Fig. 2 shows carbo-
hydrate based triazoles 1, 2, 3, 4, 5, 6 and 7 as examples. Click
reactions have been used for the synthesis of oligosaccharides,
glycopolycycles and macrocycles, glycopeptides, glycoclusters
and carbohydrates immobilized on plastic microtitre plates
[36], in addition to glycosides. In addition, the Huisgen cycliza-
tion reactions can be used to form multi-cyclic structures from
monosaccharides or disaccharides that contain azide/alkyne
functions through intermolecular coupling. This process is
demonstrated in the synthesis of cyclic dimer 8 from building
block 9 and the creation of novel cyclodextrinmimics 11a and
11b using compound 10 [37]. This reaction has also been used
in the binding of antibodies, conjugation with DNA and modifi-
cation with sugars to create biological probes [38]. Thus, it
can be concluded that CuAAC reactions do not replace current
synthetic techniques, but instead provide new opportunities
for synthesizing innovative building blocks and polymeric
polymers that may imitate or represent pharmacophores [39].
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Carbohydrate derivatives in medicinal chemistry: The
addition of an azide and/or an alkyne group to a carbohydrate
structure allows for the exploration of a wider range of struc-
tural variations in the molecules via click reactions (Fig. 3).
In recent times, the Cu(I) catalyzed click reaction has become
a significant approach for the identification and improvement
of lead compounds as well as for investigating its potential as
a promising medication candidate against different treatment
strains [40]. Carbohydrates play a crucial role in important
metabolic processes, including cell-cell contact, cell motility
and pathogen defense. This makes carbohydrates a very inter-
esting option for drug development [41]. Nevertheless, the
intricate nature linked to its production, particularly regarding
the anomeric stereochemistry, subpar pharmacological qualities
and moderate affinity for several receptors, hinders its progress
as a potential medicine. However, the suitability of Cu(I)-catal-
yzed coupling between azides derived from carbohydrates and
alkynes [42].

Click chemistry is also extensively used in the identifica-
tion and enhancement of primary compounds as well as in the
development of novel drugs targeting different therapeutic

objectives. Click chemical processes have been used to develop
novel neuraminidase inhibitors to develop more potent drugs
for treating avian influenza virus (AIV) infection [43]. Neura-
minidase facilitates the separation of glycoproteins and glyco-
lipids by breaking the glycosidic link, resulting in the liberation
of terminal Neu5Ac (sialic acid) residues. This process enables
the release of new viral particles and enhances the virus’s ability
to move throughout the respiratory tract. Shen et al. [44] cond-
ucted the synthesis of a range of zanamivir analogues including
various substituted triazoles. Beginning with a crucial interme-
diate that includes an azide group, a collection of neuramini-
dase inhibitors was successfully generated. Compound 13
exhibited the most potent antiviral activity, with an IC50 value
of 6.4 µm, which is close to zanamivir’s IC50 value of 2.8 µm.

Synthetic pathways for carbohydrate derivatives: The
synthesis of carbohydrates has been significantly enhanced
using click chemistry, thanks to its high efficiency, modularity
and compatibility with the biological systems [45]. The predo-
minant reaction used in this domain is the Cu(I)-catalyzed azide-
alkyne cycloaddition (CuAAC), which enables the bonding
of carbohydrate derivatives to diverse functional groups. This
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reaction is highly beneficial for producing intricate glycocon-
jugates, glycopolymers and other structures based on carbo-
hydrates. It provides efficient solutions to common challenges
in carbohydrate chemistry, such as controlling stereochemistry
and carrying out protection or deprotection steps [46].

The synthesis route starts by incorporating azide or alkyne
functionalities into carbohydrate molecules. Azide groups are
often introduced by nucleophilic substitution, in which halides
or tosylated carbohydrate derivatives react with sodium azide
[47]. Alternatively, propargyl derivatives may be used to add
alkyne groups by esterification or etherification processes.
After the synthesis of azide- or alkyne-functionalized carbo-
hydrates, the CuAAC reaction may be used to connect these
components. The reaction occurs in moderate circumstances,
using either water or a mixture of solvents. Copper(I) acts as
catalyst, which may be obtained in the reaction mixture by
reducing copper(II) sulfate with sodium ascorbate [48]. The
reaction has a high degree of regioselectivity, producing only
1,4-disubstituted 1,2,3-triazoles. It occurs with exceptional
efficiency, even under normal environmental conditions, making
it well-suited for changing intricate molecular structures [49].

Click chemistry, specifically CuAAC, is extensively used
in the production of glycoconjugates, which have crucial func-
tions in the biological processes [50]. This encompasses the
fabrication of glycopeptides, glycodendrimers and glycopoly-
mers. The CuAAC method has shown significant use in the
synthesis of glycopeptides, facilitating the attachment of sugars
to peptides or proteins. This process is essential for the develop-
ment of drugs and the design of vaccines [51]. Glycodendrimers
and glycopolymers, however, derive advantages from the multi-
valency provided by these structures, hence augmenting their
biological interactions. The utilization of CuAAC in connecting
carbohydrate units to functional molecules such as biotin or
fluorophores has additionally propelled research in glycoarrays,
which are used for high-throughput screening of carbohydrate-
protein interactions [52].

Although CuAAC continues to be the most widely used
approach, other cycloaddition reactions such as strain-promoted
azide-alkyne cycloaddition (SPAAC) and ruthenium-catalyzed
azide-alkyne cycloaddition (RuAAC) provide alternate routes
[53]. SPAAC, which obviates the need for copper, is especially
advantageous in vivo, where copper has the potential to be cyto-
toxic. RuAAC, while less often used, enables the synthesis of
1,5-disubstituted triazoles, hence enhancing the range of struct-
ural variations in glycoconjugate synthesis [54]. Although click
chemistry offers several benefits, the stereochemical comple-
xity of carbohydrate molecules poses significant obstacles.
Acetyl or benzyl protecting groups are often used to safeguard
hydroxyl groups during functionalization, hence guaranteeing
certain reactions. Once the click chemical processes are finished,
the protective groups may be readily eliminated, resulting in
the desired carbohydrate structures [55].

Recent studies on carbohydrate derivatives: Jiang et
al. [56] used click chemistry to synthesize derivatives of zana-
mivir, a potent drug used to treat avian influenza (H5N1) due
to its ability to block the enzyme neuraminidase. This enzyme
promotes the removal of sialic acid from the glycoproteins and

glycolipids of the host cells [57]. This process is crucial for
the replication of the influenza virus. Neuraminidase inhibitors
directly treat influenza by inhibiting the manufacture of neura-
minidase enzyme [58]. A series of 16 zanamivir analogues,
each containing a C-4 triazole substitution, was synthesized
using a shared starting material and then subjected to screening.
The molecule exhibited significant anti-AIV action, with an IC50

value of 6.4 µm, which is like the IC50 value of 2.8 µm seen for
zanamivir [59]. Carvalho et al. [60] investigated the use of Cu(I)-
catalyzed azide-alkyne 1,3-dipolar cycloaddition to prepare a
library of 1,4-disubstituted 1,2,3-triazole galactose derivatives.
They found that these derivatives are effective inhibitors of
Trypanosoma cruzi trans-sialidase (TcTS) enzyme, which is
crucial in the process of identifying and infiltrating host cells,
as well as facilitating the parasite’s evasion of the human immune
system. Wong et al. [61] also used Cu(I) catalyzed 1,3-dipolar
cycloaddition on a microtiter plate to develop a collection of
85 GDP-triazoles. They maintained GDP as the shared frame-
work while modifying the hydrophobic group and the linker
chain tied to it. Among all the substances that were tested, it
has been identified as the most effective inhibitor for the R-
1,3-fucosyltransferase VI.

Field et al. [62] catalyzed CuAAC processes to construct
a collection of 21 α-D- and β-D-glucopyranosyl triazoles. The
reaction between β-D-glucopyranosyl azide and the corresp-
onding isomer with specific alkynes, using triazoles as reaction
conditions produced via CuAAC of glycosyl-azides and phenyl-
acetylene, was evaluated against sweet almond glucosidase
(SAG). Subsequently, the compounds underwent deacetylation
and the resulting products were evaluated for their activity
against β-glycosidases, namely Escherichia coli galactosidase
(ECG) and bovine liver galactosidase (BLG). The findings
were compared with the established glycosidase inhibitors,
deoxygalactonojirimycin (DNJGal) and deoxynojirimycin
(DNJGluco), although only a little inhibition was seen for some
compounds against ECG and BLG glycosidases.

Biological properties of click chemistry carbohydrate
derivatives: Carbohydrate derivatives made utilizing click
chemistry are a powerful drug development framework due
to their wide range of structures and ability to precisely target
biological systems. The carbohydrate glycosylation patterns,
often present as glycoproteins and glycolipids on the surfaces
of cells, have crucial functions in processes such as cellular
identification, signal transduction and immunological resp-
onses. Scientists may use the modular nature of click chemistry
to produce carbohydrate derivatives that have strong antiviral,
antibacterial and anticancer properties [62].

Due to their capacity to suppress glycosyltransferases and
viral polymerase, they exhibit strong efficacy as therapeutic
agents against drug-resistant bacterial strains and viral infec-
tions [63]. Carbohydrate derivatives in the field of oncology
have shown the ability to disrupt the metabolic processes of
cancer cells, namely by hindering glycolysis. As a result, these
derivatives prompt the programmed cell death of cancer cells,
known as apoptosis. These qualities provide a structure for
developing targeted anticancer medications that have little
impact on healthy cells [64].
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Furthermore, the use of click chemistry to modify carbo-
hydrate scaffolds results in improved immunomodulatory
effects. The significance of sialic acids in immune regulation is
apparent and their modification using click chemistry has faci-
litated the development of medications that specifically target
autoimmune illnesses, including multiple sclerosis and inflam-
matory ailments. Sialic acids are also involved in the process
of viral attachment to host cells and their alteration provides
opportunities for the development of antiviral treatments, speci-
fically targeting viruses such as influenza and adenoviruses
[64]. Table-1 provides an overview of various carbohydrate
derivatives synthesized through click chemistry, detailing their
therapeutic applications, mechanisms of action and potential
uses in combating a range of medical conditions.

Carbohydrate-based potential glycosidase inhibitors:
Glycoside hydrolase, also referred to as glycosidase, is a group
of enzymes that are essential for catalyzing the hydrolysis of
the glycosidic bond. The use of glycosidase inhibitors for the
treatment of viral infections, cancer, diabetes and genetic disea-
ses is promoted due to their ability to alter the production,
maturation and transport of glycoproteins by inhibiting glyco-
sidase enzymes [79]. Iminosugars have shown their promise as
medicinal agents and have also emerged as a promising moiety
for inhibiting glycosidases. D’Alonzo et al. [80] conducted a
study on the biochemistry of L-iminosugar and discovered
that it exhibits interactions and inhibitory effects on enzymes.

Carbohydrate-mimetics as potential sialyltransferase
inhibitors: The sialylation of glycoconjugates at their non-
reducing end is a crucial factor in several biological processes,
including cellular recognition, tumor metastasis and immuno-

logical response. The regulation of this process is controlled
by sialyl transferase (ST) enzymes; hence, the suppression of
these enzymes has important biochemical and physiological
implications. Inhibition of ST has been identified as a possible
therapeutic approach for treating conditions such as different
types of cancer, viral infections, inflammation, immunological
response and neurological problems [70]. Sialyl transferases
facilitate the transfer of a sialyl residue from a certain sugar
nucleotide donor to a glycoconjugate acceptor with a specified
terminal structure of the sugar residue. Therefore, it is possible
to selectively synthesize sugar-acceptor analogs that might
potentially act as inhibitors of sialyl transferase [81-84].

Carbohydrate-based antibacterial and antiviral agents:
Multiple research projects have investigated the antibacterial
properties of click chemistry carbohydrate derivatives, showing
their efficacy against a wide range of bacterial species [85].
These compounds have shown the ability to specifically target
vital bacterial enzymes, namely glycosyltransferases, which
play a critical role in the creation of bacterial cell walls. In
research conducted by Cao et al. [86], it was shown that carbo-
hydrate derivatives coupled with triazole had strong inhibitory
effects against Escherichia coli and Staphylococcus aureus.
This finding suggests a potential approach to combat antibiotic
resistance in both Gram-positive and Gram-negative bacteria.

Click chemistry carbohydrate derivatives have been
studied for their antiviral properties, namely in their ability to
hinder viral reproduction, in addition to their antibacterial
effects. An influential work conducted by Ding et al. [67]
showcased the efficacy of carbohydrate-based triazole deri-
vatives in inhibiting the entrance of influenza virus into host

TABLE-1 
THERAPEUTIC APPLICATIONS OF CARBOHYDRATE DERIVATIVES SYNTHESIZED VIA CLICK CHEMISTRY 

Therapeutic area Carbohydrate derivative Mechanism of action Potential application Ref. 

Antibacterial agents Triazole-carbohydrate 
derivatives 

Inhibits glycosyltransferases involved in 
bacterial cell wall formation 

Effective against Escherichia coli, 
Staphylococcus aureus 

[66] 

Carbohydrate-based triazole 
derivatives 

Binds hemagglutinin glycoproteins, 
impeding viral fusion 

Influenza virus prevention [67] Antiviral agents 

Azide-alkyne click compounds Inhibits HIV-1 reverse transcriptase HIV treatment [68] 
Glycosidase 
inhibitors 

L-Iminosugar Inhibits glycosidase enzymes, affecting 
glycoprotein processing 

Treatment of viral infections, 
cancer, diabetes 

[69] 

Sialyltransferase 
inhibitors 

N-Acetyl-β-lacosamide 
derivatives 

Inhibits α-(2-6)-sialyltransferase, 
blocking sialylation 

Cancer treatment, antiviral, and 
immune regulation 

[70] 

Streptozotocin Alkylating agent that destroys 
pancreatic β-cells 

Treats islets of langerhans cancer, 
potential antidiabetic application 

[71] Anticancer agents 

Prumycin Antineoplastic properties Cancer treatment [72] 
Immunomodulatory 
agents 

Glycopeptides modified by 
click chemistry 

Enhances T-cell and macrophage 
activation, improving immune response 

Autoimmune diseases, cancer 
immunotherapy 

[73] 

Antioxidant agents Click chemistry-derived 
carbohydrate scaffolds 

Neutralizes reactive oxygen species 
(ROS), reduces oxidative stress 

Neurological, cardiovascular 
diseases, Alzheimer's, 
atherosclerosis 

[74] 

Auranofin Sugar-based gold complex with anti-
HIV capabilities 

Reduces HIV viral reservoir, anti-
rheumatic 

[75] 

Topiramate Sulfamate-substituted monosaccharide 
modulates neurotransmitter release 

Epilepsy treatment, migraine 
prevention, Lennox-gastaut 
syndrome management 

[76] 

Vidarabine Arabinosyl nucleoside that inhibits viral 
DNA polymerase 

Treats varicella-zoster, herpes 
simplex 

[77] 

Miscellaneous 
therapeutics 

Lactulose Osmotic laxative, composed of fructose 
and galactose 

Treats constipation, hepatic 
encephalopathy 

[78] 

 

[66]

[67]

[68]
[69]

[70]

[71]

[72]
[73]

[74]

[75]

[76]

[77]

[78]
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cells. This was achieved by binding these derivatives to hemag-
glutinin glycoproteins, thereby impeding viral fusion. Further-
more, Mudgal et al. [68] synthesized a group of azide-alkyne
click compounds that could hinder the activity of HIV-1 reverse
transcriptase. This finding highlights their potential in the
development of antiviral medications.

Carbohydrate-based molecules with miscellaneous
activities: Various carbohydrate derivatives and glycoconju-
gates exhibit remarkable bioactivity and possess substantial
therapeutic applications (Fig. 4). Auranofin is an orally taken
anti-rheumatic medication that consists of a sugar-based gold
complex. Cunha et al. [87] reported the anti-HIV capabilities
of carbohydrate derivatives and glycoconjugates since it has

been shown to reduce the HIV viral reservoir. Topiramate is
an FDA-approved medication that belongs to the sulfamate-
substituted monosaccharide class and is used to treat epilepsy
and is effective in preventing migraines and managing Linnox-
Gastaut Syndrome [88]. Arabinosyl nucleoside vidarabine was
first developed to treat cancer, however, additional research
revealed its antiviral properties.  This medicine treats varicella
zoster and herpes simplex infections [89]. Streptozotocin is an
FDA-approved medication often used to treat Islets of Langerhans
cancer and a naturally occurring substance that may damage
the β-cells in the pancreas responsible for producing insulin
[90]. This compound is an alkylating antineoplastic drug that
is used to treat cancer and can be harmful to these cells. Lactu-
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lose is a carbohydrate-based drug, which is used for the treat-
ment of persistent constipation and hepatic encephalopathy.
The compound consisting of fructose and galactose is classified
as an osmotic laxative according to the standards set by the
World Health Organization (WHO) [91].

Carbohydrate-based immunomodulatory and anti-
oxidant agents: Click chemistry carbohydrate derivatives have
also garnered considerable scientific attention for their immuno-
modulatory characteristics, which enable them to regulate immu-
nological responses. These compounds have shown the ability
to engage with receptors on immune cells, hence impacting
the production of cytokines and the activation of immune cells.
Barchi et al. [92] conducted research showing that glycopep-
tides changed via click chemistry and increased the activation
of T-cells and macrophages, resulting in a stronger immuno-
logical response. This creates opportunities for their use in the
treatment of autoimmune illnesses, where the regulation of
immune activation is crucial [92]. Moreover, these derivatives
have been investigated in the field of cancer immunotherapy,
where they facilitate the immune system in efficiently identi-
fying and attacking tumor cells by improving the detection of
cancer antigens.

Another important field of study is investigating the anti-
oxidant characteristics of carbohydrate derivatives synthesized
via click chemistry. Reactive oxygen species (ROS) and oxida-
tive stress have a role in several illnesses, such as neurological
and cardiovascular disorders. Research conducted by Xiao et
al. [93] showed that carbohydrate scaffolds produced from
clicks can eliminate free radicals and mitigate cellular oxidative
damage. These compounds exhibited significant antioxidant
properties by counteracting reactive oxygen species (ROS),
hence reducing the advancement of illnesses associated with
oxidative stress [93]. The advancement of these antioxidants
derived from carbohydrates showcases its prospective use in
age-related illnesses and situations characterized by excessive
oxidative harm such as Alzheimer’s disease and atherosclerosis.

The immunomodulatory and antioxidant capabilities of
click chemistry carbohydrate derivatives greatly expand their
potential for therapy, making them interesting candidates for

treating complex illnesses characterized by immunological
dysregulation and oxidative damage. The immunomodulatory
properties of these compounds, namely their capacity to regu-
late the activity of immune cells and the generation of cytokines,
have prospective uses in the treatment of autoimmune illnesses,
cancer immunotherapy and chronic inflammatory conditions.
For instance, these compounds enhance the ability of immune
cells to identify cancer antigens, hence enhancing the immune
system’s capacity to attack tumors [73].

Carbohydrate derivatives produced through click chemistry
possess both immunomodulatory and antioxidant effects and
display multiple biological activities. This makes them potent-
ially useful for treating various diseases, such as autoimmune
conditions, cancer, neurodegeneration and cardiovascular dise-
ases. The progress made in studying carbohydrate derivatives
creates opportunities for the creation of focused and multi-
faceted treatments that may effectively tackle intricate disease
systems. This positions them as a crucial asset in the future of
drug exploration and advancement [94].

Comparison with traditional methods

Comparative efficiency, precision and yield: The 1,3-
dipolar cycloaddition of azides and alkynes, often known as
click chemistry, is well recognized for its exceptional efficiency
and straightforward implementation. Conventional techniques,
such as glycosylation utilizing glycosyl halides or acetates,
often need more rigorous reaction conditions and extended
reaction periods, resulting in decreased yields and difficulties
in achieving regioselectivity [95]. Table-2 compares the tradi-
tional glycosylation methods with click chemistry, highlighting
key differences in terms of efficiency, selectivity and yield.
On the other hand, reactions based on click chemistry are very
efficient, often reaching completion within a few minutes and
yielding a large amount of product with exceptional selectivity
for certain regions. This method is very beneficial for creating
intricate carbohydrates and glycomimetics, where the ability
to choose specific stereoisomers is of utmost importance [96].

In addition, click chemistry exhibits advantages over stan-
dard carbohydrate synthesis techniques in terms of selectivity.

TABLE-2 
COMPARISON OF TRADITIONAL AND CLICK CHEMISTRY METHODS FOR CARBOHYDRATE DERIVATIVES SYNTHESIS 

Aspects Traditional methods Click chemistry (modern methods) 

Reaction efficiency Often requires more rigorous conditions and extended 
reaction times, leading to decreased yields. 

Highly efficient, often reaching completion within 
minutes with exceptional selectivity 

Regioselectivity Difficult to achieve precise regioselectivity due to variable 
reactivity and protection groups. 

Provides exceptional regioselectivity, preferentially 
producing 1,4-disubstituted triazoles. 

Stereoselectivity Challenges in achieving stereoselectivity due to effects of 
protecting groups and donor reactivity. 

Highly selective, producing specific stereoisomers with 
ease. 

Reaction conditions Often requires harsh conditions and external activating 
agents. 

Typically occurs under milder conditions without the need 
for external activators. 

Yield It can be poor due to steric hindrance and stringent 
activation conditions. 

Achieves high yields, often approaching quantitative 
values, under mild conditions 

Rate of reaction Generally slower, with reactions sometimes requiring 
several hours. 

Rapid reactions, often completed within minutes. 

Selectivity control Requires multiple stages to achieve comparable 
selectivity, often leading to lower overall efficiency. 

Provides inherent selectivity, reducing the need for 
additional stages. 

Example research Sonication in traditional synthesis improves speed but not 
selectivity 

High yields of triazole-linked derivatives, surpassing 
traditional methods 
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Conventional glycosylation reactions often face challenges in
achieving stereoselectivity due to the impact of protecting
groups and the varying reactivity of different glycosyl donors.
In contrast, click chemistry offers highly selective reactions
that preferentially produce 1,4-disubstituted triazoles over
other potential regioisomers [37]. Attaining this degree of
control is challenging using conventional approaches since
they often need many stages to obtain comparable selectivity.
For instance, Obadele et al. [97] observed that using sonica-
tion in conventional carbohydrate synthesis resulted in
significant improvements in reaction speeds, although it failed
to achieve the intrinsic selectivity provided by click chemical
reactions.

Click chemistry-based carbohydrate synthesis regularly
achieves higher yields compared to previous approaches.
Conventional glycosylation processes, particularly those that
use “disarmed” glycosyl donors such as phenyl thioglycosides,
sometimes encounter poor yields because of steric hindrance
or the need for strict activation conditions. Nevertheless, click
chemistry processes, which occur under less severe conditions
and do not need external activating agents, attain superior
yields. Carbohydrate-based click reactions have shown high
yields, approaching quantitative values, as shown in research
conducted by Misra et al. [98]. In these investigations, triazole-
linked carbohydrate derivatives were synthesized with yields
that much surpassed those produced by traditional glycosyl-
ation techniques.

Possible drawbacks of click chemistry: Although click
chemistry provides significant benefits in terms of effective-
ness, specificity and productivity, it is not exempt from difficul-
ties and restrictions. A major obstacle is the need for precise
reaction conditions, especially when using copper-catalyzed
azide-alkyne cycloaddition (CuAAC), which is the most often
used click reaction [99]. Copper ions, although advantageous
in facilitating the reaction, may be harmful to biological
systems, which restricts their use in bioconjugation and drug
development applications where preserving biocompatibility
is essential. Despite attempts to create copper-free click chem-
istry alternatives, such as strain-promoted azide-alkyne cyclo-
addition (SPAAC), these methods frequently have slower reac-
tion rates and poorer yields, which may reduce their overall
effectiveness [100].

Click chemistry has a constraint when it comes to the
range of substrates it can work with and its ability to tolerate
different functional groups. Although click chemistry exhibits
great selectivity towards azide and alkyne groups, incorpora-
ting these functional groups onto complicated compounds like
polysaccharides might provide synthetic challenges [101]. The
incorporation of azides or alkynes into starting materials may
need supplementary procedures, complicating the synthetic
process and perhaps diminishing the total yield. This issue is
especially troublesome when it comes to creating big, intricate
compounds. In such cases, the several stages involved in adding
functional groups might lead to unwanted side reactions or
decrease the purity of the product [102].

In addition, click chemistry reactions may encounter
challenges in achieving regioselectivity, particularly when used

with substrates that have many reactive sites. Although the
production of 1,4-disubstituted triazoles is generally preferred,
some substrates may still produce unwanted byproducts, espe-
cially when numerous alkyne or azide groups are present [103].
When faced with such situations, attaining absolute selectivity
might be challenging, therefore requiring the implementation
of further purification procedures. Furthermore, click reactions
may not be universally suitable for all types of compounds
and alternate approaches may be necessary when dealing with
extremely hindered substrates or when precise control over
stereochemistry is essential. The significance of choosing suit-
able reaction conditions and substrates to get the best results
in click chemistry is emphasized by these limitations [101].

Recent advancements and future directions: Click
chemistry has gained popularity in medicinal chemistry for
the synthesis of glycohybrid compounds. These molecules are
formed by combining carbohydrates with various bioactive
scaffolds, resulting in the creation of very effective therapeutic
medicines. Research has shown that these glycohybrid mole-
cules have improved biological functions such as being effective
against cancer, germs and viruses [104]. An important progress
involves the utilization of Cu(I)-catalyzed azide-alkyne cyclo-
addition (CuAAC) to produce carbohydrate derivatives that
exhibit specific inhibition of enzymes like glycosyltransferases
and neuraminidase, rendering them valuable for the develop-
ment of drugs targeting diseases such as influenza and cancer
[15]. Furthermore, click chemistry has expedited the efficient
production of a wide range of glycoconjugates with different
structures. This has greatly facilitated the investigation of
interactions between carbohydrates and proteins, which play
a vital role in important biological processes including cell-
cell communication and immunological recognition [105].

Click chemistry has significantly transformed the process
of modifying carbohydrate-based polymers in the field of
materials research. This development has expanded the
potential for creating biocompatible materials that can be used
in tissue engineering, medication delivery and nanotechnology.
Click chemistry enables precise and selective changes of
carbohydrate backbones, facilitating the creation of customized
polymers that may imitate natural glycopolymers or add new
functions for targeted medicinal uses [106].

Speculation on future research directions and potential
applications: Applying click chemistry to carbohydrates offers
many prospects for future study and development in several
sectors. Medical research in the future will likely prioritize
the development of multi-functional glycohybrid compounds
capable of targeting numerous disease pathways concurrently
[107]. This method has great potential for treating intricate
illnesses like cancer since it allows for the targeting of various
molecular pathways, leading to enhanced effectiveness of ther-
apy and decreased development of drug resistance. In addition,
click chemistry may be used to develop personalized drugs,
in which carbohydrate-based pharmaceuticals are customized
to match individual glycan profiles. This approach provides
more efficient therapies with fewer adverse effects [108].

Click chemistry in agriculture has also immense potential
to develop insecticides and fertilizers made from carbohydrates
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that are more effective and eco-friendly [109]. Researchers may
use click chemistry to create carbohydrate-derived compounds
that selectively target insect enzymes or interfere with plant
pathogen glycosylation processes. This approach minimizes the
reliance on toxic chemical substances. Moreover, the use of
click chemistry to produce carbohydrate-based materials has
the potential to optimize the transportation of essential nutrients
to crops, resulting in enhanced growth and production, while
simultaneously reducing the negative effects on the environ-
ment [110].

The future of click chemistry, from an industrial stand-
point, is focused on the development of sustainable materials
derived from carbohydrates. Click reactions may be used to
produce biodegradable polymers and nanomaterials with high
accuracy and effectiveness. These materials can be used for
many applications such as packaging, coatings and more [111].
These materials have the potential to substitute petrochemical-
based plastics, therefore promoting more sustainable industrial
processes and decreasing the environmental impact of the manu-
facturing sector. The adaptability of click chemistry products
formed from carbohydrates also shows potential in the creation
of intelligent materials that can react to environmental factors
such as temperature, pH or light. This makes them well-suited
for advanced applications like sensors and wearable technology
[112].

Conclusion

The chemistry of carbohydrate chemistry has been greatly
influenced by click chemistry, specifically the copper(I)-
catalyzed azide-alkyne cycloaddition (CuAAC). This method
has provided a revolutionary way to synthesize and modify
carbohydrate derivatives. The capacity of CuAAC reaction to
enable the efficient, specific and dependable synthesis of glyco-
conjugates, including glycoproteins, glycolipids and glyco-
peptides, has established it as an essential tool in both funda-
mental research and practical applications. The reaction’s ability
to work well in many conditions, including in water and its
strong preference for certain positions in a molecule, have incre-
ased its usefulness in producing stable, biocompatible mole-
cules that are essential for biological and medical purposes.
By incorporating click chemistry into carbohydrate research,
the synthesis of complicated glycoconjugates has been made
more efficient and streamlined. Moreover, it has facilitated the
fast exploration of chemical space by generating various libraries
of glycoanalogues. This has sped up the discovery and refining
of drugs, creating fresh possibilities for the development of
innovative medicinal substances. In addition to its use in drug
development, click chemistry has been used in materials science
to facilitate the production of biodegradable polymers and smart
materials. These materials play a crucial role in promoting sus-
tainable industrial practices and environmental conservation.
In future, click chemistry is poised to have a significant impact
in several domains, including customized medicine and agricu-
lture. Future research might prioritize the development of multi-
functional glycohybrid molecules for precise disease treat-
ments and carbohydrate-based solutions for agricultural issues.
This may result in more efficient medicines and ecologically

sustainable practices. The ongoing advancements in the click
chemistry present opportunities to drive innovation across
various scientific domains, reinforcing its significance as a core
method in synthetic processes and bioconjugation.
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