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Abstract

The integration of 1,2,3-triazole derivatives into medicinal chemistry has emerged as a promising strategy for enhancing the
efficacy of therapeutic agents. These compounds demonstrate a broad spectrum of biological effects, such as antifungal,
antimicrobial, anti-inflammatory, and anticancer activities. Chitosan, a biocompatible and biodegradable polymer derived
from chitin, provides an excellent matrix for the development of functionalized materials. The incorporation of triazole
moieties into chitosan and its derivatives through click chemistry enhances their therapeutic potential and expands their
applications in biomedical fields. These chitosan-based materials can be engineered for drug delivery systems, improving the
solubility and stability of therapeutic agents, as well as for wound healing applications, due to their inherent antimicrobial
properties. This review highlights the recent advancements in the application of triazole derivatives in medicinal chemistry
and the innovative use of click chemistry in developing chitosan and chitosan derivative-based materials. The synergy
between triazole chemistry and chitosan functionality presents exciting opportunities for the design of novel therapeutics and
delivery systems, addressing key challenges in contemporary pharmaceutical research.
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therapy.

Introduction:

The creation of new synthetic drug candidates
has captured the attention of researchers in medicinal
chemistry. The identification of therapeutically active
heterocyclic compounds has ushered in a new era in
medicinal chemistry, largely due to their strong bioactive
profiles, researchers are still working in this field. The most
common heteroatoms are nitrogen, oxygen, and sulfur. On
the other hand, heterocyclic rings containing different
heteroatoms are widely recognized [1]. Numerous drugs,
vitamins, natural products, and bioactive compounds
include heterocyclic structures.  Pharmaceuticals and
agricultural chemicals frequently use synthetic heterocyclic
compounds as a structural motif[2-6]. Heterocycles have
been studied and discovered to have a wide range of
biological and chemical activity [7-15].

Clinical therapy extensively utilizes a variety of triazole
analogues. In medicinal chemistry, triazole derivatives
represent an important class of heterocyclic compounds
that are particularly valuable as therapeutic agents [16].
Due to their strong dipole moments, triazoles are effective
amide carriers in bioactive molecules[14]. Triazole-based
compounds are of significant interest due to their unique
structural characteristics and their ability to interact with a
variety of biological targets. These compounds exhibit
remarkable versatility in terms of both their chemical

architecture and their potential for modulating biological
processes, making them a focal point for research in drug
development and therapeutic applications. Their distinct
molecular features enable them to bind effectively to
specific biomolecules, influencing various biological
pathways and offering promise for the treatment of a wide
range of diseases. It is well-established that 1,2,3-triazole
derivatives possess a range of beneficial properties,
including  anti-HIV, anti-inflammatory,  anticancer,
antiviral, antimicrobial, antidepressant, antioxidant, and
antifungal activities. It also inhibits the activities of a
variety of enzymes [17-19, 23]. Triazole compounds have
been applied across diverse areas such as additives,
polymer science and technology, supramolecular chemical
engineering, and photoinhibition [24,25].

1. Chitosan: Advancements in Biomedical

Applications and Polymer Chemistry

Derived from chitin, an abundant and renewable source,
chitosan is a polysaccharide with appealing biopolymer
characteristics that make it ideal for a variety of biomedical
applications due to its non-toxicity, biocompatibility, and
ability to biodegrade [26,27]
In 1811, chitin was first identified by Henri Braconnot in
mushrooms. Later, in 1823, Odier discovered the same
substance in insect cuticles and named it 'Chitin,' deriving
the term from the Greek word for tunic, covering, or
envelope [28]. This marked the start of a new line of
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research into naturally occurring polymers. Over time, in
1859, Professor C. Rouget identified a novel biopolymer,
derived from the previously discovered chitin, which he
named 'Chitosan.' Chitosan, a linear and hydrophilic
biopolymer, is essentially chitin in its partially deacetylated
state, which ranks as the second most abundant natural
biopolymer [29].

Polysaccharides, widespread natural polymers on Earth,
comprise materials like cellulose, chitosan, alginate,
dextran, and hyaluronic acid. Presently, they are employed
in various coating applications and are the focus of
extensive research, including studies on their modified
versions [31-37]. Additionally, they contribute importantly
to drug delivery and the advancement of biomedical
materials [38-42]. Chitosan is known for its antimicrobial
properties [43,44], and regenerative capabilities [45] as an
absorption enhancer, chitosan is also applied in drug
delivery systems [46] [47]. Chitosan exhibits not only
improved solubility but also significant biocompatibility
and degradability [48]. Furthermore, chitosan possesses a
wide range of pharmacological and biological qualities,
such as bacteriostatic, antioxidant, immunomodulatory, and
anti-tumor activities [49-51].

A very active area of research involves chemically altering
chitosan to enhance its properties for the intended use or
biological activity [52-55]. The presence of the amino
group in chitosan facilitates various chemical reactions,
including alkylation, acetylation, metal chelation,
quaternization, and interactions with aldehyde and ketone
functional groups.
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Scheme 1. Chitosan production from chitin [30]

These reactions contribute to the formation of a diverse
range of products that exhibit antibacterial, antifungal,
antiviral, anti-acid, anti-ulcer properties, and are
characterized by their non-toxicity, non-allergenic nature,
and complete biocompatibility or biodegradability [56-58].
The various grades of chitosan, a copolymer composed of
N-acetyl-D-glucosamine and D-glucosamine units, are
differentiated by their degree of acetylation[59]. In each
repeating glucosidic residue of chitosan, there are two
hydroxyl groups and one amino group. Specific chemical
changes can be applied to these hydroxyl groups to
improve their solubility [60].

Egypt. J. Chem. Vol. 67, SI: M. R. Mahran (2024)

1.1. Synthesis of Chitosan-based 1,2,3-triazole

compounds

Chitosan, a widely available and renewable polysaccharide,
is known for its appealing

bioactivities and natural characteristics. However, chemical
functionalization of chitosan is frequently required to
enhance its utility. Li et al. have designed and synthesized
three new water-soluble chitosan derivatives featuring
1,2,3-triazole, either with or without halogens.

The antifungal activity of these derivatives against three
types of phytopathogens was evaluated using hyphal
measurement in vitro. The results showed that the
synthesized chitosan derivatives exhibited significantly
improved inhibitory properties and water solubility
compared to unmodified chitosan [62]. They hypothesized
that the presence of thiazolyl groups contributed to the
enhanced antifungal potential of the modified chitosan.
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Figure 1. éiological Activities, Properties, Applications,
and Derivatives of Chitosan [61]
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Scheme 2. Synthetic pathway for the synthesis of chitosan
derivatives.
Furthermore, the derivatives BTCTS and CTCTS, which
contain halogens at the polymer periphery, demonstrated
even greater effectiveness in inhibiting the development of
the tested phytopathogens, with inhibitory effects ranging
from 81% to 93%. The study suggests the presence of a
synergistic impact between the halogens and the triazole
moiety, enhancing the antifungal potential due to their
antifungal properties and electron-withdrawing capacity,
which further improved the overall performance of the
made chitosan derivatives.
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Figure 2. Different producedsolutions of the designed
chitosan derivatives prepared in neutral water at a
concentration of 1.0 mg/mL, alongside a chitosan solution
in neutral water supplemented with 1% acetic acid (HAc)
[62].
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Figure 3. Assessment of the antifungal potential of
chitosan biopolymer and its different derivatives against the
three types of phytopathogens (P < 0.05).
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Scheme3. Synthesis of 1,2,3-triazoles via the Cs/CuFe20s
polymeric hydrogel as an effective heterogeneous catalyst.

Ajormal et al. investigated the preparation of an innovative
nanocomposite based-chitosan derivative (CS/CuFe:04
NCH) which revealed an excellent effectiveness in its
application as a heterogeneous catalyst. They employed this
hydrogel for the azide-alkyne-epoxide synthesis ofl1,2,3-
triazoles  derivatives. Different ~ techniques  of
characterization were performed on the made hydrogel
including FT-IR, TGA, SEM, EDS, XRD, HRTEM, and
DLS. Furthermore, single-crystal X-ray diffraction analysis
was used to confirm the structure of the synthesized 1,2,3-
triazoles [63].

The study highlighted several advantages of the
nanocomposite hydrogel, including its easy regeneration
and numerous reuses without important lossin catalytic
application. Additionally, the high catalytic efficiency, use
of environmentally friendly solvents, and easy separation of
the catalyst were noted as key benefits. This method
provides both financial and environmental advantages,
further showcasing the potential of chitosan-based
nanocomposites in green chemistry applications.
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Tan et al. [64] modified the chitosan biopolymer by
incorporating a quaternary ammonium group through a
click chemistry approach. The resulting functionalized
polymer is a cationic chitosan derivative with a 1,2,3-
triazole moiety. Different structural, elemental, and
chemical techniques were performed to characterize the
created polymers. Turbidity measurements were used to
evaluate the water solubility of the chitosan derivatives at
different pH values. Moreover, the antifungal effectiveness
of the cationic polymers produced was assessed against
various phytopathogenic strains, showing promising
results.
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Scheme 4. Synthetic approaches to produce modified
cationic chitosan biopolymers
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Furthermore, antioxidant activity was evaluated through
superoxide radical scavenging and reducing power assays.
The chitosan derivative incorporating a 1,2,3-triazole group
demonstrated notably enhanced water solubility,
particularly in basic conditions, compared to native
chitosan. It also exhibited potent antifungal activity, with
inhibition rates exceeding 70% against the chosen fungi at
a concentration of 1 mg/mL. Additionally, it demonstrated
improved antioxidant properties, with higher superoxide
radical scavenging at 1.6 mg/mL, attributed to the presence
of the 1,2,3-triazole and quaternary ammonium functions.
These promising biological properties suggest that this
chitosan derivative could be a valuable candidate for
antifungal and antioxidant applications.
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1.2. Biological applications of chitosan-based 1,2,3-
triazole compounds

The development of chitosan-based biomaterials through
the CUAAC reaction has garnered considerable interest for
their potential in biological applications. Sahariah and
colleagues explored the CUAAC method to create anoplin-
chitosan conjugates, achieving substantial control over the
rate of grafting. These conjugates demonstrated a
significant increase in antibacterial effectiveness compared
to anoplin alone, while maintaining a very low level of
hemolytic activity [65].
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Figure 5. Antifungal efficacy of TAMNCS on the different
tested pathogens at various concentrations.

Qinet al. [66] aimed to create new chitosan derivatives
having potent antifungal activity against fungi that threaten
crops by synthesizing (1,2,3-triazol-4-yl)methyl nicotinate
chitosan (TAMNCS) through a click chemistry reaction.
The structure of the TAMNCS chitosan derivative was
analyzed using different chemical (NMR and IR),
elemental, thermal (DSC) and morphological (SEM)
characterizations. The antifungal activity was tested against
three different pathogens at various varied concentrations.
Results showed that TAMNCS had significantly enhanced
antifungal activity compared to unmodified chitosan.
Notably, TAMNCS inhibited the growth of A. porri by
94.2% at aa higher concentration of 1mg/mL,
outperforming the commonly used fungicide triadimefon,
which had an inhibitory rate of 62.2% at the same
concentration. These initial antifungal findings indicate that
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TAMNCS could be a promising antifungal agent for
agricultural applications.
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chitosan derivative.

Li et al. recently investigated the synthesis and radical
scavenging potential of chitosan derivatives modified with
triazole and triazolium groups. Their results demonstrated a
notable enhancement in radical scavenging activity in the
modified chitosans compared to the unmodified version.
Furthermore, the activity was further increased following
the N-methylation of the 1,2,3-triazole units, highlighting
the effectiveness of these modifications in improving the
biopolymer's functionality [67].

Aljohani et al. [68] focused on adressing the challenge of
treating Toxoplasma gondii (T. gondii), a widespread
parasite for which current treatments are either ineffective
or have significant side effects, lacking a reliable gold-
standard option. To overcome this, they synthesized
different types of sulfonamide-1,2,3-triazole hybrids (3a—c)
via a copper-catalyzed 1,3-dipolar cycloaddition between
prop-2-yn-1-alcohol (1) and sulfa drug azides (2a—c). The
synthesized compounds were thoroughly analyzed using
multiple spectroscopic techniques and subsequently
incorporated onto chitosan nanoclusters to create
innovative nanomaterials for various anti-Toxoplasma
evaluation.

In addition, the research demonstrated the efficacy of these
derivatives in mice with experimental infections. Among
the evaluated formulations, the sulfonamide-1,2,3-triazole
nanoformulation labeled as 3c, showed the most auspicious
results for the treatment of toxoplasmosis, achieving 100%
survival, complete parasite reduction, and remarkable
histopathological improvement in all examined organs
compared to the standard treatment with sulfadiazine.

2. Functionalized chitosan-based 1,2,3-triazole
derivatives.

Daraie et al.[69] prepared a novel hybrid composite
compound by reacting the poly(styrene-co-maleic
anhydride) with the folic acid (FA) and ionic liquid. The
resulting product was polymerized with the chitosan and
next the Copper(l) was incorporated onto the system to
provide the nanocatalyst the Cu@SMA-FA-CS-IL. The
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nanocatalyst was then analyzed using different chemical,
structural, elemental, analytical and thermal
characterizations. This heterogeneous prepared catalyst
showed an excellent effectiveness when used in the
reaction of sodium azide, terminal alkynes, and alkyl
halides or o-haloketones in water to produce 1,4-
disubstituted-1,2,3-triazoles. Additionally, the nanocatalyst
revealed the possibility of its efficiently reuse up to 5 times.
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Zhang et al. [70] developed a synthetic strategy using a
modified Wolff’s cyclocondensation to produce 1,2,3-
triazole functionalized chitosans. By employing this
method, a series of multi-substituted 1,2,3-triazole-
modified chitosans were synthesized, achieving degrees of
conversion (DC) between 42.1% and 53.9%. FTIR
spectroscopy and 1H NMR analysis were used to confirm
the chemical structures of these functionalized chitosans,
and amino titration was used to ascertain the DC
measurements. Additionally, the effect of the 1,2,3-triazole
groups on the thermal characteristics of the chitosan
derivatives was analyzed through TGA and DSC thermal
analysis.
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Tan et al. [71] explored the increasing interest in amino
groups for the chemical modification of polysaccharides,
particularly regarding their possible applications in
biomedicine. In their research, the authors developed
innovative antioxidant materials derived from chitosan
derivatives with amino-functional groups. They introduced
1,2,3-triazole and 1,2,3-triazolium units using a click
chemistry approach followed by N-methylation. Different
techniques were performed to characterize the produced
derivatives including elemental analysis, FTIR, and NMR
spectroscopy. The chitosan derivatives containing 1,2,3-
triazoles exhibited significantly enhanced antioxidant
potential compared to unmodified chitosan. Moreover, the
antioxidant performance of the derivatives was enhanced
following the N-methylation of the 1,2,3-triazole groups
with iodomethane, achieving levels comparable to those of
ascorbic acid. Among the created compounds, those
functionalized with acylhydrazine and amino groups
demonstrated higher antioxidant activity than hydroxylated
chitosan with the employed concentrations. Additionally,
the cytotoxicity of the derivatives was assessed in vitro
using HaCaT cells, indicating their potential for safe use.
These findings suggest that acylhydrazine- and amino-
grafted chitosan derivatives with 1,2,3-triazolium moieties
hold promise as innovative and efficient antioxidant
materials for future biomedical applications.

The following scheme 13 shows the chemical structures of
chitosan modified materialéc and 8c. These compounds
exhibited ultra-strong antioxidant properties, comparable to
the effect of ascorbic acid, which was used as a positive
control. This superior activity is assigned to the combined
influence of the acylhydrazine functions and the 1,2,3-
triazole groups in compound 6¢, and the 1,2,3-triazolium
groups in compound 8c.
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Scheme 12. Structure of 7c and 9c chitosan derivatives
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Tan et al. [72] identified chitosan as a highly efficient
biopolymer with diverse possible applications, owing to its
distinctive ~ chemical,  physical, and  biological
characteristics. To improve its water solubility and
biological performance, chitosan was functionalized to
produce new derivatives. In their study, the researchers
introduced a triphenylphosphonium function to chitosan via
click chemistry approach, exploring its potential as an
antifungal biomaterial for agricultural use.

Different methods of characterization including NMR,
FTIR spectroscopy and UV-vis spectroscopy were
performed to evaluate the impact of the applied chemical
functionalization on the final properties of the modified
chitosan.

Additionally, the microbial properties of the synthesized
chitosan biomaterial were tested using different pathogen
strains that pose a threat to plants. In vitro experiments
showed that the triphenylphosphonium-modified chitosan
exhibited significantly enhanced antifungal activity
compared to unmodified chitosan and intermediate
derivatives. Notably, the modified chitosan demonstrated
a strong antifungal activity, with an inhibitory index
exceeding 80% against Botrytis cinerea at a concentration
of 1.0 mg/mL. The findings of this comprehensive
antifungal investigation indicate that the modified
chitosan biomaterial, which incorporates both 1,2,3-
triazole and triphenylphosphonium groups, provides a
promising foundation for the creation of innovative
antifungal biomaterials for agricultural applications.

3. Chitosan Nanoparticles based 1,2,3-triazole

Kritchenkov et al. [73] utilized ultrasound-assisted click
chemistry (CuAAC) for the modification of chitosan. The
ultrasound-facilitated click reaction applied on the
propargyl ester group of betaine and an azido-modified
chitosan biopolymer occurred swiftly in water in aerobic
conditions, leading to the creation of new triazole betaine
chitosan biomaterial with improved solubility in water. The
resulting chitosan derivatives were then used to prepare
nanoparticles through the ionic gelation method, which
were subsequently characterized. The antibacterial and
transfection properties of the novel chitosan derivatives and
their nanoparticles were evaluated. The nanoparticles,
which had an average diameter of around 100 nm and a {-
potential of approximately +65 mV, demonstrated
outstanding antibacterial effectiveness. Their activity
exceeded that of the native triazole betaine derivatives and
was on par with the efficacy of standard antibiotics like
ampicillin and gentamicin. Conversely, the native triazole
chitosan derivatives demonstrated significantly increasing
transfection potential higher than that of their nanoparticle
form. The derivatives with moderate molecular weight and
substitution levels showed the highest activity. These
chitosan-based biomaterials exhibited exceptionally high
transfection efficiency, achieving results comparable to
those of Lipofectin, a widely used commercial gene
delivery agent. Kritchenkov et al. [73] emphasized several
important aspects of their study, notably their successful
advancement of ultrasound-assisted CUAAC in the field of
chitosan chemistry. By optimizing the click reaction, the
authors demonstrated that tuning the ultrasound power and
frequency could greatly speed up the CUAAC process, even
in the presence of oxygen, while preserving the reaction's
selectivity and preventing ultrasonic degradation of the
chitosan polymer chain. Using this method, they
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successfully synthesized new triazole betaine chitosan
derivatives with varying substitution degrees, starting with
chitosans of different molecular weights. These resulting
biopolymers exhibited outstanding water solubility. Next,
the researchers employed ionic gelation of triazole betaine
chitosan derivatives with TPP to create spherical
nanoparticles with a uniform size distribution. They then
assessed both the antibacterial and transfection activities of
the modified chitosan biopolymers and their nanoparticle
formulations.

AZ-CS-A
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@ 2. NaBH,
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Scheme 13. Synthetic route for the designing of
chitosan azido compounds AZ-CS-A and AZ-CS-B.
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Table 4. Antimicrobial properties of the triazole derivatives
and their nanoparticle formulations

Sample Tested bacteria

S. aureus E. coli

Inhibition zone, mm*/MIC

Triazole 115 £ 0.13/3.23 7.2 +044/542
Betain 2.140.11/15.71 1.5 + 0.24/26.71
Triazolbetaine 333 + 041/1.26 14.8 +0.11/2.67
Chitosan 13.5 £ 0.3/269 104 £ 0.2/381
TB-CS-A-1-L 19.2 4+ 0.32/1.66 9.6 + 0.40/2.76
TB-CS-A-1-M 213 4 043/132 123 £ 0.32/2.68
TB-CS-A-I-H 18.7 + 0.25/1.77 10.1 + 0.26/2.83
TB-CS-B-I-L 219 £ 0.22/1.51 12.8 £ 0.46/2.45
TB-CS-B-1-M 243 + 0.36/1.26 15.6 +0.15/2.23
TB-CS-B-I-H 227 +037/148 135 £0.11/2.52
TB-CS-A-1I-L 25.1 +£0.34/1.34 16.1 +0.22/2.09
TB-CS-A-11-M 279+ 0.13/1.14 188 £ 0.19/1.711
TB-CS-A-1I-H 26.1 £ 0.51/1.29 16.1 +0.34/2.14
TB-CS-B-II-L 28.8 +047/1.15 19.0 +£0.25/1.63
TB-CS-B-1I-M 32.1 £ 0.17/1.01 20.1 +0.39/1.21
TB-CS-B-1I-H 301 +£0.23/1.17 18.9 £ 0.33/1.62
TB-CS-A-lII-L 333 +£0.41/0.98 25.1 £ 0.21/1.15
TB-CS-A-lII-M 36.5 + 0.12/0.69 282 +0.25/0.74
TB-CS-A-llI-H 34.1 4+ 0.11/0.93 246 +0.15/1.13
TB-CS-B-III-L 38.7 + 0.45/0.58 32.5 +0.19/0.87
TB-CS-B-1II-M 41.3 £ 0.17/025 342 +£0.22/0.37
TB-CS-B-II-H 39.2 + 0.22/0.61 31.3 +£0.27/0.91
NP-A-1 456 + 0.11/0.11 36.8 £0.14/0.20
NP-A-2 414 +0.19/0.22 31.7 +0.18/0.35
NP-A-3 287 +£0.21/1.10 232 +£0.19/1.24
NP-A-4 332+ 0.32/0.84 28.3 +0.14/0.89
NP-A-5 34.1 +0.10/0.83 28,0 +0.11/0.93
NP-B-1 44.8 + 0.19/0.12 36.4 + 0.09/0.21
NP-B-2 40.9 + 0.24/0.23 31.2 £ 0.13/0.36
NP-B-3 29.2 + 0.33/1.11 232 +£0.21/1.22
NP-B-4 33.7 £ 0.12/0.84 28.6 +0.17/0.88
NP-B-5 34.5 + 0.14/0.82 28.0 4+ 0.14/0.92
Ampicillin 302 + 0.19/0.12 -

Gentamicin — 221 £0.24/0.21

The produced nanoparticles, measuring approximately 100
nm in size and possessing a (-potential of around +65 mV,
demonstrated  exceptional  antibacterial ~ properties,
outperforming the native triazole betaine derivatives and
exhibiting activity on par with, or slightly greater than, that
of ampicillin and gentamicin. In contrast, the native triazole
betaine chitosan derivatives exhibited superior transfection
efficiency compared to their nanoparticle counterparts. The
most effective derivatives were those derived from
moderate molecular weight chitosan with an
intermediate degree of substitution, showing transfection
activity comparable to Lipofectin, a widely used
commercial gene delivery vector. Additionally, both the
modified chitosan biopolymers and their nanoparticle
formulations were determined to be non-toxic. The
researchers highlighted that their findings represent some
of the most promising results to date in the areas of
transfection and antimicrobial potential for chitosan-based
systems. They suggested that these chitosan-based systems,
with potential applications in both antibacterial and
transfection fields, warrant further in vivo studies. Finally,
their findings once again confirmed the efficacy of
ultrasonic and click-reaction approaches in the field of
chitosan chemistry, and they expressed optimism that these
methods could be extended to further bioactive
macromolecules.

4. Enhancing Chitosan through Click Chemistry:
Methods and Biomedical Impacts

Up to this point, the synthesis of 1,2,3-
triazole functionalized chitosans has been
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exclusively focused on the amino groups in chitosan,
employing click chemistry

techniques. Kulbokaite et al. [74] synthesized azido-
chitosan polymer via different methods including the use of
azido epichlorohydrin, sodium azide with sodium nitrite,
trifluoromethanesulfonyl azide, and imidazole-1-sulfonyl
azido hydrochloride. The highest degrees of azidation (DA)
of chitosan, were around 65%, and achieved with the last
two reagents used. N-azidatedchitosans with approximately
60% DA were insoluble in both water and common organic
solvents, but they dissolved in a 5% LiCl solution in N-
methyl-2-pyrrolidone, a solvent rarely used for chitin. For
the first time, chitosan-methoxy poly(ethylene glycol)
derivatives containing triazolyl groups (chitosan-N-
TMPEG comb copolymers) were synthesized through click
reaction, linking the azide groups on chitosan with the
terminal alkyne functions on MPEG.

The chitosan-N-TMPEG materials were synthesized with
degrees of substitution (DS) corresponding to the degree of
azidation (DA) of the chitosan, achieving a DS of up to
40% by using excess MPEG alkyne. The "click™ reaction
between MPEG alkyne and azido chitosan was successful
in a binary mixture of water and methylene chloride, but it
did not occur in a 5% LiCl solution in N-methyl-2-
pyrrolidone. Furthermore, the use of a Cu(ll)/ascorbate
catalyst led to crucial degradation of the chitosan backbone
during the click reaction, resulting in grafted copolymers.
The resulting chitosan-N-TMPEG copolymers contained
residual copper and were soluble in acetate buffer at pH
3.7. These new combined copolymers were characterized
by 1H NMR and infrared spectroscopy, size exclusion
chromatography, viscosity measurements, and elemental
analysis.

Table 5. Evaluation of the different methods for azido-
chitosan synthesis
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Scheme 15. Synthetic route of theN-MPEGylation of the
chitosan biopolymer using click cycloaddition reactions.
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Table 6. Evaluation of the azido-chitosan synthesis via the
Procedure D
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2 Triethyl amine.
b The degree of azidation (DA) was determined using FT-
IR spectroscopy.

Table 7. The findings of the chitosan-N-TMPEG
copolymer analysis
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Table 8. Molecular parameters of chitosan and its
derivatives and Cu content
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In recent years, the use of Cuprous-catalyzed azide-alkyne
cycloaddition (CuAAC) has gained prominence as an
effective  and  appealing method for chitosan
functionalization. Consequently, there has been an
increasing focus on applying the CuAAC reaction to
modify chitosan derivatives[75, 76].

Additionally, Tan et al. describe a new method for
synthesizing chitosan derivatives that are functionalized
with both amino and acylhydrazine groups, incorporating
1,2,3-triazole and 1,2,3-triazolium functionalities. The
synthesis process employed the CuAAC reaction, along
with N-methylation using iodomethane. The antioxidant
properties of these derivatives were evaluated by testing
their ability to scavenge OH radicals, DPPH radicals, and
superoxide radicals, as well as assessing their reducing
power. These tests aimed to investigate how the presence of
1,2,3-triazoles, their N-methylation, and the inclusion of
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various amino groups influence the radical scavenging
activities of the modified chitosan biopolymers [71].

The azide-alkyne cycloaddition catalyzed by copper (1),
was established by Sharpless and has seen extensive
application in the modification of polysaccharides [76].
Polysaccharides modified through click chemistry exhibit
various biological activities, including antibacterial, anti-
inflammatory, antitubercular, and anticancer properties
[62]. Moreover, 1,2,3-triazole is regarded as a compelling
bridging moiety capable of linking pharmacophores to form
novel bioactive compounds. Numerous studies have
concentrated on the highly regioselective functionalization
of different types of polysaccharides, including chitosan,
via click reactions.[52, 77].

Modifications of chitosan using CUAAC have primarily
targeted reactions involving azides at the C-2 amine and C-
6 position, with the C-2 amine being shielded by phthaloyl
functions [78, 79].
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Scheme 16. Synthesis of triazole derivatives.

The amino function in chitosan has been modified by
attaching acyl moieties with terminal alkyne or azido
functions. These modified groups can then undergo
transformation into triazoles through the CuAAC reaction,
a method that has been employed for the grafting of
peptides[65, 80]Polyethylene glycols, often abbreviated as
PEGs. [74] as well as conjugates of drugs and nanoparticles
[65, 81, 82].

Liao et al. [83] developed a range of 1,24-triazole
derivatives (1-14) to explore their neuroprotective
properties and underlying mechanisms. Compounds 5-11
showed significant protection of PC12 cells against
cytotoxicity induced by H.0: or sodium nitroprusside, with
product 11 proving the highest effectiveness. Compound 11
demonstrated the ability to chelate Fe(ll) ions, scavenge
reactive oxygen species, and reinstated the mitochondrial
membrane potential. Moreover, it boosted antioxidant
defense by elevating serum superoxide dismutase levels
and facilitating the nuclear translocation of the nuclear
factor erythroid 2-related factor 2.
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Table 9. IC50 values of products 5-11 in the inhibition of Ferrozine-Fe2+ interaction

Compound [Cso (uM) * Compound ICsq (M)

5 4294+ 0.11 9 3599 + 049
6 22.61 £ 054 10 35.12 + 0.67
7 46.17 + 3.88 11 3627 + 1.74
8 27.53 £ 043

aThe values are expressed as the mean + SD of three independent experiments.

Table 10. Compound 11's impact on GSH, GSH-px, and SOD levels in PC12 cells treated with H202 or SNP.

GSH(nM/mg) ~ GSH-px (mUfmg) ~ SOD (U/mg) GSH(nM/mg) ~ GSH-px (mUJmg)  SOD (U/mg)

Control 88854147 80894568 £59:18  Control MT6+223 55704338 08718
HO(5000M) 6552144  4590:364"  2069+165"  SNPGOOM)  T5I8£174" 370:288  2B74£20"
HO125 M) 7042:205 510338 36305235 SNPHTQRSM) 79074199 42454776 34634188

HO+1G M) 7251105F  6515:254°  3885:190°  SNP+1ISEM)  8674£186° 44384656 3485 1 274°
MO0 M) 8057+ 116% 7794+ 162%  4119+140%  SNPHII(10pM)  8916+172%  S278+346° 3007438

Compound 11 altered blood levels of important Via MIT measurements Bo  VeLDHmeswenens
biochemical markers (TNF-a, IL-1B, SOD, and MDA), m W‘\
decreased the extent of cerebral infarction, and enhanced ai N

behavior in a rat model of middle cerebral artery occlusion
(MCAO). When compound 11 was administered
intraperitoneally to mice, the fatal dose (LDso) was more
than 400 mg/kg. Pharmacokinetic studies also showed high
bioavailability after oral and intravenous injection and an
extended half-life (4.26 hours for oral and 5.11 hours for

LIDH Rcelease

intravenous administration). N L L N T B §
5. Hybrid 1,2,3-Triazole Chitosan Derivatives as 0° ¢ ¢
efficient Anticancer Agents: Mechanisms and ¢
Structure-Activity Relationships Treatment with 300 mA SNP
Anticancer drugs are essential for treating cancer, but the 1t Mgy D
negative effects and drug resistance linked to existing N Ha S
therapies highlight the pressing need for new medications i EILN iy
with enhanced effectiveness and reduced adverse effects. i e |50t§| 3
Triazole-based scaffold materials serve as important 20 By & ﬂ
building blocks in the design of novel anticancer agents, ol g ;
with several derivatives either currently in clinical use or i "
in the process of clinical studies. Hybrid molecules are Wb b A N Ah 3 bR e
crucial in cancer therapy, and the integration of the 1,2,3- & AR ‘;q vy ‘,y‘ _§‘
triazole structure with other anticancer pharmacophores ¢ @" bo" b,(' ‘5,0
holds promise for developing new therapeutic strategies, v vy
particularly for drug-resistant cancers. Anticancer drugs Figure 7. Neuroprotective effect of active compounds 5-11
play a critical role in managing and eliminating cancer, on H202 or SNP induced PC12 damage. (Data are
yet the increasing prevalence of drug-resistant and expressed as the mean + SD of three independent assays).

multidrug-resistant cancers presents a significant strain on
healthcare systems worldwide.
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Figure 8. Some novel efficient anticancer products based-
triazole moiety.

As a result, it is vital to develop new anticancer agents that
are not only effective against both drug-sensitive and
resistant cancers but also have minimal side effects. Xu et
al. [84] have focused on 1,2,3-triazole, a versatile moiety
that has shown significant potential in the development of
new drugs for cancer treatment. Hybridizing 1,2,3-triazole
with other anticancer pharmacophores could offer
promising new therapeutic possibilities. Over the past five
years, Xu et al. [84] have synthesized a variety of 1,2,3-
triazole-based hybrids for this purpose. Notable among
these are compounds like 58b, 97, 132a, 115a, and 171a,b,
which have shown potent anticancer activity across a
broad spectrum.
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Figure 9. Some novel efficient anticancer products based-

triazole moiety.

Furthermore, conjugates like 13, 64 (a-b), and 120, with
IC50 values in the nanomolar range, have shown strong
activity against various cancer cells.

Compounds 57a, 72a, 99a-c, 115a, 133a, and 137a
demonstrated remarkable potency in both in vitro and in
vivo models, effectively targeting both drug-sensitive and
drug-resistant cancers. These findings underscore the
promising potential of these

1,2,3-triazole hybrids as innovative candidates for cancer
therapy. Their review summarizes 1,2,3-triazole-containing
hybrids that have shown potential anticancer activity in
both in vitro and in vivo studies developed over the past
five years.

The review also explores the structure-activity relationships
(SARs) and mechanisms of action, providing guidance for
the design and optimization of 1,2,3-triazole-based hybrids
with greater efficacy and lower toxicity [84].

Recent studies have introduced innovative nanocarriers
(NCs) that are bioconjugated with trastuzumab (Tras) using
click chemistry techniques. Specifically, click reactions
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were employed to link CS-Mal/SH-ALG NCs with Tras,
acting as a receptor-targeting ligand, after synthesizing
chitosan-maleimide (CHI-Mal) and thiolated alginate.
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Figure 10. Some novel efficient anticancer products based-
triazole moiety.

The SK-BR-3 HER2-positive breast cancer cell line was
utilized to evaluate the NCs in terms of cell viability,
targeting efficiency, biocompatibility, and anticancer
activity. The resulting NCs exhibited a positive surface
charge, a nearly spherical morphology, and nanoscale
dimensions. Notably, the release of curcumin (Cur) from
Cur-loaded CHI-Mal/SH-ALG NCs (Cur-NCs) was
significantly higher in an acidic cancer environment (pH
5.5; 98%) compared to physiological conditions (pH 7.4;
57%) over a 7-day period. Tras-conjugated Cur-NCs (Tras-
Cur-NCs) demonstrated superior anticancer effects and
increased cellular uptake, outperforming both free Cur and
non-targeted Cur-NCs.

A recent study conducted by Antoniraj et al. [86] proposed
a pH-responsive copolymer based on chitosan and mPEG,
which was loaded with prednisolone. The study revealed
that the resulting polymeric nanoparticles (PNPs)
effectively reduced the levels of inflammatory mediators
such as ROS and NO in RAW264.7 cell lines. The results
highlighted the potential of the pH-responsive properties of
the PNPs and their promising ability to treat both cancer
and inflammatory conditions through this innovative
delivery system.

6. Conclusion

In summary, the application of triazole derivatives in
medicinal chemistry and the development of chitosan-based
materials using click chemistry highlight the progressive
and transformative aspects of polymer and pharmaceutical
research. These innovative compounds improve upon
current therapeutic methods and introduce new ways to
combat a wide range of diseases. Meticulous investigation
and teamwork have led to the fusion of triazole chemistry
with chitosan enhancements, advancing powerful solutions
for both existing and forthcoming health issues. This
rapidly growing area promises significant advances in
creating more efficient and specific treatments,
emphasizing the necessity for ongoing research and
utilization of these adaptable chemical structures.
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