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Abstract

In recent years, nanoparticle-based drug delivery systems have emerged as promising platforms
for targeted therapy, offering the potential to enhance drug efficacy while minimizing off-target
effects. Surface modification is a critical aspect of optimizing nanoparticle performance for
specific therapeutic applications. Click chemistry, characterized by its modularity, selectivity,
and high efficiency, has gained traction as a versatile tool for nanoparticle surface engineering.
This review provides a comprehensive overview of recent advancements in click chemistry
aimed at tailoring nanoparticle surfaces to improve targeted drug delivery. Key topics covered
include the types of click reactions utilized, strategies for nanoparticle functionalization, and
their applications in targeted drug delivery. Additionally, this review addresses current
challenges in click chemistry-mediated nanoparticle surface modification, such as scalability,
reproducibility, and biocompatibility, and discusses potential future directions for research in this
rapidly evolving field. By elucidating the latest developments and outlining future prospects, this
review aims to contribute to the continued advancement of nanoparticle-based drug delivery
systems towards clinical translation and therapeutic innovation.

Keywords: Click Chemistry, Drug Efficacy, Targeted Therapy, Nanoparticle Functionalization,
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Introduction systems.  These advantages include
prolonged circulation time in the
bloodstream, enhanced bioavailability of
drugs, and the ability to target specific
tissues or cells within the body. However, to
fully harness the potential of nanoparticles

Nanoparticles have garnered significant
attention in the field of drug delivery due to
their unique properties that offer numerous
advantages over traditional drug delivery
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for biomedical applications, it is essential to
modify their surfaces to optimize their
properties. Surface modification plays a
crucial role in determining the stability,
biocompatibility, and targeting capabilities
of nanoparticles. Click chemistry has
emerged as a powerful tool for precisely and
efficiently modifying nanoparticle surfaces
due to its high selectivity, efficiency, and
compatibility with biological systems (Yoo
etal., 2010).

Click chemistry refers to a set of chemical
reactions that are highly efficient, selective,
and capable of proceeding under mild
conditions, making them ideal for biological
applications. These reactions enable the
precise and controlled functionalization of
nanoparticle surfaces with various ligands,
targeting moieties, and therapeutic agents.
One of the most commonly used click
chemistry reactions for nanoparticle surface
modification is the copper-catalyzed azide-
alkyne cycloaddition (CuAAC) reaction.
This reaction involves the coupling of an
azide-functionalized molecule with an
alkyne-functionalized molecule in the
presence of a copper catalyst, resulting in
the formation of a stable triazole linkage.
The CUuAAC reaction has been widely
employed for the conjugation of targeting
ligands, such as antibodies, peptides, or
aptamers, onto the surfaces of nanoparticles
to achieve targeted drug delivery (Meldal
and Tornge, 2008).

Recent advancements in click chemistry
have further expanded the toolbox for
nanoparticle surface modification, enabling
the  development of  multifunctional
nanoparticles with enhanced targeting
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capabilities and therapeutic efficacy. For
example, strain-promoted  azide-alkyne
cycloaddition (SPAAC) and copper-free
click chemistry reactions have been
developed to overcome the limitations
associated with the use of copper catalysts,
such as cytotoxicity and instability in
biological environments. These
bioorthogonal click chemistry reactions
allow for the selective modification of
nanoparticle surfaces in complex biological
matrices without interfering with cellular
processes. Moreover, the development of
orthogonal click chemistry reactions has
facilitated the sequential and site-specific
conjugation of multiple ligands onto
nanoparticle surfaces, enabling the precise
control over the spatial arrangement of
targeting moieties and therapeutic agents.
Overall, click chemistry has revolutionized
nanoparticle surface modification, enabling
the design of tailored drug delivery systems
with enhanced efficacy, specificity, and
biocompatibility (Agard et al., 2004).

Types of Click Reactions

Click chemistry refers to a set of highly
efficient, selective, and versatile reactions
that are particularly useful for the synthesis
of complex molecular architectures,
materials, and bioconjugates. The term
"click chemistry" was coined by K. Barry
Sharpless in 2001 to describe reactions that
are high yielding, specific, modular, wide in
scope, and easy to perform. Click chemistry
reactions typically proceed rapidly under
mild conditions, enabling the synthesis of
complex molecules with high selectivity.
These reactions have found widespread
applications in fields such as materials

56



»,
l“—!ﬂlj International Research Journal of Education and Technology
mJEdT Peer Reviewed Journal

science, drug discovery, bioconjugation, and
nanotechnology. One of the key reactions
within the realm of click chemistry is the
copper-catalyzed azide-alkyne cycloaddition
(CuAAC), first reported by Sharpless and
co-workers in 2002. CuUAAC involves the
reaction between an organic azide and a
terminal alkyne in the presence of a
copper(l) catalyst to form a 1,2,3-triazole
linkage. This reaction is highly efficient,
selective, and tolerant of various functional
groups, making it a powerful tool for the
synthesis of complex molecules and
bioconjugates. Another important click
reaction is the strain-promoted azide-alkyne
cycloaddition  (SPAAC), which  was
developed by Carolyn R. Bertozzi and co-
workers in 2004. SPAAC does not require a
metal catalyst and relies on the inherent
strain energy of cyclooctynes to accelerate
the reaction between an azide and an alkyne.
SPAAC is particularly  useful  for
bioorthogonal  labeling and imaging
applications due to its biocompatibility and
minimal background reactivity in biological
systems. Thiol-ene click chemistry is
another variant of click chemistry that
involves the reaction between a thiol and an
alkene to form a carbon-sulfur bond. Thiol-
ene reactions offer several advantages over
traditional thiol-ene chemistry, including
faster reaction rates, higher selectivity, and
compatibility with a wide range of
functional groups. These reactions have
been widely used for the synthesis of
polymer networks, surface modifications,
and bioconjugation. The Diels-Alder
reaction, although not traditionally
considered a click reaction, has been
increasingly recognized for its utility in click
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chemistry applications. The Diels-Alder
reaction involves the cycloaddition of a
conjugated diene with a dienophile to form a
cyclohexene ring. Recent advances in
catalyst design and reaction conditions have
enabled the Diels-Alder reaction to be used
as a powerful tool for the synthesis of
complex molecular architectures and
materials. Recent developments in catalyst
design, reaction conditions, and substrate
scope have expanded the utility of click
reactions  for  nanoparticle  surface
modification. Nanoparticles are widely used
in various fields, including biomedicine,
catalysis, and materials science, due to their
unique physical and chemical properties.
Click chemistry offers an efficient and
versatile approach for functionalizing
nanoparticle surfaces with a wide range of
ligands, biomolecules, and functional groups
(Kolb et al., 2001). For example, CuUAAC
has been used for the functionalization of
gold nanoparticles with biomolecules such
as proteins, DNA, and peptides. SPAAC has
been employed for the bioconjugation of
nanoparticles  with  fluorescent  dyes,
targeting ligands, and therapeutic agents.
Thiol-ene click chemistry has been utilized
for the synthesis of cross-linked polymer
coatings on nanoparticle surfaces, imparting
stability and  biocompatibility.  Click
chemistry encompasses a variety of highly
efficient and selective reactions that are
invaluable tools for the synthesis of complex
molecules, materials, and bioconjugates.
The versatility and compatibility of click
reactions with a wide range of substrates
make them particularly well-suited for
nanoparticle surface modification
applications. Continued advancements in
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catalyst design, reaction conditions, and
substrate scope are expected to further
expand the utility of click chemistry in

nanotechnology and other interdisciplinary
fields (Hoyle and Bowman, 2010).

Table: 1. Click Chemistry and Catalyst Design in Nanotechnology

Term Description Examples
Click Highly efficient, selective, and versatile reactions for synthesis of CUAAC, SPAAC, thiol-ene, Diels-
Chemistry complex molecular architectures. Alder
CuAAC Copper-catalyzed azide-alkyne cycloaddition, forming 1,2,3-triazole  Functionalizing gold nanoparticles
linkage.
SPAAC Strain-promoted azide-alkyne cycloaddition, bioorthogonal labeling Bioconjugation with fluorescent
and imaging. dyes
Thiol-ene Reaction between thiol and alkene forming carbon-sulfur bond, useful ~ Cross-linked polymer coatings on
for polymer networks. NP
Diels-Alder Cycloaddition of conjugated diene with dienophile forming Synthesis of complex molecular

Nanoparticles

cyclohexene ring.

Widely used in biomedicine, catalysis, materials science, can be
functionalized with click chemistry.

structures

Functionalization with ligands,
biomolecules

Catalyst Advances improve efficiency and selectivity of reactions, expanding Continued advancements in the
Design utility in nanotechnology. field
Strategies for Nanoparticle reactions under mild conditions. One

Functionalization

Click chemistry has emerged as a powerful
tool in nanotechnology, enabling precise
control over the placement and density of
functional groups on nanoparticle surfaces.
Nanoparticles, due to their unique size-
dependent  properties, have  found
widespread applications in various fields
including  biomedicine, catalysis, and
materials science. However, to fully harness
their potential, it is crucial to tailor their
surface properties to achieve desired
functionalities. Click chemistry provides a
versatile platform to achieve this goal by
facilitating efficient and selective chemical
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common strategy employed in nanoparticle
surface engineering is ligand exchange,
wherein  the native ligands on the
nanoparticle surface are replaced with
desired functional groups using click
chemistry reactions. For example, thiol-ene
click reactions have been utilized to
functionalize gold nanoparticles  with
various thiol-containing ligands, offering
control over the surface chemistry and
stability of the nanoparticles (Dutta et al.,
2019). This approach allows for the
introduction of specific functionalities such
as targeting ligands or imaging agents onto
the nanoparticle surface, thereby enhancing
their biocompatibility and functionality.
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Post-synthesis ~ modification  represents
another important avenue for nanoparticle
surface engineering using click chemistry. In
this approach, nanoparticles are first
synthesized with functional groups that are
orthogonal to the desired click chemistry
reaction. Subsequently, these functional
groups are selectively modified using click
reactions to introduce desired
functionalities. For instance, azide-alkyne
cycloaddition (AAC) reactions have been
widely employed for  post-synthesis
modification of nanoparticles due to their
high  selectivity and biocompatibility
(Lallana et al., 2018). This strategy enables
precise control over the density and
distribution of functional groups on the
nanoparticle surface, leading to tailored
properties such as enhanced targeting or
imaging capabilities.

In situ functionalization represents a more
direct approach to nanoparticle surface
engineering using click chemistry. In this
method, click reactions are carried out
directly on the surface of nanoparticles
during their synthesis or functionalization
process. For example, copper-catalyzed
alkyne-azide  cycloaddition  (CuAAC)
reactions have been utilized for in situ
functionalization of nanoparticles, allowing
for the simultaneous introduction of multiple
functionalities onto the nanoparticle surface
(Mehra et al., 2020). This approach offers
advantages such as improved reaction
efficiency and reduced purification steps,
leading to enhanced scalability and
reproducibility in nanoparticle synthesis. By
incorporating targeting ligands, imaging
agents, or stimuli-responsive moieties via
click chemistry, nanoparticles can be
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engineered to exhibit enhanced specificity,
imaging capabilities, and controlled drug
release  profiles. For instance, the
conjugation of targeting ligands such as
antibodies or peptides onto nanoparticle
surfaces enables selective targeting of
diseased cells or tissues, thereby enhancing
the efficacy of diagnostic or therapeutic
interventions (Hosseini-Nassab et al., 2020).
Similarly, the attachment of imaging agents
such as fluorescent dyes or magnetic
nanoparticles  allows  for  real-time
monitoring of nanoparticle biodistribution
and cellular uptake, facilitating the
development of  precision  medicine
strategies (Shin et al., 2019). Moreover, the
incorporation of stimuli-responsive moieties
such as pH-sensitive linkers or light-
responsive groups enables spatiotemporal
control over drug release from nanoparticles,
offering opportunities for personalized
therapy and minimization of off-target
effects (Wang et al., 2021).

Applications in Targeted Drug Delivery

Functionalizing nanoparticle surfaces with
targeting ligands is a pivotal strategy in
modern drug delivery systems. This
approach enables the precise and selective
delivery of therapeutic agents to specific
diseased tissues or cells while minimizing
off-target effects and systemic toxicity. The
utilization of click chemistry-mediated
surface  modification techniques has
emerged as a powerful tool in achieving this
goal. Click chemistry offers several
advantages, including high selectivity,
biocompatibility, and efficiency, making it
suitable for modifying nanoparticle surfaces
with targeting ligands. Targeted drug
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delivery systems hold immense promise in
various medical fields, including cancer
therapy, inflammatory disease treatment,
and regenerative medicine. By attaching
targeting ligands to nanoparticle surfaces via
click chemistry, researchers can design drug
delivery vehicles capable of homing in on
specific cells or tissues, thereby enhancing
therapeutic efficacy and reducing adverse
effects. These targeted nanoparticle
formulations offer precise control over drug
release kinetics and localization, ultimately
improving patient outcomes (Lee et al.,
2012).

In cancer therapy, targeted nanoparticle
delivery systems have revolutionized
treatment approaches by enabling the
selective delivery of chemotherapeutic
agents to cancer cells while sparing healthy
tissues. For instance, functionalizing
nanoparticle surfaces with targeting ligands
such as antibodies or peptides allows for the
specific  recognition and binding to
overexpressed receptors on cancer cells.
This targeted approach enhances drug
accumulation at the tumor site, leading to
increased therapeutic efficacy and reduced
systemic toxicity compared to conventional
chemotherapy. Furthermore, click
chemistry-mediated surface modification
has facilitated the development of targeted
delivery systems for nucleic acid-based
therapeutics, such as small interfering RNA
(SIRNA). siRNA holds immense potential
for treating various diseases by silencing
specific genes involved in disease
progression. However, effective delivery to

Challenges and Future Directions
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the target cells remains a challenge. By
conjugating  siRNA to  nanoparticles
functionalized with targeting ligands,
researchers can enhance cellular uptake and
achieve specific gene silencing in diseased
tissues while minimizing off-target effects
(Hilderbrand and Weissleder, 2010).

Moreover, the application of click chemistry
in nanoparticle surface modification extends
beyond therapeutic delivery to include
imaging agents for disease diagnosis and
monitoring. By conjugating imaging probes
to targeted nanoparticles, researchers can
visualize disease processes with high
sensitivity and specificity. For example,
functionalizing nanoparticles with targeting
ligands that recognize disease-specific
biomarkers allows for the precise
localization of imaging agents to
pathological sites, enabling accurate disease
detection and monitoring of treatment
response. Several examples highlight the
efficacy of nanoparticle formulations
functionalized via click chemistry for
targeted drug delivery. For instance,
research has demonstrated the successful
conjugation of targeting ligands, such as
antibodies or peptides, to nanoparticle
surfaces using click chemistry techniques
like copper-catalyzed azide-alkyne
cycloaddition (CUAAC) or strain-promoted
azide-alkyne cycloaddition (SPAAC). These
targeted nanoparticles have shown enhanced
cellular uptake and specific localization to
diseased tissues in preclinical models of
cancer, inflammatory diseases, and other
disorders (Lutz, 2008).
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Click chemistry has emerged as a powerful
tool in the field of nanoparticle surface
modification, offering precise control over
the attachment of functional groups onto
nanoparticle surfaces. The term “click
chemistry” was introduced by K. Barry
Sharpless in 2001 to describe reactions that
are high yielding, wide in scope, create only
byproducts that can be easily removed, and
can be conducted in easily controlled
conditions (Kolb et al., 2001). Since then,
click chemistry has gained widespread
attention due to its simplicity, efficiency,
and selectivity in joining small molecules
together to form larger ones, particularly in
the context of modifying nanoparticle
surfaces (Sletten & Bertozzi, 2009). Despite
the significant progress made in click
chemistry-mediated nanoparticle surface
modification, several challenges persist. One
major challenge is scalability, as many click
reactions have been optimized for small-
scale synthesis but may not easily translate
to large-scale production.  Achieving
scalability requires the development of
robust and efficient reaction conditions that
can be applied consistently across different
batch  sizes.  Another  challenge is
reproducibility, as variations in reaction
conditions, such as temperature, solvent, and
catalyst concentration, can lead to
differences in  the  functionalization
efficiency and quality of the modified
nanoparticles (Yin et al., 2018).

Biocompatibility is  another  critical
consideration in click chemistry-mediated
nanoparticle surface modification,
particularly for applications in biomedicine.
While  many click reactions are
biocompatible under ideal conditions,
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certain reactants or byproducts may exhibit
cytotoxicity or immunogenicity, limiting
their suitability for use in biological
systems. Thus, there is a need to develop
click reactions that are not only efficient but
also non-toxic and compatible with
biological environments (Li et al., 2018).
Furthermore, optimizing the
pharmacokinetics and biodistribution of
nanoparticles is essential for their successful
application in drug delivery and imaging.
The surface properties of nanoparticles,
including size, shape, charge, and surface
chemistry, play a crucial role in determining
their interactions with biological systems
and their in vivo behavior. Click chemistry
offers  precise  control  over  the
functionalization of nanoparticle surfaces,
allowing for the incorporation of targeting
ligands, stealth coatings, and imaging probes
to enhance their pharmacokinetic profiles
and tissue-specific accumulation (Chen et
al., 2017).

To address these challenges and advance the
field of click  chemistry-mediated
nanoparticle surface modification, several
future research directions can be pursued.
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One direction involves the development of
novel click reactions that offer improved
selectivity, efficiency, and biocompatibility.
For example, bioorthogonal click reactions,
such as strain-promoted azide-alkyne
cycloaddition  (SPAAC) and inverse
electron-demand  Diels-Alder  (IEDDA)
reactions, have been explored for their
compatibility with biological systems and
potential for in vivo applications (Agard et
al., 2004; Blackman et al., 2008). Another
research direction is the integration of
multiple functionalities onto nanoparticle
surfaces using click chemistry. By
judiciously  selecting orthogonal click
reactions and functional groups, researchers
can sequentially or simultaneously attach
different molecules onto nanoparticles,
enabling the creation of multifunctional
nanomaterials with tailored properties for
specific applications (Debets et al., 2010).
Furthermore, the translation of click
chemistry-based systems into clinical
applications represents a critical avenue for
future research. While many click
chemistry-mediated nanoparticle
formulations have shown promise in
preclinical studies, their clinical translation
faces numerous challenges, including
regulatory hurdles, manufacturing
scalability, and safety considerations.
Collaborations between chemists, biologists,
engineers, and clinicians will be essential for
overcoming these challenges and bringing
click chemistry-based nanomaterials from
the laboratory to the clinic (Etheridge et al.,
2013).
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Conclusion

In conclusion, the evolution of click
chemistry has revolutionized the field of
nanoparticle surface modification, offering
unparalleled precision and efficiency in
functionalization. This advancement has
catalyzed the creation of advanced
nanoparticle-based drug delivery systems,
promising improved targeting capabilities
and  therapeutic  outcomes.  Despite
significant progress, challenges such as
scalability, reproducibility, biocompatibility,
and optimization of pharmacokinetics
persist, necessitating  further  research
endeavors. However, the future of click
chemistry-enabled nanoparticle technology
appears promising. Continued exploration of
novel click reactions, integration of multiple
functionalities, and collaboration across
disciplines are poised to address existing
limitations and unlock new therapeutic
applications. With concerted efforts, the
translation of click  chemistry-based
nanoparticle systems from bench to bedside
holds the potential to revolutionize clinical
practice and significantly impact patient
outcomes. Ultimately, the versatility and
precision afforded by click chemistry offer a
pathway towards personalized medicine,
where tailored nanoparticle formulations
deliver targeted therapies with
unprecedented efficacy and safety profiles.
As such, the journey of click chemistry-
enabled nanoparticle technology towards
clinical translation is marked by optimism
and the promise of transformative
advancements in healthcare.
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