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In recent years, there has been remarkable progress in designing drug delivery systems since the dawn
of polymer therapeutics. Advances in polymer science and bioconjugation chemistry continue to
advance the design and efficiency of drug delivery systems. Among the various drug delivery systems,
polymeric micelles stand out because of their versatile features, like increased bioavailability of
hydrophobic therapeutic cargo, as well as enhanced uptake in tumors because of their nanosize-
mediated passive targeting. Importantly, the polymeric micelles can be engineered to actively target
disease sites through surface functionalization with appropriate bioactive ligands. Decorating the micelle
surface with bioactive ligands has emerged as one of the most preferred approaches to enhance their
targeting capability. Over the years, many ligands have been explored for active targeting, ranging from
sugars and peptides to antibodies and oligonucleotides. Progress in protein sciences and molecular
biology continues to reveal new ligands and enlarge this library. Considering the delicate nature of the
biological ligands, the utilization of mild, efficient, and benign chemical transformations is vital. In this
context, the advent of “click” chemistry has dramatically altered the design of targeted micelles. The
ability to modify polymers with “clickable” handles at the desired locations, as well as control over the
density of these reactive units, expands the utilization of this chemistry. Over the years, the focus has
shifted from the highly efficient copper-catalyzed azide—alkyne cycloaddition to "“metal-free click”
reactions. Additionally, bioorthogonal “click” reactions have enabled the achievement of “in vivo click”
transformation-based targeting strategies either through metabolic glycoengineering or stimuli-induced
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using the “click” reaction for ligand conjugation onto polymeric micelles and highlights recent
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1. Introduction

Drug delivery systems such as polymer-drug conjugates,
hydrogels, nanogels, and micelles are emerging as promising
platforms for healthcare applications.'™* Polymeric micelles
are core-shell assemblies with sizes ranging from tens to
hundreds of nanometers, usually obtained from the self-
assembly of amphiphilic block copolymers in an aqueous
environment.'®'” Over the past two decades, these nanosized
aggregates have attracted widespread interest in biomedical
applications such as drug delivery, wound healing, and diag-
nostic imaging.’® > Their hydrophobic core can host a variety
of hydrophobic therapeutically active drug molecules and thus
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solubilize them in an aqueous environment, as well as prevent
their early metabolism in the biological milieu before reaching
the disease site. Polymeric micelles offer solutions to common
drawbacks of conventional therapies, such as low solubility of
several drugs under physiological conditions, short half-life,
rapid clearance, and high biodistribution, resulting in low
bioavailability and decreased therapeutic outcome. Moreover,
the polymer composition can be adjusted to avoid the immune
system-mediated clearance by remaining in a stealth mode
during circulation.>®>* Apart from these attributes, micellar
platforms can be tailor-made through chemical functionaliza-
tion to tune release kinetics, stimuli-responsiveness, and allow
modular modifications to facilitate targeted delivery.>>®

Even though it appears trivial, the size of these micelles has
high significance in biomedical applications. Their size is
leveraged as a ‘passive’ targeting strategy toward tumors or
inflamed tissues. Size-selective accumulation in a tumor
environment is achieved through the enhanced permeation
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and retention (EPR) effect that stems from disorganized epithe-
lial cells in leaky vasculature and a weak lymphatic system.>”
Similarly, micelles can selectively accumulate in inflamed areas
through extravasation through leaky vasculature and subse-
quent inflammatory cell-mediated sequestration (ELVIS)
effect.”® However, these effects help micelles to reach the
diseased area rather than the specific disease cells. A targeting
strategy that improves cellular recognition and internalization
is necessary for selective uptake by cells. This strategy was first
proposed by Paul Ehrlich almost a century ago, with the term
“magic bullet” and is now commonly referred to as ‘active’
targeting.>® This selective cellular recognition is usually
achieved by incorporating targeting ligands ranging from small
molecules such as sugars, vitamins, and peptides, to large
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biomolecules such as antibodies and aptamers, on the surface
of micelles. These ligands can recognize specific receptors
overexpressed on the target cells and help the internalization
of micelles through receptor-mediated endocytosis. Ligand-
mediated targeting helps to increase intracellular drug concen-
tration, bioavailability, and therapeutic efficiency.*® Such attri-
butes enabling specific delivery becomes vital when it comes to
cancer therapy due to the high toxicity of chemotherapy agents.
Active targeting can also be employed to treat other diseases,
such as inflammation and Alzheimer’s through the utilization
of suitable ligands. In the early years, sugars were widely
explored as ligands for active targeting.*’*> New receptors
and ligands have come to light by advancing our understanding
of the mechanisms and pathways for targeting diseases. The
ligand library has also been growing with advances in high-
throughput synthesis and screening technologies. Such
advancements on several fronts continue to increase the inter-
est of the scientific community in pursuing the utilization of
polymeric micelles in fabricating targeted drug delivery
systems.>°

Targeted polymeric micelles can be fabricated in many ways;
however, practical, facile, mild and scalable synthetic
approaches are essential for clinical translation. Also of impor-
tance is ensuring the effective display of targeting ligands on
the nanocarriers. Fortunately, the advances in polymer science
allow one to obtain polymers with tailored composition, archi-
tecture and control over the placement of reactive handles for
bioconjugations.’>*™*° For ligand conjugation, maintaining the
ligand’s integrity after the reaction is crucial for efficient active
targeting. This is even more important when working with
fragile biomolecules like folded peptides and antibodies. Con-
sidering these factors, reactions with high efficiency, mild
conditions, fast reaction kinetics, and without generation of
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toxic byproducts are in demand for conjugation. These require-
ments are fulfilled by a family of chemical transformations
grouped under the umbrella of “click” chemistry.*! Due to its
versatile nature, ‘“click” chemistry has found applications
beyond drug derivery, from macromolecular synthesis to design
of functional materials.**™*” Because of these attractive assets,
“click” reactions offer an effective approach to install ligands
on micelles.>*?° Ligand conjugation on micelles mediated
through “click” reaction followed shortly after the paradigm
of “click” chemistry was introduced.**>* Since then, a variety
of “click” reactions have been used for bioconjugation
of a range of bioactive ligands onto micelles. Most of the
early reports of ligand attachment utilize the Huisgen-type
copper-catalyzed azide-alkyne cycloaddition (CuAAC) “click”
reaction.>*® However, toxicity concerns from the residual
copper metal may compromise the efficiency of these systems.
Metal-free “click” chemistry seamlessly integrates the power of
“click” reaction with benign conditions needed for biological
applications for ligand conjugations onto the micelles.®>97%¢
Within the metal-free “click” reactions, the highly efficient
bioorthogonal transformations such as the strain-promoted
azide-alkyne cycloaddition (SPAAC) and inverse electron
demand Diels-Alder (IEDDA) are even suitable for “in vivo
click”-based active targeting applications of micelles.

Although several reviews investigate the ‘“‘click” reactions
and drug delivery systems or micelles, this particular review
focuses on the fabrication and application of targeted poly-
meric micelles that utilize “click” chemistry for ligand con-
jugation to engineer effective diagnostic and delivery platforms.
Specifically, the review summarizes the attachment of ligands
such as sugars, vitamins, peptides, small molecules, antibo-
dies, antibody fragments, and aptamers. Apart from these
ligands, ““in vivo” active targeting strategies using micelles via
metabolic glycoengineering and induced aggregation through
bioorthogonal “click” reactions are also highlighted. In sum-
mary, this review aims to provide the reader with an overview of
the use of “click” chemistry in the fabrication of targeted
micelles and the utilization of in vivo “click” reactions for
biomedical applications (Fig. 1). It is anticipated that by
compiling and analyzing relevant strategies, this review will
serve as a guidebook for researchers seeking to bioconjugate
specific classes of targeting ligands onto micelles, while also
showcasing a repertoire of design approaches to inspire the
development of innovative and effective targeting systems for
disease-specific applications.

2. Ligand targeted micelles: a general
overview

The ability to deliver the therapeutic payload in a selective
manner to the diseased cells is vital for drug delivery systems.
This selectivity can be achieved by integrating specific ligands
onto the carrier systems.®”®® Ligands are unique molecules
with a site-specific recognition ability and high binding affinity
for their biomarkers or receptors. This feature of ligands can be
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Fig. 1 Illustration of commonly employed “click” reactions to conjugate
ligands onto micelles and types of ligands used for targeting. CuAAC:
copper-catalyzed azide—alkyne cycloaddition, SPAAC: strain promoted
azide—alkyne cycloaddition, IEDDA: inverse electron demand Diels—-Alder.

employed to differentiate healthy and diseased cells since the
unhealthy cells often overexpress specific receptors or
biomarkers.®® The most common ligands employed for achiev-
ing targeted drug delivery are carbohydrates, vitamins, pep-
tides, proteins, antibodies, and oligonucleotides like aptamers,
as summarized in Table 1.

Over the years, a tremendous amount of work has been
reported about ligand-modified nanocarriers, including
micelles, with a rich diversity of application arrays.”®””*> While
the options for specific targeting ligands continue to expand,
efficient conjugation chemistry has enabled reaching better
outcomes for these smart carrier technologies."®®® The follow-
ing part of the review will present examples of the fabrication of
ligand-decorated micelles using “click” chemistry.

2.1 Carbohydrate-based targeting

Carbohydrates, commonly referred to as sugars, have been one
of the most extensively studied ligands for targeted therapy due
to their attractive properties, such as their intrinsic biocompat-
ibility, and their important role in many biological pathways
like signaling, adhesion, and recognition.”*”* Additionally, as
the “Warburg effect” suggests, carbohydrates play a role in
cancer metabolism since cancer cells consume tremendous
amounts of glucose and are consumed via fermentation, even
in the presence of oxygen.”®”® The enhanced need for sugar is
leveraged to detect and target cancer cells with the help of
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Table 1 Survey of commonly employed ligands, receptors, advantages and disadvantages

Ligand Example Receptors Advantages Disadvantages

Carbohydrates Monosaccharides, Lectin, asialoglycopro- vBiocompatible vTargeting and affinity
disaccharides tein receptor (ASGPR), variation

GLUTS5 transporters,
CD206, ricinus com-
munis agglutinin
Polysaccharides Scavenger receptor Naturally occurring Decreased site-
class A (SR-A) molecules selectivity
vEasy to functionalize,
vStructural diversity
Vitamins Folic acid Folate receptor (FR) vSmall size, /Fast clearance from
vLow cost, the body due to the
vBiocompatible, existence of FR in the
vFunctionalizable acid group liver or plasma protein
binding
Biotin Biotin receptors, avidin vSmall molecule, vInvolves many cellular
vBiocompatible, pathways, which may
vEasy to functionalize have decreased the site-
specificity
Peptides Tat, transferrin, Lyp-1, Importin receptor, vHighly customizable, vPoor stability,
GE 11, F3, KTTKS, transferrin receptor, biodegradable,
0A02, RGD etc. P32 protein, epidermal vHigher binding affinity and vHigh cost,
growth factor receptor specificity than small
(EGFR), nucleolin, PAR- molecule ligands,
2, o-3 integrin receptor, vMany functional groups for vShort half-life,
integrin, avf3 and avfp5 further functionalization
vRequires multiple
steps to synthesize

Monoclonal Anti-HER-2 antibody, HER-2, CD38, CD276, vHigh sensitivity and vHigh cost,

antibodies trastuzumab, dar- EGFR, CD326 specificity,

(mAbs) atumumab, anti-CD276 vHigh purity, vDifficulty in site-
antibody, cetuximab, specific modification,
anti-CD326 antibody vLong serum life v/Strong binding causes

delayed therapeutic
effects,

v/May cause an immu-
nogenic response
vHigh molecular
weight

Antibody Fab’, single-chain vari- TF, stem cell antigen, vSmaller than mAbs, vDecreased half-life

fragments able fragment (scFv) EphA2 receptor vHigher tumor penetration vFewer available con-

jugation sites than
mAbs may cause com-
promised binding
affinity.

Oligonucleotides Aptamers vHigh stability, specificity, vMetabolic instability

and affinity,

vEase of functionalization,
vEasy to synthesize and
reproducible products
vLow immunogenicity

vHigh cost

radiolabeled sugars like fludeoxyglucose F18 (FDG) or by
attachment of sugars to chemotherapy agents.””®® Later, it
was discovered that by increasing the number of interactions
of sugar molecules with their receptors, binding affinity was
further enhanced, an effect termed as ‘“cluster glycoside
effects.”®"®* These findings increase the variability of con-
structs for sugar-targeted drug delivery systems. Increasing
the multivalency can be accomplished in several ways, like
incorporating them into polymer side chains, dendritic struc-
tures, or on the surface of micelles.®>° Scientists have studied
various structural designs and conjugation chemistries to
attach sugars to polymeric materials, including ‘click”
chemistry-based approaches.?"*>°'~°> Within the scope of this
review, it was noted that the CuAAC reaction and metal-free

J. Mater. Chem. B

thiol-yne/ene “click” chemistries were among the most exten-
sively explored methods for the conjugation of sugars onto
micelles. Some select examples in this frame are discussed in
detail; however, a diverse variety of examples are listed in
Table 2.

The CuAAC “click” chemistry has been one of the
most employed technique for conjugation of sugar onto
micelles since the early 2010s. The sugar-coated micelles have
been used for lectin binding, ricin inhibition, hepatocyte
targeting, and developing drug delivery systems for cancer
treatment.>>°®1%* The carbohydrate moeities have been con-
jugated to micelles from various positions like polymer end
groups, polymer side chains, or dendron end groups to take
advantage of the cluster glycoside effect by increasing the

This journal is © The Royal Society of Chemistry 2025
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Table 2 List of carbohydrate-based ligands, type of “click” reactions used for conjugation, and applications

Ligand “Click” reaction  Position of ligand Targeting group Cargo Application Ref.

Glucose CuAAC Chain end N/A N/A Protein recognition 96
(ConA)

Galactose CuAAC Side chain N/A N/A Ricin inhibition 55

Glucose and maltose CuAAC Chain end Lectin DOX Targeted cancer therapy 97

Glucose and maltose CuAAC Side chain Lectin DOX Targeted cancer therapy 98

Glucose, lactose, and CuAAC Chain end Lectin N/A Targeted delivery 99

galactose system

Galactose CuAAC Chain end ASGPR pPDNA Hepatocellular carci- 100
noma treatment

Mannose CuAAC Side chain Lectin DOX Hepatocellular carci- 101
noma treatment

Glucose CuAAC Chain end Lectin N/A Targeted drug delivery 102
system

Fructose CuAAC Chain end GLUTS5 transporters Fluorescence Breast cancer targeting 103

probe C6

Glucose CuAAC Chain end Lectin N/A Lectin binding 104

Mannose CuAAC Side chain CD206 siRNA Cancer therapy via 108
tumor-associated mac-
rophage targeting

Mono and disaccharide =~ CuAAC Chain end N/A N/A N/A 105

Glucose and fucose CuAAC Side chain Fucose receptor N/A Targeted cancer therapy 110

Dextran CuAAC Hydrophilic block SR-A N/A Rheumatoid arthritis 106
(RA) treatment

Glucose and lactose CuAAC Dendron arms Lectin DOX Targeted cancer therapy 120

Maltoheptaose CuAAC Chain end Lectin N/A Protein recognition 121
(ConA)

Galactose, glycopeptide =~ CuAAC Side chain Galactose-selective N/A Potential drug carriers 112

lectin RCA;,, for targeted therapy

Galactose & lactose, CuAAC Side chain Lectin N/A Protein recognition 113

glycopeptide (ConA)

Glucose and mannose, CuAAC Side chain Lectin N/A Protein recognition 114

glycopeptide (ConA)

Galactose and iminosu-  CuAAC Side chain Sugar-binding N/A Glycosidase inhibition 116

gar, glycopeptide enzymes

Glucose and mannose, CuAAC Side chain Lectin Calcein and Protein recognition 115

glycopeptide Nile red (ConA), potential drug
carriers for targeted
therapy

Galactose, glycopeptide CuAAC Chain end RCA;50 DOX Hepatocellular carci- 107
noma treatment

Galactose & lactose, CuAAC Side chain Lectin DOX & SPIO Hepatocellular carci- 117

glycopeptide noma treatment

Mannose CuAAC Side chain Lectin N/A Protein recognition 109
(ConA)

Glucose Thiol-ene Side chain Lectin N/A Protein recognition 50
(ConA)

Glucose Thiol-yne Side chain and Lectin N/A Protein recognition 130

Dendron arms (ConA)

Glucose Thiol-yne Side chain Lectin N/A Protein recognition 131
(ConA)

Glucose Thiol-ene Chain end GLUT N/A Triple-negative breast 59

cancer and glio-
blastoma targeting

Abbreviations: ASGPR: asialoglycoprotein receptor; N/A: not applicable; pDNA: plasmid DNA; RCA;,,: ricinus communis agglutinin; SR-A:

scavenger receptor class A.

multivalency. As an example of the polymer end group mod-
ification with sugars, Fort and colleagues reported amphiphilic
glycoconjugates for lectin adhesion where lactose and N-acetyl-
glucosamine ligands were conjugated to the hydrophilic extre-
mity of micelles through the CuAAC “click” reaction.®* Besides
protein recognition, polysaccharides can be used as a targeting
ligand to treat diseases such as rheumatoid arthritis, as
explored by Park and coworkers, who designed polysaccharide
functionalized micelles.'®® The amphiphilic block copolymer
was obtained using the Huisgen-type 1,3-dipolar cycloaddition

This journal is © The Royal Society of Chemistry 2025

“click” chemistry between azide-terminated polycaprolactone
(PCL) as the hydrophobic segment and alkyne-bearing dextran
sulfate as the hydrophilic segment and targeting ligand for
macrophage scavenger receptor class A (SR-A). The selective
internalization of the micelles by activated macrophages was
demonstrated, along with in vivo accumulation of the micelles
at the inflammatory sites.

The most widely investigated application of targeted
micelles, where carbohydrates are used as ligands, is for cancer
therapy. In a recent example, Jan and coworkers reported

J. Mater. Chem. B
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glycopolypeptide-based targeted micelles for hepatocellular
carcinoma treatment.'”” The saccharide lactobionolactone
was functionalized with azide group and conjugated to term-
inal alkyne groups on the polypeptide poly(i-glutamic acid)-b-
poly(i-phenylalanine) using the CuAAC “click” chemistry. This
amphiphilic glycopolypeptide was self-assembled into a micelle
while encapsulating DOX and displaying the targeting sacchar-
ide units on the surface of the micelle. Thus, sugar-targeted
DOX-loaded micelles showed improved toxicity toward hepato-
cellular carcinoma cells compared to their non-targeted coun-
terparts and free DOX.

Even though polymer end group modification contributes to
the cluster glycoside effect when self-assembly occurs, increas-
ing the multivalency of these carbohydrates may contribute
further to increase the targeting efficiency. Conjugation of
sugars to the polymer side chains is one way to achieve this,
as demonstrated in a study by Giorgio and coworkers, where
they designed mannose-decorated polymeric micelles for siRNA
delivery to the macrophages, which overexpress CD206 man-
nose receptors (Fig. 2).'°® The conjugation of alkyne-modified
mannose was performed after the polymer synthesis using the
CuAAC “click” reaction with the azide pendant side chains.
These micelles were selectively internalized by human macro-
phages and increased the siRNA delivery towards macrophages.
Apart from ligand decoration for enabling active targeting, this
example also demonstrates that micelles can be stimuli-
responsive, tuning the cargo release using pH-responsive side
chains in one of the blocks.

Stenzel and coworkers presented a different approach
for conjugating sugars into polymeric scaffolds.'®® They
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Fig. 2 The structure and schematic representation of the triblock copo-
lymers, their micelle formation, and post-polymerization conjugation of
targeting motifs to azide-bearing polymer side chains through CuAAC
“click” reaction. Reproduced with permission.1°® Copyright 2013, Amer-
ican Chemical Society.
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synthesized a mannose glycomonomer using the CuAAC
“click” reaction instead of performing post-polymerization
conjugation. This monomer was homo-polymerized to obtain
the hydrophilic segment of the micelle and further polymerized
with NIPAAm to obtain a diblock amphiphilic copolymer. In an
alternative approach, one of their later work employs the post-
polymerization conjugation of sugars to polymer side chains
using the CUAAC “click” chemistry."*® A poly-(propargyl metha-
crylate)-block-poly(n-butyl acrylate) (PPMA-b-PBA) polymer was
synthesized and functionalized with varying amounts of azide-
terminated fucose and glucose. Obtained micelles were used as
cancer-targeting drug delivery systems due to the upregulation
of fucosylated proteins in multiple cancer types. It was estab-
lished that the sugar-targeted micelles were internalized by
lung, ovarian, and pancreatic carcinoma cells.

Conjugation of sugars to a polypeptide backbone has been
employed for synthesizing glycopeptides.""'™"** Dhaware et al.
reported a homo-glycopolypeptide where pendant alkyl chain-
modified sugars were linked to the polymer backbone using the
CUuAAC reaction.”*® Thus obtained amphiphilic polymer self-
assembled to yield micelles with binding affinity towards lectin
Con A. Similarly, Lecommandoux and colleagues synthesized
glycopolypeptide incorporated with iminosugars as inhibitors
(Fig. 3)."*® A propargyl-modified synthetic polypeptide poly(g-
benzyl-i-glutamate-b-pi-propargylglycine) was conjugated with
azido-functionalized iminosugar using the CuAAC “click” reaction.
The glycopolypeptide self-assembled in an aqueous environment to
yield biomimetic nanoparticles with high glycosidase inhibition
potency due to the multivalency of sugar ligands. Another nano-
sized micellar construct using a diblock copolymer containing a
hydrophilic sugar-conjugated poly(glutamate) block was reported
by Jiang and colleagues.'’” A side chain azide-containing diblock
copolymer, poly(3-caprolactone)-SS-poly(2-azidoethyl-i-glutamate)
diblock copolymer was functionalized with alkyne-bearing galac-
tose and lactose units using the CuAAC “click” reaction. The sugar-
coated micelles were employed for simultaneous encapsulation of
the anticancer drug DOX and superparamagnetic iron oxide nano-
particles as MRI agents. Obtained micelles increased internaliza-
tion and better cytotoxic profile against hepatocellular carcinoma
(HepG2) cells.

While one is able to achieve multivalent sugar display on the
surface of the micelle through the utilization of diblock copo-
lymers where one of the blocks contains multiple sugar units as
side chain residues, the synthesis of such constructs can entail
multistep synthesis. Thus, an alternative approach has been
investigated where only the chain end of the polymer contains a
sugar unit. Multiple polymeric chains on the surface of the
micelle end up displaying the sugar units protruding out of the
surface to interact with the biological receptors. Furthermore,
employing dendritic structures allows the display of sugar
moieties as clusters for increased binding efficiency. Several
examples of micelles that utilize these design aspects have been
reported.”*®''® An example of micellar constructs consisting of
sugar-based ligands on dendritic scaffolds obtained using the
CuAAC “click” reaction was reported by Dong and coworkers in
2011."*° They polymerized caprolactone from a generation

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic representation of alkyne pendant diblock polymer and azide functionalized sugar conjugation via CuAAC reaction to obtain

glycopolypeptides, (b) illustration for the self-assembly of glycopeptides and their glycosidase inhibition. Reproduced with permission.**® Copyright 2014,

The Royal Society of Chemistry.

three poly(amidoamine) dendron bearing a propargyl group at
the focal point, using ring-opening polymerization (ROP).
Later, azide-functionalized sugar molecules are conjugated to
the alkyne focal point of the G3 dendron to achieve active
targeting of DOX-encapsulated self-assembled micellar nano-
particles. The authors demonstrate the affinity of the sugar-
appended micelles towards lectins, Concanavalin A (Con-A),
and Ricinus communis agglutinin. As an alternative, branched
constructs can be used on the surface of the micelles to
modulate binding efficiency, as demonstrated by Satoh and
coworkers."*" The authors studied the effect of the macromo-
lecular architecture of miktoarm star polymers on their self-
assembly and lectin binding. Using the CuAAC “click” reaction,
alkyne pendant heptasugar polysaccharides were conjugated to
azide group-terminated poly(caprolactone) (PCL) block. Among
the various architectures evaluated, the 3-arm sugar-conjugated
linear PCL polymer possessed the most significant interaction
with ConA, suggesting the importance of cluster ligand pre-
sentation for effective biological recognition, an important
feature for delivery systems.

As noted in the introduction, the CuAAC has been the most
commonly employed “click” reaction to decorate micelles with
targeting ligands. While the reaction offers many advantages,
such as regioselectivity, chemical orthogonality, high reaction
efficiency, and mild reaction conditions,””*"*® the use of
copper metal may cause problems in the applications of these
micelles due to the toxicity concerns that arise from the
incomplete removal of copper metal. To address this problem,
metal-free “click” reactions such as SPAAC, tetrazine-ene,
thiol-ene and thiol-yne “click” chemistries have are gaining
attention in polymer modification."*® A metal-free conjugation
strategy has been exploited by Stenzel and coworkers to fabri-
cate sugar-targeted micelles where the sugar moiety was con-
jugated to the side chains of a polymer through the thiol-ene
“click”” reaction as a post-polymerization modification.>® More
than a single metal-free transformation could be utilized for
the fabrication of targeted micelles, as demonstrated by Scha-
cher and coworkers.”® The authors fabricated worm-like core
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crosslinked micelles where the crosslinking was performed via
Diels-Alder reaction and the surface functionalization for
GLUT targeting was achieved by thiol-ene ‘“click” chemistry
between the allyl end groups of poly(ethylene oxide) and 6-
thioglucose. These filomicelles were fluorescent since a
Cyanine-5-based bismaleimide crosslinker was utilized for core
crosslinking (Fig. 4). Obtained micelles were evaluated for
cellular internalization in 2D and 3D cell cultures of MDA-
MB-231 triple-negative breast cancer cells and U87MG glioblas-
toma cells. Using flow cytometry, the authors investigated the
modulation of targeting efficiency with varying amounts of
glycosylation. As expected, increased glycosylation led to higher
cellular uptake, but only until a saturation point. The uptake
efficiency was also tested on U87MG spheroids upon treatment
with non-glycosylated and glycosylated filomicelles. Results
show that increased penetration and uptake were seen for
glycosylated micelles.

As mentioned before, the multivalent presentation of
ligands plays an important role in biological recognition. As
an example, Stenzel and colleagues investigated the effect of

Fig. 4 Schematic representation of core-crosslinked filomicelles, sugar
decoration via metal-free thiol-ene “click” reaction, and difference in
uptake efficiency of non-targeted and targeted micelles by spheroids.
Reproduced with permission.>® Copyright 2021, American Chemical
Society.
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branching on binding ability."*° They designed micelles where
one structure is composed of a diblock copolymer containing
alkyne functionality at the side chains, whereas the other one is
made from a dendron polymer conjugate where dendron ends
are functionalized with an alkyne group. Thiol-containing sugar
conjugation to both constructs was performed via radicalic
thiol-yne “click” reaction. The number of sugar moieties on
both constructs was kept similar to observe the effect of
architecture on the binding ability of these micelles towards
the Con-A. It was revealed that binding efficiency increased
when sugars were oriented on the dendritic structure. As
another example of side chain branching, Huang and cow-
orkers designed an amphiphilic glycopolymer that self-
assembled into micelles.”*" They conjugated thiol-bearing glu-
cose molecules to the side chains of the polymer using the
thiol-yne “‘click” chemistry. The densities of glucose molecules
obtained using this approach were 37% and 58%. It was
observed that the amount of glucose molecules on the micelles
affects the aggregation and disaggregation behaviors with Con-
A, since they affect the balance between hydrophobic-hydro-
philic interactions.

The brief overview of sugar-based targeting ligands above
highlights that sugars and polysaccharides are among the most
extensively studied small-molecule ligands. Since sugars are
one of the earliest studied targeting ligands, most examples
utilize the CuAAC ‘“‘click” reaction, while in more recent years
the metal-free “click” chemistry examples have been employed.
Also, one can expect that advances in glycochemistry will
continue to expand and diversify the ligand library for targeting
purposes. Other bioactive ligands, especially vitamins like
folate and biotin, have gained attention as widely explored
alternative targeting motifs.

2.2 Vitamin-based targeting

Vitamins are essential nutrient involved in many metabolic
activities. Even though they adopt different roles depending on
their type, some can be leveraged to target cancer cells because
of the overexpressed receptors to which vitamins have high
affinity."** In particular, vitamin B9 and B7, also known as folic
acid and biotin, respectively, are among the most explored
vitamin-based ligands for targeted therapy. The sections below
highlight notable examples where “click” reactions have been
employed to display vitamins as targeting ligands on the sur-
face of micellar constructs.

2.3 Folic acid-based targeting

Folic acid (FA) is a subclass of vitamin B that participates in
nucleotide base synthesis and cell proliferation. It can traverse
the receptor-mediated endocytosis by anchoring to the folate
receptor (FR). FA is a small molecule, has low cost, is non-
immunogenic, and is stable over a wide range of temperatures
and pH. Importantly, it can preserve its binding ability after
conjugation with other molecules or drug delivery vehicles.'**
The utilization of FA with various nanostructures has been
reported over the years.>**?> As in the case of other ligands,
conjugation of FA onto micelles can be accomplished through

J. Mater. Chem. B

View Article Online

Journal of Materials Chemistry B
“click” chemistry.®>'*> Two common strategies stand out while
examining the ‘“click” conjugation of FA to the micelles:
through the polymer side chains to increase the valency and
to the polymer end groups either before or after micelle
formation.

One of the earliest examples of conjugation of FA to the
polymers via “click” chemistry in micellar structures was
reported by Sumerlin and coworkers in 2008." A block copo-
lymer composed of N-isopropyl acrylamide (NIPAM), and N,N-
dimethyl acrylamide (DMA) was synthesized using an azide
functionalized chain transfer agent. A propargyl functionalized
folate group was then attached to the polymer end group using
the CuAAC “click” chemistry. Temperature-induced self-
assembly yields micelles capable of controlled drug release.
In a recent study, Wei and coworkers proposed a strategy for
folic acid-decorated micelle formation without compromising
the micelle integrity caused by the hydrophobicity of the folic
acid."* They synthesized a redox-responsive miktoarm star-
shaped amphiphilic copolymer PCL;-SS-POEGMA; and modi-
fied the POEGMA terminus with an azide group. The FA was
modified with a disulfide-bearing alkyne-containing linker. The
conjugation of alkyne-SS-FA to the polymer was performed
through the CuAAC “click” reaction. The competitive assay
on the HeLa (human cervical adenocarcinoma) cell line con-
firmed cellular internalization through the FA receptor. Simi-
larly, the cytotoxicities of targeted micelles with and without a
competitive assay displayed a difference, supporting the
receptor-mediated internalization. In another study, Zhang
and colleagues reported a FA-targeted micelle for the delivery
of DOX to cervical adenocarcinoma and breast cancer cells."*?
The authors synthesized a zwitterionic poly(e-caprolactone)
block poly(2-methacryloxoethyl phosphorylcholine) copolymer.
Post-polymerization modification was performed to obtain the
azide group at the polymer chain end. Propargyl-functionalized
FA was conjugated to the polymer using the CuAAC ‘“click”
chemistry. DOX-loaded FA-targeted micelles showed enhanced
internalization and improved cytotoxicity profile against HeLa
and MCF-7 cell lines.

There are also several other examples where FA was con-
jugated to polymer side chains via a “click” reaction.”®4¢147
Liu and coworkers reported unimolecular micelle for targeted
drug delivery and MR imaging.’® The micelle-forming polymer
(H40-PCL-b-P(OEGMA-c0-AzPMA)) was obtained from the
sequential polymerization of e-caprolactone and a copolymer
of OEGMA and 3-azidopropyl methacrylate (AzZPMA) on the
periphery of a hyperbranched polyester H-40. The azide side
chains were modified with alkyne-containing gadolinium (Gd)
complexed DOTA and propargyl functionalized FA using the
CuACC “click” chemistry. In another related work, instead of
the unimolecular micelle, the authors designed a mixed poly-
meric micelle system using PCL-b-P(OEGMA-FA) and PCL-b-
P(OEGMA-Gd) polymers, where the same methodology as their
previous work was used to conjugate FA and DOTA-Gd.'*®
Paclitaxel encapsulated mixed micelle was toxic against HeLa
cells, whereas the empty micelle was non-toxic. In vivo MR
imaging displayed enhanced signal intensity and improved

This journal is © The Royal Society of Chemistry 2025
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accumulation. In a subsequent study, the authors further
improved the system by incorporating shell-crosslinking
through slight modifications on the polymers."*® One of the
polymers was conjugated with the chemotherapy agent camp-
tothecin (CPT) using the CuAAC “click” chemistry.

Song et al. reported a polyurethane-based micelle obtained
from biodegradable poly(e-caprolactone) (PCL), r-lysine ethyl
ester diisocyanate (LDI), redox-responsive disulfide bond and
clickable alkyne groups (Cys-PA) containing chain extender,
and hydrophilic PEG chain via pH-sensitive benzoic-imine
linkage (BPEG)."° The targeting ligand FA was conjugated to
the side chains via CuAAC “click” reaction. DOX-loaded tar-
geted micelles displayed high cellular internalization and an
enhanced cytotoxicity profile. Their follow-up work also uses a
similar strategy with slight modifications to the polymer."*®
The authors increased the number of alkyne groups on the
polymer’s side chain, which increases the number of FA
groups. Besides DOX, superparamagnetic iron oxide nano-
particles (SPION) were also loaded into the micelles to serve
as MRI contrast agents and magnetically-guided MR imaging
for theranostic applications. Cheng et al. synthesized an amphi-
philic copolymer using post-polymerization modification of
pendant azide groups of the poly(epichlorohydrin) (PECH-
azide) polymer with the monopropargyl-modified linear PEG
and alkyne-modified FA via CuAAC “click” reaction (Fig. 5)."*"
Obtained F-PECH-PEG polymer could self-assemble into poly-
meric nanoparticles with a small size of around 30 nm. Inter-
nalization of the DOX-loaded FA-targeted particles was higher
than that of the non-targeted ones in cancer cells.

Despite the toxicity concerns of CuAAC chemistry in biolo-
gical applications, FA conjugation to micelles via metal-free
“click” reaction is still rare. Utilization of the thiol-maleimide
“click” reaction for the synthesis of FA-targeted micelle was
reported by Gong and coworkers.” The authors synthesized
poly(N-vinyl caprolactam)-block-poly(ethylene glycol) diblock
copolymer, where the PEG chain end group was modified with
a maleimide group to conjugate FA-SH. Blank and 5-FU loaded
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FA-targeted micelles did not exert high cytotoxicity towards the
healthy cells, yet drug-loaded targeted ones exhibited toxicity
towards the mouse mammary carcinoma cells.

As shown in above examples, advances in synthetic polymer
science enables engineering systems amenable to undergo
conjugation with various types of targeting ligands, such as
folic acid. Although folic acid is one of the most explored
targeting ligands, its combination with micelles through
“click” reaction is limited. Among the limited examples, the
CuAAC “click” chemistry is predominant, while metal-free
“click” chemistry has been rarely reported. Nonethless, con-
sidering the advantages that folic acid based targeting offers,
one can anticipate that such systems will witness further
developments.

2.4 Biotin-based targeting

Biotin functions as a coenzyme and promotes cell growth,
aiding many other functions like maintaining blood sugar
levels, bone marrow health, and biological reactions.”®”* The
biotin receptors are elevated in many cancer cells due to the
high biotin consumption by the cancer cells to continue their
uncontrolled growth.'®* These aspects make biotin a good
candidate for targeting ligands, and it has been incorporated
into many carrier systems, including micelles."”**** Various
conjugation strategies have been examined to install biotin
onto carrier systems, including “click” reactions.’**™*® Biotin
can be integrated at the chain end of a polymer or as pendant
side chain residues. For example, Thayumanavan and cow-
orkers reported biotin conjugation to micelles using the CuAAC
“click” reaction as an example of polymer end group
modification.”* They designed dendritic micelles that undergo
protein-binding-induced disassembly and used biotin as a
ligand for specific interaction with a protein. It was observed
that the disassembly of micelles induced by the interaction
of biotin with avidin resulted in the release of the
encapsulated cargo.
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Fig. 5 Schematic representation of FA conjugated micelles, drug loading, and release processes. Reproduced with permission.*>* Copyright 2021,

American Chemical Society.
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As another example, Fang et al fabricated polymeric
micelles for sensing and calorimetric detection applica-
tions."® The system was composed of amphiphilic block poly-
mer biotin-labeled poly(ethylene glycol)-block-poly(3-acryl ami-
nophenyl boronic acid), where the biotin was conjugated using
Huisgen type “click” reaction. Likewise, Doris and coworkers
designed a micelle for targeting breast cancer where the
targeting ligand biotin was conjugated to the micelle surface
through the CuAAC “click” reaction."®® They demonstrated that
the internalization of micelle was increased with the presence
of biotin as a ligand, and the role of biotin in internalization
was established through a competitive assay, which resulted in
decreased internalization. Similarly, micellar systems for gene
delivery have been explored by Weberskirch and coworkers by
using a biotin-clicked micelle for active targeting.'®!

Zhao and colleagues chose to conjugate biotin to the side
chains of the polymers.’* Their first work reported a micelle
formation from the azido-containing amphiphilic triblock
copolymer poly(ethylene glycol)-b-poly(azidoethyl methacry-
late)-b-poly(methyl methacrylate) (PEG-b-PAZEMA-b-PMMA).
Upon self-assembly of PEG-b-PAZEMA-b-PMMA, azide groups
are presented at the interface of hydrophilic and hydrophobic
blocks. Biotin was conjugated to azide side chains through the
CuAAC “click” reaction after the micelle formation. The avidin
binding ability was shown via avidin/HABA competitive binding
assay. Their latest work along this concept reports the synthesis
of a triblock copolymer where the junction points of the blocks
were functionalized with alkyne groups.'®® Post-micellization
modifications were done using the CuAAC “click” reaction
between the pendant alkyne units and biotin-azide.

Biotin is a promising targeting ligand candidate due to its
biocompatibility and the overexpression of the biotin receptor
on many cancer cells. It can be functionalized in many ways;
however, its use with micelles through a “click” reaction is
predominantly limited to the CuAAC “‘click” reaction. The use
of biotin as a targeting ligand with micelles through a “click”
reaction can be further improved by considering other “click”
reactions, given the wide range of application areas. Although
vitamins offer advantages over sugars, they are also widely
distributed in the body as they are involved in many biological
pathways. This may result in the broad biodistribution of
vitamin-decorated carriers, causing off-target delivery and low
bioavailability of therapeutic agents. Therefore, larger and
more specific ligands, such as peptides, have been extensively
explored for improved targeting.

2.5 Peptide-based targeting

Peptides are a particular class of ligands, smaller than anti-
bodies but larger than other small-molecule ones. They can
offer high binding affinity and specificity towards their recep-
tors. Moreover, they can target specific sites in many diseased
areas, including cancer, Alzheimer’s, or inflamed areas, as well
as cross biological barriers, such as the blood-brain barrier.
Additionally, they can be engineered to possess many func-
tional groups at a particular location and are available for
further modifications to enable bioconjugation.*®**%> All these
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properties make peptides an attractive choice for targeting
ligands. As the peptide library with targeting capability grows,
its combination with many constructs, such as polymer
brushes, metal complexes, nanoparticles, and micelles, has
garnered increased interest over the years.'®'’* There are
various strategies to tether them with drug delivery systems
covalently, and ‘“click” chemistry has been one of the most
employed reactions in recent years.'’>'’® This section of the
review will focus on the micelles decorated with peptides
through “click” chemistry. Even though some examples are
discussed in detail, an exhaustive list is presented in Table 3.

Frequently peptides have been modified to contain an
alkyne or azide group to enable their conjugation onto micelles
using the CUAAC “click” reaction.>”*””"*#1 For example, Vagner
and coworkers fabricated a targeted micelle by the conjugation
of an alkyne-modified peptide 4-phenylbutyryl-His-DPhe-Arg-
Trp-Gly-Lys(hex-5-ynoyl)-NH, to an azide decorated micelle.””
This ligand has demonstrated selective binding to human
melanocortin 1 receptor (hMC1R), overexpressed in melanoma.
Both targeted polymer and micelle were shown to be selective
against the receptor and maintained the binding affinity of the
peptide after the “click” conjugation. In another study, Xiao
et al. investigated the OA02 peptide-targeted micelles against
ovarian cancer, where the alkyne-modified peptide was reacted
with azide-terminated PEG5K-CAg telodendrimer using the
CuAAC “click” reaction.'”® This formulation showed better
antitumor efficacy than its non-targeted counterpart in vivo.
Similarly, Zhang and colleagues fabricated polypeptide micelles
decorated with nuclei targeting Tat peptide using the CuAAC
“click” reaction.'® The tumor targeting efficiency was further
promoted by targeting nuclei through the Tat peptide, which
was activated after cellular internalization at lysosomal pH.
While shielding the encapsulated drug within the micelle
during circulation to evade systemic toxicity is essential, accom-
plishing efficient intracellular drug release is equally crucial for
micelle efficacy. Endogenous stimuli furnish an encouraging
mechanism to trigger drug release through the cleavage of
drug-polymer bonds or the disintegration of the micelle. In
this context, Jiang and coworkers designed reactive oxygen
species (ROS) responsive polymeric micelles against the early
target for Alzheimer's disease (AD).'®' Their system was
composed of an amphiphilic diblock copolymer of PEG-LysB.
The amine groups of lysine were functionalized with pinacol
phenylboronic ester to introduce hydrophobicity and ROS-
responsiveness. Azide terminated PEG-LysB (N3;-PEG-LysB)
was utilized to install a receptor for advanced glycation end-
products (RAGE) targeting peptide (Ab) via CuAAC ‘“click”
reaction. In vitro and in vivo studies showed that this system
could modulate the microglia activity and trigger neuroinflam-
mation inhibition in the early stages of AD.

The ligand density on the micellar construct plays an
important role in its efficient cellular uptake, and up to a certain
level, increasing the ligand density can provide more efficient
targeting capability. In this context, Stenzel and coworkers
reported a core-crosslinked micelle decorated with different
densities of tumor necrosis factor-related apoptosis-inducing
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surface induce cancer cell apoptosis through DR5 clustering. Reproduced with permission.*®2 Copyright 2023, American Chemical Society.
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ligand (TRAIL) mimicking peptide.”™ They employed the
Diels-Alder “click” reaction for core crosslinking and the
CuAAC “click” reaction for the conjugation of the targeting
peptide (Fig. 6). The authors investigated the effect of peptide
density on death receptor-driven apoptosis since increasing
the valency of ligands promotes receptor aggregation, leading
to amplified signal and apoptosis. Within the various peptide
densities, micelles with a 15% peptide density show the best
activity against the colon cancer cell line, with an ICs, value of
0.8 uM.

Apart from the CuAAC “click” reaction, other “click” che-
mistries have also been investigated for peptide conjugations.
As an attractive alternative, metal-free “click” chemistry has
raised much interest since many of these reactions proceed
with high efficiency under mild conditions without toxic bypro-
ducts or reagents. The thiol-Michael addition reaction falls
into this category due to the high reactivity of thiol groups and
facile introduction of the reactive counterparts into macromo-
lecular constructs like polymers or peptides. These attributes
make the thiol-maleimide dyad one of the most explored
metal-free ‘“click” reactions for peptide conjugation onto
micelles.’”®"'837187 Ag one of the early reports, Zhang et al.
fabricated transferrin-conjugated polyphosphoester hybrid
micelles against glioma.'®* Surface decoration with transferrin
was achieved via the thiol-maleimide “click” reaction.
Paclitaxel-loaded targeted micelles display improved cellular
internalization in vitro and enhanced survival rate in vivo. In
another report, Yu et al. designed a dual-targeted polymeric
micelle system against human nasopharyngeal epidermoid
carcinoma.'*® They fabricated cholesterol-modified glycol chit-
osan and functionalized it with FA and nuclear localization
signal (NLS), a particular peptide sequence recognized by
nuclear transport proteins. While FA was conjugated through
a coupling reaction, NLS was attached using the thiol-malei-
mide “click” reaction. DOX-loaded dual-targeted micelles

J. Mater. Chem. B

displayed the highest cytotoxic effect against human nasophar-
yngeal epidermoid carcinoma cells. In vivo studies support the
targeting specificity of DOX-loaded dual-targeted micelles and
improve the antitumor efficiency of DOX. Sun and colleagues
reported a paclitaxel-carrying micelle system for targeting
breast cancer.'®® Maleimide-functionalized PEG-PLA micelle
was decorated with nucleolin binding peptide F3 via thiol-
maleimide “click” reaction. In vitro and in vivo studies revealed
enhanced accumulation and toxicity upon targeted micelle
treatment compared to non-targeted counterparts. Sanyal and
coworkers recently reported a cRGD-targeted micelle obtained
from the reaction of maleimide-conjugated PEG-PLA and thiol-
bearing ¢cRGDfC peptide using the thiol-maleimide “click”
reaction. This micellar system was designed to deliver DTX
and CA4 simultaneously, and it was shown to be toxic against
SKOV-3 ovarian cancer cells."” Similarly, Li and coworkers
developed an epidermal growth factor receptor (EGFR) targeted
micelle system to deliver Celecoxib (CEL) and DOX against
metastatic breast cancer."”” Maleimide functionalized PEG
was polymerized with trimethylene carbonate (TMC) via ROP
to obtain an amphiphilic diblock copolymer Mal-PEG-PTMC,
and DOX was conjugated post-polymerization. GE11, a peptide
with a high affinity for EGFR, was introduced using the thiol-
maleimide “click” reaction to yield GE11-P-DOX. Encapsula-
tion of CEL yields EGFR-targeted dual-drug carrier micelles.
This targeted micelle displays enhanced tumor accumul-
ation and cellular uptake. The in vivo studies revealed a high
tumor inhibition rate and lung metastasis inhibition upon
administering these targeted micelles. Recently, Kim and col-
leagues fabricated a targeted micelle for wound healing
applications.®! Their polymeric nanosystem was composed of
a mixture of poly(ethylene oxide)-block-poly(e-caprolactone)
(PEO-b-PCL) and a mannosyl erythritol lipid (MEL)-maleimide
linker (Fig. 7). To achieve selective fibroblast targeting,
the proteinase-activated receptor (PAR-2), which is present

This journal is © The Royal Society of Chemistry 2025
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predominantly on the membrane of fibroblasts, targeting pep-
tide (KTTKS) was conjugated to MEL linker via thiol-maleimide
reaction. The selectivity of the micelles towards the fibroblasts
was confirmed in vitro by quantifying the internalized micelles
co-cultured with three different skin cells. Targeted micelles
were found to be internalized into fibroblasts 2-fold higher
than other skin cells. Moreover, curcumin-loaded targeted
micelles exhibit elevated collagen production and enhanced
wound-healing abilities.

Besides the thiol-maleimide dyad, metal-free thiol-ene,
thiol-yne, Schiff base, and SPAAC ‘“‘click” chemistries were also
investigated to arm micelles with targeting peptides. Diaz and
coworkers employed the metal-free thiol-ene “click” chemistry
for surface modification of micelle with GIRLRG peptide, which
targets glucose-regulated protein GRP78 found in breast
cancer.'®® Hao et al. grafted the Cys-Arg-Glu-Asp-Val-Trp pep-
tide onto diallyl functionalized poly(ethylene glycol)-b-poly-(lac-
tide-co-glycolide)-g-polyethylenimine (mPEG-b-PLGA-g-PEI-DA)
via thiol-ene reaction."®® This carrier targets endothelial cells
suitable for rapid endothelialization of artificial blood vessels.
Garg et al. synthesized a diblock copolymer where the side
chain of the hydrophobic block owns an alkyne unit, which is
further functionalized via an azide-containing fluorescent
probe through a CuAAC reaction.'®® On the other hand, the
breast cancer targeting peptide was installed on the aldehyde
functionalized hydrophilic end of the diblock via a metal-free

This journal is © The Royal Society of Chemistry 2025

Schiff-base “click” reaction. The targeting efficiency was proven
in vivo, where rapid tumor accumulation was observed for
targeted micelles compared to their non-targeted counterparts.
Ferrara and colleagues designed a unimicellar cancer nanovac-
cine for cancer immunotherapy.’®* The surface of the micelle
was decorated with different melanoma peptide antigens
through the SPAAC reaction. The end groups of the hyper-
branched polymer were modified with DBCO units. Meanwhile,
each peptide was azide functionalized along with the PEG
mannose to introduce targeting peptides and aqueous soluble
parts onto the hyperbranched polymer core via a metal-free
SPAAC reaction. These nanovaccines have proven biocompati-
ble, and in vivo application revealed tumor regression in B16
melanoma-bearing mice.

Among the several peptides employed for targeting, a small
peptide Arg-Gly-Asp (RGD) stands out for its integrin receptor
targeting property.’®>'%® Integrins involve many biological
pathways, such as wound healing, immune response, and
angiogenesis. Although the RGD sequence was discovered in
1984, its targeting role in cancer was found in the early
2000s."®® Since then, scientists have focused on its incorpora-
tion with drug delivery systems.'®'18:40:1947202 Aq for the con-
jugation of RGD peptide to micelles via “click” chemistry, an
early example was reported in 2009 by Shoichet and
colleagues.®® They have designed a micellar drug delivery
system with a modified RGD peptide for targeted delivery to
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the eye. Azide-terminated PEG-amine was coupled with poly(2-
methyl-2-carboxytrimethylenecarbonate-co-p,L-lactide) (poly(TMCC-
co-LA)) to obtain the diblock copolymer. Once the self-assembly
occurs, azide groups are present on the surface of the micelle.
An alkyne-modified RGD sequence containing peptide (KGRGDS)
was installed on the surface of micelles via CuAAC “click”
chemistry. In another study, Ke et al. linked hydrophilic and
hydrophobic blocks with an RGD-bearing matrix metallopro-
teinase (MMP) responsive peptide sequence GPLGVRGDG via
CUAAC “click” reaction.?®® When micelles reach the tumor site,
overexpressed MMPs cleave the hydrophobic layer, exposing
the RGD sequence, which leads to receptor-mediated endocy-
tosis into tumor cells. The polymer side chain conjugation of
c¢RGD by using CuAAC “click” reaction was recently reported by
Ni and coworkers.** The polymer backbone was obtained from
ROP of the 2-(but-3-yn-1-yolxy)-2-oxo-1,3,2-dioxaphospholane (BYP).
Pendant alkyne groups were further functionalized with azide-
bearing chemotherapy agent and cRGD-PEG-N; via CuAAC
“click” reaction.

The need for mild reaction conditions and the ease of thiol
functionality incorporation to the RGD peptide via the cysteine
amino acid provides an opportunity to utilize thiol-based
“click” reactions as an alternative way to conjugate RGD
peptide to micelles. Many examples have been reported with
the reaction of thiol-maleimide dyad as a metal-free “click”
reaction.®”?%7% Zhan et al. incorporate the thiol motif on the
cRGDyK peptide first by reacting the amine end of lysine with
3,3’ dithiodipropionic acid and later by reducing it via DTT.**
Thiol-Michael “click” reaction was performed between
maleimide-terminated PEG-PLA and thiol-modified cRGDyK
to obtain the targeted micelle. Kataoka and coworkers reported
a cRGD conjugated polymeric micelle for the glioblastoma
treatment.”°® Their system was composed of the mixture of
poly(ethylene glycol)-b-poly(i-glutamic acid) (MeO-PEG-b-
P(Glu)) and maleimide conjugated polymer Mal-PEG-b-P(Glu).
Cysteine containing cRGD and cyclic-Arg-Ala-Asp (cRAD) pep-
tides were linked to the PEG termini of the polymer via thiol-
malemide “click” reaction to obtain targeted and non-targeted
micelles, respectively. The varying ratio of the peptide-
containing micelles was evaluated, and 20% cRGD-containing
micelles could bypass the barriers and penetrate the tumor,
whereas non-targeted micelles displayed limited tumor inhibi-
tory effects.

Another elegant utilization of the thiol-maleimide “click”
reaction for peptide and RGD conjugation was reported by
Zheng and colleagues.”’®® They developed a dual-targeted
micelle for glioma treatment where the micelles were obtained
via host-guest supramolecular interaction. To achieve this
host-guest self-assembly, three different polymers were used
which are Angiopep-2 conjugated polyethylene glycol(PEG)-B-
cyclodextrin (Ang-2-PEG-BCD), cyclic RGD (cRGD)-PEG-BCD
and fluorescein isothiocyanate (FITC) labeled adamantane-
poly(e-caprolactone) (Ad-PCL-FITC). Ang-2 mediates the blood-
brain barrier penetration, where cRGD enhances the cellular
uptake by tumor cells. DOX was used as a model drug, and FITC
was used for tracking purposes. In vitro studies show the
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enhanced cellular internalization of dual-targeted micelles
compared to free DOX and non-targeted micelles. A similar
trend was observed in cytotoxicity studies. In vivo experiments
further supported these findings and revealed better tumor
inhibition was observed upon administering dual-targeted
micelle. Recently, Huang et al. fabricated a cysteine-modified
RGD conjugated to DSPE-PEG(2000)-maleimide via thiol-mal-
eimide “click” reaction.®* This time, they have used RGD to
target autosomal dominant polycystic kidney disease rather
than a cancer-targeting strategy. The integrin receptors are also
found on the extracellular matrix of the basolateral surface of
renal tubules, which is the exact location of the diseased site.
With the encapsulation of four different drug candidates into
the RGD-targeted micelles, they have shown the targeting
ability to diseased sites and higher renal accumulation in vivo.

Even though thiol-maleimide was extensively studied, other
metal-free “click” reactions like radical thiol-ene and SPAAC
“click” reactions also gathered attention in RGD conjugation
to micelles. Zhong and coworkers fabricated core crosslinked
polypeptide micelles for DOX delivery to breast cancer.*'°
cRGD targeted micelles obtained from the allyl terminated
poly(ethylene glycol)-b-poly(i-tyrosine) (allyl-PEG-b-PTyr) via
radical thiol-ene “click” reaction between the cRGD-SH and
allyl terminus of block copolymer. This system was evaluated
in vitro, and targeted micelles showed better cellular uptake
and improved cytotoxicity profiles compared to non-targeted
micelles and a clinical liposomal DOX formulation. Guo et al.
synthesized a poly(ethylene oxide) (PEO)-poly(e-carprolactone)
(PCL) diblock copolymer with a 4-dibenzocyclooctynol (DIBO)
modified PEO terminus.*’ This DIBO residue was further
functionalized with several azide-terminated targeting moieties
like sugar, RGD, and biotin through a metal-free SPAAC “click”
reaction. The cytotoxic effect of 7-ethyl camptothecin (7-Et-CPT)
loaded RGD-targeted and non-targeted micelles was evaluated
against the MCF-7 human breast cancer cell line.

In conclusion, peptide-based ligands offer enhanced bind-
ing capabilities and a range of diverse applications. They have
been used in many constructs and have been attached using a
variety of conjugation chemistries. Combination with micelles
through “click” reaction has been widely investigated. Unlike
sugars and vitamins, their conjugation with micelles through a
metal-free “click” reaction has been employed in many exam-
ples. One can anticipate that as our understanding of disease
mechanisms grows, new peptides for targeting purposes will
continue to be developed, and would be installed on micellar
surfaces to achieve better selectivity for disease cells.

2.6 Miscellaneous small molecule ligand based targeting

As discussed in the previous sections, most of the small
molecule targeting ligands are either sugars, vitamins and
peptides. In recent years, a few other small molecules have
been evaluated as potential ligands, and their conjugation to
micellar drug delivery systems using ‘click” chemistry has
been reported.”*” For example, Chen et al. used diphosphoser-
ine peptide and pyrophosphate as ligands against dental pla-
que formation.*"® They conjugated the diphosphoserine

This journal is © The Royal Society of Chemistry 2025
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peptide via CuAAC “click” reaction to the hydrophilic ends of
the Pluronic P123 polymer and fabricated antimicrobial agent
encapsulated tooth-binding micelles. Liu and coworkers uti-
lized a glucose transport protein 1 (GLUT1) targeted micelle
where the dehydroascorbic acid (DHA) was used as the target-
ing ligand.”"* Their micelle system was composed of Paclitaxel
(PTX) loaded poly r-phenylalanine (pPhe), 3,3’-dithiobis-
(sulfosuccinimidyl propionate) (DTSSP) crosslinked poly
L-lysine (pLys), polyethylene glycol (PEG), and dehydroascorbic
acids (DHA) (DHA-PLys(sP/PTX). DHA was installed at the
azide-modified PEG termini using the CuAAC “click” reaction.
These micelles show an inhibitory effect on tumor cell
viability, restraining tumor cell proliferation and migration
in vitro. Additionally, in vivo studies support these results,
displaying tumor regression and prolonged lifespan in tumor-
bearing mice.

Combination therapies such as chemotherapy and photo-
dynamic therapy can be employed to enhance the therapeutic
outcome. Such an approach was reported by Gao et al.>*> They
have investigated the epidermal growth factor receptor (EGFR)
ligand, erlotinib, against non-small cell lung cancer (NSCLC).
Chitosan was modified with an azide to utilize it for the CuAAC
“click” reaction with alkyne-bearing erlotinib and NIR probe
Cy7. The targeting efficiency of erlotinib was shown in cellular
internalization, where the cells were chosen according to the
ligand sensitivity. The ligand-sensitive cells displayed higher
internalization compared to the ligand-resistant ones.

Leveraging the diseased sites’ physiological conditions has
been commonly employed for targeting strategies. The low pH
of the tumor area has been extensively exploited in the fabrica-
tion of drug delivery systems by incorporating pH-responsive
linkers or polymers into the carrier system. Besides using the
acid-labile linkers, incorporating chargeable functional groups
is another alternative. Nystrom and colleagues adopted such an
approach.?*® They choose histamine as a mitochondrion target-
ing group due to its charge reversibility in response to pH
change. Poly(allyl glycidyl ether)-b-poly(ethylene oxide) (PAGE-
b-PEO) block polymers was functionalized with histamine via
UV-initiated thiol-ene “click” chemistry. DOX-loaded micelles
obtained from 50% histamine-modified polymer showed
higher internalization than the others. Luo and coworkers
recently reported antibiotic-based micelles for bone targeting,
where they employed vinylphosphonic acid for bone binding
and conjugated it to the micelle surface through a thiol-ene
“click”” reaction.”"” These micelles were evaluated in an osteo-
myelitis model infected with MRSA, where they promoted bone
healing.

Recently, phenylboronic acid (PBA) ligands have been uti-
lized due to their ability to target the boronic acid transporters,
and pH-dependent structural changes that enable this unit
to function as both an active targeting ligand and a stimulus-
responsive unit.**®?'® Numata and coworkers reported a
phenylboronic acid-functionalized micelles for siRNA delivery
to brown algae.””® PBA bearing cell penetrating peptide
sequence that contains a cysteine residue as a thiol group
was conjugated to maleimide functionalized cationic peptide

This journal is © The Royal Society of Chemistry 2025
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sequence through the thiol-maleimide ‘“click” reaction for
gene silencing.

Due to fast reaction kinetics, the SPAAC reaction has been
used for the installation of ligand on micelle surfaces. Alsaab
et al. designed a targeted micelle against renal cell carcinoma
(RCC) by taking advantage of the overexpression of a tumor-
hypoxic environment marker named carbonic anhydrase IX (CA
IX).>?' Acetazolamide was used as a targeting ligand, and it was
conjugated to the azide-terminated PEG side chains of the
polymer through the SPAAC “click” reaction. Uptake in tumor
spheroids demonstrated that targeted micelles penetrate more
to the tumor core. Similarly, targeted micelles were internalized
more than the non-targeted ones into the drug-resistant human
RCC cells.

Although small molecule ligands can circumvent many
biological barriers and penetrate more into tissues, the need
for ligands having longer serum life, higher binding affinity,
and selectivity continues. Many of the ligands discussed in this
section suffer from either short half-life or accumulate below
the expected rate in target sites due to the existence of their
receptors along the body. In this regard, large targeting groups
such as monoclonal antibodies and antibody fragments offer
attractive solutions to address these challenges.

3. Monoclonal antibody based
targeting

The invention of monoclonal antibodies (mAbs) by Kohler and
Milstein was made from mouse hybridoma in 1975.>2* Along
with the developments in biotechnology, chimeric antibodies,
and humanized mAbs were developed.?***®> These inventions
garnered a steeping interest in mAbs due to the appealing
advantages such as increased half-life in the serum and the
excellent binding ability to their specific antigens.**® Upon the
FDA approval of mAbs, research on mAbs and their conjugates
with small molecules like drugs and imaging agents
intensified.”””>*> Conjugates of mAbs with polymers, dendri-
mers, hydrogels, nanogels, nanoparticles, and micelles have
been extensively explored.””***>*" A wide range of chemistry
has been utilized to install mAbs onto polymeric materials,
many based on “click” chemistry transformations.”***>*® Within
the scope of this review, we underscore the examples of immuno-
micelles, micelles chemically conjugated with mAbs at their sur-
face, through “click” chemistry,*®63:2477249,251-254,260-262

Since the classification of DA as a “click” reaction, there has
been a growing interest in utilizing DA with different polymeric
materials, including micelles.”*® An early example was reported
by Shoichet and coworkers, where furan functionalized
outer PEG corona was coupled with maleimide containing
anti-HER-2 antibody via the DA “click” reaction.*® Each anti-
body was subjected to site-specific modification at the Fab side
without compromising the binding efficiency of mab with two
maleimide units. Antibody conjugation at the micelles’ surface
could be tuned by the reaction time and maleimide to furan
feed ratio. Since the DA reaction can be performed under mild
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conditions in aqueous environment, it prevents the loss of
antibody binding efficiency and its selectivity. Moreover,
1-2% of furan units were conjugated to antibodies, and the
remaining furan units were available for further functionaliza-
tion, such as drug or imaging agent conjugation. As an exten-
sion of this work, the authors reported the fabrication of dual-
functionalized micelle by using both DA and CuACC “click”
reactions to conjugate Trastuzumab and oligonucleotide,
respectively.”>* The polymer was composed of poly(p,i-lactide-co-2-
methyl-2-carboxytrimethylene carbonate)-grafi-poly(ethylene glycol)
(P(LA-co-TMCC)-g-PEG-furan/azide) and obtained micelles were
coupled with Trastuzumab-maleimide using the DA “click” reac-
tion and alkyne-functionalized oligonucleotides (ONs) with CuAAC
“click” reaction to the PEG end groups for targeted gene silicing
therapy (Fig. 8). This approach enables control over the amount of
targeting antibody and oligonucleotide on the micelle surface.

However, a safety issue regarding biomedical applications
might stem from using copper metal. To address this issue, the
authors reported another work where the surface of the
dual-functionalized micelles was decorated simultaneously
with both furan and azide groups.>®> Dual-functionalized
amphiphilic copolymer was composed of poly(p,.-lactide-co-
2-methyl-2-carboxytrimethylene carbonate)-grafi-poly(ethylene
glycol)  (P(LA-co-TMCC)-g-PEG-furan/azide). ©The micelle
obtained from this polymer was sequentially coupled with
Trastuzumab maleimide via DA ‘“click” reaction and dibenzyl
cyclooctyne (DBCO)-functionalized FLAG peptide through
metal-free strain-promoted alkyne-azide cycloaddition (SPAAC)
“click” reaction to the PEG end groups for theranostic applica-
tions. Both “click” reactions were suitable for aqueous reaction
conditions and avoided metal-based toxicity.

Even though DA chemistry has appealing advantages like
readily available reactants, requiring no catalyst or initiator, no
toxic byproducts, and proceeding in an aqueous environment,
the reaction requires a long time. In this regard, the SPAAC
“click” reaction is an attractive alternative since it proceeds
with faster kinetics. Hawker and colleagues evaluated the
potential of the SPAAC “click” reaction to fabricate lipid

J. Mater. Chem. B

nanoparticles armed with mAbs.>*®* The authors employed a
lipid-PEG micellar system where they could control the exact
number of ethylene glycol units. The bromo end group was
replaced with the azide functional group. Later, they used these
polymers for fabricating a lipid nanoparticle system and con-
jugated the DBCO-modified antibody through the SPAAC reac-
tion (Fig. 9). The work displays a convincing example for the
fabrication of antibody-conjugated micellar nanoparticles
using the SPAAC “click” reaction.

Zhong and coworkers reported a direct example of mAb
conjugation to a micelle via SPAAC “click” reaction.®® They
designed a polypeptide micelle system where they have con-
jugated DBCO-modified Daratumumab, a CD38-targeted anti-
body, to the azide-functionalized micelle surface using the
SPAAC reaction. The antibody per micelle ratio was chosen to
be 3.2, and was obtained with 82% efficiency. The mAb
appended micelle displayed a higher cellular internalization
through endocytosis than its non-targeted counterpart. More-
over, this targeted delivery system exhibits a 6-fold higher
inhibitory effect on CD38-positive multiple myeloma cells and
also shows improved tumor growth inhibition and extended
median survival time during in vivo studies.

Similar to the SPAAC “click” reaction, the inverse electron
demand Diels-Alder (IEDDA) “click” reaction has garnered
increased attention due to its exemplary features like fast
reaction kinetics, catalyst-free conditions, high yield, benign
side product (N, gas), selectivity, bioorthogonality, and
biocompatibility.® These properties make this reaction an
excellent choice for biomedical applications. Considering these
appealing features, Zentel and colleagues utilized the IEDDA
“click” reaction for trans-cyclooctene (TCO) bearing antibody
conjugation ligation with 1,2,4,5-tetrazine functionalized poly-
meric micelles.** This intriguing work also investigates the
ligation sites by comparing the micelles obtained from poly-
mers that differ in the position and number of Tz groups, either
bearing only one Tz at the hydrophilic end group or randomly
distributed along the side chain (Fig. 10). Kinetic studies
revealed that the second-order reaction rate was unaffected by

This journal is © The Royal Society of Chemistry 2025
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the conjugation of Tz to a macromolecule, and the increased
number of Tz on the polymer chain increases the reactivity
towards TCO groups on the antibody.

The high reactivity of the thiol group toward electron
deficient alkenes has raised keen interest in conjugating bio-
macromolecules like mAbs or their derivatives onto various
drug delivery systems, including micellar nanoparticles, since
the reaction can be performed under mild conditions and in
the absence of metal catalysts.>>*>*>° Depending on the nature
of the alkene, thiol-Michael addition can be performed with a
high yield. The maleimide moiety has been extensively studied
for the thiol-Michael addition reaction among the various
reactive alkenes. The thiol-maleimide “click” reaction was
explored for the conjugation of Cetixumab onto micelle by
Shih et al. in 2017.”°° They obtained micelles from a mixture
of diblock copolymers, namely mPEG-poly(e-caprolactone)
(mPEG-PCL), maleimide-terminated poly(ethylene glycol)-PCL
(Mal-PEG-PCL) and DTPA-PEG-b-PCL (NH,-PEG-b-PCL). Near-
infrared dye IR-780 was encapsulated into micelles, and
maleimide units on the surface were clicked with thiol-
functionalized Cetixumab after micelle formation. This system
was evaluated against cells with low and high epidermal growth
factor (EGFR) expression. As expected, high expression of EGFR
cells showed better cellular uptake of Cetixumab conjugated
micelles, and the targeted micelles exhibited better tumor
accumulation in vivo.

A unique example was recently presented by Li et al., who
developed a stimuli-responsive core crosslinked micellar sys-
tem where the crosslinker is modified from the curcumin and
is suitable for azide-alkyne “click” reaction.®' Moreover, they
decorated the micelle surface with allyl groups ready for a
radical thiol-ene “click” reaction with thiol-containing antibo-
dies (Fig. 11). Different antibody grafting ratios were obtained,
and the system with 82% grafting was chosen for further
studies. These CD326-targeted micelles (R-mAb-CD326@CCL
NPs) could actively target breast cancer cells and displayed
enhanced therapeutic efficacy in animal models where the
tumor was considerably suppressed. Using the drug derivative
as a stimuli-responsive crosslinker and actively targeting the
tumor side increases the bioavailability of the drug. Another
utilization of the metal-free “click” reaction for antibody con-
jugation to micelles was reported by Peng et al.>*> PTX encap-
sulated worm-like micelles were obtained from the self-
assembly of amphiphilic PCL2000-MPEG2000 and PCL5000-
PEG2000-CHO polymers. An anti-HER-2 antibody, Herceptin™,
was conjugated onto these micelles through an amine-alde-
hyde Schiff-Base “click” reaction. The obtained targeted carrier
system was evaluated both in vitro and in vivo, showing better
internalization, accumulation, and therapeutic effects.

Since the invention of monoclonal antibodies (mAbs),
numerous applications have been developed, several involving
their conjugation to micelles. Their delicate nature requires
mild reaction conditions to prevent loss of binding ability. To
this end, various reactions have been investigated. The earliest
examples demonstrate the effective application of Diels-Alder
and CuAAC “click” reactions with high efficiency. After the
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Fig. 11 Synthetic routes to core cross-linked nanoparticles modified by
the CD326 monoclonal antibody. Reproduced with permission.%* Copy-
right 2023, Royal Society of Chemistry.

classification of metal-free “click” reactions, this trend paves
the way for the use of mAb conjugation onto micelles as well,
due to mild and effective reaction kinetics. To this end, SPAAC,
IEDDA, thiol-ene, and thiol-maleimide reactions have been
employed for this purpose. Nevertheless, there is still room for
further investigation, considering the limited examples of mAb-
targeted micelles using ‘“‘click” reactions as a conjugation
strategy.

4. Antibody fragment-based targeting

Along with the investigation of mAbs, their smaller counter-
parts, fragments of antibodies (Fabs), are gaining attention
due to some of their appealing features over mAbs. The
whole antibodies have a larger size than Fabs, which makes
them harder to penetrate solid tumors, even though they have
extraordinary targeting ability to their corresponding
receptors.>***** These improvements could be counterba-
lanced with a decreased half-life.**>?%® Increasing molecular
weight by Fab conjugation to other structures was proposed as
a solution, initially starting with pegylation.>®” Promising
results from the pegylation trials led to the investigation of
polymer-Fab conjugates.”®®*>”" Since then, several reports have
emerged about conjugates of Fabs, such as, liposomes, polymer
complexes, and micelles.>”>>”* Incorporating Fabs onto poly-
meric scaffolds can be achieved using a variety of conjugation
chemistries. Over the years a range of “click” reactions have bee
employed for conjugating Fabs with nanomaterials, polymeric
nanoparticles, liposomes, nanogels, and micelles,>*>238:2757280

This journal is © The Royal Society of Chemistry 2025
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In this section of the article, we showcase examples of Fab-
conjugated micelles fabricated through “click” chemistry.

As an early report, Kataoka and coworkers developed an
antibody-based therapeutic carrier against pancreatic tumors,
where platinum-based drug-loaded polymeric micelles were
conjugated with antibody fragments using the thiol-maleimide
“click” reaction.”®" Each micelle was conjugated with one
tissue factor (TF) targeting Fab’ by tailoring the surface density
of maleimide units. The targeted drug-loaded micelles dis-
played superior cellular binding than the non-targeted ones.
Similarly, in vitro cytotoxicity profiles of targeted micelles were
superior. In vivo tumor studies revealed higher tumor suppres-
sion upon treatment with targeted micelles, compared to treat-
ment with non-targeted micelles and free drugs. In a recent
study, Ji et al. described a targeted micelle system for delivering
two synergistic siRNAs against pulmonary fibrosis (PF).>%?
A cationic polymer, polyethyleneimine (PEI), grafted with
maleimide-PEG (PEI-g-PEG-Mal) was utilized to obtain micelles
upon complexation with siRNA. Targeting of lung-resident
mesenchymal stem cells (LR-MSCs) was achieved by incorpora-
tion of anti-stem-cell antigen-1 antibody fragment (Fab’)
through a thiol-Michael “click” reaction (Fig. 12(a)). The
inhibition of myofibroblast differentiation in the LR-MSCs
was observed and tracked with the immunofluorescence
images of Fab’-conjugated dual and single siRNA-loaded
(Fig. 12(b)). The most significant decrease in the differentiated
myofibroblasts was for Fab’-conjugated dual siRNA-loaded
micelles. In another work, the authors used the same carrier
system with varying maleimide ratios.?®* This time, Fab’ frag-
ment of the anti-platelet-derived growth factor receptor-o

PEI-g(20)-PEG-MAL

Micelle-
Free siRNA

siRUNX1

) Formation scheme of siRNA-loaded micelle via the assembly and conjugation of Fab’ to micelle surface via thiol-Michael addition for the

Fig. 12

targeting of lung mesenchymal stem cell, (b) actin expressions upon treatment with targeted micelle and control groups. Reproduced with permission.

Copyright 2021, Wiley.
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(PDGFRoa) antibody was conjugated to the micelle surface using
the thiol-maleimide “click” reaction for the co-delivery of two
different siRNAs against the treatment of idiopathic pulmonary
fibrosis. These examples showcase that the Fab targeting
strategy can be diversified for specific antigen-displaying dis-
eases other than several cancer types.

Christie and coworkers demonstrated the incorporation of
Fabs onto micelles using the SPAAC ‘““click” reaction in a proof-
of-concept study to evaluate the conjugation and targeting
efficiency of Fab-based targeted micelles.?®* They utilized a
core crosslinked polyion complex micelle obtained from
azide-functionalized PEG-b-poly(r-lysine) (N3-PEG-b-PLL) and
azido-PEG-b-poly(aspartic acid) (N3-PEG-b-Pasp). Ephrin type-
A receptor 2 (EphA2 receptor) binding fabs were engineered for
site-specific conjugation through cysteine residues. For DBCO
functionalization of Fabs, a heterobifunctional linker was
reacted with the cysteine residues on Fabs via thiol maleimide
reaction. Obtained Fab-DBCO was further reacted with azide
displaying micelles through SPAAC “click” reaction, resulting
in the conjugation of 2-3 Fabs per micelle. The cellular uptake
of these micelles was shown to be higher than the mAbs, Fabs,
and non-targeted micelles. In 2017, the same group optimized
controlled Fab installation as a follow-up work by changing the
Fab/polymer feed ratio and the spacer length between the Fab
and micelle.*®® Moreover, they encapsulated a chemotherapy
agent, SN38, into the micelles and evaluated these targeted
micelles’ internalization and cytotoxicity profiles.

To investigate the impact of Fab density on the micelle
surface, Kataoka and colleagues developed Fab’-conjugated
polyion complex (PIC) micelles for the delivery of small

Fab’ micelle-siRNA

Micelle-
siGlil

Micelle-
(siRUNX1 + siGlil)
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interfering RNA (siRNA) to pancreatic cancer cells.”®*® Azide-
containing PIC micelles (N3 - Micelles) were obtained using a
block copolymer of azide-functionalized poly(ethylene glycol)-
block-poly(i-lysine modified with mercaptopropyl amidine and
2-iminothiolane) (N3-PEG-PLL(MPA/IM)) (Fig. 13). Core cross-
linking of the micelles through disulfide bridges was accom-
plished after the siRNA encapsulation. Next, DBCO-modified
antihuman tissue factor (TF) Fab’ was conjugated onto the
micelle surface using the SPAAC “click” reaction. By changing
the feed ratio of Fab’ to micelle (or azide), they were able to
conjugate 1, 2, or 3 Fab’(s) per micelle. Cellular internalization
analysis by flow cytometry and confocal laser scanning micro-
scopy (CSLM) images revealed that 3(Fab’)-micelles were more
internalized in BxPC3 pancreatic cancer spheroid cells than
the non-targeted counterparts. The most efficient gene silen-
cing activity was observed with the 3(Fab’)-micelle-treated
cancer cells.

As another report, probing the effect of ligand density,
Thurecht and coworkers reported a single-chain variable frag-
ment (scFv) conjugated micellar system aimed to balance
stealth behaviour and targeting both in vitro and in vivo.**
Similar to the above examples, scFv conjugation was performed
through a SPAAC reaction with a slight difference whereby
DBCO was conjugated to micelles, and scFv was functionalized
with azide. The results indicated that increasing the targeting
ligand density does not always bring more advantages, and the
optimum ratio for the ligand conjugation found in vitro may
not yield the best outcome in vivo. Their in vitro results display

J. Mater. Chem. B

the best outcome with 50% scFv density micelles, whereas the
suitable option was 25% for in vivo application. The findings
suggest that increasing the targeting ligand density in this case
increases the immune response, which results in less tumor
accumulation.

There is no doubt that antibody fragments offer several
benefits over mAbs, yet these fragments also face challenges,
such as short serum half-life. Conjugation with other structures
may help to improve the serum life, but there might be some
compromise with their binding affinity. Thus, although very
promising, more work is needed to establish highly efficient
approaches in the conjugation of mAbs to nanocarriers.

5. Oligonucleotide-based targeting

Oligonucleotides like DNA strands, RNA sequences, and apta-
mers are also widely employed for targeting purposes. Apta-
mers are recognition agents synthesized as short sequences of
single-stranded nucleic acids DNA or RNA with unique inter-
molecular interactions that give rise to their specific three-
dimensional conformation. They possess high affinity and
specificity against target molecules like specific metal ions,
small molecules, proteins, peptides, virus-infected cells, and
cancer cells.*”"%%° In 1990, Tuerk and Gold developed a process
called “systematic evolution of ligand by exponential enrich-
ment” (SELEX) to screen specific RNA species that are highly
specific to their receptors.>®® In the same year, Ellington and
Szostak also made contributions in this area and named these

This journal is © The Royal Society of Chemistry 2025
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selected oligomers “aptamers.”>°" There has been rapid pro-
gress in this area since then, and FDA approval of an aptamer
drug named Macugen accelerated the research in aptamer
technology.?**> The binding affinity of aptamers is very similar
to that of mAbs; however, aptamers offer many superior proper-
ties compared to mAbs and antibody fragments. They have
excellent stability in biological fluids and can quickly refold
into their original structure and keep their activity due to their
structural memory. They are resistant to denaturation and are
stable against various environmental factors, like temperature.
They have a smaller molecular weight and size than mAbs,
which may enable deeper penetration into solid tumors. They
lack the Fc region, which helps them evade immune cells,
resulting in low immunogenicity.'*® With the various advan-
tages of aptamers, investigations of aptamer-based applications
are becoming widespread.?**"*°® Aptamers have been utilized
with various constructs, such as polymeric micelles, for appli-
cations in drug delivery. In this regard, the conjugation meth-
ods to the carriers have been investigated, including ones based
on “click” chemistry.**”*°° Within the context of this review, in
this section, we survey the work reported with oligonucleotide-
conjugated micelles obtained using “click” chemistry.

An early example of single-stranded DNA (ssDNA) con-
jugation to a micelle was reported in 2011 by Maeda and
colleagues.®® They synthesized poly(N-isopropyl acrylamide)
(PNIPAAm) polymer with an azide functional group at the chain
end. Alkyne functionalized sSDNA was conjugated to PNIPAAm
using the azide-alkyne “click” chemistry. This example repre-
sents the initial work for DNA conjugation to a micelle via
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“click” chemistry, but oligonucleotides were not used for
targeting purposes.

Recent report focused on imaging and photodynamic ther-
apy (PDT) applications of oligonucleotide micelles in tumor
targeting was reported by Tian and colleagues, who designed a
system for non-invasive imaging of glioblastoma uaing DNA
nanotechnology.**" The required diblock polymer was obtained
via Huisgen-type CuAAC “click” reaction of polystyrene azide
and DNA-alkyne, where DNA serves as both targeting and
hydrophilic block of the micelle. NIR-II emitting dye was
encapsulated for imaging purposes. In vitro traversing effi-
ciency and internalization of Nile red loaded PS-b-DNA micelles
and its PEG counterpart (PS-b-PEG) was evaluated. NR-loaded
PS-b-DNA showed 4.5-fold higher traversing efficiency and a
3.0-fold increased accumulation in U87MG cells compared with
NR@PS-b-PEG. Similarly, targeted micelles displayed better
cellular uptake through receptor-mediated internalization.

Like many other ligand conjugation examples, metal-free
“click” chemistry has been used for tethering of aptamers onto
micelles. In this context, Sumerlin and coworkers reported an
impressive work,”> where they designed aptamer-conjugated
micellar system for targeting colon cancer. A DBCO functiona-
lized aptamer was attached to azide groups on the micelle
surface through SPAAC “click” reaction after micelle formation
(Fig. 14). This metal-free biorthogonal reaction also preserves
the targeting function of aptamers. The authors produced
10%, 30%, and 100% azide-containing micelles and found that
10% azide-containing micelle results in less efficiency than
30% and 100% azide-functionalized micelles. Of the 30%
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Fig. 14 Schematic representation of overall synthetic strategy to construct aptamer-modified nanoparticles. Azide-functionalized polymeric micelles
are synthesized in one pot by self-catalyzed photo-PISA and modified by SPAAC with the sgc8-DBCO aptamer. Reproduced with permission.®®

Copyright 2020, American Chemical Society.
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azide-containing micelles, 14% of the groups were found to be
conjugated to aptamer after purification. The Rose Bengal
methacrylate (RMBA) monomer implemented in this work
provides a fluorophore for imaging and acts as a singlet oxygen
(*0,) generator for PDT.

Survey of reent literature indicate that oligonucleotides are
emerging as promising ligands for targeting purposes, offering
solutions to the challenges faced with employment of mAbs
and Fabs. As for the conjugation strategy, the Huisgen-type
CuAAC “click” reaction and metal-free ‘“click” reactions, such
as SPAAC, have been employed. Considering the limited exam-
ples of oligonucleotide-conjugated micelles, the area is open to
further investigation and improvement.

6. In vivo “click” reaction-based
targeting

Bioorthogonal chemistry continues to gain attention in ther-
apeutic applications due to its engaging features, such as the
realization of an efficient reaction in a mild physiological
environment without affecting other biological processes, with
high yield, fast kinetics, and selectivity.**> The first bioortho-
gonal reaction using a modified Staudinger reaction was
reported by Saxon and Bertozzi in 2000.°*® Since then, several
other bioorthogonal “click” reactions have been reported.*'***
The advancements in such reactions have increased the interest
in employing bioorthogonal reactions in “in vivo” applications.
This reaction has been investigated in metabolic glycoengineer-
ing applications as a two-component system. The approach
entails anchoring different chemical functionalities onto
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biological surfaces such as cell membranes, through the inher-
ent biological pathways. Administration of molecules/materials
bearing their complementary reactive pair will trigger the
reaction with previously labeled surfaces through bioorthogo-
nal “click” chemistry in a highly selective manner.’**> The
bioorthogonal metabolic glycoengineering tagging strategy
has been investigated with various constructs over the
years.>*>"! Micelles have been utilized in such systems, either
as an anchoring compartment, or for both labeling and anchor-
ing, as explained in systems highlighted below.°®3>7318

In an elegant report, Xing and coworkers employed the
in situ “click” targeting strategy for photoacoustic imaging-
guided synergistic photothermal therapy (PTT) and photoa-
coustic therapy (PAT) using a single chromophore.*'* Zinc(u)-
phthalocyanine (ZnPc) was encapsulated into an amino
lipid-poly(ethylene glycol) (LP) DSPS-PEG2000-NH,, and the
surface of the micelle was further modified with DBCO
(DBCO-ZnPc-LP). To begin with, tetraacetylated N-azidoacetyl-
p-mannosamine (Ac;ManNAz) encapsulated micelle was accu-
mulated at the tumor site for the creation of the synthetic
“receptor-like” azide groups through metabolic glycoengineer-
ing. Later, ZnPc loaded micelle was administered for conjuga-
tion at the tumor site through an in vivo bioorthogonal “click”
reaction (Fig. 15). By uniting the synergy between PTT and PAT,
potent therapeutic effects were seen both in vivo and in vitro.

Yang and colleagues reported another effective utilization
of metabolic glycoengineering and bioorthogonal “click”
targeting.*'* Using a similar approach to the abovementioned
example, Ac,ManNAz carrying micelles (Az-NPs) were used to
introduce artificial receptors on the cell plasma membrane.
Complementary reactive micelles (S-NP) were obtained using a

?§ Click Reaction

I
...'.':

\eosnm Pulsed Laser

e AcaManNAz-LP

Fig. 15 Schematic illustration of bioorthogonal metabolic glycoengineering-activated tumor targeting micelle. Reproduced with permission.*?

Copyright 2017, American Chemical Society.
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American Chemical Society.

polymer with pendant DBCO groups, a PDT agent chlorin e6
(Ce6), and acidic microenvironment-responsive units. Oleic
acid-coated magnetic nanoparticles were encapsulated within
this micelle to introduce MRI and theranostic attributes into
the system. When S-NPs reach the tumor site, micelle disas-
sembly occurs upon pH change, theus exposing the DBCO units
and magnetic nanoparticles. DBCO and Ce6 bearing polymer
chains undergo conjugation to the engineered tumor cells via
the SPAAC reaction. Tumor cells anchored with Ce6 were
exposed to laser irradiation for PDT, and enhanced cellular
apoptosis was observed. Moreover, dual-modal tumor-specific
visualization was achieved using T,-weighted MR imaging
(Fig. 16).

Li et al. developed a micellar system where one micelle is
capable of inducing the azide-modified mannose expression on
the tumor cell membrane; meanwhile, the other micelle hous-
ing ferroptosis agents can bind the tumor cell through in vivo
bioorthogonal SPAAC chemistry due to the DBCO unit on the
micelle surface.’ This work also overcomes the lack of active
targeting in ferroptosis since there are no targetable receptors
for ferroptosis. The authors used a tumor-selective linker for
the azide-modified mannose expression on the cell membrane.
The micelles were obtained from polyethylene glycoldisulfide-
N-azidoacetyl--mannosamine derivative where an 8-arm PEG-
SS-COOH was conjugated on C6 position of the acetylated
mannose azide (SArmPEG-SS-AC3ManNAz). A similar strategy
was applied for DBCO-modified micelles, where ferritinophagy
initiator dihydroartemisinin (DHA) was conjugated to DBCO
containing 8-arm PEG via a disulfide bond, and this micelle
was also the host for ferroptosis inducer RSL3 (DBCO-
SArmPEG-SS-DHA@ RSL3). Azide was glycoengineered on
tumor cells, and the ferroptosis was targeted through an
in vivo metal-free “click” reaction by immobilizing the DBCO

This journal is © The Royal Society of Chemistry 2025

micelle on the tumor cells. The disulfide linker enhanced the
therapeutic effect since the linker can be activated in tumor
cells and release both cargos inside the cell. Yu and coworkers
reported a similar metabolic glycoengineering approach for
autoimmune disease treatment.*'® They used ROS-responsive
nanoparticles as a carrier of azide-modified mannose (Ac4Man-
NAz) to the inflammatory tissue. Once azide groups are exposed
to the cell membrane via metabolic glycoengineering,
PD-L1 conjugated amphiphilic lipid (1,2-distearoyl-sn-glycero-
3-phosphoethanolamine) (DSPE) functionalized with DBCO
was administered for dual-anchoring immobilization of the
protein on the cell membrane via in situ bioorthogonal metal-
free SPAAC reaction, along with anchoring through physical
interaction of the lipid tail with the cell membrane. Addition-
ally, in vivo experiments showed that such an approach reversed
early-onset type 1 diabetes (T1D) and delayed the development
of rheumatoid arthritis (RA).

The bioorthogonal coupling highlighted in the abovemen-
tioned examples can also be executed through a different
strategy. Instead of using the metabolic glycoengineering tech-
nique to anchor the second micellar compartment onto cell
membranes, tumor microenvironment stimuli-induced aggre-
gation might be an alternative approach. A micellar system can
change conformation in the tumor environment and expose the
multivalent DBCO or azide unit, allowing in vivo ‘click”
reaction-induced aggregation at the tumor sites. Such an
approach was reported by Deng et al*'” The authors used a
DBCO-functionalized PEG-PCL and PEG-imine-PCL polymer
mixture to encapsulate DOX. An azide-functionalized PEG-PCL
was employed for the second micelle encapsulating the trans-
forming growth factor-f (TGF-B)/Smad3 signaling pathway
inhibitor SIS3. Acid-labile imine bonds were cleaved in the
tumor environment, exposing the azide and DBCO units to the

J. Mater. Chem. B
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surface of micelles. SPAAC “click” reaction-induced micelle
aggregation, resulting in an increased tumor accumulation
and reduced cellular efflux. A similar approach was employed
by Yuan and coworkers to overcome hypoxic resistance and
enhance chemoimmunotherapy.®'® Hidden DBCO groups were
exposed on the micelle surface upon exposure to the decrease
in the pH at the tumor site, which further reacted with the
azide-functionalized micelles via SPAAC “click” reaction. The
multivalency of these DBCO and azide groups leads to the
formation of larger aggregates to increase the retention time in
the tumor environment. To enhance the cellular uptake of
these aggregates, the second acid-labeled functional group
causes the slow dissociation of these aggregates into smaller
particles. Encapsulated DOX and nitric oxide are delivered to
the tumor cells, increasing the antitumor immune response
while regulating hypoxia resistance.

Yu and colleagues presented a different approach for the
in vivo “click” aggregation strategy.®® They designed two differ-
ent micellar systems, one containing DBCO and chargeable
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ethylene propyl amine groups on its side chains, namely mPEG-
b-poly(ethylene propyl amine) (PED). The second micelle was
composed of a mixture of three polymers, where one contains
redox responsive disulfide bond linker bearing PROTAC (PRO-
teolysis TArgeting Chimeras), the second one is an azide
terminated version of the first one, and the third polymer
contains a PDT agent. When the first injection containing
PED micelles reaches the tumor side, protonation of the
ethylene propyl amine groups due to the acidic pH of the
tumor results in the disassembly of micelle and exposes
the DBCO groups. Upon the arrival of azide-functionalized
POLY-PROTAC micelles to the tumor site, micellar aggregation
occurs due to the in vivo SPAAC “click” reaction between the
DBCO groups of PED polymer chains and POLY-PROTAC
micelles (Fig. 17). Rather than active targeting or anchoring
the micelles onto tumor cells through in vivo ‘click,” the
authors promote passive targeting via ““click”-induced micelle
aggregation. This aggregation enhances the accumulation of
therapeutic agents in vivo, and MDA-MB-231 tumour-bearing
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triggered “click” reaction between POLY-PROTAC and DBCO-loaded pre-targeted NPs. (c) In situ “click” reaction-promoted protein degradation and
combinatorial cancer therapy with POLY-PROTAC NPs. Reproduced with permission.®® Copyright 2022, Springer Nature.
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nude mice treated with these nanoparticles displayed brighter
intatumoral flouresence signal.

The bioorthogonal metabolic glycoengineering tagging strat-
egy has gained attention in more recent years. Since this
strategy employs an in vivo “click” reaction, it requires mild
and fast reaction conditions. The metal-free SPAAC ‘“click”
reaction has been used in most examples to meet these criteria.
Since such in vivo approaches are recent, one can expect to see
many more examples in coming years.

7. Limitations and future perspective

Although targeted micelles have shown potential in various
applications, several challenges must be overcome to translate
them into clinical applications. The advantages of targeting
ligands have been discussed throughout each section; however,
there are also challenges associated with the use of “click”
chemistry in drug delivery applications. The CuAAC “click”
reaction is the most widely used “click” reaction since its early
development. However, there has been a shift toward metal-free
“click” reactions due to concerns about the toxicity stemming
from the residual copper-based impurities. As an alternative to
the CuAAC reaction, the Diels-Alder (DA) reaction was also
widely employed as a metal-free “click” reaction for ligand
conjugation. This reaction was invented by Otto Diels and Kurt
Alder, who were also recipients of the Nobel Prize for this
discovery in 1950.>'° The [4+2] cycloaddition reaction between
an electron-deficient dienophile and an electron-rich diene is
used for conjugations due to its several advantages, such as its
selectivity and mild reaction conditions.®*'® Although the DA
reaction is mostly catalyst- and byproduct-free, the slow reac-
tion kinetics and the possibility of having a mixture of endo
and exo products limit its use in biomedical applications. To
address this issue, Lewis acids can be used to accelerate the
reaction rate; however, this approach may not be suitable for all
ligands, especially those that are acid-sensitive.>?*%?%!
Unreacted groups on the surface of micelles may be of concern,
e.g. if there is unreacted maleimide after the DA reaction based
ligand conjugation, biological substances, such as proteins
(which often contain thiol functional group), may react with
the residual maleimide groups, raising concern about uncon-
trolled interaction in biological environments.®*>°?>> Another
metal-free “click” reaction is the strain-promoted azide-alkyne
cycloaddition (SPAAC) reaction, which also provides bioortho-
gonality. Initially, this is an old cycloaddition reaction,*** the
reaction has gained more attention following the work of
Bertozzi and colleagues, who reported the use of this reaction
in living cells.*** This reaction requires no catalyst and provides
bioorthogonality without any byproducts. However, one of the
limitations of SPAAC is the stability of these ring-strained
cyclooctynes and the multistep synthesis requirement. As seen
from the examples in this review, the IEDDA reaction is one
of the most employed metal-free ““click” reactions in biomedi-
cal applications. The reaction provides bioorthogonality, bio-
compatibility, fast reaction kinetics, catalyst-free reaction

This journal is © The Royal Society of Chemistry 2025
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conditions, and proceeds with high selectivity. Due to these
appealing features, this reaction has been widely employed for
glycometabolic engineering, paving the way for in vivo “click”
reactions. Nonetheless, this reaction also requires the use of
strained alkynes, which often requires multistep synthesis, and
tetrazine dienophile suffers from stability and requires a multi-
step synthesis.®?>>7?%°

Among the nanosized drug delivery systems, targeted
micelles stand out as a promising carrier for various biomedical
applications as highlighted in this review. Although targeted
micelles have been investigated for a long time, their clinical
translation into healthcare applications is rather limited due to
several factors and knowledge gaps in the area, such as efficient
end-product analysis methods and optimization processes to
prevent batch-to-batch variations, along with the quest to
obtain the best outcome from that particular design. For
bench-to-bedside translation, it is important to have an opti-
mized synthesis procedure and achieve the same outcome from
each batch. Future studies should focus on the optimal ligand
density for the best outcome in case of a particular type of
disease. Most of the time, ligand density on micelles has not
been thoroughly investigated to determine the optimal ligand
amount in terms of targeting efficiency and selectivity. Gener-
ally, the comparison between nontargeted and targeted
micelles was presented, proving that the targeted ones display
superior profiles compared to their nontargeted counterparts.
In order to achieve optimization, better analytical techniques
are needed to determine the surface ligand density and their
orientation, as well as the homogeneity of the obtained
micelles.

8. Conclusion

The examples highlighted in this review demonstrate that the
development of ligand-targeted polymeric micelles is signifi-
cantly accelerating research aimed at overcoming the limita-
tions of conventional drug delivery. The innovations enabling
this lie at the interface of polymer chemistry and bioorthogonal
conjugation strategies. Central to this progress is the pivotal
role played by ‘click” chemistry in transforming the way
ligands are introduced onto nanocarriers. The high fidelity,
selectivity, and mild reaction conditions of both copper-
catalyzed and metal-free ““click” transformations have enabled
precise control over surface functionalization, which is critical
for obtaining effective drug delivery systems. These highly
modular chemistries aim to not only simplify the fabrication
of complex micellar architectures but also allow for rapid
screening and optimization of ligand presentation. Moreover,
the emergence of in vivo-compatible “click” reactions, such as
strain-promoted cycloadditions and tetrazine ligations, has
further expanded the potential of “click”-based systems. Look-
ing ahead, the continued refinement of “click” transformations
toward greater biocompatibility, tunability, and reaction
speed will be instrumental in translating these materials from
bench to bedside. However, challenges remain in scaling up
the synthesis, while ensuring batch-to-batch consistency, and
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navigating the complex regulatory landscape before these could
move to the market. Addressing issues such as micelle stability,
ligand bioactivity retention, and immune compatibility will be
key to eventual clinical success. Nonetheless, the synergy
between advanced polymer design and efficient “click” chem-
istry based conjugation technologies provides a robust platform
for engineering smart, multifunctional micelles. It is antici-
pated that the unique advantages of “click” chemistry will play
a pivotal role in advancing the clinical translation of targeted
nanomedicines from the lab to the clinic.
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