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Multivalently engineered glyco-nanoplatforms for
targeted therapy and diagnostics
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Glyco-nanoplatforms have emerged as powerful nanosystems that exploit glycan—lectin interactions for

targeted therapy, diagnostics, and immunomodulation. By presenting glycans in multivalent
architectures, glyco-nanoplatforms enhance binding affinity and specificity toward glycan-recognizing
receptors on mammalian and bacterial cells. This perspective highlights recent advances in the design
and synthesis of glyco-nanoplatforms across four key classes, including glyco-gold nanoparticles,
glycopolymer-based nanoplatforms, glyco-functionalized quantum dots, and glycan-based magnetic
nanocomposites. Through diverse synthetic strategies, structurally distinct glyco-nanoplatforms have
been developed with improved binding affinities, stability, and biodistribution. Moreover, we further
discuss their diverse biomedical applications in both mammalian and bacterial cells, ranging from
targeted cancer therapy and biosensing to immunomodulation and antimicrobial treatment. Finally, we

outline key challenges and provide an outlook on further directions in this field, aiming to unlock the
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1 Introduction

Carbohydrates
biomolecules

are ubiquitous
whose precise

and functionally diverse
spatial arrangement and
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therapeutic potential of the glyco-code.

composition encode a rich layer of biological information,
referred to as the “glyco-code”."? Beyond their role as essential
nutrients, these glycans mediate a wide range of cellular
communication and recognition. Through interactions with
carbohydrate-binding proteins such as lectins, they regulate
numerous pathophysiological processes, including cell differ-
entiation, pathogen invasion, cancer progression, and immune
dysfunction, positioning the glyco-code as a valuable blueprint
for decoding disease mechanisms and advancing therapeutic
innovation.>* While glycan-lectin interactions are typically
highly selective, their intrinsic monovalent affinities are
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relatively weak, often falling in the mM to pM range.® To over-
come this limitation, nature employs a compensated strategy by
presenting multiple glycan copies in the carbohydrate epitopes
to enable multivalent engagement with several receptor sites.®
This cooperative binding markedly enhances overall affinity
and often improves specificity. Although the underlying
molecular mechanisms of multivalent interactions remain
incompletely understood, it is widely believed that clustering,
rebinding, and chelation processes may act in concert to
strengthen glycan-protein interactions.?

Building on this principle, glyco-nanoplatforms have been
developed as powerful systems that can present glycans in
a multivalent arrangement with different architectures, to
enhance binding affinities to target biological receptors.”
Various glycan-functionalized nanostructures have been
explored in targeted cancer therapies,*® immunomodula-
tion,'>"* biosensing,'>** and antimicrobial strategies (Fig. 1)."*
These investigations have deepened our insights into the
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primary factors that govern carbohydrate-lectin interactions.
Beyond the degree of multivalency, factors such as glycan type,
conjugating linker, and the size and morphology of glyco-
nanoplatforms have been shown to play critical roles in
modulating glycan-lectin interactions both in vitro and in vivo.
Moreover, the dynamic adsorption of proteins onto nano-
carriers, known as the protein corona, has been shown to
markedly influence in vivo performance of glyco-nanoplatforms,
including biodistribution and targeting accuracy.'* Regulating
the composition of the protein corona presents a valuable
approach to improving the selectivity and therapeutic efficacy of
glyco-nanoplatforms in biomedical applications.” In this
perspective, we summarize recent progress in the synthesis of
different types of glyco-nanoplatforms and discuss their appli-
cations in both mammalian and bacterial cells, including tar-
geted cancer therapy, biosensing, immunomodulation, and
antimicrobial treatment. These advances will push forward
glyco-nanoplatforms as next-generation tools for -clinical
treatments.

2 Classes of glyco-nanoplatforms

Inspired by the intriguing advantages of glyco-decorated
nanoplatforms, diverse glyco-nanosystems have been devel-
oped to probe carbohydrate-protein and carbohydrate-carbo-
hydrate interactions. In general, four principal classes of glyco-
nanoplatforms dominate the field, including glyco-gold NPs
(glyco-AuNPs), glycopolymer-based nanoplatforms, glyco-
functionalized quantum dots (glycodots), and glycan-based
magnetic nanocomposites. Nonetheless, clinical translation
remains hindered by synthetic complexity, scalability
constraints, and inconsistent efficacy,'®'” prompting continued
refinement and optimization of glyco-nanoplatform design and
fabrication. This section summarizes recent advances in their
preparation to guide the development of more efficient glyco-
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Carbohydrate-lectin interactions

B

Biological applications

e Targeted cancer therapy. Prodrug/Protein/Gene delivery

Receptor-mediated
PTT/PDT therapy

endocytosis %‘;’z

e Biosensing for cancer cell: Glycodots-based multicolor detection, MRI,

Cancer cell SERS imaging, Fluorescence/NIR imaging

Cytokines: IL-1, IL-6, IL-12, TNF-a
Chemokines: CXCLs, MCP-1

Repolarization e Activation of T cells and

Recruitment of other
immune cells

Anti-inflammatory M2 macrophage Pro-inflammatory M1 macrophage

B

Activation

— e

Activation of tumor-killing CD8* T cells

Immature dendritic cell Mature dendritic cell

e Antimicrobial strategy:. Antibiotic/AMP delivery, PTT/PDT therapy,

Receptor-mediated

recognation Surface binding Quorum-sensing interference
e Biosensing for bacteria: Colorimetric aggregation,
Bacterial cell ¢ Electrochemical sensing, MR,

SERS imaging, Fluorescence/NIR imaging

Intracellular localization

Fig. 1 Glyco-nanoplatforms enable diverse biological applications via specific carbohydrate—lectin interactions, including targeted cancer
therapy, biosensing, immunomodulation, and antimicrobial strategies. In cancer therapy, glyco-nanoplatforms enter tumor cells via receptor-
mediated endocytosis and release payloads such as prodrugs, proteins, or DNA/RNAs to induce cell death. Light-responsive agents further
support photothermal (PTT) or photodynamic (PDT) therapy, either alone or in combination with chemo- or immunotherapies. For biosensing
applications, glyco-nanoplatforms enable the detection of cancer cells or pathogens by different techniques, depending on the nanomaterial
composition, including glycodots-based multicolor detection, magnetic resonance imaging (MRI) using magnetic nanocomposites, surface-
enhanced Raman spectroscopy (SERS) via metallic nanostructures, as well as fluorescence/near-infrared imaging, colorimetric aggregation, and
electrochemical sensing. For immunomodulation, they activate dendritic cells or repolarize anti-inflammatory M2 macrophages into pro-
inflammatory M1 phenotypes, reshaping the immune microenvironment to enhance T cell-mediated clearance of tumor cells or bacteria. In
antimicrobial strategies, glyco-nanoplatforms recognize bacterial surface lectins or enter cells via ATP-dependent ABC transporter commonly
reported in glyco-based gold nanoparticles. Combined therapies, such as PTT coupled with antimicrobial agents, disrupt bacterial membranes,
compromise cell integrity, and promote intracellular drug delivery. Moreover, quorum-sensing interference suppresses biofilm formation and
virulence factor expression by mimicking inducers or blocking quorum-sensing receptors.

nanoplatforms. Table 1 illustrated various glyco-nanoplatforms
with their biological applications or improved system features.

Specifically, once recognized as exogenous molecules, AuNPs
trigger the immune system and are rapidly removed from the
bloodstream, which causes poor biodistribution and shortened
circulation time. To overcome these limitations, surface glyco-

2.1 Glyco-gold nanoparticles functionalization offers a practical strategy. By displaying

For decades, gold nanoparticles (AuNPs) have attracted
substantial interest for biomedical applications due to their
desirable features,' such as chemical inertness, stability, uni-
que nanoscale optical/electronic properties, and readily tunable
morphology.*?° Harnessing these attributes, AuNPs have been
explored extensively as potential therapeutic and diagnostic
platforms in cancer diseases,” immunomodulation,” and
bacterial infections.”® Though they possess these distinctive
advantages, AuNPs still perform suboptimally in vivo.**

© 2025 The Author(s). Published by the Royal Society of Chemistry

glycans, glyco-AuNPs appear more “self-like” to the host
immune system. The resulting increase in immune tolerance
can enhance the biocompatibility and prolong circulation of
glyco-AuNPs,* thereby improving the target delivery efficiency.

Carbohydrate-functionalized AuNPs have attracted growing
interest due to their promising applications in biomedical
nanotechnology.?** The primary approach for anchoring
carbohydrates onto AuNPs covalent attachment
through bond formation with the metal surface, most

involves

Chem. Sci,, 2025, 16, 22805-22825 | 22807
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Table 1 Summary of diverse glyco-nanoplatform types and their associated biological applications or improved system features

Glyco-nanoplatform types Applications/improved features Ref.
Glyco-gold nanoparticles (glyco- Ultra-small thiolated glyco-AuNPs Modeling cell surface interactions 29
AuNPs) by in situ reduction to study carbohydrate self-
recognition
First preparation of glyco-AuNPs
Glucose-based ultra-small AuNPs Drug delivery of ciprofloxacin 31
against Plasmodium falciparum (P.
falciparum)
Ultra-small thiolated glyco-AuNPs First photo-induced microfluidic 34
strategy for reproducibility and
precise control over particle size
and morphology
Mannose-stabilized AuNPs by post Rapid, quantitative colorimetric 36
ligand exchange detection of lectin
Glycosaminoglycan-anchored Stem cell neural differentiation 38
AuNPs
Glyco thiolate-capped AuNPs Cytotoxicity in peripheral blood 39
mononuclear cells (PBMCs) and
A549 cancer cells
N-Acetylneuraminic acid- Detection and capture of SARS-CoV- 40
functionalized AuNPs 2
Liposomal hyaluronic acid (HA)- Surface-enhanced Raman 41
AuNPs spectroscopy (SERS) imaging for
tumor visualization and surgical
guidance
Star-shaped glycopeptide-capped Enhanced immune response for 42
glyco-AuNPs glyco-vaccine development
Spherical mannose- or sialic acid- Functional polarization of liver 44
functionalized AuNPs macrophages
Highly reproducible via
a microfluidic strategy
Glycopolymer-based nanoplatforms Amphiphilic PMAG-b-P(Lys-co-Phe) Drug delivery of paclitaxel against 8
self-assembled spherical A549 and MCF-7 cancer cells
glycopolymer-based nanoplatforms
Linear or branched oligomannose- Simulation of cell membrane for 51
functionalized amphiphilic Janus probing glycan-lectin interactions
glycodendrimers self-assembled
glycodendrimersomes
Amphiphilic Janus glycopeptide Lectin-guided, pH-responsive drug 52
dendrimers self-assembled delivery system with
glycopolymer nanoplatforms with immunotherapeutic potential
diverse structures
Glycopolymer nanocarriers via co- Mannose-guided nanocarriers for 53
assembly of hydrophobic PBA- MDA-MB-231 breast cancer cell
mPEG-t-PCL and mannoside-b-PCL targeting with high drug payload
Zwitterionic guanidiniocarbonyl Lactose-guided, pH-responsive 54
pyrrole (GCP)-lactose folded glyco- nanocarriers for liver tumor
nanoplatforms targeting
Cationic Cationic glycopolymer nanocarriers 55
dihexadecyldimethylammonium for nucleic acid delivery and cancer
bromide (DHDAB) and mannose- vaccine immunotherapy
mimetic polymer co-assembled
glyco-nanoplatforms
Dextran-hydroxypropyl Photo-controlled self-assembly of 56
methacrylate (HPMA) UV-triggered dextran-stabilized nanostructures
glyco-nanoplatforms with tunable morphology
Glyco-inside enzyme-responsive Controlled antigen release activated 58
glyco-nanoplatforms by lysosomal lipase
Polymerization-induced self- First combination of glyco-inside 59

22808 | Chem. Sci., 2025, 16, 22805-22825

assembled (PISA) glyco-
nanoplatforms with internal
galactose

strategy with reversible addition-
fragmentation chain transfer
(RAFT) mediate PISA for tunable
glycopolymer nanoassemblies

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Glyco-nanoplatform types Applications/improved features Ref.
Lactose-containing glycopolymer- Selective bacterial capture and 60
grafted nanosystems water disinfection
Glucose- or N-acetylglucosamine- Tumor metastasis inhibition via 61
based glycopolymer-grafted silica anti-adhesion by glyco-

NPs nanoplatforms mimicking natural
glycosaminoglycans

Glyco-functionalized quantum dots Aminooxy thiol and In vivo live near-infrared 66
phosphorylcholine-modified Cd- fluorescence imaging (NIR-FI)
based glycodots revealing the role of terminal sialic

acids in blood circulation and
biodistribution
Glucose-coated CdSe/ZnS glycodots Targeted imaging of carbonic 65
containing specific sulfonamide anhydrase IX-overexpressing cancer
inhibitor cells via sulfonamide inhibitor
a-1,2-Manno-biose-coated CdSe/ Shape-dependent multivalent lectin 68
CdS glycodots recognition in bacteria
Glucose-coated CulnS, glycodots Cd-free glycodots with dual visible 67
and NIR fluorescence for
biocompatible imaging
Lactose-coated carbon dots Fluorescent glyco-nanoprobes for 70
selective lectin targeting and
cellular imaging
a-2,6-Sialyllactose-decorated carbon Multivalent Siglec-targeting 71
dots glycodots for selective binding and
cytotoxicity induction in B cells
Glycan-based magnetic Physically blended chitosan-coated Enzyme immobilization and 78
nanocomposites magnetic nanoparticles (MNPs) efficient galactooligosaccharide
(GOS) production
Graft-polymerized chitosan-coated pH-responsive MNPs for high- 80
MNPs efficiency paclitaxel delivery and
cancer chemotherapy
Dextran-coated superparamagnetic Magnetic resonance imaging (MRI) 82
iron oxide (SPIO)
Cross-linked iron oxide Diagnostic magnetic resonance, 84
nanoparticles (CLIO) targeted MRI, positron emission
tomography (PET) imaging, and
photodynamic therapy
Starch-coated magnetic Effective purification of 85
nanocrystals recombinant proteins bearing the
maltose-binding motif
Co-precipitated chitosan-HA pH-responsive doxorubicin (DOX) 86
magnetic nanocarriers nanocarriers with high
encapsulation efficiency and
antitumor activity against MDA-MB-
231 and MCF-7 cancer cells
Hydrothermally synthesized Ultrasensitive tuberculosis 72 and 87
chitosan-coated MNPs diagnosis via capturing acid-fast
bacilli (AFB) from sputum
Rapid Escherichia coli (E. coli)
capture from leafy greens
Ionically cross-linked hydrogel Ionic hydrogel system for 88
beads between alginate and mixed magnetically guided, controlled
magnetic cellulose nanocrystals delivery of anti-inflammatory drug,
ibuprofen
Magnetic hydrogel nanoclusters Both MRI and photoacoustic 81
integrated by alginate and imaging
hydrophobic MNPs
Chitosan-sodium tripolyphosphate Cationic magnetic hydrogels for 89
(NaTPP) ionically cross-linked enhanced cancer cell uptake via
magnetic nanogels electrostatic interaction
Magnetic hydrogels stabilized by Tissue-regenerative hydrogels 90

internally cross-linked HA

© 2025 The Author(s). Published by the Royal Society of Chemistry

enabling cell adhesion,
angiogenesis, and controlled
degradation
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Table 1 (Contd.)

Glyco-nanoplatform types Applications/improved features Ref.
Monosaccharide-conjugated iron Cell subtype differentiation by 91
oxide nanoclusters multivalent glycan-lectin

recognition
HA-conjugated magnetic Dual-modal MRI/NIR-FI for HA- 73
nanoplatforms integrated with mediated cancer targeting
indocyanine green (ICG)
Sialyl Lewis*-conjugated magnetic Targeted imaging of inflamed 92

nanoparticles

Glucosamine-conjugated MNPs by

glutaraldehyde linkage

Noncovalently glyco-coated MNPs

commonly via Au-S linkages.”® Construction of glyco-AuNPs
typically relies on neoglycoconjugates bearing thiol-
terminated linkers or their disulfides. These conjugates are
introduced either by (1) in situ reduction of gold salts in the
presence of thiolated glycoconjugates or (2) post ligand
exchange, where thiolated glycoconjugates replace existing
surface ligands on preformed nanoparticle cores. In 2001,
Penadés et al. first described the preparation of glyco-AuNPs by
the landmark Brust-Schiffrin two-phase protocol for the
synthesis of thiol-derivatized AuNPs.* In particular, the method
utilized tetraoctylammonium bromide (TOAB) as a phase
transfer reagent and sodium borohydride (NaBH,) as a strong
reducing agent (Fig. 2a). Following the immediate addition of
the capping thiolated glycoconjugates, this method provides
ultra-small glyco-AuNPs with core diameters typically of 1-3 nm.
By this method, different ultra-small glyco-AuNPs were achieved
by employing various thiol derivatives.*® Despite the success of
this strategy, the resulting glyco-AuNPs often exhibited broad
size distribution and low yield, primarily due to an increased
tendency to aggregate. In addition, the use of strong reducing
agents may degrade sensitive thiolated ligands, compromising
the stability and functionality of glyco-AuNPs. Recently, alter-
native protocols have been attempted to synthesize AuNPs
without relying on NaBH, as a reducing agent. Seeberger et al.
developed a streamlined method for preparing monodisperse
glucose-conjugated ultra-small AuNPs (Fig. 2b).** In particular,
they utilized the 1-thioglucose as both a stabilizing and
reducing agent, eliminating the need for an additional reducing
agent. By fine-tuning the ratio of HAuCl, and 1-thio-B-p-glucose
sodium, uniform glucose-AuNPs rapidly formed within
seconds, though other glyco-derivatives were not involved in
this method. Moreover, Jiang et al. reported the preparation of
ultra-small AuNPs by mixing HAuCl, solution with 4,6-diamino-
2-pyrimidinethiol (DAPT) in ethanol at 70 °C for 24 h.** Simi-
larly, Liu et al. obtained AuNPs ranging from 2.4-6.1 nm by

22810 | Chem. Sci., 2025, 16, 22805-22825

endothelium by Sialyl Lewis™-

selectin interaction

Selective glycoprotein concanavalin 93
A (conA) detection and magnetic

isolation through glucose-ConA

interaction

Magnetically guided E. coli capture 79
and swarming modulation for

biofilm research

stirring a mixture of HAuCl, and thiol-ligands at 95 °C for 18 h,
with particle size controlled by the ligand-to-gold ratio.*
However, both protocols require elevated temperatures and
long reaction times. To address these challenges, Polito et al.
developed a photo-induced microfluidic strategy for the
synthesis of different ultra-small glyco-AuNPs (Fig. 2c),**
offering precise control over particle size, morphology, and
reproducibility. The one-pot method enables the formation of
ultra-small glyco-AuNPs at room temperature within 2 h by
flowing the HAuCl, and thiol-glycoconjugates through a UV-
irradiated microfluidic reactor, without extra reducing agents.
Importantly, under UV light, the solvent undergoes photode-
composition, generating hydroxyl radicals and solvated elec-
trons that serve as active reductants in the formation of ultra-
small glyco-AuNPs.>*%*

The other common strategy for constructing glyco-AuNPs
with thiolated carbohydrates is post ligand exchange, where
thiol-terminated glycoconjugates are introduced onto pre-
formed AuNP cores. This approach was initially reported by
Russell et al.,** who prepared mannose-stabilized AuNPs using
the classical method developed by Turkevich et al,*” with
sodium citrate serving as both the reducing and stabilizing
agent (Fig. 3a). In this method, preheated solutions of HAuCl,
and sodium citrate were rapidly mixed and stirred at 85 °C for
2.5 h. Thiolated glycans were subsequently added, and the
solution was left at room temperature for 24-48 h or boiled for
1-2 min to enable partial displacement of the surface-bound
citrate ions, leading to the formation of Au-S bonds and self-
assembly of glyco-AuNPs.***" These anisotropic glyco-AuNPs
exhibit strong surface plasmon resonance (SPR) signals,
enabling their applications in surface-enhanced Raman spec-
troscopy (SERS), biosensing, and photothermal therapy. To
further enhance their SPR properties and improve carbohy-
drate-protein binding efficiencies, star-shaped AuNPs have
been developed. Typically, they are synthesized through

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In situ reduction of gold salts in the presence of thiolated glycoconjugates
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Fig. 2 Synthesis of glyco-AuNPs through in situ reduction of gold salts. (a) Synthesis of glyco-AuNPs by conventional NaBH,4 reduction; (b)
synthesis of glyco-AuNPs using 1-thioglucose as both reducing and stabilizing agent; (c) photo-induced microfluidic synthesis of glyco-AuNPs.
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Fig.3 Synthesis of glyco-AuNPs through post ligand exchange. (a) Synthesis of glyco-AuNPs by conventional post ligand exchange, with sodium
citrate serving as both reducing and stabilizing agent; (b) two-step synthesis of star-shaped glyco-AuNPs: seed generation using sodium citrate,
followed by shape growth under ascorbic acid and sodium nitrate; (c) one-step, seedless synthesis of spherical glyco-AuNPs with high
reproducibility using a microfluidic platform.
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aqueous seed-mediated growth followed by shape-directed
formation. For instance, Kikkeri et al. synthesized star-shaped
glyco-AuNPs by first generating seed particles using sodium
citrate as a reducing agent, followed by the addition of ascorbic
acid and sodium nitrate to promote star-shaped growth.*”
Ligand exchange with various thiolated glycoconjugates was
then performed to yield the final glyco-functionalized AuNPs
(Fig. 3b). Notably, these star-shaped glyco-AuNPs elicited more
effective immune responses compared to rod-shaped counter-
parts, highlighting their potential as promising platforms for
vaccine development. To simplify this two-stage process, Polito
et al. reported a one-step, seedless method conducted at room
temperature under microfluidic conditions, which enables
improved control over the nucleation and growth steps.*® In this
approach, ascorbic acid was employed as both the reductive and
stabilizing agent, in combination with silver nitrate. Moreover,
fine modulation of the silver nitrate concentration and the pH
of the ascorbic acid solution allowed precise tuning of nano-
platform morphology.** More recently, this method was adapt-
ed by Sitia et al.?* for the preparation of glyco-AuNPs. Following
the formation of the spherical AuNPs, thiol-functionalized gly-
copolymers were introduced to generate glyco-AuNPs via ligand
exchange (Fig. 3c). This method allows the rapid and efficient
synthesis of highly reproducible glyco-AuNPs for immunother-
apeutic applications.

The synthesis of glyco-AuNPs has evolved from classical
methods to refined strategies, offering improved control over
size, shape, and surface presentation. Ultra-small glyco-AuNPs
have drawn increasing attention for their favorable pharmaco-
kinetics, including prolonged circulation and tissue penetra-
tion.** Coupled with ligand exchange, glyco-NPs offer a modular
platform for optimizing immune interactions and targeting
specificity.*® Looking forward, integrating microfluidic and
photochemical technologies may enable scalable production of
well-defined glyco-AuNPs, paving the way for their broader
application in precise diagnostics and therapy.

2.2 Glycopolymer-based nanoplatforms

Glycopolymers, featuring tunable backbones and pendent
glycan presentation, have been widely employed to mimic the
multivalent interactions of natural glycoconjugates with lec-
tins.* Their synthetic versatility allows for precise control over
glycan composition, valency, and spatial arrangement,*®
making them invaluable tools in probing carbohydrate-
mediated biological processes. To further enhance their
performance and broaden biomedical applications, glycopol-
ymers have been increasingly integrated into nanoplatforms,
which either formed through self-assembly or by grafting gly-
copolymers onto nanoplatform surfaces. This provides a syner-
gistic combination of the biological specificity of glycans and
the physicochemical advantages of nanomaterials.*” Such
hybrid systems exhibit enhanced stability, prolonged circula-
tion, improved cellular uptake, and potent multivalent binding
affinities, holding the promise for applications in targeted drug
delivery, vaccine development, biosensing, and antimicrobial
therapies.*®*
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Self-assembly of block copolymers represents a versatile
bottom-up approach for the fabrication of functional nano-
materials, yielding well-defined nanostructures, such as
micelles and vesicles, with tunable size from tens to hundreds
of nanometers.* Various amphiphilic glycopolymers have been
shown to self-organize in solution into diverse morphologies.
For instance, Korzhikova-Vlakh et al.® successfully synthesized
an amphiphilic poly(2-deoxy-2-methacrylamido-p-glucose)-b-
poly(r-lysine-co-L-phenylalanine) (PMAG-b-P(Lys-co-Phe)) copol-
ymer to fabricate spherical glycopolymer-based nanoplatforms
(Fig. 4a). When loaded with a chemotherapy drug, paclitaxel,
these nanoplatforms exhibited effective in vitro antitumor
activity against A549 and MCF-7 cancer cells comparable to the
commercial formulation paclitaxel-LANS, underscoring their
potential as effective drug delivery systems. Moreover, to better
mimic the structural complexity of cell-surface glycoconjugates,
Percec et al. designed amphiphilic Janus glycodendrimers
bearing sequence-defined linear or branched oligomannose
units for better cellular recognition.>® These amphiphilic gly-
codendrimers then self-assembled in aqueous solution into
glycodendrimersomes with lamellar, raft-like membrane
morphologies (Fig. 4b), facilitating multivalent glycan presen-
tation for effective lectin binding. Additionally, Yang et al.
developed a series of amphiphilic Janus glycopeptide den-
drimers that self-assembled into structurally diverse nano-
structures, such as glycospheres, worm-like micelles, and fibers,
depending on the ratio of glycan to phenylalanine residues in
short peptide.* In their design, seven saccharides were conju-
gated to the C-2/C-3 positions with seven di- or tetrapeptides to
the C-6 position of a P-cyclodextrin core via dynamic
acylhydrazone bonds. These dendrimers featured well-defined
and tunable architectures, demonstrating strong lectin
binding, pH-responsive release of hydrophobic cargos, and
immunomodulatory effects, which highlights their potential for
targeted drug delivery. Rather than relying solely on the self-
assembly of amphiphilic glycopolymers, Lai et al. recently
designed a co-assembly strategy in which a hydrophobic poly-
ester, phenylboronic acid (PBA)-mPEG-t-poly(e-caprolactone)
(PBA-mPEG-t-PCL), and a mannose-functionalized block
copolymer, mannoside-b-PCL, spherical
glycopolymer-based nanoplatforms with an average diameter of
120 nm.* Notably, incorporation of hydrophobic PBA-mPEG-¢-
PCL enabled efficient loading of doxorubicin (DOX), reaching
20.63%, which exceeds the loading capacity reported for most
NPs (0.227-20%). Leveraging both mannose-mediated tumor
cell recognition and the high drug payload, the resulting glyco-
nanoplatforms exhibited selective cytotoxicity toward MDA-MB-
231 breast cancer cells.

Beyond traditional amphiphilic self-assembly, alternative
unique strategies have been designed to construct
glycopolymer-based nanoplatforms. For instance, Giese et al.
synthesized a lactose-functionalized glycopolymer incorpo-
rating guanidiniocarbonyl pyrrole (GCP) zwitterionic units,
where reversible and pH-responsive supramolecular cross-
linking drove the folding of single polymer chains into small
nanoplatforms (<40 nm) in aqueous solution.** This approach
not only enabled the assembly of nanoplatform from single
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nanostructures; (e) representative glycopolymer structure applied in the

polymers but also provided a sharp and switchable pH-response
mechanism for controlled drug release that is distinct from
conventional acid-labile linker cleavage. Owing to the presence
of lactose moieties, the resulting glycopolymer-based nano-
platforms exhibited potential for targeted delivery to HepG2
liver cancer cells. Separately, Chakravarty et al. constructed
glycopolymeric nanoplatforms by co-assembling a mannose-
mimicking ABA-type triblock copolymer (PMn-b-PCL-b-PMn)
with the cationic surfactant dihexadecyldimethylammonium

© 2025 The Author(s). Published by the Royal Society of Chemistry

“glyco-side” strategy.

bromide (DHDAB) (Fig. 4c).”* The electrostatically driven co-
assembly resulted in stable, well-defined positively charged
nanoplatforms capable of encapsulating nucleic acids, which
not only protected nucleic acids from enzymatic degradation
but also promoted dendritic cell uptake and activation through
electrostatic interactions with negatively charged membranes,
supporting their potential as vaccine carriers for cancer
immunotherapy. In addition to attaching sugar monomers onto
different polymers, Six et al. first utilized the reversible addition-
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fragmentation chain transfer (RAFT) method to graft water-
soluble monomer hydroxypropyl methacrylate (HPMA) onto
a dextran backbone, a widely used neutral and biodegradable
polysaccharide (Fig. 4d).”® By controlling the UV-irradiation
“on” or “off”, the HPMA segments underwent self-assembly to
eventually form polymer-based nanoplatforms with diverse
well-defined structures, ranging from spherical micelles to
worm-like micelles and vesicles. Instead of acting as a terminal
or branched ligand, dextran served as a water-soluble steric
stabilizer in this strategy.>”

Due to the synthetic complexity, low efficiency, and struc-
tural heterogeneity often associated with direct conjugation of
free glycans onto polymer backbones,*® alternative strategies
have been explored to achieve multivalent glycan presentation.
One such approach is the “glyco-inside” design, in which pro-
tected glycan units are embedded within the hydrophobic core
of amphiphilic polymers. Upon deprotection, these internal
glycans become exposed, enabling controlled structural trans-
formation and immunological activation. Jiang et al. imple-
mented the “glyco-inside” strategy, in which sugar moieties
were internally embedded within amphiphilic block copolymers
rather than presented terminally (Fig. 4e).”® Upon enzymatic
deprotection by lysosomal lipase, the polymers underwent
a distinct morphology transition from vesicles to micelles,
accompanied by the release of encapsulated antigens. This work
represents the first report of enzyme-triggered deprotection-
induced self-assembly of glycopolymers. Importantly, the
responsiveness to endogenous lysosomal lipase eliminates the
need for external triggers, offering a biologically relevant plat-
form for immunoactive glyco-nanostructures. Moreover, Xing
et al. first combined the “glyco-inside” strategy with RAFT-
mediated polymerization-induced self-assembly (PISA) to
construct glycopolymer nanoassemblies with tunable
morphologies.” The galactose-bearing monomer, 6-O-meth-
acryloyl-1,2 : 3,4-di-O-isopropylidene-p-galactopyranose
(MAIGP), underwent in situ self-assembly using poly((2-
dimethylamine)ethyl methacrylate) as the chain transfer
agent. By increasing the lengths of PMAIGP, the resulting glyco-
nanoplatforms exhibited distinct morphologies, including
branched worms, highly branched worms, multilayer lamellae,
and complex vesicles. This work highlights the potential of
integrating “glyco-inside” design with PISA for the scalable and
controlled fabrication of structurally defined glyco-
nanomaterials.

In addition to self-assembly approaches, grafting glycopol-
ymers onto nanoplatform surfaces has emerged as a robust
strategy to construct glyco-nanostructures with defined surface
functionality and enhanced biointerface control. For instance,
Zhang et al. synthesized lactose-containing glycopolymers via
Cu(0)-mediated polymerization and grafted them onto Fes-
0,@TiO, nanoplatforms (Fig. 5a).*° The glycopolymer shell
improved the dispersibility of nanoplatforms and enabled
selective adhesion to Escherichia coli (E. coli) through carbohy-
drate-lectin recognition. The resulting hybrids maintained the
photocatalytic antibacterial activity of TiO, under UV irradia-
tion and allowed for facile magnetic recovery. This study offers
an efficient approach for constructing glyco-functionalized
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photocatalysts with enhanced stability and bacterial capture
capability for water disinfection applications. Furthermore,
Chen et al developed glycopolymer-grafted silica nano-
structures by RAFT polymerization of glucose- or N-
acetylglucosamine-derived monomers (Fig. 5b).** Notably, the
uniform spherical glyco-nanoplatforms exhibited significant
multivalent effects, leading to effective inhibition of tumor
metastasis by disrupting tumor cell-platelet adhesion and cell
interaction. This work offers a structurally defined and cost-
effective approach for mimicking natural glycosaminoglycans
with promising biomedical potential.

These studies demonstrate the expanding utility of
glycopolymer-based nanoplatforms, which offer tunable nano-
structures, multivalent engagement, and enhanced biointerface
control. Critically, the choice of polymer design and fabrication
strategy significantly influences NP's performance in targeting,
stability, and therapeutic delivery. Despite these advances,
several challenges persist, including the synthetic complexity of
glycopolymer, difficulty in precise spatial control of glycan
distribution, and limited understanding of long-term in vivo
pharmacokinetics and distribution.®»** Therefore, integrating
advanced polymerization techniques with nanoscale engi-
neering will facilitate the creation of programmable glyco-
nanoplatforms for further biomedical applications.

2.3  Glyco-functionalized quantum dots

Quantum dots (QDs) have garnered increasing attention as
versatile nanomaterials for multicolor imaging, diagnostics,
and targeted drug delivery both in vitro and in vivo, owing to
their broad absorption spectra, high fluorescence efficiency,
and prolonged photostability.** When functionalized with
glycan moieties, glycodots integrate the superior optical
advantages of QDs with the water solubility, biocompatibility,
and selective recognition capabilities of glycans.®>*® These
hybrid nanomaterials have emerged as promising platforms for
bioimaging, biosensing, and therapeutic applications, driving
the development of glycodots bearing diverse glycan types.®>*’
This section classifies glycodots based on their core composi-
tion, with a focus on recent advances in metal- and carbon-
based glycodots.

Most metal-based glycodots are primarily composed of
cadmium-based metal cores with ZnS or ZnSe as protective
shells. Functionalization with carbohydrate ligands improves
their circulation time and enables targeted recognition of
specific biomolecules. For example, Nishimura and co-workers
prepared a library of Cd-based glycodots, CdSe/ZnS and CdSeTe/
CdS, by coating QDs with a simple mixture of two monothiol
ligands, phosphorylcholine and aminooxy-thiol. In this design,
phosphorylcholine provided good water solubility, remarkable
stability across pH ranges, long-term durability, and preserved
fluorescence brightness, offering a superior alternative to
conventional PEG-based ligands. Meanwhile, aminooxy-thiol
enabled efficient oxime ligation with ketone-functionalized
sugars, such as a-sialic acid, a-glucose, and a-mannose. This
platform later enabled live animal near-infrared fluorescence
imaging (NIR-FI), uncovering for the first time the necessity of
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terminal sialic acid residues in extending the circulation time
and biodistribution of glycodots in vivo.*® Building on the
similar concept of a mixed-ligand surface, Richichi et al
designed a multifunctional glycodot platform based on CdSe/
ZnS QDs using a dual-ligand coating (Fig. 6a).** A glucose-
attached ligand served as a stabilizing agent to prevent aggre-
gation in biological fluids, while the other, containing a specific
sulfonamide inhibitor, conferred active targeting of the cancer
biomarker carbonic anhydrase IX (CA IX). The resulting glyco-
dots demonstrated selective binding of bladder cancer cells
overexpressing CA IX, with no binding observed in control cells
lacking the protein. This work highlights the unique integration
of colloidal stability and specific molecular recognition with the
superior optical properties of QDs, yielding a robust nanoprobe
for targeted cancer imaging. Advancing beyond the dual-ligand,
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spherical QD design, Guo et al. recently introduced a structur-
ally refined glycodot by employing elongated CdSe/CdS QDs
coated with a single ligand presenting o-1,2-manno-biose
(DiMan) to investigate how glycodot's shape affects multiva-
lent lectin—glycan interactions.®® Using two structurally similar
tetrameric lectins, DC-SIGN and DC-SIGNR as models, they
demonstrated that scaffold curvature dictates distinct binding
modes. This work highlights glycodots as mechanistic probes
for shape-selective lectin recognition and guides the rational
design of glyco-nanoplatforms for targeting multivalent lectins.
Despite their promising optical properties, Cd-based QDs pose
significant cytotoxicity risks due to the release of heavy metal
Cd** ions under physiological conditions, which limits their
biomedical applicability. This concern has prompted growing
interest in developing Cd-free glycodots with reduced toxicity.
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Fig. 6 Representative structures of different types of glycodots. (a) Structure of a glycodot based on conventional CdSe/ZnS quantum dots
(QDs) coating with glucose-derived ligand; (b) structure of glyco-CulnS, QDs free of heavy metals; (c) structure of lactose-derived carbon dots

(CDs).
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Among alternatives, copper indium sulfide (CulnS,) QDs, free of
heavy metals, have emerged as a biocompatible candidate,
offering tunable photoluminescence, broad absorption, and
good stability. Lei's group developed water-soluble glyco-CulnsS,
QDs with monodisperse (Fig. 6b).*” They exhibited distinct dual
fluorescence: visible and NIR fluorescence, attributed to exci-
tonic and surface defect emissions, respectively.

Carbon dots (CDs) are the emerging alternatives to the toxic
and expensive metal-based semiconductor QDs and organic
dyes for biomedical applications.® The CDs are less than 10 nm
in size and possess distinct tunable optical properties. Size
controlling, heteroatom doping, and surface functionalization
are the most promising synthesis methods for developing
tunable CDs. For instance, Tiralongo et al. developed a simple
and efficient approach to prepare lactose-functionalized CDs
(Fig. 6¢).”® CDs were synthesized via thermal treatment of citric
acid and polyethylenimine (PEI), followed by lactose modifica-
tion using a self-assembled glycan monolayer (SAGM) strategy.
These lactose-coated CDs exhibited strong binding affinities to
lectins, selective cellular uptake, and efficient intracellular
localization, demonstrating their potential as fluorescent bi-
oimaging nanoprobes. Following a similar method, Tiralongo
and co-workers subsequently reported the synthesis of a new
class of multivalent sialic acid-binding immunoglobulin-like
lectin (Siglec) probes by decorating fluorescent CDs with o-
2,6-sialyllactose ligands. Enhanced glycan density on the CD
surface altered binding preference, allowing o-2,6-sialyllactose
ligands to bind Siglec-1. Importantly, «-2,6-sialyllactose-CDs
exhibited micromolar affinity (approximately 70 uM of ICs)
for Siglec-2 (CD22) and induced cytotoxicity in CD22-
overexpressing B cells, attributed to glycan clustering on the
CD surface.” These glycodots act as high-affinity molecular
tools for probing Siglec and hold promise for targeted cancer
immunotherapy.

Glycodots represent a versatile nanoplatform that combines
the superior optical properties of QDs with the specific recog-
nition capabilities of glycans. Although Cd-based glycodots
have advanced our understanding of multivalent interactions,
such as curvature-dependent lectin binding, their clinical
application remains limited due to toxicity concerns. Recent
advances in metal-free glycodots, CulnS,- and carbon-based
glycodots, provide safer, tunable alternatives with comparable
optical performance. The controlled display of multivalent
glycans on these nanostructures has enabled novel strategies
for immune modulation and cancer targeting, underscoring the
expanding potential of glycodots as next-generation tools in
biomedical research.

2.4 Glycan-based magnetic nanocomposites

For decades, magnetic nanocomposites, typically composed of
iron oxides, have attracted substantial interest for biomedical
applications owing to their desirable features, such as tunable
magnetic responses to external fields and utility as contrast
agents in magnetic resonance imaging (MRI).”»”* Harnessing
these attributes, they have been extensively explored for cancer

treatments, tissue engineering, and bioseparation.””¢
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However, bare magnetic nanocomposites often face limitations
in vivo. Specifically, they tend to aggregate due to magnetic
dipole-dipole interactions, lose magnetism upon oxidation,
and are rapidly cleared by phagocytes, causing poor bi-
odistribution and shortened circulation.”” Surface functionali-
zation with natural glycans offers a practical strategy to address
these challenges.”” Polysaccharides such as starch, chitosan,
cellulose, dextran, and hyaluronic acid (HA), as well as simple
sugars like glucose, mannose, and galactose, not only stabilize
magnetic cores and improve biocompatibility but also intro-
duce functional interfaces for further biological interactions.
These glycan coatings support targeted drug delivery,*® enzyme
immobilization,”® and multimodal imaging.** Through such
modifications, basic magnetic nanocomposites can be upgra-
ded into versatile, biofunctional platforms.

The most straightforward approach to preparing glyco-based
magnetic nanocomposites is the blending method, which
involves the physical incorporation of pre-synthesized magnetic
nanocomposites into a polysaccharide solution. For instance,
Abdin et al”® developed chitosan-functionalized magnetic
nanoparticles (MNPs) by blending Fe;O, MNPs with chitosan in
acetic acid for enzyme immobilization and large-scale gal-
actooligosaccharide (GOS) production (Fig. 7a). Chitosan served
as both a stabilizing shell and a functional interface for covalent
attachment of B-glucosidase from Thermotoga maritima (T.
maritima). This glycan layer enhanced colloidal stability, while
the magnetic core allowed for rapid recovery and reuse through
external magnetic guidance. The immobilized system retained
over 40% enzymatic activity after six cycles and outperformed
the free enzyme in GOS yield, highlighting the synergistic
advantages of glycan-based surface engineering and magnetic
nanotechnology for developing recyclable and high-
performance biocatalytic platforms. To further enhance
delivery efficiency, Anirudhan et al.* advanced the conventional
blending approach by integrating graft polymerization. In their
design, the blending method was employed merely as an initial
step to coat magnetic iron oxide NPs with chitosan, creating
a biocompatible interface. The core innovation lay in the
subsequent in situ free radical polymerization of [2-(meth-
acryloyloxy)ethyl] trimethyl ammonium chloride (METAC) and
ethylene glycol dimethacrylate (EGDMA) onto the chitosan-
coated MNPs, forming a robust, cross-linked polymeric
network. This modification significantly enhanced the encap-
sulation efficiency of hydrophobic antitumor drug, paclitaxel, to
96.7%, and enabled pH-responsive, controlled drug release. The
resulting nanocarrier demonstrated excellent anticancer effi-
cacy, hemocompatibility, and pharmacokinetic properties.

Although the blending method is simple and cost-effective,
its reliance on weak physical interactions often leads to poor
dispersion and MNP leakage. To overcome these limitations,
several methods have been developed. Among them, in situ co-
precipitation directly mixes iron oxide with a polysaccharide
matrix to allow MNPs to nucleate and grow in situ, ensuring
uniform distribution, stronger interfacial interactions, and
enhanced structural stability. A well-established example of the
co-precipitation strategy is the synthesis of dextran-coated iron
oxide NPs. MacKenzie et al.®* first reported the preparation of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Representative glyco-based magnetic nanocomposites in which polysaccharides act as structural scaffolds. (a) Synthesis of chitosan-
based magnetic nanosystems by the blending method; (b) synthesis of starch-based magnetic nanocrystals with uniform particle distribution by
in situ co-precipitation; (c) synthesis of glyco-based magnetic hydrogels with negatively charged alginate by ionic gelation.

30-40 nm dextran-coated superparamagnetic iron oxide (SPIO)
by co-precipitating iron salts in an alkaline solution with
dextran. Subsequent periodate oxidation and reductive amina-
tion enabled conjugation of Staphylococcus aureus (S. aureus)
protein A, facilitating efficient immunolabelling and magnetic
separation of antibody-tagged cells using simple permanent
magnets. The dextran-coated SPIO has been proved by the U.S.
FDA as an MRI contrast agent, especially for hepatic imaging.
However, their rapid clearance by the liver and spleen limits
their utility for targeted applications. To address this, Weis-
sleder and co-workers®* developed monocrystalline iron-oxide
NPs (MION), yielding 4-5 nm single-crystal cores with repro-
ducible colloidal and magnetic properties for target specific
MRI. Nevertheless, the noncovalent association between the
iron core and dextran shell rendered the structure susceptible to
dissociation under physiological conditions. Therefore, the
MIONSs were further modified by cross-linking the dextran shell
with epichlorohydrin (cross-linked iron oxide nanoparticles,
CLIO), followed by surface animation to finally give CLIO-NH,.**
This cross-linked formulation significantly improved in vivo
stability and introduced abundant reactive amine groups,
enabling efficient conjugation of targeting ligands and fluoro-
phores for robust and multimodal imaging applications.
Moreover, the co-precipitation strategy has been extended to
a variety of polysaccharide systems. For instance, Frank et al.*®
employed a co-precipitation method to prepare starch-coated
magnetic iron oxide nanocrystals with an average size of
11.5 nm and a narrow distribution (Fig. 7b). In this system,
starch functioned not only as a stabilizer but also as a template,
promoting uniform particle distribution and enabling effective
affinity purification of several recombinant proteins bearing the

© 2025 The Author(s). Published by the Royal Society of Chemistry

maltose-binding motif. While this system remained confined to
sorbent applications, Rezaei et al.*® adapted the co-precipitation
strategy within a blended chitosan-HA matrix, followed by k-
carrageenan cross-linking, to construct multifunctional
magnetic nanocarriers. This design achieved a high encapsu-
lation efficiency of 83% and enabled pH-responsive release of
DOX, with up to 84% release at pH 5.5, demonstrating potent
antitumor activity against both MDA-MB-231 and MCF-7 cancer
cells. Moreover, the hydrothermal method has also been
employed to facilitate in situ magnetite nucleation under
controlled high-temperature and high-pressure conditions,
simultaneously enabling glycan coupling to form well-defined
and stable nanostructures with uniform dispersion and
reduced leakage. A notable example is the development of
chitosan-based MNPs for capturing acid-fast bacilli (AFB) from
sputum, as demonstrated by Alocilja et al.”* In this system, ferric
chloride and sodium acetate were dissolved in ethylene glycol
and heated in a sealed Teflon-lined vessel at 200 °C for 15 h,
with chitosan added directly during synthesis, to generate the
final MNPs with a glycan shell of 10-50 nm. When used in
combination with Tween 80 as a dispersant, the glycan-based
MNPs improved AFB quantification by up to 445% compared
with smear microscopy, offering a rapid, low-cost, and sensitive
diagnostic tool for tuberculosis. A similar nanocomposite was
later applied to pathogen detection in food matrices by the
same group,®” which enabled the rapid capture of E. coli directly
from leafy greens within 60 min, as confirmed by transmission
electron microscopy.

A milder and widely adopted technique for synthesizing glycan-
based magnetic hydrogels is ionic gelation, which relies on the
electrostatic interactions between ionic cross-linking agents and
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glycans while encapsulating MNPs. Within such hydrogels, poly-
saccharides typically serve as stabilizers, enhancing structural
integrity and regulating drug release. For instance, Bushra et al.®*
developed magnetic hydrogel beads for model drug delivery by the
ionic gelation method. They first mixed magnetic cellulose
nanocrystals (m-CNCs), an alginate matrix, and an anti-
inflammatory drug, ibuprofen. Upon the addition of CaCl,, the
ionic cross-linking was induced between the negatively charged
carboxylate group on alginate and Ca®", yielding magnetic hydro-
gel beads capable of ibuprofen delivery. To address the incorpo-
ration of hydrophobic MNPs into hydrogels, Seo et al.** employed
a phase-transfer agent, tetramethylammonium hydroxide
(TMAOH), which allowed stable dispersion of hydrophobic MNPs
within alginate (Fig. 7c). Subsequent cross-linking with Ca**
generated hydrogel nanoclusters suitable for dual-mode MRI and
photoacoustic imaging, overcoming the challenge of stabilizing
hydrophobic nanoplatforms in biological systems. More recently,
Dureja et al.® introduced a strategic material shift by utilizing
chitosan, a positively charged polymer, in combination with
sodium tripolyphosphate (NaTPP) as the ionic linker. The gelation
occurred via electrostatic interactions between the chitosan amine
groups and the phosphate groups of the NaTPP. The recruitment
of chitosan possesses the MNPs with a positive charge surface,
facilitating uptake by cancer cells, which tend to have a negatively
charged surface. Furthermore, to extend the stabilizer role of the
glycan matrix, HA was first incorporated into magnetic hydrogels
owing to its unique roles in tissue regeneration, wound healing,
and drug delivery, as reported by Liu et al® HA, as essential
polysaccharide found in natural tissues like skin and cartilage, was
covalently cross-linked with trace peptide impurities retained from
the extraction process via 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide/N-hydroxysuccinimide (EDC/NHS) chemistry to form
HA-MNP hydrogels. In this system, HA not only stabilized the
hydrogel network but also enabled controlled degradation, sup-
ported cell adhesion, and promoted angiogenesis, highlighting
their promise for tissue regeneration.

Apart from structural polysaccharides, certain glycans have
been post-conjugated onto magnetic nanocomposites to serve
as specific targeting ligands via glycan-lectin interactions.
Among the available conjugation strategies, amide bond
formation remains the most commonly employed method for
anchoring glycans onto the surface of magnetic composites. For
example, Huang et al.®* conjugated various monosaccharides,
including mannose, galactose, fucose, and sialic acid, onto iron
oxide NPs via amide bonds formed between sugar carboxyl
groups and surface amines (Fig. 8a). Additionally, alkyne-
modified N-acetylglucosamine was attached through click
chemistry to azide-functionalized MNPs. The resulting clusters
of glyco-conjugated MNPs demonstrated the ability to differ-
entiate not only cancer cells from normal cells, but also closely
related and metastatic cancer cell subtypes. In their subsequent
study,”® HA-conjugated MNPs were prepared through a similar
amide bond linkage between HA and aminated MNPs, the latter
obtained via co-precipitation with dextran and subsequent
amination with ammonium hydroxide. Notably, this work
marked the first application of HA in MNPs for cancer-targeting
imaging through specific HA-lectin interaction. Moreover,
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incorporation of indocyanine green (ICG) endowed the system
with dual-modal capability, enabling both MRI and NIR-FI for
enhanced diagnostic accuracy and sensitivity. In another
example, Harms et al.*” recruited EDC/NHS coupling strategy to
form amide bonds by reacting NHS-activated MNPs with amino-
functionalized oligosaccharide, Sialyl Lewis® (SX) (Fig. 8b),
a well-established ligand of E- and P-selectin, to yield
SX@MNPs. These selectin proteins are expressed on vessel
endothelium during inflammation, where they mediate leuko-
cyte recruitment to sites of injury. Importantly, exploiting the
SX-selectin interaction, these nanocomposites bound selectively
to inflamed endothelium with enhanced multivalent affinity
and accumulated in brain vasculature after experimental stroke
in vivo, highlighting promise for noninvasive detection of
endothelial activation. In addition to amide bond conjugation,
Basiruddin et al®® recently utilized glutaraldehyde-based
coupling (Fig. 8c). In this approach, the dialdehyde glutaralde-
hyde acts as a linker between the amine groups of glucosamine
and pre-synthesized MNP surface, forming imine bonds that
were subsequently reduced and stabilized by NaBH,. The
glucose-functionalized MNPs demonstrated specific and selec-
tive binding to the glycoprotein concanavalin A (ConA), which
has a known affinity for glucose. Upon binding, the magnetic
nanocomposites aggregated and were readily separated
magnetically, allowing efficient protein detection and isolation.
Whereas the previous studies relied on covalent conjugation of
glycans to MNP surfaces, alternative non-covalent approaches
have also been investigated. Silva et al.”® reported MNPs coated
with carbohydrates like glucose, galactose, sucrose, and
maltose via chemical adsorption, achieved by mixing with
uncoated MNPs and stirred at 70 °C for 20 min (Fig. 8d). While
the glycan layers contributed to stabilization and biocompati-
bility, their key role was in mediating bacterial binding. Binding
assays revealed glycan-dependent bacterial association, with
glucose- and galactose-coated MNPs preferentially binding E.
coli and enabling efficient magnetization. Notably, glucose-
coated MNPs also modulated E. coli swarming formation
under a magnetic field, highlighting their potential as low-cost,
biocompatible tools to manipulate bacterial communities for
biofilm studies and drug evaluation. These diverse approaches
offer versatile strategies for conjugating glycans onto MNP
surfaces, facilitating the construction of biofunctional magnetic
nanoplatforms with specific targeting capabilities.

3 Glyco-nanoplatforms toward
mammalian cells

Due to their specific recognition by lectins on cancer and immune
cell surfaces, glycans have been widely employed as targeting
ligands in delivery systems to direct therapeutic agents to specific
cell types or stimulate host immune responses. This glycan-
mediated targeting strategy has demonstrated broad utility in
glycan-based cancer therapy, biosensing, and
immunomodulation.®** Several representative carbohydrate-lec-
tin pathways have been extensively explored for biomedical
applications.
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Fig. 8 Representative glyco-based magnetic nanocomposites with carbohydrates serving as targeting ligands. (a) Synthesis of glyco-grafted
magnetic nanoparticles (MNPs) by amide bond formation between carboxylated glycans and aminated MNPs; (b) synthesis of Sialyl Lewis*-
grafted MNPs by EDC/NHS coupling strategy; (c) synthesis of glucose-functionalized MNPs using a glutaraldehyde linker; (d) synthesis of sugar-

coated MNPs by chemical adsorption.

In cancer cells, three major glycan-lectin interacting path-
ways have been widely utilized. First, the glucose transporter
(GLUT) family, comprising various isoforms expressed on the
cell surface, is frequently overexpressed in a wide range of
tumors.””'*° These transporters recognize different saccharides,
such as glucose, mannose, and fructose (Fig. 9a), facilitating
efficient cellular uptake of glycan-conjugated nanosystems and
enhancing therapeutic efficacy. Second, the asialoglycoprotein
receptor (ASGPR), a liver-specific transmembrane protein
upregulated in hepatocellular carcinoma (HCC) cells, selectively
binds galactose/lactose and N-acetylgalactosamine via its Ca**-
dependent carbohydrate recognition domain (Fig. 9b), enabling
ligand internalization through ASGPR-mediated
endocytosis. Third, CD44, a cell-surface glycoprotein
overexpressed in various tumor cells, plays a critical role in cell
adhesion and migration.'**'* Its high binding affinity for HA
has led to the widespread use of HA-functionalized nano-
platforms in tumor imaging and drug delivery (Fig. 9c).'****”

Among immune cells, one of the most important lectins is the
mannose or galactose receptor, known as CD206, which is highly
expressed on tumor-associated macrophages (TAMs) (Fig. 9d),
within the tumor microenvironment (TEM).'*® Targeting CD206
has been recognized as a promising strategy to reprogram TEM.
The nanoplatforms bearing CD206-binding glycans have been
shown to induce the repolarization of anti-inflammatory M2
macrophages into pro-inflammatory M1 phenotypes,'**° thereby
converting the “cold” tumors into “hot” ones and enhancing
antitumor efficiency.

101-103

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.1 Glycan-directed cancer therapy

The selective recognition between glycans and overexpressed lec-
tin receptors on cancer cells has been increasingly harnessed to
enhance the specificity and efficacy of anticancer therapies. For
instance, Pei et al. decorated a nanoprodrug system with lactose to
achieve ASGPR-mediated targeting, enabling selective cytotoxicity
toward HepG2 hepatocellular carcinoma cells while markedly
minimizing off-target effects on HL7702 normal liver cells.""
Building on this targeting strategy, our group developed a thera-
nostic galactose-modified AuNPs conjugated with a fluorophore
and prodrug. The system leveraged galactose-ASGPR interactions,
achieving preferential accumulation in HepG2 cells over HeLa and
HEK293T cells, confirming ASGPR-dependent cellular selec-
tivity.'®® Recently, Lai et al. synthesized a mannose-functionalized
nanoplatform, which was efficiently internalized by MDA-MB-231
breast cancer cells via mannose receptors, resulting in a signifi-
cant suppression of tumor cell proliferation.*

3.2 Glycan-based biosensing

Leveraging the specific interactions between carbohydrates and
receptors overexpressed on cancer and immune cell surfaces,
glyco-decorated nanoplatforms have long served as targeting
ligands for biosensing applications. Previously, our group devel-
oped a novel noncovalent “turn-off/turn-on” biosensor system
using fluorescein boronic acid and mannose-modified AuNPs. In
this design, fluorescence signal was initially quenched upon
interaction with the glyco-AuNPs but restored by the addition of
carbohydrate-specific lectin, enabling sensitive biosensing.
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Interestingly, intracellular uptake was observed in Jurkat human T
lymphoma cells, highlighting the dual potential of this non-
covalent platform for both biosensing and drug delivery.*> Rather
than relying on additional fluorescence, Huang et al. recently re-
ported the real-time SERS imaging of breast cancer tissue through
the HA-conjugated AuNPs.** The installation of the HA ligand
significantly enhanced the tumor-targeting efficiency through its
specific binding to CD44 receptors. Although the optimized SERS-
NPs enabled stable and high-resolution biosensing in tumor
tissues, their ability to penetrate dense tumor regions was limited.
To address this, Lei et al.” developed glyco-CulnS, QDs by conju-
gating different monosaccharides, including galactose, glucose,
and mannose, onto the QD surface. In vitro imaging revealed
excellent membrane-targeting properties of glycodots in Hela,
A549, and MKN-45 cancer cells. Remarkably, their highly negative
zeta potential enabled deep penetration into the interior of 3D
tumor spheroids. Beyond solid tumors, effective nanocarrier
delivery across physiological barriers such as the blood-brain
barrier (BBB) remains a major obstacle. Hruby et al. developed
glucose-conjugated solid lipid nanoparticles (SLNs) to enhance
BBB permeability via GLUT1-mediated transport. In vitro studies
using hCMEC/D3 cells confirmed significantly improved intracel-
lular uptake of glucosylated SLNs compared to unmodified
controls,"” underscoring the potential of glucose conjugation for
brain-directed drug delivery.

3.3 Glycan-driven immunomodulation

Immunotherapy has emerged as a powerful clinical strategy for
treating infectious diseases and cancer."***® Yeh et al. identified
CD206 as an effective target for cancer immunotherapy.*” By
decorating with B-p-galactopyranoside, the glyco-AuNPs selectively

22820 | Chem. Sci., 2025, 16, 22805-22825

targeted CD206-expressing TAMs in lung cancer. These glyco-
AuNPs exhibited enhanced tumor accumulation and, when
combined with anti-PD-1 treatment, significantly boosted T cell
activation and suppressed tumor growth. To minimize systemic
immune activation induced by glycan-lectin engagement, Sitia
et al. recently developed mannose-functionalized AuNPs (Man-
AuNPs) that selectively target liver macrophages.” In a colorectal
cancer liver metastasis model, Man-AuNPs reprogrammed tumor-
associated macrophages toward a pro-inflammatory phenotype by
upregulating related cytokines. Moreover, to enhance cancer
immunotherapy by activating dendritic cells (DCs), Hu and co-
workers'*® first conjugated the DC-targeting ligand, mannose,
directly to a model antigen, ovalbumin (OVA), creating
a mannose-antigen conjugate (MAN-OVA). In this system,
mannose engagement of C-type lectins on DCs promoted receptor-
mediated uptake and directed OVA into the MHC class I pro-
cessing pathway, leading to the subsequent activation of tumor-
killing CD8" T cells. Conversely, in a primary biliary cholangitis
model, they suppressed inflammatory cytokine expression while
promoting anti-inflammatory responses. These dual, context-
dependent immunomodulatory effects are likely mediated by
mannose-induced metabolic modulation. Man-AuNPs exhibited
strong liver tropism and minimal systemic toxicity, offering
a promising strategy for localized immunomodulation in both
cancer and autoimmune diseases.

Glycan-mediated targeting offers a versatile platform across
cancer therapy, biosensing, and immunomodulation. By
leveraging the specific interactions between glycans and lectins
on cancer and immune cells, glycan-functionalized nano-
carriers can improve delivery specificity, enhance diagnostic
accuracy, and enable immune reprogramming. These diverse

© 2025 The Author(s). Published by the Royal Society of Chemistry
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applications highlight the broad potential of glycan-lectin
interactions in advancing targeted biomedical strategies.

4 Glyco-nanoplatforms toward
bacterial cells

Fimbriae on the bacterial surface are decorated with various
lectins that enable specific binding to sugars such as mannose,
galactose, and fucose (Fig. 9¢)."****' These glycan-lectin inter-
actions have been exploited for bacterial targeting in both
diagnostic and antimicrobial applications. Additionally, ATP-
binding cassette (ABC) transporters located on the bacterial
membrane have been leveraged to capture maltose- or
maltodextrin-functionalized nanosystems for antibacterial
treatments (Fig. 9f).>*"*>

4.1 Glycan-driven bacterial infection inhibition

Glycan-lectin interactions offer a powerful strategy for selectively
targeting drug-resistant pathogenic bacteria. For instance, our
group designed galactose-functionalized black phosphorus nano-
sheets to co-deliver the antibiotic kanamycin and enable photo-
thermal therapy against Pseudomonas aeruginosa PAO1 (P.
aeruginosa PAO1), a Gram-negative, drug-resistant strain."* In this
system, bacterial capture was mediated through galactose-specific
recognition. In vivo mouse studies confirmed that the glyco-
nanosheets achieved comparable antibacterial activities.
Following a similar binding mode, Zhang and co-workers'?
developed an acid-responsive polymeric glyco-nanoplatform to
eradicate the drug-resistant P. aeruginosa and disrupt its protective
biofilm. The dual-targeting NPs were synthesized by self-
assembling two acid-degradable block copolymers, functional-
ized with galactose ligands for LecA lectin binding and guanidine
moieties for electrostatic bacterial capture. The photosensitizer
Chlorin e6 (Ce6) was encapsulated within the core and released in
response to the acidic biofilm microenvironment. Upon 660 nm
light irradiation, reactive oxygen species were generated, achieving
95% bacterial killing and >70% biofilm disruption, while mini-
mizing off-target toxicity. Moreover, the ATP-driven ABC trans-
porter was exploited by Yan et al. to enhance pathogen localization
during bacterial infection inhibition.” They engineered p-maltose-
capped gold nanoclusters (AuNC-Mal), leveraging the specific
recognition of p-maltose by ABC transporters on P. aeruginosa
PAO1. Upon activation with thiourea (TU), antimicrobial species
such as [Au(TU),]" and smaller AuNCs were generated, achieving
a minimum inhibitory concentration of 1 pg mL ™" and exhibiting
30-60-fold lower in vitro cytotoxicity toward mammalian cells.

4.2 Glycan-based bacterial detection

Beyond bacterial eradication, surface lectin interactions have
also been harnessed for the detection of drug-resistant bacteria.
For instance, Kumar et al. reported the synthesis of silver NPs
(AgNPs)-loaded gel microspheres functionalized with glucose,
mannose, or galactose for simultaneous bacterial detection and
inhibition.”® The glycan moieties enabled selective binding to
bacterial cell walls, while AgNPs formed in situ imparted potent
antimicrobial activity. Among them, mannose-functionalized
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microspheres exhibited the fastest bacterial capture kinetics
and effective inhibition against E. coli and antibiotic-resistant S.
aureus. Bacterial detection was visually indicated by micro-
sphere aggregation and a characteristic color change of AgNPs,
providing a versatile platform for rapid bacterial sensing.
Moreover, the dual-mode mannose-based biosensor was
synthesized by Zhou et al™* to simultaneously identify
mannose-binding bacterial species and quantify their adhesion
strength. The sensor featured a gold electrode modified with
AuNPs and a self-assembled mannose monolayer, enabling
selective capture of bacteria expressing mannose-binding lec-
tins. Leveraging SERS, the platform generated molecular
fingerprints, which were analyzed via partial least squares
discriminant analysis (PLS-DA) for accurate species differenti-
ation. Meanwhile, electrochemical impedance spectroscopy
(EIS) quantified binding affinities of the nano-biosensor,
revealing significantly stronger adhesion of Salmonella typhi-
murium (S. typhimurium) compared to E. coli JM109. This inte-
grated strategy overcomes the specificity limitations of
conventional glycan sensors, offering both qualitative and
quantitative insights from a single device. In addition to
aggregation-based and SERS detection strategies, Nazari et al.*>
recently developed a label-free electrochemical biosensor for
the rapid, sensitive, and selective detection of E. coli. Con-
structed on a glassy carbon electrode modified with AuNPs, the
sensor featured a covalently attached mannose derivative, p-
carboxyphenylamino mannose (PCAM), which specifically
binds the FimH adhesin on E. coli type I fimbriae. Upon
bacterial binding, the electron transfer to the electrode is
impeded, resulting in an increase resistance measured by EIS.
The sensor achieved an ultralow detection limit of 2 CFU mL ™"
with a broad dynamic range (1.3 x 10" to 1.3 x 10° CFU mL %)
and delivered results within 60 min. With excellent selectivity
and performance in real samples such as tap water and milk,
this cost-effective platform offers a practical tool for on-site
microbial monitoring.

These advances underscore the potential of glyco-
nanoplatforms to improve both diagnostic accuracy and thera-
peutic efficacy in combating antimicrobial resistance. Moving
forward, a deeper mechanistic understanding of glycan-lectin
interactions may drive the development of programmable
nanosystems capable of strain-specific targeting, real-time
detection, and potent antimicrobial activity.

5 Summary and outlook

In this perspective, we focused on the recent advances in the
preparation of different types of glyco-nanoplatforms and di-
scussed their potential biomedical application in both
mammalian cells and drug-resistant bacteria. Leveraging a wide
range of synthetic strategies, glyco-AuNPs, glycopolymer-based
nanoplatforms, glycodots, and glycan-based magnetic nano-
composites have been developed with distinct structural
features, enabling enhanced binding affinities, stability, bi-
odistribution, and delivery efficiency. By mimicking naturally
multivalent glycan displays, glyco-nanoplatforms have emerged
as versatile platforms that harness the specificity of glycan-
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lectin interactions for targeted therapy, diagnostics, and
immunomodulation.

While glyco-nanoplatforms have shown great promise in
preclinical studies, their clinical translation remains chal-
lenging.'*"” The next frontier lies in moving beyond proof-of-
concept systems toward clinically viable therapeutics and
diagnostics. Achieving this goal requires addressing several
critical barriers. First, the synthetic complexity and scalability of
glycan conjugation pose major limitations, particularly for
structurally defined glycans and multivalent architectures.” To
address these limitations, the field is increasingly adopting
chemoenzymatic'****” and automated synthetic routes™® to
generate well-defined glycan moieties. These are coupled with
modular anchoring scaffolds, such as lipids, polymers, or
peptides, functionalized with orthogonal click handles to
facilitate efficient and site-specific conjugation.®~'*> Emerging
technologies like continuous-flow or microfluidic systems offer
improved batch-to-batch reproducibility, while integrated
analytical tools, such as glycan-release mass spectrometry*®***
and lectin-array profiling,"*> are becoming standard for in-
process quality control. Together, these technological
advances will pave the way for scalable, reproducible, and
clinically translatable glyco-nanoplatforms.

Second, a deeper understanding of how glycan density,
spatial arrangement, and morphology of nanoplatforms influ-
ence in vivo behavior is essential. In complex clinical environ-
ments, rapid formation of the protein corona can obscure
surface-displayed glycans, hinder glycan-lectin interactions,
and alter biodistribution. Strategic optimization of nano-
platform architecture and surface composition may help miti-
gate these effects and preserve targeting specificity.’** Instead of
attempting to eliminate coronas, glyco-based nanoplatforms
should bias their composition and evolution toward beneficial,
tissue-specific soft coronas while avoiding hard, masking layers.
This goal can be advanced by tuning polymer chemistry and
presentation to regulate which proteins are recruited. For
instance, glycosylated polyhydroxy scaffolds with optimized
amino to hydroxyl ratios suppress immunoglobulin adsorption
in circulation while preferentially recruiting tumor-associated
proteins like CD44 or osteopontin within the tumor inter-
stitium, thereby extending circulation and enhancing selective
uptake.'®* Additionally, utilizing patchy or textured interfaces
may reduce overall protein adsorption relative to smooth
surfaces and help prevent corona-driven disruption of glycan-
lectin targeting."** Finally, explicit consideration of glycans
within the corona is needed. Corona glycosylation modulates
uptake and immune signaling, and deglycosylated coronas
increase macrophage adhesion, uptake, and pro-inflammatory
cytokines.”*® Therefore, the designed glyco-based nanosystem
should preserve favorable glycan shielding while minimizing
unintended glycans.

Third, the heterogeneity of lectin expression in patient
populations and disease states further demands the develop-
ment of personalized or programmable glyco-nanoplatforms
capable of adaptive targeting and response. To support this,
tissue-mapping techniques such as spatial glycan profiling,'*¢
lectin staining,"*"” or single-cell receptor sequencing™***° can
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be utilized to uncover clinically targetable microenvironments
like Siglec-high myeloid subsets, thereby allowing for more
precise patient selection. Building on these maps, program-
ming systems can be built using interchangeable glycan
libraries on a shared scaffold to rapidly align ligand motifs with
disease-specific phenotypes. Mixed-glycan presentations and
microenvironment-responsive coatings that respond to local
tissues further reduce off-target accumulation. As detailed in
Sections 3 and 4, our group has developed programmable and
multifunctional systems for both therapeutic and diagnostic
applications. We are now extending our work to tackle highly
heterogeneous, treatment-resistant indications, including
tumors resistant to immune checkpoint inhibitors (ICIs) and
severe infections caused by methicillin-resistant S. aureus and
carbapenem-resistant P. aeruginosa, through designing
modular nanoplatforms with tunable glycan ligands and uni-
que killing strategies. With continued advances in glycan
engineering and nanofabrication, glyco-nanoplatforms hold the
promise to become next-generation platforms for targeted
therapy, biosensing, and immunomodulation in clinical
settings, paving the way to unlock the therapeutic power of the
glyco-code.
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