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Glycopolymers with a brush architecture that are immobilized on material surfaces can mimic the natu-
ral glycoconjugates found on cell surfaces, with potential biomedical applications including antimicrobial,
anticoagulation, anti-nonspecific adhesion, cellular communication and protein purification. To facilitate
the clinical translation and applications of glyco-engineered materials, it is essential to achieve a compre-
hensive understanding of synthetic strategies and surface-immobilization techniques from a holistic per-
spective. This review highlights recent advances in the covalent immobilization of glycopolymer chains
onto materials through methods like surface-initiated polymerization and interfacial coupling reactions.
It provides a detailed summary of the synthetic routes for reactive glycopolymers and interfaces, as well
as the technologies used for immobilization on various surfaces, including plastics, metals, silica mate-
rials, carbon materials, and living cells. The challenges and opportunities for the future development of
glycopolymer-engineered materials and interfaces are also discussed. We believe that this review can
serve as a valuable resource for researchers interested in the interdisciplinary field of glycoscience and

materials.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Carbohydrates are one of four major classes of biomacro-
molecules, along with lipids, nucleic acids, and proteins. They play
crucial roles in numerous physiological and pathological processes,
including inflammation, cell differentiation, fertilization, infection,
tumor progression, and metastasis [1]. Most glycans are located
on the outermost surfaces of cells, linked via covalent bonds [2].
This suggests that surface immobilization is a critical step for en-
abling the functionality of sugar chains. Therefore, decorating na-
tive or synthesized glycans on material surfaces can mimic spe-
cific interactions with biological systems, making glycosylated ma-
terials and interfaces highly valuable for various biomedical ap-
plications. Considering that most saccharide ligands bind to their
protein receptors very weakly, with binding constants often be-
low 108 L/mol, structurally well-defined glycopolymers have been
developed to provide polyvalent carbohydrate ligands [3]. This ap-
proach enhances the binding constant through the "glycocluster ef-
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fect" [4]. Glycopolymer synthesis and biomedical applications have
been extensively reviewed in recent decades [5]. However, there
are currently no reviews focused specifically on glycosylated ma-
terials and interfaces. Glycan-decorated surfaces retain the bioac-
tivity of carbohydrates, allowing them to bind lectins or microor-
ganisms in a highly specific manner. Therefore, the straightforward
fabrication of glycopolymer-coated surfaces has garnered increas-
ing attention for their diverse bioresponsive behaviors [6].

Controlling the morphology and chemical composition of inter-
faces is a significant challenge in surface chemistry by customizing
the types of sugars, the degree of polymerization, and the graft-
ing density of the polymer brushes [7]. The general approach to
surface chemistry involves the growth of polymer brushes from a
surface (referred to as "grafted-from") and the covalent attachment
of glycans (known as "grafted-to") [8]. Typically, a specially de-
signed linker with reactive terminals is applied to the target sub-
strates. This allows for surface modification through covalent con-
jugation achieved via reactions such as esterification, amidation, or
click chemistry with reactive glycopolymers. The surface-initiated
living polymerization using glycomonomers can also be employed.
Additionally, host-guest interactions are utilized in the fabrication
of glycosylated materials, which can provide a stimuli-responsive
connection [9].

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Table 1
Summary of glycopolymer-engineered surfaces with different immobilization methods and biomedical applications.
Substrate Specific Immobilization strategy Grafting Biomedical application Ref.
type material density
Plastics PS Surface-initiated ATRP or RAFT, surface ~0.2 Lectin recognition, toxin (BPA) [14-16]
amidation molecules/nm? separation
MPPM UV-grafting and click chemistry, Lectin recognition, RBC capture, [17-19]
surface-initiated photopolymerization ~0.20 mmol/cm?  anti-fouling
Chitosan Reductive N-alkylation, biotin-streptavidin Influenza virus capture and [20,21]
and bioconjugation ~200 nmol/mL purification
agarose
Metals Gold NPs Au-S coupling with thiol-terminated ~0.24 Antibacterial photothermal therapy, [22-26]
glycopolymers molecules/nm? SARS-CoV-2 biosensing, anti-cancer
therapy, stem cell differentiation
Iron oxide Silane coupling and Michael addition, ~28 wt% MRI contrast, magnetic separation, [27-31]
NPs Fe-O-P coordination, dopamine adhesion, intranuclear imaging, lectin separation
host-guest interaction
MOFs Coordination modulation strategy with ~7.12 wt% Targeted drug delivery, anti-cancer, [32-35]
carboxylated glycopolymer, glutaraldehyde bacterial detection, glycopeptide
chemistry using NH,-functionalized MOFs enrichment, lectin recognition
Silica Planar Silane coupling and surface-initiated ATRP ~0.12 Hemocompatibility, cell-specific [36-41]
materials silica or RAFT, NHS/PFP ester conjugation, molecules/nm? binding, antifogging/antimicrobial
dopamine adhesion, isourea bond coatings, glycan microarray biosensing
formation using the O-cyanate chain-end
functionalized glycopolymer
Silica NPs ~0.83 Cell-specific binding, bacterial [42-45]
molecules/nm? theranostics, anti-Ebola virus
Carbon CNTs and Oxidation and surface-initiated ATRP, ~8 wt% Improved dispersibility, targeted lung [46-49]
materials graphene dopamine adhesion and surface-initiated accumulation, biosensing (lectin
ATRP, -7 stacking (pyrene anchors) interaction), anti-cancer
Self-assembly and surface ~0.24 Lectin recognition patterns, targeted [50,51]
Nanodiamonds photopolymerization, amination and molecules/nm? drug delivery (via GLUT5)
oxime ligation
Living cells HelLa cells Non-covalent insertion (cholesterol/lipid ~0.7 x 1074 Enhanced cell survival, immune cell [52-59]
and DCs anchors), HTP fusion and covalent binding, molecules/nm? targeting/activation, disruption of

metabolic labeling and in situ CRP

cancer cell migration, improved
immunotherapy

The biomedical applications of glycan-coated materials present
an exciting opportunity for advanced diagnosis and targeted ther-
apy [10]. When glycans are attached to the surfaces of these mate-
rials, the resulting synergistic system undergoes a transformation
in its biological features. These "sweet" coatings enhance interfa-
cial hydrophilicity, biocompatibility, protein selectivity, and tissue
targeting [11]. For example, heparin coatings are specifically uti-
lized on blood-contact materials to reduce the need for anticoag-
ulants [12]. The tunable affinity of various carbohydrate moieties
and brush structures enables a combination of the intrinsic prop-
erties of materials with glycobiology [13]. Consequently, surface
glyco-engineering illustrates the progress in this field, highlighting
the future of glyco-materials and their potential to improve human
health.

This review provides a comprehensive overview of
glycopolymer-engineered materials and surfaces. It covers a vari-
ety of materials, including glycopolymer-coated plastics, metals,
silica materials, carbon materials, and living cells. The advanced
covalently immobilized technology on different surfaces will be
categorized and summarized (Table 1 [14-59]). A discussion about
recent trends and developments in innovative synthetic methods
and immobilized strategies to create glycan-engineered surfaces is
highlighted.

2. Glycopolymer-engineered plastics

Polymer materials are utilized in various biomedical applica-
tions, including tissue regeneration, wound dressings, medical ad-
hesives, and surgical consumables [60]. Surface coatings are com-
monly applied to biopolymers to improve their biocompatibility,
durability, functionality, and corrosion resistance in biomedical ap-
plications. These coatings can alter the surface properties of poly-
mer materials, making them better suited for their intended uses

and enhancing their interactions with biological systems. In this
section, we provide an overview of recent methods for immobiliz-
ing glycans onto polymer materials, such as microspheres, mem-
branes, and commonly used plastics.

2.1. Glyco-engineered polystyrene (PS) materials

A highly crosslinked and monodispersed PS microsphere
serves as an attractive stationary phase for solid-phase extrac-
tion and chromatography isolation. Poly(divinylbenzene) (PDVB)-
based beads are extensively studied because of the residual dou-
ble bond on the microsphere’s surface, which can be modified
through various grafting techniques [61]. Granville et al. developed
a glycopolymer-modified PDVB bead using reversible addition-
fragmentation chain transfer (RAFT) polymerization, incorporating
mannosyl and galactosyl monomers (Fig. S1A in Supporting in-
formation) [14]. The resulting sugar-coated microspheres exhib-
ited strong recognition properties towards lectins. In another study,
Kumar et al. utilized commercially available chloromethylated PS
resins (Merrifield resin) to prepare a glycopolymer-decorated mi-
crosphere, which was used as a solid support for the capture and
release of concanavalin A and Escherichia coli (E. coli) (Fig. S1B in
Supporting information) [15]. They synthesized glycopolymers with
carboxylic pendants and coupled them with amino-functionalized
substrates, resulting in carbohydrate coatings. This glycosylated
resin can be regenerated through a reusable column by cell lysis
and washing with a mannose solution.

In addition, high internal-phase emulsions (HIPE) copolymeriza-
tion with styrene (St), divinylbenzene (DVB), and other monomers
can produce highly porous foams with functional surfaces [62]. The
type of monomers used in the HIPE copolymerization allows for
the introduction of reactive sites on the foam surfaces. The poly(St-
DVB) foams, which feature fine microstructures and high surface
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areas, have garnered significant attention for their ability to selec-
tively adsorb and separate various substances. Yuan and colleagues
developed a method to create macroporous polyHIPE foam grafted
with surface B-cyclodextrin (8-CD) using surface-initiated atom
transfer radical polymerization (ATRP) (Fig. S2A in Supporting in-
formation) [16]. The resulting materials demonstrated strong affin-
ity and effective separation of toxic bisphenol A, a common wa-
ter pollutant. Similarly, Xie et al. synthesized a polyHIPE decorated
with glycopolymers to rapidly remove boron from wastewater at
low concentrations (Fig. S2B in Supporting information) [63].

2.2. Glyco-engineered poly(glycidyl methacrylate) (pGMA)

The pGMA and its copolymers are highly versatile polymer
materials featuring reactive oxirane groups that allow for post-
polymerization modifications [64]. By treating pGMA-based parti-
cles with specially designed nucleophilic agents, it is possible to
create new engineered surfaces. In a study conducted by Kaupp,
porous pGMA microspheres were prepared using suspension poly-
merization. Additionally, a glycopolymer containing a thiocarbonyl
moiety, which acts as a dienophile, was successfully grafted onto
the surface of the microspheres through a pericyclic reaction (Fig.
S3 in Supporting information) [65].

2.3. Glyco-engineered microporous poly(propylene) membrane
(MPPM)

The MPPM, a highly efficient nanofiltration membrane, has
gained popularity across multiple fields due to its remarkable sep-
aration capabilities and low energy usage [66]. However, one lim-
itation is its pristine surface, which lacks functional groups nec-
essary for effective glycosylation modifications. Fortunately, UV-
induced graft polymerization offers a simple and versatile solution
to enhance the surface characteristics of plastics [17]. By utilizing
UV irradiation, chemists can generate surface radicals that kickstart
free-radical polymerization, allowing for the covalent bonding of
vinyl monomers to these reactive sites. To develop a bioselective
separation membrane, Xu et al. introduced an innovative strategy
for achieving high-density glycosylation on MPPMs through sur-
face UV irradiation and click chemistry (Fig. S4 in Supporting in-
formation) [18]. The process began with the covalent attachment
of carboxyl groups to the membrane surfaces via UV-induced graft-
ing of acrylic acid (AA). Subsequently, the AA-grafted surfaces were
reacted with propargylamine, yielding alkyne-modified substrates.
The final step involved click reactions with glycosyl azides, re-
sulting in glycopolymer coatings on the membranes. The study’s
findings highlighted that the recognition of lectins on glycosylated
MPPMs reveals a significant glycocluster effect when the glycosyl
density on the surface exceeds 0.20 mmol/cm?, showcasing the po-
tential for enhanced bioselectivity in practical applications. More-
over, surface-initiated photopolymerization was strategically uti-
lized to develop a glycopolymer-patterned surface on elastomer
materials, specifically designed to capture red blood cells (RBCs)
effectively [19]. These glycosylated layers not only retain their hy-
drophilic nature, which is crucial for preventing non-specific ad-
sorption of plasma proteins, but also exhibit an exceptional ability
to capture RBCs from blood, making them a promising solution for
biomedical applications.

2.4. Glyco-engineered natural polymer materials

In addition to the synthetic plastics mentioned earlier, glycan
modification has also been applied to certain natural polymer ma-
terials that possess reactive sites, such as amino groups or hy-
droxylic groups on their surfaces. Chitosan, for instance, has been
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widely used in biomedical applications due to its excellent bio-
compatibility, biodegradability, and antimicrobial properties [67].
Li et al. prepared a chitosan fiber functionalized with sialic acid
for capturing the influenza virus (capture rate >90 %) [20]. The
lactose with an aldehyde linker reacted with amines on chitosan
to form an imine structure, which could then be reduced to cre-
ate a stable C-N bond using sodium cyanoborohydride. Subse-
quently, an enzymatic sialylation process was conducted to in-
troduce «a—2,3-sialylactose units onto the chitosan backbone. This
surface-sialylated chitosan fiber served as an effective platform for
filtering and providing protection against influenza virus infections
(Fig. S5A in Supporting information). In a recent advancement,
Ye et al. introduced a surface-glycosylated agarose bead featuring
custom-synthesized glyco-clusters, enabling selective separation of
the influenza virus using streptavidin-derivatized sepharose resin
(Fig. S5B in Supporting information) [21]. More than 50 % of intact
viral particles were recovered using this glycopolymer-modified
sepharose chromatography. This innovative glycopolymer was end-
functionalized with a biotin group for effective conjugation to
streptavidin. As a result, a reusable virus-affinity chromatography
assay was established utilizing sialylglycopolymer-coated strepta-
vidin sepharose, paving the way for continuous and efficient virus
purification. More recently, Ogata et al. presented the synthe-
sis of multivalent glycoside-immobilized carboxymethyl cellulose
nanohydrogel particles (glyco-CMCGPs) as high-performance adsor-
bents for lectins [68]. They discovered that increased multivalency
enhances avidity through the glycocluster effect; however, beyond
a certain density, steric hindrance or reduced accessibility may
limit further increases in avidity per sugar unit.

Overall, the synthetic plastics like PS, pGMA, and pMPPM, of-
fer versatility, ease of fabrication into various forms (such as mi-
crospheres, foams, membranes), and often possess inherent re-
active sites for glycan modification. Natural polymers like chi-
tosan, agarose, and cellulose provide excellent biocompatibility
and biodegradability. Surface-initiated polymerization and surface-
mediated conjugation reactions are powerful techniques for creat-
ing advanced glyco-engineered surfaces on plastic surfaces. Utiliz-
ing difunctional monomers like DVB and DMA enables the direct
placement of reactive sites on material surfaces, enhancing their
functionality. Moreover, surface UV irradiation is a highly effective
method for producing reactive radical species on plastic substrates,
initiating surface polymerization. These innovative glycopolymer
brushes open up exciting opportunities for biomedical applications,
including the lectin recognition, toxin separation, virus capture and
purification, as well as RBCs capture. Embracing these methods al-
lows for the development of cutting-edge solutions in medical and
biotechnological fields.

3. Glycopolymer-engineered metal materials

Metal nanoparticles (NPs), including gold (Au), silver (Ag), and
iron oxide, are at the forefront of innovative biomedical applica-
tions, such as cancer treatment, drug delivery, antibacterial strate-
gies, and diagnostic assays [69]. Coating these metal NPs with gly-
cans can improve their biocompatibility and enable them to selec-
tively recognize and target specific cells for precise diagnosis and
therapy. This section will delve into the realm of advanced glyco-
sylated metals and the cutting-edge synthetic strategies employed
to immobilize glycans on their surfaces, showcasing their potential
to revolutionize biomedical practices.

3.1. Glyco-engineered gold materials

Gold NPs represent a groundbreaking and highly functional
class of materials, offering unprecedented biomedical applications
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due to their unique optical, chemical, and physical properties, par-
ticularly the near-infrared (NIR) photothermal effect [70]. Modi-
fied glycan coatings enhance their antitumor and antibacterial ef-
ficacy, as the attached sugar brushes effectively target and cap-
ture pathogens [71]. A widely adopted method for modifying gold
surfaces involves the gold-sulfur coupling reaction, enabling the
incorporation of biomolecules, polymers, or ligands. This process
typically employs RAFT polymerization with glycosyl monomers,
resulting in end-group functionalized glycopolymers. These gly-
copolymers can subsequently be transformed into thiol-terminated
structures through reduction with sodium borohydride. As shown
in Fig. S6 (Supporting information), they can then be immobilized
on gold surfaces in a single-step process (Fig. S6A). For example,
Zhang et al. synthesized glycomimetic-decorated gold nanorods to
treat aminoglycoside-resistant P. aeruginosa infections (Fig. S6B)
[22]. The significant inhibition of biofilm formation and bacterial
killing can be attributed to the synergistic effects of carbohydrate-
mediated pathogen enrichment and the localized hyperthermia
generated from NIR irradiation.

Furthermore, glycopolymer-modified gold NPs or substrates of-
fer significant potential for biosensing applications. Gibson et al.
synthesized gold NPs coated with sialyllactose-functionalized poly-
mers for the rapid detection of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) (Fig. S6C) [23]. This method
exploited the interaction between the viral spike protein and sialic
acids, allowing for detection in under 30 min using a pseudotyped
lentivirus model. Such advancements highlighted the remarkable
potential of glycan-based nanogold as an efficient detection plat-
form. Additionally, Saito et al. developed a biosensor platform that
merged gold-capped nanopillars with length-controlled glycopoly-
mers for quick and sensitive cytokine detection [24]. This strategy
took advantage of localized surface plasmon resonance (LSPR) for
label-free detection and ensured specificity through precise glycan-
protein interactions.

Moreover, several natural sulfated polysaccharides known
for their anticancer properties have been effectively incorpo-
rated into gold modifications for combination therapies. Research
by Oommen et al. demonstrated the successful synthesis of
fucoidan-mimetic glycopolymer-coated gold NPs, revealing their
significant anticancer potential [25]. This innovative biomimetic
glycopolymer-NP hybrid showed remarkable selective cytotoxic-
ity toward human colon cancer cell lines while remaining non-
toxic to mouse fibroblast cells (Fig. S6D). Additionally, ribonucle-
ase (RNase), recognized for its ability to inhibit tumor growth and
metastasis, was conjugated with glyco-gold NPs, further enhanc-
ing the targeted photothermal killing of cancer cells [26]. Recent
studies have also highlighted glycosylated gold nanocomposites as
promising nanomedicines for enhancing stem cell differentiation
into neural cells, which could be beneficial in treating neurode-
generative diseases [72]. By leveraging the combined power of gold
NPs and glycan coatings, these nanocomposites can activate crucial
signaling pathways, including the glycosaminoglycan (GAG)-related
pathway (extracellular signal-regulated kinases 1/2, ERK1/2) and
the retinoic acid (RA)-related pathway. This innovative approach
holds great potential for breakthroughs in regenerative medicine.

3.2. Glyco-engineered iron oxide materials

Iron oxide NPs are an incredibly effective scaffold for fabricat-
ing glyco-nanomaterials by grafting glycopolymers onto their sur-
faces. Their remarkable magnetic properties enhance their utility
in a variety of biomedical applications, including magnetic reso-
nance imaging (MRI), magnetic separation, targeted drug delivery,
and hyperthermia treatment for cancer [73]. The incorporation of
glycopolymer shells on iron oxide materials significantly reduces
cytotoxicity and enhances biocompatibility, which is crucial for ef-
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fective tissue targeting and biological recognition of the individual
magnetic cores [74]. Miiller et al. developed glycopolymer hybrid
NPs that possess both magnetic and fluorescent properties, mak-
ing them suitable for intranuclear optical imaging [27]. The iron
oxide particles were treated with trialkoxy silane reagents through
a ligand exchange process, resulting in a vinyl-functionalized sur-
face [75]. Following this, as shown in Fig. S7 (Supporting informa-
tion), a glycopolymer with a fluorescent pendant was conjugated
using a Michael addition reaction (Fig. S7A). This modification of
the glycopolymer shell improved the solubility of the NPs in aque-
ous environments and enabled their uptake by lung cancer cells
through galactose-hepatocyte recognition mechanisms.

Additionally, the reaction between iron oxide and the phospho-
ric acid anchoring group created crucial bidentate or tridentate Fe-
O-P coordination bonds [28]. These bonds can serve as reactive
sites that facilitate the conjugation of targeting ligands, enhancing
the functionality of the NPs. For instance, Davis et al. successfully
synthesized phosphoric acid-terminated glycopolymers specifically
designed for modifying iron oxide NPs (Fig. S7B) [29]. The re-
sulting glycosylated magnetic particles are not only quantifiable
through MRI but also exhibit a remarkable increase in cellular up-
take, showcasing their potential for advanced biomedical appli-
cations [30]. Another approach involves leveraging dopamine ad-
hesion alongside host-guest chemistry on the NP surface. Sanyal
et al. pioneered the fabrication of glycopolymer-coated magnetic
NPs using supramolecular host-guest techniques aimed at selective
lectin separation (Fig. S7C) [31]. By modifying the surfaces with
adamantane-terminated poly(ethylene glycol) brushes, they en-
abled the non-covalent attachment of $-CD derivatives conjugated
with star-shaped glycopolymers. This process not only streamlines
protein purification through selective capture but also facilitates
scalable recovery, making it a promising solution for the future of
biochemical applications.

Apart from the methods mentioned above, treating biotin-
tagged glycopolymers with streptavidin-coated magnetic particles
may offer an effective solution for the rapid capture and re-
moval of toxins from water [76]. The presence of additional car-
boxylic groups allows for electrostatic interactions with the iron
oxide surface, providing another means of attachment [77]. These
glycopolymer-coated superparamagnetic NPs demonstrate long-
term stability and enhanced water solubility, making them suitable
for a wide range of biomedical applications.

3.3. Glyco-engineered metal-organic framework (MOF)

MOFs represent a new generation of organic-inorganic hybrid
porous materials that have garnered significant interest in the
biomedical field. Their remarkable internal porosity, customizable
structures, and ease of surface modification present tremendous
opportunities for advancing healthcare solutions [78]. However,
the potential of MOFs is somewhat constrained by their limited
stability in aqueous environments, which poses a challenge for
widespread application and commercialization [79]. To overcome
this barrier, integrating biomacromolecules onto the surface of
MOFs has proven to be a highly effective method for enhancing
their stability and imparting diverse functionalities [80]. Notably,
Forgan and his team employed a coordination modulation strat-
egy to develop a glycopolymer-decorated MOF(Zr), creating a tar-
geted dual delivery system with cancer-fighting capabilities [32].
The specially designed diblock glycopolymer, rich in carboxylate
groups, effectively coordinates with the Zr6 units on the MOF
(Fig. S8 in Supporting information), enhancing its performance.
The glycan coatings improved the uptake of MOF NPs in cancer
cells and provided significantly selective drug delivery, resulting in
high cytotoxicity against HepG2 human hepatocellular carcinoma
cells.
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Luminescent LMOFs have significantly advanced the detection
capabilities for a wide array of toxic, hazardous, and biologically
important substances [81]. Notably, Bhatt et al. developed an in-
novative glyco-conjugated MOF biosensor that excels in the flu-
orescent detection of Pseudomonas aeruginosa and E. coli [33].
By modifying an NH,-functionalized Fe-MOF with sugars through
glutaraldehyde chemistry, they created probes that leverage the
unique tunable properties of MOFs alongside carbohydrate speci-
ficity, setting a new standard in bacterial sensing. Moreover, this
glyco-engineered MOF stands out as an effective tool for pro-
tein enrichment. Liu et al. contributed to this field by designing
a maltose-functionalized Cr-MOF via the targeted modification of
amino groups on its surfaces [34]. This advanced nanomaterial suc-
cessfully detected and isolated N-linked glycopeptides from human
immunoglobulin G digests, highlighting its potential for complex
biomolecular applications. Furthermore, the addition of a small
amount of concanavalin A induced an aggregation phenomenon in
the colloidal Glyco-MOF solution, underlining its remarkable effi-
ciency in lectin-recognition analysis [35].

Metal NPs provide unique optical, magnetic, and photothermal
properties. MOFs offer extremely high surface area and tunable
porosity. However, their practical use in living organisms is of-
ten hindered by the agglomeration that occurs in biological flu-
ids, which is a result of their high surface energies and propensity
to adsorb proteins. By utilizing glycan engineering on the metal
surface, it is possible to stabilize these NPs, enhance their target-
ing ability within biological environments, and increase their blood
circulation half-life, thus broadening their potential biomedical ap-
plications. Over the last decade, significant research has focused on
synthesizing glycosylated metal surface for a variety of promising
biomedical applications, such as antibacterial photothermal ther-
apy, biosensing, targeted drug delivery for cancer therapy, MRI, and
magnetic separation.

4. Glycopolymer-engineered silica materials

Silica-based materials, especially mesoporous silica NPs and
planar silica wafers, have emerged as versatile platforms in vari-
ous biomedical research fields due to their remarkable bioactivity,
excellent biocompatibility, easy surface functionalization, and con-
trollable synthesis [82]. The high surface area and porous structure
of these materials make them suitable for applications in drug de-
livery and diagnostic imaging [83]. However, despite their poten-
tial, challenges such as long-term biocompatibility still exist. Im-
proving surface chemistry, like through surface glycosylation, has
been identified as a significant method to enhance their interfa-
cial properties and facilitate clinical translation. For example, the
heparinized silicone surface has been fabricated for attractive anti-
coagulation [84]. The resulting heparin-modified silicone material
demonstrates significantly enhanced anticoagulant capacity, paving
the way for its application as an in vivo implantable catheter ma-
terial (Table S1 in Supporting information).

The modification of silica surfaces begins with the crucial step
of introducing functional groups through silane coupling agents,
setting the stage for effective surface functionalization. As shown
in Fig. S9 (Supporting information), Kizhakkedathu et al. made sig-
nificant strides by synthesizing glycopolymer brushes on silica sub-
strates using surface-initiated ATRP (Fig. S9A) [36]. This innova-
tive approach resulted in a biomimetic interface that demonstrates
excellent hemocompatibility. Their findings underscore the vital
importance of carbohydrate structure in crafting blood-contacting
devices, such as stents and catheters, that significantly reduce
thrombogenicity. In a similar approach, Chen et al. developed
cell-specific glycosurfaces on silicon slices using surface-initiated
copper-mediated reversible deactivation radical polymerization, in
the presence of live EpCAM-positive and EpCAM-negative Hela
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cells [37]. This work represents an advancement in the design of
cell-specific materials, providing a simple, scalable, and reusable
platform. In another grafting-from example, Jana et al. reported
the synthesis of glycopolymer-coated silica NPs using RAFT poly-
merization (Fig. S9B) [38]. The dithiobenzoate-based RAFT agents
were covalently attached to the surface of silica particles through
an amide bond, facilitating the growth of a mannose-based gly-
copolymer chain. Additionally, the post-polymerization modifica-
tion strategy contributed to the synthesis of the glycosylated layer.
Caykara et al. prepared poly(pentafluorophenyl acrylate) (pPFP)
brushes on a silicon substrate using interface-mediated RAFT poly-
merization, followed by the attachment of glucosamine through
PFP ester conjugation (Fig. S9C) [39]. This amine-reactive coupling
chemistry, such as N-hydroxysuccinimide (NHS) ester or PFP ester
conjugation, enabled various surface coatings by forming covalent
bonds. In another example, a reactive glycopolymer chain was syn-
thesized through copolymerization, utilizing a polymerizable silane
coupling reagent that contains a vinyl group, along with protected
glycosyl monomers [85]. This glycopolymer can directly modify a
silica surface when applied. After the deprotection process, the re-
sulting glyco-film is used for selective bioseparation and in pho-
tonic crystal biosensors [86]. It should be noted that a longer or
more flexible linker may allow better accessibility to lectin bind-
ing sites, but may also lead to non-specific adsorption or reduced
multivalency due to entropy loss upon binding.

Recently, antifogging coatings on optical devices have gained
significant attention for maintaining a clear surgical field during
laparoscopic procedures in high-humidity environments [87]. One
effective solution is the construction of superhydrophilic layers,
such as glycopolymer coatings. Chen et al. developed a sunlight-
initiated polymerization technology to synthesize dopamine-sugar
diblock copolymers with surface anchoring capabilities (Fig. S9D)
[40]. In their process, glass slides or silicon wafers were immersed
in a Tris-HCl buffer solution containing glycopolymers. This im-
mersion led to the formation of glycosylated surfaces through cat-
echol groups, resulting in excellent antifogging properties and su-
perior antimicrobial activity against both Gram-negative E. coli and
Gram-positive Staphylococcus aureus [41]. Additionally, this immo-
bilization technology was utilized to create glycopolymer-modified
surface-enhanced Raman scattering (SERS) substrate to investigate
specific interaction between carbohydrates and proteins [88].

On the other hand, silica-based glycan microarrays are emerg-
ing as innovative tools for the rapid detection of carbohydrate-
binding biomarkers that may indicate various disease states [89].
A noteworthy advancement in this area is the novel glycopoly-
mer microarray architecture which achieves remarkable sub-
femtomolar avidity for glycan-binding proteins (GBPs), particu-
larly concanavalin A (ConA), through the use of hypersurface pho-
tolithography technology [90]. This innovation effectively tackles
long-standing challenges associated with weak glycan-protein in-
teractions and complex synthesis processes, establishing a new
benchmark in glycan microarray technology. In addition, Dong
and his colleagues have made impressive strides in creating a
multifunctional platform designed to address both diagnostic and
therapeutic challenges related to bacterial infections [42]. By in-
tegrating europium, glycopolymer-modified silica NPs, and black
phosphorus, they have created a targeted approach for bacterial
imaging and ablation. The glycosylated surface modification allows
for precise targeting of E. coli K12, significantly minimizing off-
target effects. Meanwhile, black phosphorus effectively eradicates
bacteria through oxidative stress and physical penetration. This
cutting-edge strategy not only enhances the capabilities in preci-
sion medicine but also lays the groundwork for the future devel-
opment of theranostic glyco-nanomaterials.

Beyond traditional immobilization techniques, innovative reac-
tive polymers have been developed for surface glycoengineering
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on glass slides and other silica materials. For instance, Sun et
al. synthesized an O-cyanate chain-end functionalized glycopoly-
mer that effectively adheres to amine-functionalized glass slides
through isourea bond formation under alkaline conditions [43].
Furthermore, by immobilizing O-cyanate chain-end functional-
ized sialyllactose-containing glycopolymers onto amine-modified
SPR chips, they successfully created a SPR-based glyco-biosensor
[44]. This biosensor represents a significant advancement in high-
throughput methods for virus diagnosis and the screening of
potential antiviral drug candidates. Additionally, the application
of glyco-dendrimers on silica NPs has been shown to enhance
multivalent carbohydrate presentation in DC-SIGN (dendritic cell-
specific intercellular adhesion molecule-3-grabbing non-integrin)-
mediated viral infection models [45]. Impressively, these mannosy-
lated NPs exhibited remarkable inhibitory activity against the Ebola
virus, highlighting a promising avenue for developing targeted an-
tiviral nanomedicines that leverage the DC-SIGN pathway.

Overall, silica materials boast excellent biocompatibility, ease
of functionalization via silane chemistry, optical transparency,
and a porous structure suitable for drug loading. Glycopolymer-
engineered silica materials represent a versatile advancement in
biomedicine, effectively bridging the gap between inorganic ma-
terials and clinical needs. Surface glycosylation enhances biocom-
patibility and reduces thrombogenicity, which is crucial for im-
plants such as stents. Silane coupling followed by surface-initiated
ATRP/RAFT, NHS/PFP ester conjugation, dopamine adhesion, and
isourea bond formation is the widely-used immobilization tech-
nique. Heparin-modified silicone surfaces drastically reduce fib-
rinogen adsorption and thrombin generation, making them ideal
for blood-contacting devices like catheters and stents. Glycopoly-
mer coatings on glass form superhydrophilic layers that prevent
fogging on surgical lenses and exhibit antimicrobial activity against
E. coli and S. aureus. SPR-based biosensors using immobilized gly-
copolymers could be used for virus diagnosis and drug screening.

5. Glycopolymer-engineered carbon materials

Carbon materials, especially advanced carbon nanostructured
forms like graphene, nanotubes, and quantum dots, present ex-
citing possibilities for biomedical applications. Their remarkable
physicochemical properties, ranging from superior electrical and
optical capabilities to impressive catalytic activities, make them
ideal candidates for innovative medical solutions [91]. Despite their
potential, carbon-based therapies have struggled to achieve clini-
cal acceptance due to challenges like biocompatibility, nanotoxicity,
target specificity, and various biointerfacial effects [92]. To address
these issues, effective surface modifications are applied to func-
tionalize or modify the carbon nanostructures utilized in biological
applications.

Enhancing the solubility, safety, and biodegradability of car-
bon materials can be effectively achieved through surface glyco-
sylation with glycopolymers. Before surface glycosylation, carbon
nanotubes (CNTs) are typically oxidized to create carboxylic sites,
which are essential for the subsequent amidation coupling. Us-
ing this strategy, as shown in Fig. S10 (Supporting information),
CNTs can be functionalized with a surface-initiated ATRP initiator,
specifically 2-bromo-2-methylpropionyl bromide, enabling surface-
initiated polymerization (Fig. S10A) [46]. Sugar-carrying acrylamide
monomers are then polymerized from the surface of the CNTs, re-
sulting in glycan coatings. To streamline the coating process, Wei et
al. introduced an efficient method for modifying CNTs with glyco-
sylated polymers. This approach utilizes mussel-inspired chemistry
via dopamine self-polymerization to create polydopamine coat-
ings on CNTs. Following this, ATRP is applied to graft polymers
onto the CNTs (Fig. S10B) [47]. The modified CNTs show signifi-
cantly improved dispersibility in aqueous solutions, which is es-
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sential for their use in biomedical applications. Mussel-inspired
chemistry offers several advantages over traditional surface mod-
ification techniques, including milder reaction conditions and the
ability to functionalize a diverse range of materials. Addition-
ally, researchers investigated the role of glycans in influencing
biodistribution in vivo by using glyco-functionalized single-walled
CNTs (SWCNTs) [48]. N-Acetyl-D-glucosamine (GlcNAc) and lactose
were modified on the surface of SWCNTs through a linker unit.
The glycans were found to improve the dispersibility of the nan-
otubes but did not significant alter their biodistribution. More-
over, the GIcNAc-modified SWCNTs accumulated specifically in the
lungs, with no leakage of the radionuclide to high-affinity or-
gans like the thyroid or stomach [49]. The authors suggest that
the glycosylated surface might interact with lung-specific pro-
teins. However, the GIcNAc- specific endothelial receptors remain
undiscovered.

Recently, Claridge et al. unveiled a method for crafting gly-
copolymer nanopatterns on material surfaces. By designing and
synthesizing diacetylene amphiphiles with carbohydrate head-
groups, they successfully generated nanometer-resolution patterns
on highly oriented pyrolytic graphite (HOPG), followed by pho-
topolymerization into a robust polyacrylamide (PAAm) network
[50]. These advanced glycopolymer patterns facilitated selective
and multivalent interactions with lectins, showcasing their poten-
tial in various applications. However, it is important to further
explore the long-term stability of these patterns in physiological
conditions to fully understand their utility. Except for the tradi-
tional carbon materials, Xiao et al. highlighted the promising use
of glycopolymer-coated nanodiamonds for targeted drug delivery
in breast cancer therapy (Fig. S10C) [51]. Through surface amina-
tion using a specific silane coupling agent and subsequent oxime-
aldehyde ligation, they achieved fructose coatings with a high den-
sity of glycopolymer grafting. These fructose moieties significantly
enhanced cellular uptake via GLUT5 transporters, which are known
to be overexpressed in breast cancer cells, illustrating a targeted
approach that could revolutionize treatment strategies.

Additionally, supramolecular coupling emerges as a highly ef-
fective strategy for the glycosylation of carbon surfaces. Bertozzi
et al. took a significant step forward by functionalizing SWC-
NTs with glycodendrimers. These glycodendrimers feature periph-
eral carbohydrate units attached to a pyrene tail, which inter-
acts with SWNTs through strong -7 interactions (Fig. S10D) [93].
This innovative glycodendrimer coating markedly reduces cytotox-
icity, enabling cells to thrive and proliferate in their presence. In
a similar strategy, Chen et al. succeeded in creating a biocom-
patible interface by anchoring sugar moieties to the nanotubes
with either a pyrene or lipid tail [94]. The pyrene-based linker
formed a uniform layer and showed better lectin binding com-
pared to the lipid linker. The resulting glycosylated SWCNTs were
used to create thin-film network devices capable of detecting ex-
ocytosis events triggered by high potassium solutions or calcium
ionophores, exhibiting high temporal resolution and sensitivity.
Dag and his team conducted an insightful comparison of non-
covalent and covalent functionalization strategies to significantly
enhance the biocompatibility and targeting efficiency of glycosy-
lated multi-walled CNTs (MWCNTs) [95]. By employing either -
7 stacking (noncovalent) or a copper-catalyzed azide-alkyne click
reaction (covalent) for attaching glycopolymers to CNTs, they dis-
covered that the noncovalent method yielded a superior loading
of glycopolymers. Notably, both noncovalent and covalent coat-
ings enhanced cellular uptake and cytotoxicity in MCF-7 and MDA-
MB-231 breast cancer cell lines, indicating their potential as effec-
tive drug delivery systems. Additionally, a noncovalent complex of
SWCNTs wrapped in glycopolymer layers was synthesized [96]. The
intrinsic NIR fluorescence of SWCNTs was used to monitor inter-
actions between carbohydrates and lectins. This demonstrated the
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potential of glyco-SWCNTs as versatile optical sensors for detecting
carbohydrate-protein interactions with improved specificity and
sensitivity.

In summary, this section emphasizes the critical importance of
functionalizing carbon nanomaterials with glycopolymers. Carbon
nanomaterials (nanotubes, graphene, nanodiamonds) possess ex-
ceptional electrical, optical, and mechanical properties, but face
challenges in solubility and nanotoxicity. Surface modification
with glycopolymers significantly improves biocompatibility, though
long-term biosafety requires rigorous evaluation. Techniques such
as covalent grafting and noncovalent w-7 interactions are essen-
tial for creating effective carbohydrate coatings on carbon sur-
faces. Glycosylation significantly improves the water dispersibility
of CNTs. Notably, GlcNAc-modified SWCNTs show specific accumu-
lation in the lungs, suggesting potential for lung-targeted applica-
tions. Fructose-coated nanodiamonds are selectively taken up by
breast cancer cells via overexpressed GLUT5 transporters, enabling
targeted therapy. This glycoengineering of the carbon nanomate-
rials transforms them from promising yet problematic candidates
into highly functionalized, biocompatible platforms with significant
potential for targeted drug delivery, sensitive biosensing, and other
advanced biomedical applications.

6. Glycopolymer-engineered cells

Glycan chains on cell surfaces play a crucial role in various bi-
ological processes. However, the complex structures and distribu-
tion of glycans create significant challenges for functional studies
[97]. To gain a better understanding of glycan functions, it is es-
sential to develop cell models with relatively homogeneous glycan
structures. Consequently, modifying the glycan structures on cell
surfaces becomes particularly important. Several methods for cell
surface glycoengineering have been reported, including passive ex-
ogenous insertion, genetic techniques, and metabolic labeling. This
section will summarize the main strategies for surface glycoengi-
neering on cells and discuss their biological effects.

The non-covalent insertion of synthetic glycopolymers into live
cell membranes marks a significant advancement in cell surface
engineering [98]. This method enables precise control over the
chemical composition and density of glycopolymers on the cell
surface, which is essential for studying cell-surface phenomena.
Bertozzi et al. investigated synthetic glycopolymers that mimic
cell-surface mucins, focusing on their ability to enhance cell
survival in vivo [52]. They prepared a variety of glycopolymers
with different lipid anchors to examine their persistence on cell
membranes. The study found that glycopolymers anchored with
cholesterylamine (CholA) were internalized into vesicles but con-
tinuously recycled back to the cell surface, facilitating efficient gly-
can coating on the surface (Fig. S11A in Supporting information).
Furthermore, in a zebrafish model of metastasis, MCF-10A cells
coated with cholesterol-anchored glycopolymers exhibited signifi-
cantly higher survival rates compared to the uncoated cells. Fol-
lowing a similar strategy, Kramer et al. synthesized glycopeptides
with a hydrophobic CholA terminal to mimic mucin structures
[53]. These glycopeptides were created through the polymeriza-
tion of amino acid N-carboxyanhydrides (NCAs). The results of
cell modification indicated that the CholA-terminated glycopep-
tide could be effectively incorporated into the cell membrane and
maintained for several days. Additionally, block polymers contain-
ing sugar and cholesterol units were used for cell surface modifica-
tion. Chen and colleagues synthesized a glycopolymer with varying
cholesterol content [54]. Cholesterol facilitated stable insertion into
the membrane, while the adjustable cholesterol content regulated
polymer internalization. However, higher cholesterol levels were
found to reduce endocytosis, thereby extending the functional dis-
play of the polymers.
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Except for the noncovalent approach, several other promis-
ing methods have been developed. Chen et al. utilized a combi-
nation of the HaloTag protein (HTP) fusion technique and RAFT
polymerization to create a stable attachment of glycopolymers
(containing GIcNAc and ManNAc) to the surface of Hela cells
(Fig. S11B in Supporting information) [55]. These glycopolymers,
featuring a chloroalkane terminal, could be rapidly and specifi-
cally linked to HTP. The modified glycans then bind to lectins on
macrophages and dendritic cells (DCs), promoting the M1 polar-
ization of macrophages and enhancing the maturation of dendritic
cells. Using glycopolymers to target immune cells may improve
the specificity and efficacy of cancer treatments. Furthermore, DCs
were also modified with synthetic glycopolymers that demon-
strated improved interactions with T cells, resulting in enhanced
T cell activation and increased tumor cytotoxicity [56]. Notably, it
was discovered that glycopolymers interact with programmed cell
death protein 1 (PD-1) on T cells, which opens up new possibilities
for combining this approach with immune checkpoint blockade
therapies. The same research group also synthesized glycopolymers
with chloroalkane motifs and attached them to tumor cells using
the HTP strategy [57]. The modified cancer cells exhibited reduced
directional diffusion and a tendency to rotate around their original
position. These findings suggest that glycopolymer-modified cancer
cells could disrupt the collective migration of cancer cells, poten-
tially slowing down metastasis.

More recently, Ju et al. developed a site-selected, in situ
controlled radical polymerization (CRP) method that allows for
precise control of polymer grafting sites on cell surfaces (Fig.
S11C in Supporting information) [58]. This technique combines
metabolic labeling techniques with a Fenton-RAFT polymeriza-
tion process, which is cytocompatible and enables the growth of
glycopolymers at specific locations on the cell membrane. This
approach could be utilized to engineer immune cells with en-
hanced resistance to certain types of cell death, potentially lead-
ing to significant advancements in cancer immunotherapy and
other therapeutic applications. Chemically modified sugars, un-
like their natural counterparts, have shown a remarkable capac-
ity to enhance immune responses. Ye et al. synthesized fluorine-
modified monosaccharides and expressed them on the surface
of tumor cells using the technology of metabolic oligosaccharide
engineering (MOE), thereby obtaining extracellular vesicles con-
taining non-natural tumor-associated carbohydrate antigens [59].
This cell-derived material with special glycan profiles enhanced
the function of immune cells and improved the efficacy of tu-
mor immunotherapy. In addition, the synthetic glycopolymers
can also effectively mimic and enhance the bioactivity of com-
plex natural glycans like lipopolysaccharide (LPS) [99]. This pro-
vides a versatile platform for designing tunable immune adjuvants
where specific control over carbohydrate-receptor interactions is
desired.

Overall, the surface-modified glycopolymers used on living cells
tackle the challenge of natural glycan heterogeneity. Direct cell
surface engineering allows for the creation of homogeneous, tun-
able glycan displays on living cells to study and modulate biologi-
cal functions, overcoming natural heterogeneity. This advancement
enables more detailed mechanistic studies of sugar-mediated bi-
ological processes. Cancer cells coated with cholesterol-anchored
glycopolymers show significantly higher survival rates in vivo and
disrupted migration patterns, potentially slowing metastasis. Gly-
copolymers attached to immune cells (DCs, macrophages) en-
hance their activation, maturation, and tumor-targeting capabil-
ities. They can also interact with PD-1 on T cells, suggesting
the potential for combination with checkpoint blockade therapy.
The combination of carbohydrate chemistry and cell biology high-
lights the importance of glycans as essential players in cellular
communication.
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7. Conclusions

This review underscores that glycopolymer engineering is a
powerful and versatile strategy to impart bio-recognition, im-
proved biocompatibility, and targeted functionality to a wide range
of material classes. The choice of substrate material dictates the
available immobilization strategies, and unlocks unique biomedi-
cal applications from sensing and separation to targeted therapy
and immunotherapy. The strategic presentation of glycopolymers
on material surfaces allows us to replicate the glycocalyx typical of
cell membranes, thereby driving a variety of critical biological pro-
cesses. The advancement of interfacial glycosylation technology is
not only pivotal for the design of cutting-edge materials and their
biomedical uses but also for enriching biological research. These
glyco-engineered surfaces, featuring uniform sugar chains, unlock
profound insights into the essential functionality of glycans, em-
powering us to deeply understand the vital biological signals en-
coded in sugars that reside on cellular surfaces.
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