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Glycopeptide hydrogels, biomaterials constructed from polysaccharides and
peptides through dynamic covalent bonding and supramolecular interactions,
mimic the structure and functions of the natural extracellular matrix. Their three-
dimensional network structure endows them with remarkable mechanical
resilience, self-healing capacity, and stimuli-responsive behavior, enabling
diverse biomedical applications in tissue regeneration, wound healing, drug
delivery, and antimicrobial therapies. This review comprehensively examines
design principles for engineering glycopeptide hydrogels, encompassing
biomolecular selection criteria and dynamic crosslinking methodologies. We
analyze their multifunctional properties including antimicrobial efficacy,
immunomodulation, antioxidant activity, tissue adhesion, and angiogenic
potential, while highlighting smart drug release mechanisms. Applications in
regenerative medicine are critically assessed, particularly in cutaneous wound
healing, bone and cartilage reconstruction, myocardial repair, and neural
regeneration. Finally, we delineate future directions to advance glycopeptide
hydrogels, emphasizing functional sequence expansion of bioactivemotifs, high-
fidelity biomechanical mimicry of natural tissues, and precise simulation of
organ-specific microenvironments for next-generation precision medicine.
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1 Introduction

Glycopeptide hydrogels, as an emerging class of multifunctional biomaterials, are
typically constructed through the synergistic interplay of dynamic covalent bonds (e.g.,
Schiff base bonds, boronic ester bonds) and supramolecular interactions (e.g., hydrogen
bonding, π–π stacking, electrostatic forces) between sugar molecules, peptide chains, or
their functional analogs, forming a three-dimensional network structure. Compared to
conventional hydrogels, glycopeptide hydrogels demonstrate superior dynamic
responsiveness, enhanced bioactivity, and exceptional mechanical properties, offering
innovative solutions to overcome the limitations of static cross-linked hydrogels in
tissue repair and regeneration. Traditional hydrogels, constrained by static irreversible
cross-linking, often suffer from insufficient mechanical strength, lack of self-healing
capability, and poor adaptability to dynamic biological environments (e.g.,
pH fluctuations, oxidative stress). Additionally, their degradation rates are challenging
to precisely control, and low loading efficiency of bioactive components further restricts
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their applications in chronic wound healing and tissue engineering.
In contrast, glycopeptide hydrogels leverage dynamic covalent
bonds to enable reversible network reorganization and self-
healing properties, while supramolecular interactions enhance
structural stability. Furthermore, the synergistic functionality of
sugar and peptide moieties facilitates targeted drug delivery, cell
adhesion, and behavior regulation. These advancements collectively
achieve breakthroughs in smart responsiveness, biocompatibility,
and therapeutic efficacy, positioning glycopeptide hydrogels as a
transformative platform for advanced biomedical applications.

Sugar molecules are a core component of glycopeptide
hydrogels, particularly natural polysaccharides such as hyaluronic
acid (HA), chitosan, and alginates. These polysaccharides provide
the necessary structural support for the hydrogel, have good
biocompatibility and biodegradability, and exhibit a variety of
inherent biological activities (Manzoor et al., 2022). For example,
HA, by interacting with extracellular matrix receptors, can regulate
the inflammatory microenvironment and promote cell adhesion and
proliferation. Chitosan, through its cationic properties, exerts
antimicrobial activity and promotes wound healing. Furthermore,
conjugated monosaccharides and oligosaccharides such as
D-mannose and D-glucose enhance the biocompatibility of the
hydrogel and introduce specific targeting capabilities, further
broadening the potential applications of hydrogels in precision
medicine (Li J. et al., 2019; Teng et al., 2024; Teng et al., 2021).

Peptide molecules, with their high designability and diverse
biological functions, such as cell adhesion, antimicrobial activity, and
angiogenesis, have unique advantages in biomedical applications
(Nazeer and Ahmed, 2025; Binaymotlagh et al., 2022). In addition,
self-assembling peptides such as RADA16 (RADARADARADARADA)
and diphenylalanine (FF)-derived peptides can form nanofiber networks
that crosslink with polysaccharides to create a three-dimensional porous
composite structure. This significantly enhances the material’s
mechanical strength and better mimics the microstructure and
dynamic properties of the natural extracellular matrix (ECM). The
size of these nanofibers aligns with the scale of natural ECM fibers,
and their dynamic crosslinking with polysaccharides further enhances
their biochemical functionality andmechanical compatibility with native
tissue, providing an ideal microenvironment for cell adhesion,
proliferation, migration, and signal transmission (Guan et al., 2022;
Castro et al., 2025; Zhao et al., 2024a).

Glycopeptide hydrogels are typically designed through dynamic
crosslinking, using dynamic covalent bonds or non-covalent
interactions to confer the material with self-healing properties,
excellent viscoelasticity, and adaptability to complex environments.
This dynamic characteristic effectively mimics the behavior of the
natural ECM and enables the hydrogel to undergo controllable
degradation and functional responses under external stimuli, such

as changes in pH, temperature, and redox levels, thus enabling
applications in complex biological environments (Zhang et al., 2021).

In recent years, glycopeptide hydrogels have demonstrated a
dual trajectory of functional diversification and application
precision. At the design level, researchers are actively exploring
strategies such as multifunctional integration, multimodal
microenvironmental responsiveness, biomimetic structural
simulation, and immunomodulatory regulation to endow
hydrogels with exceptional environmental adaptability and
bioactivity. In practical applications, glycopeptide hydrogels have
been widely utilized in neural injury repair, chronic refractory
wound management (e.g., diabetic wounds, radiation-induced
injuries), and bone and cartilage regeneration. These strategies
emphasize the simulation of tissue-specific microenvironments,
achieving multi-layered tissue regeneration and functional
recovery by modulating immune responses, promoting
angiogenesis, mitigating oxidative stress, and reconstructing
extracellular matrices. Such innovations not only expand the
functional boundaries of glycopeptide hydrogels but also lay a
solid foundation for their clinical translation in precision
medicine and regenerative medicine.

Although glycopeptide hydrogels demonstrate significant potential
in biomedical applications, current research still faces several critical
gaps. First, while classical RGD (Arg-Gly-Asp) sequences have been
introduced to enhance cell adhesion, there remains a lack of systematic
screening and functional reconstruction of other bioactive peptide
motifs, limiting the material’s capacity for precise regulation in
tissue-specific microenvironments. Second, although the mechanical
properties of existing glycopeptide hydrogels—particularly their
viscoelastic characteristics—have been improved via dual-network
architectures or metal ion coordination, they still fall short of
replicating the complex dynamic responsive behaviors of natural
tissues such as skin. Third, the development of organ-specific bio-
inspired ECM designs remains nascent, with insufficient systematic
simulation of structure-function relationships across diverse organ
microenvironments, thereby constraining the application of
hydrogels in targeted tissue repair.

This review systematically outlines design principles and functional
optimization strategies for glycopeptide hydrogels, elucidating their
unique advantages in overcoming the limitations of conventional
hydrogels and advancing tissue regeneration to accelerate clinical
translation. A comprehensive analysis is presented across three
critical dimensions: design strategies, biological functionalities, and
practical applications. Building on current technical challenges, the
review emphasizes future directions such as functional sequence
expansion, high-fidelity biomechanical mimicry, and precise
simulation of organ-specific microenvironments. A summary of
reported glycopeptide hydrogel classifications (Table 1) is also
included to provide researchers with a structured reference framework.

2 Saccharides commonly used in
glycopeptide hydrogels

2.1 Polysaccharides

Polysaccharides, serving as the core components of glycopeptide
hydrogels, play an indispensable role in material design due to their

Abbreviations: 3D, Three-dimensional; AMP, Antimicrobial peptide; AST,
Astragaloside IV; BSP, Bletilla striata polysaccharide; dECM, Decellularised
extracellular matrix; ECM, Extracellular matrix; EGCG, Epigallocatechin-3-
gallate; EPL, ε-Poly-L-lysine; EVs, Extracellular vesicles; FF,
Diphenylalanine; Fmoc, Fluorenylmethoxycarbonyl; GA, Gallic acid; GM,
Glucomannan; HA, Hyaluronic acid; MH, Minocycline hydrochloride; Nap,
Naphthalene; PAP, Pro-angiogenic peptide; PBA, Phenylboronic acid; PEG,
Polyethylene glycol; PLL, Poly-L-lysine; RADA16, RADARADARADARADA;
ROS, Reactive oxygen species; TBA, 2,3,4-Trihydroxybenzaldehyde; TGF-β,
Transforming growth factor-β; TNF-α, Tumor necrosis factor-α; W9, WP9QY.
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TABLE 1 Recent studies on glycopeptide hydrogels. The relationship between saccharides and peptides in hydrogels can be categorized as follows: monosaccharide-modified peptide chains, monosaccharide-
modified self-assembling peptides, polysaccharides with peptide chains, and polysaccharides with self-assembling peptides. In addition, there are hydrogel systems composed of saccharide and peptidemimetics are
included.

Mode Saccharides Peptides Other components Crosslinking
method

Application References

Monosaccharide-
modified peptide chains

Glucose PLL FeCl3, horseradish peroxidase,
and H2O2

Metal coordination
crosslinking; phenolic
oxidative coupling

Tissue adhesives and
hemostatic materials

Teng et al. (2021)

Monosaccharide-
modified self-assembling

peptides

Glucosamine-6-sulfate Fmoc- FF Ca2+, Mg2+ Ionic crosslinking, peptide
self-assembling

Cardiac tissue engineering
and regeneration; Induction
of stem cell differentiation
into nerve cells

(Castro et al., 2025)/
(Castro et al., 2023)

Maltopentaose Nap-FF - Peptide self-assembling Enzyme-activated prodrug
therapy for tumors

Sakamoto et al.
(2022)

Galactose Nap-FFSY (H2PO3) - Self-assembling triggered by
alkaline phosphatase

Antibacterial materials Liu et al. (2020)

D-Mannose Nap-FFSY (H2PO3) - Self-assembling triggered by
alkaline phosphatase

Antibacterial materials Li et al. (2019a)

D-Glucosamine Nap-FFDY (H2PO3) Deferoxamine Self-assembling triggered by
alkaline phosphatase

Tissue regeneration
(construction of vascular
networks)

Qi et al. (2018)

D-Glucosamine Nap-FFDD - Peptide self-assembling Investigation of glycosyl
modification positions and
quantities

Liu et al. (2016)

Glucosamine Fmoc-FFD - Peptide self-assembling Scar inhibition after eye
surgery

Xu et al. (2012)

Polysaccharides and
peptide chains

Oxidized dextran, carboxymethyl
chitosan

EPL Extracellular vesicles Schiff base Meniscus repair Huang et al. (2025)

GM-CHO ILPWKWPWWPWRR; DOPA4-G4-GRGDS;
KSLSLSLRGSLSLSLKGKLTWQELYQLKYKGI

- Schiff base, hydrogen
bonding, hydrophobic
interactions

Diabetic wound
management

Liu et al. (2024)

Oxidized chondroitin sulfate KYKYEYEY Aspirin Schiff base Radiation-induced skin
injuries

Guo et al. (2024)

Oxidized Bletilla striata
polysaccharide

Gallic acid-grafted EPL Amphiphilic micelles loaded with
paeoniflorin

Schiff base Chronic wound treatment Zhang et al. (2024)

Hydroxypropyl chitosan EPL 2,3,4-
Trihydroxybenzaldehyde, Fe3+

Schiff base, hydrogen
bonding, metal coordination
crosslinking

Wound healing Peng et al. (2024)

Oxidized dextran, gluconolactone PLL - Schiff base Cartilage repair Hu et al. (2023)

(Continued on following page)
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TABLE 1 (Continued) Recent studies on glycopeptide hydrogels. The relationship between saccharides and peptides in hydrogels can be categorized as follows: monosaccharide-modified peptide chains,
monosaccharide-modified self-assembling peptides, polysaccharides with peptide chains, and polysaccharides with self-assembling peptides. In addition, there are hydrogel systems composed of saccharide and
peptide mimetics are included.

Mode Saccharides Peptides Other components Crosslinking
method

Application References

Oxidized alginate Boronic acid-modified EPL Epigallocatechin-3-gallate,
salvianolic acid B@MnO2

Schiff base, boronate ester
bond (pH/ROS dual response)

Chronic refractory wound
dressings

Wu et al. (2023)

Boronic acid-modified oxidized
dextran

Caffeic acid-modified EPL Diclofenac sodium, mangiferin-
loaded micelles

Schiff base, boronate ester
bond (pH/ROS dual response)

Chronic diabetic wound
healing

Wu et al. (2022)

GM-CHO, maleimide-
modified HA

Antimicrobial peptide, collagen peptide (matrix
metalloproteinase-responsive)

- Schiff base, Michael addition Chronic refractory skin
wounds

Liu et al. (2022)

Oxidized HA-glyceryl
methacrylate

Thiolatedγ-PGA - Hemi-thioacetal bond,
Michael addition

Wound repair Yang et al. (2021a)

Oxidized HA Thiolated γ-PGA - Hemi-thioacetal reaction Skin wound dressings Yang et al. (2021b)

Oxidized laminarin Gelatin - Schiff base ECM-mimetic hydrogel
design

Lavrador et al. (2020)

Oxidized salecan Gelatin Vancomycin Schiff base Drug delivery systems and
tissue engineering

Fan et al. (2020)

Oxidized dextran EPL, partially acylated with acetic anhydride or
succinic anhydride

- Schiff base Low-toxicity bioadhesive Matsumura et al.
(2014)

Polysaccharides and self-
assembling peptides

GM-CHO RADA16, W9 (WP9QY) Minocycline hydrochloride Schiff base, peptide self-
assembling

Restoration of periodontal
bone homeostasis

Zhao et al. (2024b)

Chitosan RADA16 and PPFLMLLKGSTR - Electrostatic and hydrogen
bonding interactions, peptide
self-assembling

Spinal cord injury repair Sun et al. (2024)

GM-CHO R4K4 peptide (RADA16+KEYAKEYAKEYAKEY) - Schiff base Wound management and
tissue repair

Wang et al. (2024a)

Fucoidan NAP-FFGRGD - Hydrogen bonding and
electrostatic interactions,
peptide self-assembling

Cartilage repair and
regeneration

Zhao et al. (2024a)

Maleimide-modified GM CK2(SL)6K2, decellularized ECM - Michael addition, peptide self-
assembling

Cardiac repair post-
myocardial infarction

Kong et al. (2023)

Maleimide-modified GM K2(SL)6K2 Tannic acid, metal ions Michael addition, peptide self-
assembling, metal
coordination crosslinking

Radiation-induced skin
injuries

Feng et al. (2023)

GM-CHO RADA16 peptide Polycaprolactone and nano-
hydroxyapatite as core scaffolds

Schiff base, peptide self-
assembling

Cranial defect repair
(immune modulation and
osteoinduction)

Wang et al. (2022)

(Continued on following page)
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multifaceted biological functions and tunable chemical properties.
The biological activities of polysaccharides are intricately linked to
their chemical structures, particularly key parameters such as sugar
unit types, functional group distribution, polymerization degree,
and branching patterns. For example, sugar units like mannose and
galactose form multivalent hydrogen-bonding networks with lectins
(e.g., macrophage surface CD206 or bacterial surface LecA) through
hydroxyl groups and cyclic structures, enabling specific molecular
recognition and targeted interactions (Teng et al., 2024; Liu et al.,
2020; Thalji et al., 2022). Furthermore, the glycocluster
effect—enhanced by high-density arrangements of sugar units
(e.g., β-1,4 glycosidic bonds in glucomannan)—significantly
amplifies binding affinity, a critical feature for pathogen
inhibition and immune modulation (Imberty and Varrot, 2008).

The hydroxyl, amino, and carboxyl functional groups in
polysaccharides exhibit dual roles in chemical crosslinking and
bioactivity. Hydroxyl groups can be oxidized to aldehyde (-CHO)
groups to participate in dynamic Schiff base reactions. For instance,
the dynamic covalent crosslinking between oxidized glucomannan
(GM-CHO) and ε-polylysine (EPL) confers pH-responsive behavior
to hydrogels (Matsumura et al., 2014). Simultaneously, hydroxyl
groups scavenge free radicals via hydrogen atom transfer, as
exemplified by Lycium barbarum polysaccharides (LBGP)
neutralizing ROS to protect corneal epithelial cells (Wang Q.
et al., 2024). The amino groups in chitosan disrupt bacterial
membrane phospholipid bilayers through electrostatic
interactions and activate the TLR4/MyD88 pathway to upregulate
anti-inflammatory cytokines such as IL-10 (Geng et al., 2023).
Carboxyl groups enable ionotropic crosslinking (e.g., the “egg-
box” structures formed by alginate and Ca2+ (Wang et al., 2023))
or regulate pH-dependent drug release, such as protonation-
triggered efficient delivery of paclitaxel in acidic
microenvironments (Wang et al., 2018).

Polysaccharides can be classified into marine-, plant-,
mammalian tissue-, and microbial-derived types based on their
origins. The structural and functional properties of each
polysaccharide determine its unique application potential in
hydrogels. The following sections will explore the characteristics
and applications of polysaccharides from these different sources in
the design of glycopeptide hydrogels (Table 2).

2.1.1 Marine-derived polysaccharides
Chitosan, a cationic polysaccharide derived from chitin, is

composed of N-acetylglucosamine and glucosamine units. It is
the second most abundant natural polysaccharide after cellulose
and has garnered attention in the design of glycopeptide hydrogels
due to its excellent polycationic properties, antibacterial activity, and
bioabsorbable nature (Shariatinia and Jalali, 2018). Chitosan
interacts with negatively charged microbial cell surfaces and
intracellular components, exerting antibacterial effects by altering
membrane permeability (MubarakAli et al., 2018). Chitosan is pH-
sensitive, as it is soluble at a low pH and insoluble at a high pH,
rendering it highly applicable for controlled release systems
(Treenate and Monvisade, 2017). Modifications, such as
carboxymethylation (Huang et al., 2025) and hydroxypropylation
(Peng et al., 2024; Baranwal et al., 2018), significantly enhance its
water solubility, while incorporating thermosensitive molecules
(e.g., β-glycerophosphate) (Wang X. et al., 2024) imparts theT
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hydrogel with thermosensitive properties and improved controlled
release capabilities. These modifications have greatly expanded the
use of chitosan in applications such as wound healing, tissue
engineering, and drug delivery.

Fucoidan, a sulfated polysaccharide derived from brown algae
and characterized by its sulfate-rich structure, has important
biological functions, such as antioxidant, anti-inflammatory, and
immunomodulatory activities (Marinval et al., 2018; Zhu et al., 2021;
Yao et al., 2020). Due to its structural similarity to chondroitin
sulfate, fucoidan has tremendous potential in cartilage repair and
regeneration (Zhao et al., 2024a).

Alginate, a water-soluble linear polysaccharide extracted from
brown algae, is composed of alternating β-D-mannuronic acid and
α-L-guluronic acid residues. It exhibits excellent biocompatibility,
biodegradability, and antibacterial properties, promotes wound
healing, and functions as a drug carrier, making it widely used in
wound healing, tissue repair (Varaprasad et al., 2020; Del Gaudio
et al., 2020; Moura et al., 2013), and drug delivery systems (George
and Abraham, 2006). When combined with metal cations (e.g.,
Ca2+), alginate undergoes ionic crosslinking to form hydrogel
networks, enhancing its drug encapsulation and pH-responsive
properties and thus serving as a responsive controlled-release
platform (Xie et al., 2016; Treenate and Monvisade, 2017).

Laminarin is a low-molecular-weight β-glucan derived from
brown algae consisting of (1,3) and (1,6) glycosidic bonds in
varying proportions (O’Sullivan et al., 2010). It exhibits
antioxidant, antitumor, immunomodulatory, and wound-healing
effects, which contribute to disease prevention (Sellimi et al.,
2018; Tümen ERDEN-Ceyda Ekentok, 2021; Miao et al., 1999).
Compared with other natural polysaccharides (e.g., alginate and
chitosan), the lower molecular weight of laminarin has superior
flowability and processability during hydrogel preparation
(Lavrador et al., 2020).

2.1.2 Plant-derived polysaccharides
Glucomannan (GM), a natural polysaccharide comprising

mannose and glucose units linked by β-1,4-glycosidic bonds, is
one of the most common polysaccharides in glycopeptide hydrogels.
GM is rich in mannose residues, which specifically bind to mannose
receptors on macrophage surfaces. This property has been widely
exploited to promote macrophage polarization to the anti-
inflammatory M2 phenotype, indirectly enhance fibroblast
proliferation and angiogenesis, and accelerate tissue repair and
regeneration (Liu et al., 2022; Zhao et al., 2024b; Wang J. et al.,
2024). In glycopeptide hydrogels, oxidizing GM introduces dynamic
crosslinking with peptides (Liu et al., 2024; Wang et al., 2022; Feng

TABLE 2 Comparison of polysaccharides in glycopeptide hydrogels: modification strategies and performance improvements.

Source Polysaccharides Main properties Modification
methods

Applications Limitations

Marine -
derived

Chitosan Antibacterial, pH - sensitive,
biodegradable, thermosensitive

Carboxymethylation,
hydroxypropylation

Cartilage repair, wound
healing, drug delivery,
nerve repair

Poor solubility and low
mechanical strength

Fucoidan Anti - inflammatory,
immunomodulatory, antioxidant

- Cartilage repair High extraction cost and
activity affected by the
content of sulfate group

Alginate High biocompatibility, ionic
crosslinking (e.g., Ca2+), pH -
responsive, antibacterial

Oxidation Wound repair, tissue
engineering, drug delivery

Low mechanical strength

Laminarin Antioxidant, anti - inflammatory,
immunomodulatory, high
fluidity

Oxidation Tissue engineering Poor structural stability,
easy to be hydrolyzed by
enzyme

Plant - derived Glucomannan Anti - inflammatory,
immunomodulatory

Oxidation, modification with
maleimide groups

Tissue repair Insufficient swelling
capacity and poor control
release characteristics

Bletilla striata
polysaccharide

Antioxidant, antibacterial, anti -
aging, promotes wound healing

Oxidation Wound dressing, skin
repair

Complex extraction process,
high industrial production
cost

Mammalian
tissue - derived

Hyaluronic acid High hydrophilicity,
biocompatibility, promoting cell
migration and proliferation

Oxidation, methacrylation,
modification with maleimide
groups

Wound dressing, cartilage
repair

Easily degraded by
hyaluronidase in vivo, low
mechanical strength

Chondroitin sulfate High negative charge, anti -
inflammatory, promoting cell
adhesion and migration

Oxidation Cartilage repair Limited source (animal
extraction), difficult
purification

Microbial -
derived

Dextran High water solubility, chemically
modifiable, good
biocompatibility

Oxidation Cartilage repair, tissue
adhesives

May cause immune
response, needs to control
the molecular weight
distribution

Salecan Immune - modulating,
biodegradable, excellent
biocompatibility

Oxidation Controlled drug release,
tissue repair

Few studies, long-term
biosafety needs to be
verified
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et al., 2020). By adding maleimide groups, GM can specifically react
with thiol groups on peptides, further enhancing its peptide
crosslinking selectivity (Kong et al., 2023; Feng et al., 2023).

Bletilla striata polysaccharide (BSP) is a natural glucomannan
extracted from the traditional Chinese medicinal herb B. striata. It
consists of mannose (α-mannose and β-mannose) and β-glucose at a
molar ratio of 3:1 and 2.4:1. The key biological functions of BSP
include wound healing, antioxidative and antibacterial effects, and
anti-aging activity (Bai et al., 2024). BSP-based wound dressings
have shown strong potential for applications in wound healing and
repair (Gou et al., 2022; Xu et al., 2023; Luo et al., 2010).

2.1.3 Mammalian tissue-derived polysaccharides
HA is a naturally occurring glycosaminoglycan composed of

repeating disaccharide units of D-glucuronic acid and N-acetyl-D-
glucosamine. It is widely distributed in the extracellular matrix,
synovial fluid, and skin of mammals (Bhattacharya et al., 2017). The
unique rheological properties of HA derive from its molecular
backbone and variable secondary and tertiary structures, enabling
it to adapt to diverse physical and biological environments. HA
exhibits high hydrophilicity, excellent biocompatibility, and
biodegradability, and is essential for maintaining tissue
homeostasis and promoting cell adhesion, migration, and
proliferation (Wu et al., 2024). Because of these properties, HA is
extensively used in biomedical applications (Dicker et al., 2014).
However, natural HA also has limitations, such as poor stability,
sensitivity to hyaluronidase and free radicals, a short half-life in vivo,
and insufficient mechanical strength in aqueous systems (Lee et al.,
2018). To resolve these issues, the HA structure and properties are
typically modified. In glycopeptide hydrogels, introducing chemical
modifications, such as methacrylate or maleimide groups, enables
HA to dynamically couple with thiol-containing or stimulus-
responsive peptide molecules (e.g., collagen tripeptides responsive
to matrix metalloproteinases) (Liu et al., 2022; Yang et al., 2021a).
These modifications then facilitate the dynamic degradation and
functionalization of hydrogels.

Chondroitin sulfate, also a sulfated glycosaminoglycan, consists
of repeating disaccharide units of D-glucuronic acid and N-acetyl-
D-galactosamine. It is commonly found in cartilage, connective
tissue, and the ECM. Unlike HA, chondroitin sulfate is often sulfated
at hydroxyl groups in the four or six position, which imparts a highly
negative charge. Chondroitin sulfate participates in tissue repair by
promoting cell adhesion and migration, modulating inflammatory
responses, and regulating cellular behaviors through signaling
molecule interactions (Faheem et al., 2024).

2.1.4 Microbial-derived polysaccharides
Dextran is an extracellular polysaccharide derived from

microorganisms that comprise a linear backbone of glucose
molecules linked by α-1,6-glycosidic bonds, with branches
formed by α-1,3, α-1,4, or α-1,2 linkages. It is synthesized mainly
by lactic acid bacteria and othermicroorganisms and is known for its
high biocompatibility and low toxicity (Díaz-Montes, 2021).
Dextran has excellent water solubility; tunable branch positions,
molecular lengths, and molecular weights; and abundant chemical
modification sites, such as hydroxyl groups, and therefore is widely
used in drug delivery, wound healing, and tissue engineering (Zhao
and Jalili, 2022; Rebello and Mazumder, 2024; Pacelli et al., 2021).

Dextran can be oxidized or functionalized with boronic acid groups
to form dynamic hydrogels with responsive properties for smart
drug delivery systems (Wu et al., 2022).

Salecan is a newly discovered bacterial polysaccharide from the
halophilic strain Agrobacterium ZX09, which consists of D-glucose
units connected by α-(1–3) and β-(1–3) glycosidic bonds (Xiu et al.,
2010). Salecan has excellent immunostimulatory, biocompatible,
and biodegradable properties (Qi et al., 2019). Salecan-based
hydrogels are applied in controlled drug release, three-
dimensional (3D) cell culture, and tissue repair.

2.2 Monosaccharides and oligosaccharides

While polysaccharides often serve as the matrix or backbone in
glycopeptide hydrogels, monosaccharides and oligosaccharides are
commonly used as peptide modifiers to improve the
biocompatibility and biophysical properties of hydrogels (Liu
et al., 2016). Monosaccharides and oligosaccharides provide
specific antibacterial targeting, glycosaminoglycan mimicry, and
other biological functions required by various biomedical
applications. Monosaccharide-based modifications are typically
designed according to specific application requirements using a
modular approach to provide diverse biological functionality.

2.2.1 Monosaccharides and their derivatives
Monosaccharides and their derivatives (e.g., D-mannose,

D-glucosamine, D-glucose, galactose) are widely used to
chemically modify peptide side chains due to their simple
structures and abundant reactive sites.

For example, D-mannose has been used for specific
O-mannosylation of peptide chains that enhance the binding
affinity of the hydrogel to target proteins, such as adhesins on
bacterial surfaces and mannose receptor-expressing macrophages.
This binding facilitates antibacterial, immunomodulatory, and
pathogen-targeting activities. Specifically, the mannose
modifications mimic the multivalent binding systems of natural
sugar-lectin interactions, which induce bacterial adhesion,
aggregation, and membrane disruption to selectively kill bacteria
(Li J. et al., 2019). Mannose also interacts with macrophages to
promote anti-inflammatory M2 macrophage polarization, which
reduces inflammatory responses and suppresses the expression of
pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-
α) (Teng et al., 2024).

Similarly, glycopeptide hydrogels modified with galactose
exploit the multivalent interactions between galactose and lectins
to specifically target bacteria, inhibiting biofilm formation and
bacterial growth (Liu et al., 2020).

D-glucose is typically covalently linked via its hydroxyl (–OH)
group to the peptides of a hydrogel, mimicking natural glycosylation
structures. This provides localized metabolic support to cells cell
proliferation and tissue regeneration. In addition, this modification
can indirectly increase biocompatibility by enhancing the hydrogel
hydrophilicity and reducing the hemolytic rate (Teng et al., 2021).

D-glucosamine-modified peptides mimic core protein
proteoglycans, enhancing the hydrogel hydrophilicity and
biocompatibility while strengthening cell–hydrogel interactions
and modulating cellular behavior. For example, these
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modifications inhibited the activity of transforming growth factor-β
(TGF-β) to reduce fibroblast over proliferation and postoperative
fibrosis (Xu et al., 2012). They were also shown to promote cell
adhesion and proliferation through sugar–receptor interactions (Qi
et al., 2018; Liu et al., 2016).

Glucosamine-6-sulfate-modified short peptides mimic the
biological actions of sulfated proteoglycans, such as the induction
of stem cell differentiation (Castro et al., 2023). In addition, these
modifications enhance the ability of hydrogels to propagate
electrical signals, making them suitable for cardiac tissue
engineering and regeneration (Castro et al., 2025).

2.2.2 Oligosaccharides
Oligosaccharides, with their relatively high molecular

complexity, form rich hydrogen-bonded networks through
interactions among multiple hydroxyl groups. Maltopentaose, an
oligosaccharide composed of five glucose units, exhibits a high
hydration capacity and excellent biocompatibility. When
covalently bound to an FF backbone, maltopentaose-modified
amphiphilic glycopeptides provided a hydrated environment that
maintained enzymatic biocatalytic activity, rendering the hydrogels
suitable for enzyme-activated prodrug therapies. In addition,
maltopentaose endowed the hydrogels with remarkable shear-
thinning properties and good injectability (Sakamoto et al., 2022).

3 Peptide design for
glycopeptide hydrogels

The design of peptides for use in glycopeptide hydrogels is
driven by three main functions: self-assembling and structural
support, bioactive functionality, and dynamic regulation and
signal responsiveness. By selecting appropriate peptide sequences
and modification approaches, different types of peptides confer the
hydrogel matrix with specific functional attributes.

3.1 ε-Poly-L-lysine (EPL)

EPL is a natural cationic antimicrobial peptide produced by
Streptomyces albulus. Unlike other antimicrobial peptides (AMPs)
that are often hemolytic or toxic, EPL is edible, non-toxic,
biodegradable, and highly biocompatible. It is resistant to thermal
degradation and can be produced at a large scale cost-effectively by
fermentation (Shima et al., 1984; Hyldgaard et al., 2014; Wang et al.,
2016). EPL has been approved by the Food and Drug Administration,
is widely applied in clinical practice, and is one of the most common
peptides used for developing glycopeptide hydrogels. EPL exerts
potent antibacterial effects by disrupting bacterial cell membranes
through electrostatic interactions and therefore has a low likelihood of
inducing bacterial resistance (Yan Y. et al., 2021). Moreover, its
cationic nature induces a series of hemostatic responses, including
platelet and erythrocyte aggregation (Peng et al., 2024). EPL contains
abundant lysine residues, which can replace hydrated cations on wet
tissue surfaces and provide additional amino groups, thereby
enhancing the adhesion of wet materials (Zhu et al., 2023). Its
degradation product, lysine, also promotes tissue repair and
regeneration (Huang et al., 2025).

EPL can be chemically functionalized through various
modification strategies. For example, incorporating gallic acid
(GA) or epigallocatechin-3-gallate (EGCG) enhanced its
antioxidative properties (Zhang et al., 2024; Wu et al., 2023). In
addition, dual-dynamic crosslinking with phenylboronic acid or
2,3,4-trihydroxybenzaldehyde imparted hydrogels with stimuli-
responsiveness and significantly improved their mechanical
performance and environmental adaptability (Peng et al., 2024;
Wu et al., 2023).

3.2 Poly-L-lysine (PLL)

PLL is a polypeptide chain formed by linking lysine molecules
through their α-amino and carboxyl groups. Unlike EPL, the high
charge density of PLL confers it with some cytotoxicity; thus, it is
often modified with mannose or glucose to improve its
biocompatibility (Teng et al., 2024; Hu et al., 2023). By
modifying PLL with catechol, stable covalent bonds can be
formed with amino and thiol groups on tissue surfaces, which
significantly enhances its adhesion in moist tissue environments.
In addition, this modification can use metal ion coordination for
dual-dynamic crosslinking or use quinone groups to further
introduce covalent crosslinking (Teng et al., 2021). Crosslinking
PLL with polyethylene glycol N-hydroxysuccinimide-activated ester
(PEG-NHS) further optimizes the mechanical properties of the
hydrogel. Its rapid shaping ability and the large pore structures
significantly accelerate the hemostatic process and tissue repair
(Teng et al., 2024).

3.3 Poly-γ-glutamic acid (γ-PGA)

γ-PGA is a natural polypeptide produced through microbial
fermentation. Due to its excellent biocompatibility and
biodegradability, it is used to produce glycopeptide hydrogels.
Yang and colleagues (Yang et al., 2021b) modified γ-PGA with
L-cysteine to generate thiolated polyglutamic acid (γ-PGA-SH),
which endowed the material with excellent antioxidant
properties. In addition, by introducing thiol groups, sites were
provided for dynamic crosslinking with polysaccharides, which
promoted covalent bonds to form through maleimide addition
reactions, thus modulating the stiffness of the hydrogel (Yang
et al., 2021a).

3.4 Gelatin

Gelatin is a natural protein derived from the hydrolysis of collagen. It
consists of three polypeptide chains that form a triple helix structure
through intermolecular hydrogen bonds. Gelatin has a number of useful
biological properties, including high biocompatibility, high
biodegradability, and rich functional sequences, including RGD
sequences and matrix metalloproteinase-sensitive sequences. These
specific functional domains mimic natural peptide functions in the
ECM. In addition, gelatin has abundant side chains that are easily
modified, and therefore it is widely used in biomedical hydrogels (Jaipan
et al., 2017).
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3.5 Self-assembling peptides

3.5.1 RADA16 peptide
RADA16 is a typical type I ion-complementary self-assembling

peptide in the self-assembling peptide family. It self-assembles into a
β-sheet superstructure through hydrogen bonding and hydrophobic
effects. In an acidic aqueous solution and when exposed to fluids at a
physiological pH, RADA16 rapidly self-assembles into a network
hydrogel structure within seconds (Zhao et al., 2008; Yokoi et al.,
2005). The resulting structure mimics the fibrous morphology of the
natural ECM and provides a favorable environment for cell adhesion
and proliferation (Wang et al., 2017). RADA16 is an excellent carrier
for delivering cells, drugs, and specific factors and therefore is useful
in controlled molecular release applications (Nagai et al., 2006; Yao
et al., 2023). However, RADA16 is limited by its weak mechanical
properties and poor hydrophilicity. In glycopeptide hydrogels,
RADA16 has been co-assembled with polysaccharides such as
chitosan (Sun et al., 2024), oxidized GM (Zhao et al., 2024b;
Wang J. et al., 2024; Wang et al., 2022), and functional short
peptides such as WP9QY (W9) (Zhao et al., 2024b) and
PPFLMLLKGSTR (Sun et al., 2024) to form composite hybrid
hydrogels that improved the RADA16 hydrogel hydrophilicity
and mechanical strength while imparting it with new biological
activity. In addition, RADA16 can act as a self-assembling group
coupled with functional sequences. In a study by Wang et al. (Wang
J. et al., 2024), RADA16 was chemically conjugated to the T-cell
epitope KEYA16 to form R4K4, while retaining its ability to self-
assemble, it also induced antigen-specific type 2 immune responses.

3.5.2 Phenylalanine (FF)-derived peptides
The FF motif is a self-assembling structural unit that exhibits

strong supramolecular interactions in aqueous environments and
easily forms β-sheet structures (Azuri et al., 2014). By combining
aromatic groups such as Nap or Fmoc groups with the FF motif,
hydrophobicity and π–π stacking are further enhanced, and the
peptide is driven to form stable nanofiber networks. When co-
crosslinked with polysaccharides, such as in glycopeptide hybrid
hydrogels, the synergistic non-covalent and ionic interactions
significantly improve the stability and mechanical strength of the
hydrogels, thereby expanding their range of applications (Huang
et al., 2011; Xie et al., 2016). Furthermore, by introducing responsive
or functional modifications such as glycosylation, phosphorylation,
or RGD sequences into FF-based self-assembling motifs, both the
hydrogel stability and biological activity are synergistically
enhanced. For example, Sakamoto et al. (Sakamoto et al., 2022)
linked hydrophilic maltopentaose to the Nap-FF group and
prepared injectable biocatalytic supramolecular hydrogels. The
hydrogel was loaded with enzymes based on an amphiphilic
glycopeptide design using a simple enzyme solution and has
potential uses in enzyme-mediated prodrug therapy.
Modifications using monosaccharides are more common, with
glucose (Qi et al., 2018; Liu et al., 2016; Xu et al., 2012),
mannose (Li J. et al., 2019), and galactose (Liu et al., 2020)
linked to an Asp side chain via amide bonds. During the self-
assembling process, the sugar moieties are exposed on the nanofiber
surface, forming multivalent sugar cluster structures that perform
the biological functions of the sugar groups while also increasing the
hydrogel solubility, stability (resistance to proteolytic degradation),

and biocompatibility. Fmoc-FF chemically conjugated to
glucosamine-6-sulfate (GlcN6S) represents a minimal mimicry of
sulfated proteoglycans (Castro et al., 2025; Castro et al., 2023).
Another typical design involves introducing phosphorylated
tyrosine (Tyr(H2PO3)), in which dephosphorylation is triggered
under the action of alkaline phosphatase, significantly increasing
the molecule’s hydrophobicity and inducing the peptide to self-
assemble into nanofibers (Li J. et al., 2019; Liu et al., 2020; Qi et al.,
2018). Zhao et al. (Zhao et al., 2024a) designed a Nap-FFGRGD
peptide, which used the RGD sequence for integrin binding to create
a favorable microenvironment for in situ stem cells with hydrogels,
exhibiting both cell adhesion and signal transduction functionality.
Other sequence designs have also been generated based on specific
biological needs. For example, modifying Nap-FFDD with
hydrophilic residues improved the thermal stability and
biocompatibility of the assembled structure, generating a stable
cell scaffold material (Liu et al., 2016). Similarly, an FMOC-FFD
design that incorporated Asp improved the solubility and overall
performance of the assembly (Xu et al., 2012).

3.5.3 Q11 peptide
The Q11 peptide (QQKFQFQFEQQ) is a β-sheet peptide that

self-assembles into highly ordered, β-sheet-rich nanofiber structures
in a saline environment (Jung et al., 2009), triggering hydrogels to
form Feng et al. (2020).

3.6 Functional short peptides

3.6.1 Antioxidant peptides
The antioxidant activity of the KYKYEYEY peptide relies on the

phenolic groups in its tyrosine residues, which interact with
superoxide anions (O2

−·) and other free radicals through
hydrogen atom donation to effectively reduce oxidative stress and
accelerate tissue repair (Hao et al., 2023). Its lysine residues also
participate in chemical crosslinking reactions, enhancing the
structural stability of the hydrogel (Guo et al., 2024). The
DOPA4-G4-GRGDS peptide derived from mussels contains
dopamine groups and an RGD sequence. The DOPA group
directly scavenges superoxide anions and hydroxyl radicals
through redox reactions, which improves the microenvironment
of chronic wounds, while the RGD sequence enhances cell adhesion
and proliferation (Pan et al., 2016).

3.6.2 Angiogenesis peptides
The KK peptide (KKSLSLSLSLSLSLKK) is a self-assembling

amphiphilic peptide with a β-sheet secondary structure, high
solubility, and supramolecular assembly in aqueous solutions
(Galler et al., 2010). Notably, hydrogels with KK peptides
provide a high degree of cellular infiltration in vivo, thus
inducing angiogenesis and attracting neural innervation
without the need to deliver exogenous bioactive components
(Moore et al., 2018). The PAP peptide (K(SL)3RG(SL)
3KGKLTWQELYQLKYKGI) is an injectable self-assembling
biodegradable nanofiber scaffold. Based on the KK peptide
sequence, it incorporates a peptide mimic derived from
VEGF-165 (vascular endothelial growth factor), thereby
enhancing angiogenesis (Kumar et al., 2015).
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3.6.3 AMPs
AMPs are short peptides produced bymany organisms to inhibit

microbial pathogen proliferation. Although AMPs exhibit strong
antimicrobial activity, their high toxicity to microorganisms and
mammalian cells, along with their low selectivity, limits their clinical
applications (Sun et al., 2018). In glycopeptide hydrogels, AMPs
such as ILPWKWPWWPWRR have been combined with natural
polysaccharides, such as GM-CHO, to simultaneously maintain
antimicrobial activity while reducing toxicity (Liu et al., 2024; Liu
et al., 2022).

3.6.4 Other functional peptides
The W9 peptide mimics osteoprotegerin, which inhibits

osteoclast maturation by blocking the RANKL/RANK signaling
pathway, and thus promotes bone regeneration and prevents
bone resorption (Aoki et al., 2006). The PPFLMLLKGSTR
peptide is a motif derived from the laminin-5 α3 chain, which
was shown to be the primary binding site for α3β1 integrin (Kim
et al., 2005). This peptide strongly promotes stem cell adhesion and
neuro tissue bridging and has been used for treating nerve injuries
and neurodegenerative diseases (Li L. et al., 2019). Collagen peptide,
an enzymatic hydrolysis product of collagen, contains sequences
such as Gly-Pro-Hyp and supports cell adhesion to promote cell
proliferation and migration, thus accelerating wound healing
(Fahmy-Garcia et al., 2018).

4 Dynamic crosslinking strategies

Dynamic crosslinking strategies have become a core design
concept in the development of highly functional biomimetic
glycopeptide hydrogels. Through dynamic crosslinking, hydrogels
can mimic key characteristics of natural extracellular matrices,
including their viscoelasticity, adaptability, and biological
complexity (Chaudhuri et al., 2016; Chaudhuri et al., 2020). By
contrast, the rigid structures of traditional hydrogel networks are
difficult for cells to remodel, which hinders cell proliferation and
migration and limits their use in regenerative medicine (Rosales and
Anseth, 2016; Wang and Heilshorn, 2015).

Dynamic crosslinking constructs dynamic networks through
reversible chemical bonds and non-covalent interactions, granting
hydrogels excellent injectability, tissue adhesion, and
responsiveness to pH or ROS changes (Zhang et al., 2021).
Dynamic crosslinking includes dynamic covalent bonds, such as
Schiff base, boronate ester, and hemithioacetal bonds, as well as
non-covalent interactions, such as hydrogen bonds, hydrophobic
interactions, electrostatic interactions, and metal coordination.
Dynamic covalent bonds exhibit reversibility, environmental
responsiveness, and high chemical stability, and therefore
regulate the crosslinking density, mechanical strength, and
degradation rate of hydrogels. Non-covalent interactions, the
core of a supramolecular strategy, impart excellent self-healing
and stimulus-responsive capabilities to hydrogels through weak
and dynamic interactions (Li et al., 2024). In particular,
supramolecular designs further improve the interface adhesion
between hydrogels and biological tissues through a complex
hierarchical and dynamic microenvironment that enhances
biomimetic properties (Omar et al., 2022; Zhao et al., 2022). By

combining dynamic covalent bonds with supramolecular
strategies, glycopeptide hydrogels more efficiently dissipate
energy, adapt to extreme environments, and achieve precise
functional regulation. Table 3 summarizes the common
dynamic crosslinking methods used in glycopeptide hydrogels.

Compared with traditional hydrogels, glycopeptide hydrogels
based on dynamic crosslinking demonstrate superior mechanical
properties and functional diversity. These hydrogel designs expand
the application potential of glycopeptide hydrogels in the biomedical
field and provide ample opportunity for developing high-
performance materials that are self-healing, degradable, and
display intelligent responsiveness.

4.1 Schiff base

Schiff base bonds are a pivotal crosslinking mechanism in
dynamic covalent hydrogels, formed through reversible reactions
between aldehyde/ketone groups and amino (or hydrazide)
groups. The reaction mechanism involves three key steps: (i)
Nucleophilic addition, where the nucleophilic nitrogen atom of
amino (-NH2) or hydrazide (-NH-NH2) groups attacks the
carbonyl carbon of aldehyde (-CHO) or ketone (C=O) groups,
forming a dipolar tetrahedral intermediate; (ii) Proton transfer
and dehydration, characterized by intramolecular proton
transfer from nitrogen to oxygen to generate amino alcohol,
followed by acid-catalyzed dehydration to yield iminium ions;
and (iii) Deprotonation, where iminium ions lose protons to
form stable Schiff base bonds (C=N) while releasing catalytic
hydronium ions (H3O

+) to complete the cycle (Sahajpal
et al., 2022).

The dynamic reversibility of Schiff base bonds stems from their
pH sensitivity, maintaining stability under physiologically neutral
or alkaline conditions (pH 7.0–8.0) but undergoing protonation
and hydrolysis into original aldehyde and amino groups in acidic
microenvironments (pH < 6.5, e.g., tumor tissues or chronic
wounds) (Mo et al., 2021). This pH-responsive characteristic
makes them particularly suitable for designing intelligent
hydrogels (Wu et al., 2022). Notably, aldehyde groups (e.g.,
-CHO from oxidized glucomannan) exhibit superior reactivity
in Schiff base formation compared to ketones due to reduced
steric hindrance, enabling their widespread application in hydrogel
design. In glycopeptide hydrogels, dynamic networks formed
through aldehyde-amine interactions confer exceptional self-
healing properties and environmental responsiveness. Natural
polysaccharides can be readily crosslinked with peptides
through oxidation-generated aldehyde groups. Precise control
over hydrogel crosslinking density, mechanical strength, and
degradation rate is achievable by regulating aldehyde group
density through adjustment of NaIO4 oxidant molar ratios,
facilitating tailored functional applications (Lavrador et al.,
2020). Importantly, the aldehyde-to-amine ratio not only
influences gel formation but also impacts biocompatibility, as
excess aldehyde groups may irritate proteins/cells and impair
cellular growth and proliferation (Moon and Pack, 1983).
Consequently, successful fabrication of self-healing hydrogels
via Schiff base covalent bonds requires optimized stoichiometric
control of aldehyde group content.
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4.2 Boronate ester bond

The boronate ester bond is a dynamic covalent bond formed
through the reversible condensation reaction between boric acid (or
its derivatives) and cis-1,2 or cis-1,3 diols. In recent years, boronate
ester bonds have attracted significant attention in materials science,
particularly in biomedical hydrogel design, due to their unique
reversibility and environmental responsiveness. The empty
p-orbital of the boron atom enables the formation of stable five-
or six-membered cyclic structures with diol hydroxyl groups,
allowing this reaction to proceed under mild conditions with
high selectivity and tunability (Cambre and Sumerlin, 2011;
Cromwell et al., 2015).

Boronate ester bonds exhibit high sensitivity to various external
stimuli including pH variations, ROS and glucose concentration
changes. Under pH stimulation, the stability of boronate ester bonds
formed between boric acid and diols is closely related to solution
acidity. Boric acid (or its derivatives) predominantly exists in two
forms in aqueous solutions: neutral trigonal boric acid (sp2

hybridization) and negatively charged tetrahedral borate (sp3

hybridization), with their ratio determined by both the acid
dissociation constant (pKa) and environmental pH. When pH <
pKa, neutral boric acid dominates, facilitating nucleophilic reactions
with diols to form boronate esters. Conversely, when pH > pKa,
borate becomes the predominant species with reduced reactivity.
Notably, the ionized borate ester (negatively charged) demonstrates
superior stability and hydrolysis resistance compared to its neutral
counterpart (Terriac et al., 2024). Although alkaline environments
may reduce initial reaction rates, the resulting borate ester form
significantly enhances overall stability. In contrast, neutral or weakly
acidic conditions favor higher proportions of neutral boronate esters
with accelerated hydrolysis rates, leading to material performance
degradation. This inherent contradiction between reactivity and
stability represents a critical challenge requiring careful balancing
in current boronate ester-based material design.

Under oxidative stimulation, ROS such as H2O2 can attack
boronic acid groups through deboronation reactions, resulting in

hydrogel network disruption. This ROS sensitivity not only enables
on-demand drug release in oxidative stress environments but also
endows materials with ROS-scavenging capabilities to protect
surrounding tissues from oxidative damage (Stubelius et al.,
2019). Additionally, glucose can competitively bind with
phenylboronic acid (PBA) through its 1,2-cis-diol structure,
disrupting original hydrogel crosslinking networks. Under
hyperglycemic conditions (e.g., diabetic wound
microenvironments), glucose replaces diol ligands to form new
boronate ester bonds with PBA, leading to reduced crosslinking
density and volumetric swelling that enables controlled drug release.
For instance, in diabetes treatment, glucose-mediated competitive
binding in hyperglycemic environments facilitates on-demand
insulin release, establishing closed-loop feedback regulation
(Zhou et al., 2022).

The primary advantages of boronate ester hydrogels lie in their
dynamic nature-derived multifunctionality, including self-healing
properties, injectability, and precise responsiveness to multiple
stimuli, making them broadly applicable in drug delivery,
bioprinting, and cellular microenvironment simulation. However,
limitations require attention: insufficient boronate ester stability
under physiological pH (≈7.4) necessitates pKa reduction through
molecular design (e.g., introducing ortho-amino groups or strong
electron-withdrawing groups) to enhance binding affinity.
Moreover, the dynamic equilibrium of boronate ester bonds is
susceptible to competitive interference from polyhydroxy
molecules in biological systems (e.g., natural sugars), causing
non-specific degradation. The cytotoxic byproduct phenol
generated from PBA deboronation further limits long-term
implant applications.

4.3 Hemithioacetal bond

The hemithioacetal bond is a dynamic covalent bond formed
through the thiol-aldehyde addition reaction, characterized by its
structure containing both a hydroxyl group and a thioether group,

TABLE 3 Common dynamic crosslinking methods used in glycopeptide hydrogels.

Crosslinking
method

Main mechanism Dynamic characteristic Strength Weakness

Schiff base Aldehyde/ketone groups react
with amino/hydrazide groups to
form imine bonds (C=N)

pH-dependent reversibility; stable
at neutral/alkaline pH, hydrolyzes
in acidic conditions

Rapid gelation; biocompatible
degradation; tunable
crosslinking density

Limited stability at physiological
pH (≈7.4); cytotoxic risks from
excess aldehyde groups

Boronate ester bond Boric acid/derivatives react with
cis-diols to form cyclic boronate
esters

pH/ROS/glucose-responsive;
reversible switching between sp2

(neutral) and sp3 (ionized) forms

ROS scavenging; glucose sensing;
self-healing; injectable

Instability at physiological pH;
slow kinetics in neutral pH;
competitive sugar interference

Hemithioacetal bond Thiol-aldehyde addition forms
R−CH(SR’)−OH structures

Rapid exchange reactions; low
pH dependence; reversible under
physiological conditions

Fast gelation; biothiol-triggered
dissolution; mild processing

Oxidation-sensitive (forms
disulfides); moderate
mechanical strength; requires
thiol protection

Metal coordination
crosslinking

Transition metal ions (Fe3+, Zn2+)
coordinate with ligands (e.g.,
polyphenols)

Tunable kinetics via metal/ligand
design; reversible “on-off” switching
via chelators

High stiffness-ductility synergy;
self-healing; conductivity
modulation

Metal ion cytotoxicity risks; pH/
temperature sensitivity; network
instability in complex biofluids

Weak non-covalent
interactions

Hydrogen bonds, π–π stacking,
electrostatic interactions

Rapid self-recovery; stimulus-
responsive (pH, temperature, ionic
strength)

Extreme deformability; error-
correction capability; adaptable
mechanics

Low intrinsic strength;
instability under high ionic
strength or competing molecules

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Zhang et al. 10.3389/fbioe.2025.1577192

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1577192


with the general molecular formula R−CH(SR’)−OH. This bond
combines rapid crosslinking kinetics with mild reversible
thermodynamic behavior, enabling spontaneous breakage-
recombination cycles under physiological conditions (neutral pH,
body temperature). Hemithioacetals exhibit faster reaction rates
(k1 = 0.08–0.57 M-1s-1) and moderate equilibrium constants (K_
eq = 3.8–72 M-1) due to the high polarizability and lower
electronegativity of sulfur atoms, allowing controlled bond
exchange even in mild environments (Lienhard and Jencks,
1966). These properties make hemithioacetal bonds a promising
chemical module for constructing dynamic covalent networks,
particularly suitable for biomaterial applications requiring rapid
gelation while maintaining moderate reversibility.

A notable advantage of hemithioacetal bonds over traditional
dynamic covalent bonds (e.g., boronate esters, Schiff base bonds) lies
in their reduced pH dependence, enabling stable dynamic exchange
under physiological neutral conditions and avoiding potential acidic
damage to cells or tissues (Hua et al., 2019). Furthermore, the
versatile reactivity of thiol groups offers enhanced
functionalization and post-processing possibilities. For example,
mild thiol-hemithioacetal exchange reactions with thiol-
containing compounds (e.g., dithiothreitol, glutathione, or
cysteine) facilitate gentle dressing removal (Yang et al., 2021b).
Additionally, spontaneous conversion from dynamic to permanent
crosslinking can be achieved via Michael addition with methacrylate
groups, endowing hydrogels with initial operability and subsequent
mechanical stability evolution (Yang et al., 2021a). In biomedical
applications, this controllable crosslinking mechanism is
particularly suited for wound dressings, tissue engineering
scaffolds, and similar scenarios, minimizing tissue damage from
secondary debridement while enhancing long-term functionality
through post-curing.

However, hemithioacetal bonds also present limitations. First,
despite their rapid kinetics, moderate equilibrium constants limit
network mechanical strength, often necessitating secondary
crosslinking strategies to meet high-load application
requirements. Second, thiol groups are inherently sensitive to
oxidation, as they can be oxidized by atmospheric or biological
oxidants (e.g., ROS) into disulfide bonds (−S−S−), potentially
disrupting the dynamic equilibrium and network integrity of
hemithioacetals. Thus, design strategies must comprehensively
consider reaction conditions, thiol protection approaches, and
secondary network reinforcement to fully exploit the potential of
hemithioacetal bonds in dynamic hydrogels.

4.4 Metal coordination crosslinking

Metal coordination crosslinking is a distinctive non-covalent
interaction involving the formation of coordination bonds between
ligands (via lone electron pairs) and vacant orbitals of metal ions. Its
dynamic behavior lies intermediate between stable covalent bonds
and weaker non-covalent interactions (e.g., hydrogen bonds,
electrostatic forces). This mechanism is widely observed between
biomolecules rich in coordination sites (e.g., proteins) and transition
metal ions with unpaired electrons (e.g., Fe3+, Zn2+, or Cu2+)
(Degtyar et al., 2014). Growing evidence highlights the critical
role of metal coordination complexes in regulating the

mechanical properties of biomaterials. For instance, marine
mussels leverage metal coordination bonds to construct
hierarchical material structures, achieving exceptional strength,
elasticity, and toughness (Waite et al., 2005).

Metal coordination bonds uniquely endow materials with both
high stiffness and high ductility—two properties traditionally
considered mutually exclusive—thereby breaking the performance
trade-off between rigidity and toughness in conventional materials.
In engineered hydrogel systems, metal coordination bonds are often
introduced as secondary networks within polymer backbones to
enhance overall mechanical performance. Polyphenolic molecules
such as 2,3,4-trihydroxybenzaldehyde (TBA) and dopamine can
form stable yet dynamically reversible crosslinked networks with
Fe3+ through monodentate, bidentate, or tridentate coordination
modes (Teng et al., 2021; Peng et al., 2024).

The kinetics of metal coordination bonds (e.g., bond rupture-
reformation rates) can be flexibly tuned by adjusting metal ion types,
oxidation states, and ligand designs. This enables precise control
over dynamic mechanical properties and response timescales
without requiring polymer backbone resynthesis. Furthermore,
metal ions exhibit migration capabilities within networks,
allowing spontaneous relocation to new coordination sites or
reversible “on-off” switching via chelating agents. This high
programmability offers rich strategies for developing intelligent,
renewable, and high-performance soft materials (Holten-
Andersen et al., 2014).

Despite their unique advantages in dynamic reversibility, self-
healing properties, and tunable mechanics, metal-coordinated
hydrogels face several challenges. First, excessive metal ion usage
may induce cytotoxicity or compromise biocompatibility,
necessitating meticulous ratio optimization and release control.
Second, coordination bond strength and dynamics are highly
sensitive to environmental pH, temperature, and competing ions,
risking network disintegration or performance drift in complex
biological environments. Additionally, natural metal-coordinated
networks in biological systems are intricately coupled with
multilevel organizational architectures, posing significant
challenges in mimicking their spatiotemporal dynamic regulation
mechanisms in synthetic materials.

4.5 Weak non-covalent interactions

Weak non-covalent interactions—including hydrogen bonding,
electrostatic interactions, hydrophobic effects, and π–π
stacking—can form three-dimensional physically crosslinked
networks with high dynamic reversibility and flexibility. These
interactions, fundamental to supramolecular chemistry, are
widely employed in the design and fabrication of dynamic
hydrogels (Picchioni and Muljana, 2018). When hydrogel
networks are disrupted by external forces or environmental
factors, these weak non-covalent interactions rapidly re-establish,
endowing hydrogels with self-healing capabilities.

Additionally, weak non-covalent bonds confer hydrogels with
high sensitivity to external stimuli (e.g., pH, temperature, ionic
concentration changes) and error-correction functionality,
enabling materials to maintain structural and functional
adaptability in dynamic environments. However, due to their
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inherently weaker nature compared to covalent bonds, hydrogels
relying solely on weak non-covalent crosslinking typically exhibit
significantly inferior mechanical properties (e.g., strength and elastic
modulus) relative to chemically crosslinked hydrogels. To address
this limitation, researchers have developed composite crosslinked
networks by integrating weak non-covalent interactions with
dynamic covalent bonds (e.g., Schiff base bonds), achieving an
optimized balance between mechanical performance and
functional responsiveness in materials (Han et al., 2022).

5 Biological functions of
glycopeptide hydrogels

In the realm of biomedical materials, glycopeptide hydrogels
have emerged as a groundbreaking solution with multifaceted
biological functions. By leveraging the unique properties of
glycopeptides, these hydrogels offer a versatile platform for
addressing many challenges in wound healing, tissue
regeneration, and drug delivery. The following sections delve into
the intricate biological functions of glycopeptide hydrogels to
explore their antibacterial properties, anti-inflammatory and
immunoregulatory effects, antioxidant capabilities, drug delivery
mechanisms, tissue adhesion, injectability, angiogenesis effects, and
hemostatic potential (Figure 1). This comprehensive overview aims
to highlight the significant advances and applications of
glycopeptide hydrogels in modern biomedical science.

5.1 Antibacterial properties

Bacterial infections pose a major challenge in clinical wound
healing, particularly in chronic wounds, surgical incisions, and
implant-related infections. Persistent bacterial colonization and
biofilm formation delay the healing process and may cause the
wound to deteriorate. Hydrogels, with their excellent moisture-
retention properties, provide an ideal healing environment for
tissue. However, this same characteristic also promotes
microbial proliferation, increasing the risk of infection (Wang
et al., 2025a). Therefore, endowing glycopeptide hydrogels with
effective antibacterial properties is a critical design requirement
for their use in wound repair and tissue engineering. Currently,
antibacterial strategies for glycopeptide hydrogels mainly
include targeting multivalent glycan–lectin interactions,
integrating antibacterial polymers, and loading the hydrogels
with antimicrobial agents. While the first two approaches use
non-antibiotic mechanisms that inherently minimize antibiotic
resistance development, the third strategy provides
supplementary antimicrobial action. Collectively, these
methods effectively inhibit pathogens through distinct
pathways, optimize the wound microenvironment, and
promote healing and tissue regeneration.

5.1.1 Targeting multivalent glycan–lectin
interactions to inhibit antibacterial activity

Specific glycan and lectin interactions are widespread in
biological systems and can be exploited to target bacterial surface
lectins or other specific receptors to achieve precise antibacterial

effects (Bernardi et al., 2013). However, the binding affinity between
individual glycan molecules and lectins is relatively weak and often
fails to exert a stable antibacterial effect (Cecioni et al., 2015; Miura
et al., 2016). To overcome this limitation, a multivalent glycan-
cluster approach was proposed, wherein multiple glycan molecules
are densely arranged to significantly enhance their binding affinity
to bacterial lectins (Imberty and Varrot, 2008). The self-assembling
properties of glycopeptide hydrogels provide an ideal system for
constructing supramolecular structures with multivalent glycan
clusters to greatly strengthen glycan–lectin interactions and
improve the antibacterial potency and specificity of the hydrogel.
Using this strategy, hydrogels effectively capture bacteria, prevent
adhesion and colonization, and inhibit bacterial growth without
relying on antibiotics, and thus have high potential for targeted
antibacterial applications (Li J. et al., 2019; Liu et al.,
2020) (Figure 2).

5.1.2 Integration of antibacterial polymers
Antibacterial polymers are high molecular-weight materials that

autonomously inhibit bacterial growth through the following
mechanisms:

(i) Electrostatic disruption of bacterial membranes: Certain
cationic polymers (e.g., chitosan, EPL) possess positively
charged groups that bind to anionic components (e.g.,
lipopolysaccharides in Gram-negative bacteria or teichoic
acids in Gram-positive bacteria) on microbial membranes.
This interaction disrupts membrane integrity, leading to
leakage of cytoplasmic contents and bacterial lysis.

(ii) Interference with bacterial physiology: Beyond membrane
disruption, some AMPs such as ILPWKWPWWPWRR
can translocate into cells to inhibit vital processes such as
DNA replication, protein synthesis, or cell wall assembly.

For example, Moon et al. (Moon et al., 2023) designed a
glycopeptide hydrogel based on EPL and chitosan with sustained
EPL degradation and release that significantly inhibited biofilm
formation by multidrug-resistant Pseudomonas aeruginosa. This
approach avoided the potential for antibiotic resistance and
provided long-lasting antibacterial activity without relying on
drugs, thus offering a safe and sustainable solution for
eradicating bacterial infections.

5.1.3 Antibacterial drug loading
In certain cases, directly loading antibacterial drugs into

hydrogels provides strong antibacterial effects and controlled
drug release. Glycopeptide hydrogels, with their porous structure
and tunable degradation rates, serve as ideal carriers for antibiotics
and antimicrobial molecules. For example, minocycline
hydrochloride (MH), a broad-spectrum tetracycline antibiotic,
has shown promise in treating periodontal infections, chronic
wounds, and biofilm-associated infections. Studies showed that
glycopeptide hydrogels loaded with MH continuously released
the drug to effectively combat biofilm-encased resistant
pathogens and reduced local inflammation and bacterial invasion
risks (Zhao et al., 2024b). This type of hydrogel has demonstrated
excellent antibacterial effects in treating periodontal disease, chronic
wounds, and surgical implant infections.
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Beyond traditional antibiotics, emerging strategies such as
photothermal sterilization and ionic interference have been
successfully integrated into glycopeptide hydrogels. For instance,
Shen et al. (Shen et al., 2024) designed a glycopeptide hydrogel
(deferoxamine/CuS-ECMgel) by crosslinking HA with RGD
peptides and matrix metalloproteinase degradable peptides. The
hydrogel encapsulated CuS nanoparticles and deferoxamine,
achieving dual functions of photothermal antibacterial activity

and angiogenesis promotion. Under near-infrared irradiation,
CuS nanoparticles generated localized heat to eradicate
Escherichia coli and Methicillin-resistant Staphylococcus aureus
with 99% efficiency. Ma et al. (Ma et al., 2024) developed an
injectable glycopeptide hydrogel (Ag@ZnO/G-H), combining
gelatin methacrylate (G) and methacrylate modified HA (H) to
form a biomimetic network. This hydrogel embedded with Ag@ZnO
heterojunction nanoparticles achieved dual antibacterial modes: (i)

FIGURE 1
Schematic diagram of the biological functions of glycopeptide hydrogels. Antibacterial and angiogenesis (Wu et al., 2023), Copyright 2023.
Reproduced with permission from John Wiley and Sons, Inc. Injectability (Zhao et al., 2024b), Copyright 2024. Reproduced with permission from the
American Chemical Society. Hemostasis (Zhu et al., 2024), Copyright 2024. Reproduced with permission from the American Chemical Society. Drug
release (Sakamoto et al., 2022), Copyright 2022. Reproduced with permission from the American Chemical Society. Antioxidant (Zhao et al., 2024a),
Copyright 2023. Reproduced with permission from Elsevier B.V. Tissue adhesion (Teng et al., 2021), Copyright 2021. Reproduced with permission from
John Wiley and Sons, Inc.
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sustained release of Ag+/Zn2+ ions disrupting bacterial membranes,
and (ii) visible light-triggered ROS generation via enhanced
electron-hole separation. The “ROS storm” eradicated 99% of
drug-resistant bacteria (e.g., Methicillin-resistant S. aureus).

These studies highlight the potential of combining glycopeptide
hydrogels with photothermal or ionic components to achieve
multifunctional antibacterial effects, offering alternatives to
conventional antibiotics and minimizing resistance development.

5.2 Anti-inflammation and
immunoregulation

The inflammatory response is the core protective mechanism
by which the body responds to external stimuli, removes
pathogenic microorganisms, and repairs damaged tissue. This
process is driven by the activation of immune cells and their
secretion of pro-inflammatory factors, such as TNF-α and
interleukin-6 (IL-6), and anti-inflammatory factors such as
interleukin-10 (IL-10). However, excessive or prolonged
inflammation caused by bacterial infections, physical and
chemical damage, and metabolic abnormalities can produce
tissue destruction, an immune imbalance, and even fibrosis, all
of which significantly hinder tissue repair (Zhao et al., 2020; Pahwa
et al., 2025). Therefore, intervening appropriately to accelerate
tissue repair in an inflammatory microenvironment has become a
key aspect of regenerative medicine (Li J. et al., 2021; Villarreal-
Leal et al., 2021). A critical factor in immunoregulation is the
precise control of the macrophage polarization balance and
immune cell crosstalk to enhance the expression of anti-
inflammatory factors and restore immune homeostasis (Xiong
et al., 2022; Brown et al., 2012).

Glycopeptide hydrogels regulate the inflammatory
microenvironment and promote tissue repair through their anti-
inflammatory and immunoregulatory properties. Their anti-
inflammatory action effectively limits the intensity and scope of
the inflammatory response by directly inhibiting the release of
inflammatory factors and related signaling pathways.
Immunoregulation primarily functions by inducing macrophage
polarization or enhancing T-cell and macrophage crosstalk to
reshape the immune microenvironment into a reparative state.
Specifically, by leveraging the innate immunoregulatory
properties of natural polysaccharides or loading bioactive
molecules or anti-inflammatory drugs into glycopeptide
hydrogels, excellent anti-inflammatory and immunoregulatory
effects can be achieved (Table 4).

Furthermore, regulating the pH of the microenvironment has
been shown to promote macrophage polarization toward the
M2 phenotype (Xia et al., 2023). It is noteworthy that, in
addition to macrophages, reparative TH2-type immune responses
also promote tissue repair. In a study by Wang et al. (Wang J. et al.,
2024), a glycopeptide hydrogel based on GM and the branching
T-cell epitope peptide R4K4 enhanced immune crosstalk between
macrophages and T cells. The hydrogel significantly restored tissue
structure and promoted hair follicle regeneration by stimulating
Th2 immune responses, increasing M2 macrophage recruitment,
and promoting local angiogenesis.

5.3 Anti-oxidative stress

Oxidative stress refers to the pathological phenomenon in which
ROS or reactive nitrogen species (RNS) are excessively produced,
surpassing the body’s antioxidant defense capabilities, and

FIGURE 2
Schematic diagram of a multivalent sugar lectin-targeted antimicrobial hydrogel based on self-assembling peptides. (Liu et al., 2020), Copyright
2020. Reproduced with permission from the Royal Society of Chemistry.
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culminating in cellular and tissue damage. ROS cause lipid
peroxidation, DNA damage, and protein denaturation, which
directly impair cell functions and activate pro-inflammatory
signaling pathways (e.g., NF-κB and Nrf2) (Muro et al., 2024),
exacerbating inflammation and creating a vicious cycle between
inflammation and oxidative stress. Oxidative stress is considered a
key pathogenic factor in many chronic diseases, including
neurodegenerative diseases, metabolic disorders, and
inflammation-related diseases (e.g., periodontitis and
inflammatory bowel disease) (Jomova et al., 2023). Therefore,
treatments must be developed that efficiently eliminate ROS and
restore the cellular redox balance to reduce oxidative damage and
prevent disease progression.

The use of natural polysaccharides, such as Bletilla, fucoidan,
alginate, and kelp polysaccharides, and peptides such as KYKYEYEY
and DOPA4-G4-GRGDS with antioxidant activity provides a simple
means of designing effective glycopeptide hydrogels. Loading or

conjugating hydrogels with polyphenolic substances such as tannic
acid, GA, EGCG, and TBA is also a common approach.
Polyphenolic substances scavenge free radicals through hydrogen
atom transfer and electron donation and provide additional anti-
inflammatory and antibacterial functions. It is noteworthy that due
to their unique structural properties, polyphenols form multiple
interactions with peptides and polysaccharides and chelate with
metal ions to form a secondary network; this, in turn, can enhance
the mechanical properties and tissue adhesion of the glycopeptide
hydrogel (Zhang et al., 2024; Peng et al., 2024). Manganese dioxide
decomposes hydrogen peroxide (H2O2) into oxygen in an acidic
environment and releases Mn2+ to participate in metabolism. It has
also been used to alleviate oxidative stress and improve wound
hypoxia (Wu et al., 2023). In addition to the aforementioned
substances, vitamin C, glutathione, arginine, cysteine, selenium,
and natural enzymes have demonstrated satisfactory efficacy in
treating various chronic diseases induced by ROS. Building on

TABLE 4 Anti-inflammatory and immunomodulatory substances in glycopeptide hydrogels: Sources and mechanisms.

Category Substance Source Mechanism

Polysaccharides Hyaluronic acid Found in synovial fluid, skin, and other
human tissues

Binding to cell surface receptors such as CD44, and inhibiting the release of
inflammatory factors (Marinho et al., 2021)

Chitosan Derived from the shells of crustaceans
such as shrimp and crabs

Modulating the maturation, activation, cytokine production, and polarization
of dendritic cells and macrophages (Ghattas et al., 2025)

Alginate Extracted from brown algae Reducing the serum concentrations of pro-inflammatory cytokines TNF-α
and IL-6 (Lukova et al., 2024)

Fucoidan Extracted from brown algae and other
seaweeds

Acting on different stages of the inflammatory process: blocking of
lymphocyte adhesion and invasion, inhibition of multiple enzymes, and
induction of apoptosis (Apostolova et al., 2020)

Glucomannan Extracted from certain plant species and
fungi

Activating mannose receptors, induces M2 macrophage polarization, and
inhibiting the release of pro-inflammatory factors (Pan et al., 2024)

Dextran Produced throughmicrobial fermentation Stimulating the proliferation of murine macrophages and decreasing the
release of nitric oxide by the cells (Soeiro et al., 2016)

Bletilla striata
polysaccharide

Derived from Bletilla striata (type of
orchid)

Exhibiting anti-inflammatory and immunomodulatory effects by activating
NF-κB and MAPK signaling pathways, enhancing macrophage phagocytosis
and cytokine secretion (Niu et al., 2022)

Bioactive substances Paeoniflorin Root of Paeonia lactiflora (peony) Regulating immune cells, enhancing anti-inflammatory mediators (Akt, PKA,
IL-4, IL-10, TGF-β), inhibiting pro-inflammatory factors (COX-2, IL-1β, IL-
6, IL-17, IFN-γ), and modulating GPCRs, NF-κB, MAPK, and PI3K/Akt
pathways (Zhou et al., 2020)

Astragaloside IV Astragalus membranaceus Modulating inflammatory factors (IL-1β, TNF-α, ICAM, chemokines),
inflammatory mediators (NO), the NF-κB pathway, and apoptosis-related
genes to counteract inflammatory damage (Liang et al., 2023)

Salvianolic acid B Salvia miltiorrhiza (danshen) Inhibiting NF-κB activation, reducing TNF-α expression, suppressing
inflammatory cell infiltration, and downregulating adhesion molecules
(VCAM-1, ICAM-1) (Wang and Zeng, 2019)

Epigallocatechin-3-
gallate

Green tea Regulating T cell balance, inhibiting pro-inflammatory cytokines (TNF-α, IL-
6, IL-1β), suppressing NF-κB and Jak/STAT pathways, and reducing immune
cell migration (Zhao et al., 2021)

Cell-derived bioactive
factors

Extracellular vesicles Various sources Downregulating cytokines, chemokine signaling pathways, and Toll-like
receptor signaling; regulating immune responses by promoting macrophage
polarization from the M1 to M2 phenotype (Huang et al., 2025)

Small molecule drugs Aspirin Synthetic Inhibiting COX activity, reducing the production of inflammatory mediators
such as prostaglandins (Hussain et al., 2012)

Diclofenac sodium Synthetic Competing with arachidonic acid for binding to cyclo-oxygenase, resulting in
decreased formation of prostaglandins (Small, 1989)
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this foundation, Wang et al. (Wang et al., 2025b) designed a
glycopeptide hydrogel embedded with selenocysteine-
functionalized microspheres. The selenocysteine continuously
scavenges excessive H2O2 expressed in the cellular
microenvironment, enhances selenoprotein expression levels in
the short term, and ultimately directly modulates the expression
of thioredoxin reductase and glutathione peroxidase in cells, thereby
maintaining their direct antioxidant functions and regulating
redox balance.

In addition, boronic ester bonds and thioketal bonds exhibit
degradation characteristics in high ROS environments and help
scavenge ROS during the degradation process, thus providing an
auxiliary antioxidant effect. Deng et al. (Deng et al., 2024) designed
smart glycopeptide hydrogels based on these two chemical bonds to
precisely release the encapsulated natural antioxidant astragaloside
IV(AST) in high ROSmicroenvironments, synergistically improving
the oxidative microenvironment of chronic wounds.

5.4 Drug delivery and responsive release

Glycopeptide hydrogels are highly valuable in drug delivery
systems due to their dynamic three-dimensional network structure,
high hydrophilicity, degradability, and biocompatibility.
Glycopeptide groups of a hydrogel mimic the specific binding of
natural sugar molecules to cell surface receptors, enabling highly
targeted drug delivery. The dynamic crosslinking and self-healing
properties of glycopeptide hydrogels maintain structural integrity
during drug release, supporting long-term sustained release.
Glycopeptide hydrogels have a structure influenced by both
polysaccharides and peptides, with multiple supramolecular
interactions and dynamic covalent bonds that can stably load
different types of drugs (e.g., aspirin, docetaxel, minocycline,
vancomycin, and deferoxamine), biomacromolecules (e.g.,
cordycepin), cell-derived components (e.g., extracellular vesicles,
EVs), enzymes (e.g., β-galactosidase) or polymer microspheres (e.g.,
polylactic acid microspheres (Wang et al., 2025b)). Moreover, the
pore size, mechanical strength, and degradation characteristics of
glycopeptide hydrogels can be regulated, providing design flexibility
and adaptability to meet different drug delivery needs.

By leveraging these features, smart hydrogels with multiple
response characteristics and sequential drug release have been
designed. Wu et al. (Wu et al., 2022) developed a pH/ROS dual-
responsive injectable glycopeptide hydrogel using phenylboronic
acid-grafted oxidized dextran and caffeic acidgrafted EPL. pH-
responsive micelles (MIC) encapsulating mangiferin (MF) (MIC@
MF) and diclofenac sodium (DS) were embedded in the hydrogel
(Figure 3A). Under acidic and oxidative conditions, Schiff base and
boronic ester bonds hydrolyzed, rupturing the hydrogel network
and exposing DS and MIC@MF to the external solution. DS was
rapidly released in the initial phase (release rate reached 84.5%
within 24 h), while MIC-encapsulated MF was slowly and
continuously released over 7 days (Figures 3C,D). This
spatiotemporal delivery behavior aligned closely with the
programmed process of infected wound healing (Rodrigues et al.,
2019). Similarly, Deng et al. (Deng et al., 2024) prepared an EPBA-
PVA@MIC&AST smart responsive hydrogel, where EPBA (PBA
grafted EPL) was synthesized by conjugating PBA to EPL, and then

polyvinyl alcohol was grafted onto the EPBA to form the EPBA-
PVA hydrogel. This hydrogel has pH and ROS dual-responsive
properties and encapsulates AST-loaded micelles (MIC&AST). AST
was continuously released for 72 h, promoting sustained
angiogenesis (Figures 3B,E,F) (Deng et al., 2024).

5.5 Tissue adhesion

The strong interfacial adhesion between hydrogels and tissue is
one of the key factors ensuring the stability and reliability of the
hydrogel functionality in various biomedical applications (ZhangW.
et al., 2020; Zhang C. et al., 2020; Ma et al., 2021). However, tissue
adhesion is challenging to achieve, mainly due to the complexity of
both the internal and external environments of hydrogels. The high
water content of hydrogels produces weak boundary layer effects
and reduces surface energy (Cui and Liu, 2021; Hofman et al., 2018).
Furthermore, the dynamic nature and the chemical and mechanical
complexity of biological tissues further limit strong adhesion
(Bhagat and Becker, 2017; Bouten et al., 2014). These challenges
require the use of multiple material design strategies, such as
dynamic covalent bonds, mussel-inspired chemical mechanisms,
and supramolecular interactions, to overcome interfacial weaknesses
and achieve stable and durable wet tissue adhesion.

In glycopeptide hydrogels, tissue adhesion is typically achieved
by modifying the surface chemistry and optimizing the network
structure of the hydrogel. A classic means of enhancing adhesion
under wet conditions is covalent crosslinking between aldehyde and
amine groups via the Schiff base reaction. When imine bonds in
hydrogels break, aldehyde groups are exposed, which then react with
amine groups on the tissue surface to form new imine bonds,
thereby enhancing tissue adhesion (Huang et al., 2025;
Matsumura et al., 2014). Semiquinone bonds also demonstrate
excellent tissue adhesion properties (Yang et al., 2021b).

The introduction of natural polysaccharides, such as chitosan,
and functional groups, such as catechols, tannic acid, GA, and
dopamine, further strengthens adhesion. Chitosan, which carries
a positive charge under physiological conditions, forms ionic and
covalent bonds with negatively charged components on the tissue
surface, thus enhancing adhesion and stability (Pan et al., 2025).
Catechol groups, inspired bymussels, undergo partial deprotonation
and transformation into reactive o-dihydroxyphenyl groups under
physiological conditions, which then interact via covalent and non-
covalent bonds with amine, imidazole, and thiol groups on the
biological matrix surface to achieve tissue adhesion (Waite et al.,
2005; Shi et al., 2023). Adhesion molecules such as RGD peptides
(Zhao et al., 2024a; Lavrador et al., 2020) and galactose (Proksch
et al., 2024), when incorporated into glycopeptide hydrogels, mimic
the natural adhesion mechanisms of the extracellular matrix to
promote efficient tissue integration.

5.6 Injectability

Injectable hydrogels are a class of materials that can be delivered
to target sites within the body by injection, such as through needles
and catheters, to form gels in situ. The core characteristics of these
materials are their shear-thinning behavior and excellent
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mechanical stability. Their shear-thinning behavior allows the
hydrogels to liquefy under shear stress in needles and catheters
for delivery; once the stress is relieved, they rapidly recover their
original structure and mechanical properties due to their dynamic
crosslinked network. This phenomenon is produced by the
disruption and reconstruction of dynamic covalent bonds and
non-covalent interactions such as hydrogen bonds, hydrophobic
interactions, and π–π stacking within the hydrogel (Bertsch
et al., 2023).

Injectable hydrogels meet the urgent needs of modern medicine
to provide minimally invasive treatments and precision medicine,
particularly in parts of the body with complex anatomical structures
or those that are difficult to access surgically, such as the spinal cord,
heart, joint cavities, and vitreous cavity. Compared with traditional
implanted hydrogels, injectable hydrogels significantly reduce
wound size and postoperative complications, shorten recovery
time, and provide precise treatment through local drug delivery
and mechanical support. The challenge of these hydrogels is how to
balance their flowability and structural stability to ensure smooth
and efficient delivery during injection while still achieving rapid
recovery and maintenance of a stable structure and its function after
injection, thus ensuring long-lasting and effective performance at
the target site (Dodda et al., 2024; Mo et al., 2024).

Glycopeptide hydrogels are a unique material that fully leverages
the dynamic crosslinking characteristics of glycosyl and peptide
chains in their design, which easily achieves the required injectability
(Omidian et al., 2024). Injectable glycopeptide hydrogels are used for
minimally invasive delivery in complex anatomical locations and
have shown application potential in tissue regeneration and
precision therapy. For example, in a porcine myocardial
infarction model, a decellularised ECM (dECM)/
glycopeptide(GP) composite hydrogel was injected into the
myocardium, where it rapidly gelled, with a stiffness of
approximately 1,000 Pa. This provided ECM stability and
facilitated cell infiltration and angiogenesis (Kong et al., 2023). In
central nervous system injuries, a refrigerated CRP hydrogel,
composed of chitosan, RADA16 and PPFLMLLKGSTR peptide,
injected via minimally invasive means effectively filled irregular
spinal cord injury tissue and rapidly solidified at body temperature
as a scaffold. The formed glycopeptide hydrogel bridged the spinal
cord injury and promoted nerve regeneration (Sun et al., 2024). In
cartilage tissue repair, the local application of an oxidized dextran/
carboxymethyl chitosan/EPL/synovial mesenchymal stem cell-
derived EVs (OD/CS-PL@EVs) glycopeptide hydrogel via
injection into torn menisci filled defects in situ and promoted the
reintegration of the torn menisci (Huang et al., 2025).

FIGURE 3
Schematic illustrations and release profiles of smart glycopeptide hydrogels used for targeted drug delivery and wound healing. (A)
Schematic illustration of the pH/ROS dual-responsive injectable glycopeptide hydrogel DS&MIC@MF. (B) Schematic illustration of the smart
responsive hydrogel EPBA-PVA@MIC&AST. (C,D) Release kinetics of DS (C) and MF (D) from the DS&MIC@MF hydrogel under different
conditions. (Wu et al., 2022), Copyright 2021. Reproduced with permission from Elsevier B.V. (E,F) pH/ROS dual-responsive behavior (E)
and AST release kinetics (F) of the EPBA-PVA@MIC&AST hydrogel. (Deng et al., 2024), Copyright 2023. Reproduced with permission from
Elsevier B.V. AST: astragaloside IV; DS: diclofenac sodium; EPBA: Phenylboronic acid grafted ε-Poly-L-lysine; MF: mangiferin; MIC: micelles;
PVA: polyvinyl alcohol.
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5.7 Angiogenesis

Glycopeptide hydrogels have demonstrated significant
application potential in angiogenesis, which is of profound
significance for treating chronic wounds and ischemic diseases, as
well as for tissue regeneration. The formation of new blood vessels is
a key step in wound healing and tissue regeneration, as the new
vessels provide oxygen and nutrients, act as a scaffold for ECM
remodeling and cell migration, accelerate waste clearance, and
resolve inflammation (Chen et al., 2023; Li Y. et al., 2021).
However, in chronic wounds and ischemic microenvironments,
vascular occlusions and hypoxia are major obstacles.
Glycopeptide hydrogels, with their unique biomimetic functions
and bioactivity, provide a new approach to addressing this issue.
Common glycopeptide hydrogel strategies include promoting
M2 macrophage polarization by introducing natural
polysaccharides or using glycosyl modifications such as mannose,
enhancing local immune regulation, and secreting angiogenic
factors such as VEGF. Self-assembled nanofibers and porous
structures also enhance endothelial cell adhesion, migration, and
lumen formation (Wang J. et al., 2024; Wang et al., 2022; Feng et al.,
2020; Proksch et al., 2024). In addition, the drug-loading and
controlled release capabilities of hydrogels, such as AST or
deferoxamine, further promote endothelial cell proliferation and
new capillary formation (Qi et al., 2018; Deng et al., 2024). Recent
studies showed that by regulating signaling pathways, such as PI3K/
Akt and the downstream VEGF pathways MAPK, RAP1, and RAS,
glycopeptide hydrogels maintained their angiogenic capacity in
adverse environments, such as hypoxic and radiation-induced
damaged tissue (Guo et al., 2024; Wu et al., 2023; Kong et al.,
2023). These properties enable glycopeptide hydrogels to be
multifunctional and controllable materials that can provide
innovative solutions for chronic wound healing and tissue repair.

5.8 Hemostasis

Glycopeptide hydrogels, as novel hemostatic materials, have
multiple advantages and provide innovative solutions for treating
complex bleeding scenarios and acute trauma. Their excellent
performance is closely tied to achieving an optimized design. For
example, by precisely controlling the microporous structure, a
hydrogel can rapidly adsorb blood and concentrate coagulation
cells, significantly increasing the hemostatic efficiency (Teng
et al., 2021). In addition, cationic groups such as–NH3

+ in the
material effectively adsorb negatively charged platelets and red
blood cells, which significantly accelerates the clotting process
(Peng et al., 2024). The introduction of catechol groups enhances
the adhesion of the hydrogel in a moist tissue environment, allowing
it to firmly adhere to a wound surface. Glycopeptide hydrogels have
low hemolysis rates and good tissue compatibility, supporting their
potential for wound healing applications. In addition to rapid
hemostasis, glycopeptide hydrogels also regulate the wound
microenvironment to support healing.

Leveraging these properties, Teng et al. (Teng et al., 2024)
designed a polyethylene glycol-modified glycopeptide hydrogel
with a burst pressure resistance of up to 150 mmHg that was
able to withstand high-pressure blood flow environments and

achieve rapid hemostasis in less than 20 s (Figures 4B, C). The
hydrogel was also modified with mannose, which effectively induced
macrophage polarization to the anti-inflammatory M2 type and
inhibited the expression of pro-inflammatory factors, such as TNF-
α, which significantly alleviated wound inflammation (Figure 4A).
This design achieved rapid hemostasis and promoted dermal
regeneration, a high-density hair follicle distribution, and 90%
collagen deposition within 14 days, demonstrating remarkable
healing potential. In addition, the hydrogel was easily removed
within 5 min after hemostasis and prevented secondary damage
and bleeding, thus providing a safe and convenient treatment for
emergency situations such as massive arterial bleeding (Figure 4D).

6 Glycopeptide hydrogels in organ
engineering

6.1 Glycopeptide hydrogel skin applications

The skin is the largest organ of the human body and the first line
of defense but is easily affected by mechanical, chemical, and
radiation injuries; surgical operations; and chronic diseases such
as diabetes. Wound healing involves four stages, hemostasis,
inflammation, proliferation, and remodeling, all of which rely on
the coordinated action of various cell types and the ECM (Blacklow
et al., 2019; Guo and DiPietro, 2010). However, factors such as aging,
immune deficiencies, and peripheral arterial disease significantly
impair skin regeneration, allowing chronic hard-to-heal wounds to
develop. These wounds are often characterized by fibroblast and
endothelial cell dysfunction, excessive inflammation, elevated ROS
levels, and bacterial infections, and ultimately fall into a vicious cycle
marked by microenvironmental imbalances (Chopra et al., 2022).
Breaking this cycle requires increased oxygenation, elimination of
ROS, inhibited inflammation, and improved angiogenesis (Wu
et al., 2023).

In recent years, glycopeptide hydrogels, as biomimetic materials,
have shown strong potential for accelerating skin wound healing due
to their excellent biocompatibility, biodegradability, and
multifunctionality. The core advantage of glycopeptide hydrogels
lies in their ability to mimic the glycoprotein components and
nanofiber structures of the ECM. This improves the wound
microenvironment and promotes tissue repair and regeneration
through multiple mechanisms, including ROS elimination,
macrophage polarization regulation, inflammation suppression,
and angiogenesis. Because of these properties, glycopeptide
hydrogels are broadly used in chronic hard-to-heal wounds,
diabetic wounds, skin radiation injuries, and other conditions.
Nevertheless, challenges persist in matching degradation rates to
the prolonged healing timeline of chronic wounds and achieving
sufficient mechanical strength for high-tension areas (e.g., joints),
where rapid structural failure may occur under cyclic stress.

To meet the dynamic and complex requirements for healing
chronic wounds, Wu et al. (Wu et al., 2023) prepared a
multifunctional glycopeptide hydrogel consisting of
phenylboronic acid-grafted EPL (EPBA), EGCG, and oxidized
alginate. The hydrogel incorporated custom-made polydopamine-
coated, herb-derived, resveratrol B-loaded, honeycomb-like MnO2

nanoparticles (PHMS). The hydrogel dissociated in response to
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pH and ROS, which released PHMS nanoparticles that effectively
cleared ROS and RNS. and continuously generated oxygen, thus
maintaining the intracellular redox balance. In addition, the
hydrogel encapsulated with resveratrol B regulated macrophage
polarization, alleviated inflammation, and promoted angiogenesis
by activating the PI3K/Akt pathway, thereby comprehensively
accelerating skin repair through multiple stages of the wound
healing process (Figure 5A). The hydrogel demonstrated
significant therapeutic effects in a diabetic skin wound model
infected with Staphylococcus aureus in Sprague–Dawley rats,
including bacterial eradication, oxidative stress improvements,
inflammation reductions, new blood vessel formation, and
collagen deposition. Similarly, Zhang et al. (2024) and Deng et al.
(2024) constructed hydrogels with pH and ROS dual-responsive
characteristics. By embedding herbal extracts into ECM-mimicking
hydrogel networks, they enhanced the antimicrobial and antioxidant
properties of the hydrogel while optimizing the treatment effects
during the inflammation, proliferation, and remodeling stages,
which accelerated the healing of chronic hard-to-heal wounds.

In diabetic wound management, glycopeptide hydrogels based
on biomimetic ECM structures that can intelligently regulate the
microenvironment have become an important research direction for
diabetic wound repair. Liu et al. (Liu et al., 2024) designed a hydrogel
comprising oxidized glucomannan and functional peptides, which
formed a network structure through Schiff base and hydrogen bond
interactions. The hydrogel exhibited self-healing, antibacterial, and
antioxidant properties, significantly promoting angiogenesis and

tissue regeneration in diabetic wounds by promoting the
M2 macrophage phenotype. Xia et al. (Xia et al., 2023) designed
a novel hydrogel (HPADN) using HA modified with
diacylhydrazide hexanedioate (HA-ADH) or aldehyde (OHA)
and dopamine-modified poly-6-aminohexanoic acid (PADA).
The hydrogel dynamically regulated pH through the release of
H+ release by PADA and the capture of H+ by HA-ADH
(Figure 5B). The regular changes in pH (alkaline–acidic–neutral)
met the pH requirements of the wound microenvironment during
different healing stages and promoted tissue regeneration by
regulating immune cell (macrophages and endothelial cells)
behavior, providing an innovative strategy for diabetic wound
treatment (Figure 5C).

In radiodermatitis (RSI), in addition to acute damage caused by
excessive ROS and chronic inflammation induced by macrophage
homeostasis imbalance, radiation also induces the DNA damage
response, with persistent or irreparable DNA damage, irreversible
cell cycle arrest, and the release of senescence-associated secretory
phenotype factors. These factors ultimately lead to cell senescence
and stagnated proliferation, which affect the function of
surrounding normal cells and hinder wound healing (Bloom
et al., 2023). Feng et al. (Feng et al., 2023) used GM, polymerized
peptides (K2(SL)6K2), and tannic acid to generate antioxidant
activity, which enhanced tissue adhesion and regulated
inflammatory microenvironment functions, significantly reducing
radiation-induced acute damage and chronic inflammation. Guo
et al. (Guo et al., 2024) designed a biomimetic self-assembled

FIGURE 4
Application of a glycopeptide hydrogel in hemostasis. (A) Schematic illustration of the preparation and application of a biomimetic PEGylated
glycopeptide hydrogel that modulated the inflammatory wound microenvironment to promote arterial hemostasis and wound healing. (B,C) In vivo
hemostatic performance of the hydrogel in a rat femoral artery model. Relative blood loss (B) and hemostasis time (C) for different hydrogel formulations.
(D) Representative photographs demonstrating the hemostatic effect of the hydrogel: (left) initial bleeding, (middle) hemostasis achieved with the
hydrogel, and (right) hydrogel removal after hemostasis. (Teng et al., 2024), Copyright 2024. Reproduced with permission from the American
Chemical Society.
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glycopeptide hydrogel (oxidized chondroitin sulfate-peptide@
aspirin, oCP@As) using dual-phase regulation (early-stage ROS
scavenging, DNA repair, and late-stage inflammation mediation)
(Figure 5D) for on-demand treatment of RSI. The hydrogel featured
an ECM-mimetic nanofiber structure and incorporated oxidized
chondroitin sulfate to regulate the inflammatory response. It
remodeled the inflammatory microenvironment and
demonstrated excellent anti-inflammatory and repair effects
during both the acute and chronic phases of wound repair.
Wang et al. (Wang H. et al., 2024) prepared a glycopeptide
hydrogel with self-assembled peptides (Nap-FFRR) and HA, in
which encapsulated cordycepin was released in a controlled
manner through dynamic covalent binding. The hydrogel
effectively inhibited radiation-induced cellular senescence, while
the arginine in the peptide chain provided antioxidant properties
and acted as a nitric oxide (NO) precursor to promote angiogenesis.
Animal experiments demonstrated that the hydrogel significantly
improved the repair of radiotherapy-damaged tissue, reduced
cellular damage, and accelerated wound healing, thus offering an
innovative solution for wound management after neoadjuvant
radiotherapy.

As an anti-aging treatment for skin, glycopeptide hydrogels
exhibit outstanding hydration and microenvironment regulation
capabilities. Zhang et al. (Zhang et al., 2025) developed a

glycopeptide hydrogel (γ-PGA/HA) comprising γ-PGA and HA
in the form of microneedle patches. The hydrogel effectively
penetrated the skin barrier to provide significant moisturizing
and fibroblast-promoting effects, ROS consumption, and TNF-α
inhibition, with high biocompatibility. This hydrogel exhibited the
potential for regulating the skin microenvironment and supporting
applications in skin aging treatment.

6.2 Glycopeptide hydrogel applications in
bone and cartilage repair

Bone and cartilage tissue damage presents significant clinical
challenges, particularly because of their limited self-repair capacity,
and often leads to irreversible tissue degeneration. Traditional
treatment methods, such as artificial implants or growth factor
delivery systems, can promote repair to some extent but face
issues such as insufficient biocompatibility, long-term integration
challenges, and immune rejection. Therefore, in recent years,
bioactive scaffolds based on glycopeptide hydrogels have become
a research focus of bone and cartilage regenerative medicine. The
ECM-mimicking characteristics, immune regulation capabilities,
and degradability of glycopeptide hydrogels may offer superior
therapeutic results in bone and cartilage repair. However, their

FIGURE 5
Application of a glycopeptide hydrogel in the skin. (A) Schematic diagram of the preparation method and wound healing mechanism of the EPEG-
OA@PHMS hydrogel. (Wu et al., 2023), Copyright 2023. Reproduced with permission from JohnWiley and Sons, Inc. (B,C)Dynamic pH-regulated wound
healing promoted by theHPADN hydrogel at different stages. HPADN hydrogel includedHAmodifiedwith diacylhydrazine adipate (HA-ADH) or aldehyde
(OHA), and dopa-modified poly(6-aminohexanoic acid) (PADA). (Liu et al., 2024), Copyright 2024. Reproduced with permission from Elsevier
Science, Ltd. (D) Dual-phase regulatory strategy of the oCP@As hydrogel. (Guo et al., 2024), Copyright 2024. Reproduced with permission from the
American Chemical Society. EPEG-OA: phenylboronic acid-grafted EPL, epigallocatechin-3-gallate and oxidized alginate; PHMS: resveratrol B-loaded,
honeycomb-like MnO2 nanoparticles.
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compressive strength remains inadequate for load-bearing
applications, and rapid degradation often precedes complete
tissue regeneration, necessitating covalent stabilization or
composite reinforcement.

6.2.1 Cartilage tissue repair
Cartilage is extremely difficult to repair due to its lack of a blood

supply and low cellular activity; furthermore, cartilage damage is
often accompanied by oxidative stress imbalances, ECM
degradation, and deterioration of the inflammatory
microenvironment (Jeyaraman et al., 2024). To address these
challenges, researchers have been developing biomimetic scaffold
materials that promote cartilage regeneration. The choice of scaffold
material is critical for successfully reconstructing cartilage tissue, as
the materials must have the appropriate biocompatibility,
functionality, and mechanical properties. Zhao et al. (Zhao et al.,
2024a) developed a biomimetic fibrous network glycopeptide
hydrogel (Nap-FFGRGD@Fucoidan) based on marine-derived
fucoidan and Nap-FFGRGD (Figure 6A), which mimicked the
collagen fiber structure of natural cartilage. The hydrogel
effectively eliminated ROS and increased the chondrocyte ECM
synthesis capacity through the antioxidant action of fucoidan and
cell adhesion sites of the RGD sequence, re-establishing the
metabolic balance of the cartilage matrix. The study showed that
the hydrogel significantly enhanced cartilage regeneration by
activating the NRF2 antioxidant signaling pathway. In vivo
experiments demonstrated that the hydrogel promoted new
cartilage formation, increased the area of regenerated cartilage by
1.65 times, and coordinated subchondral bone structure remodeling,
thus providing a novel approach to cartilage tissue engineering.

Hu et al. (2023) developed a novel glycopeptide hydrogel
designed as a proteoglycan mimic for repairing articular cartilage
defects. Using a Schiff base reaction, PLL was crosslinked with
oxidized dextran to fabricate six hydrogel variants (Gel-1 to Gel-6)
with gradient concentrations and distinct pore sizes. Among these,
Gel-3—characterized by a pore size of 122 ± 12 μm—demonstrated
superior cartilage regeneration capacity. The hydrogel had a loose
porous structure that promoted chondrocyte proliferation,
attachment, and migration, and significantly reduced intracellular
ROS. In vitro and in vivo experiments demonstrated that the
hydrogel promoted cartilage ECM deposition and upregulated
cartilage-specific gene expression. In a rabbit knee cartilage defect
model, the Gel-3 group exhibited excellent cartilage regeneration
potential, thereby providing a theoretical reference for designing
future cartilage tissue regeneration materials.

6.2.2 Meniscus injury
The meniscus is an avascular, heterogeneous fibrocartilage

structure with a low cell density that functions in knee joint
stability and load distribution. However, its ability to regenerate
and heal after tearing is limited (Yan W. et al., 2021). Current
treatment methods, such as meniscus suturing, replacement, and
tissue engineering, are challenged by biocompatibility, mechanical
properties, and low healing rates. Huang et al. (Huang et al., 2025)
designed and prepared a high-moisture adhesive antibacterial
hydrogel (OD/CS-PL@EVs) via Schiff base and amide reactions
to crosslink oxidized dextran, chitosan, and the antimicrobial
peptide EPL, and formed a stable 3D network structure. The

hydrogel was loaded with EVs derived from synovial
mesenchymal stem cells (SMSCs) to enhance the bioactivity and
repair function of the hydrogel (Figure 6B). When the hydrogel was
injected to enable adhesive repair of meniscus injuries, it effectively
adhered to the damaged tissue despite the moist joint environment
and prevented microbial invasion. The SMSC-EVs loaded into the
hydrogel promoted the proliferation, migration, and chondrogenic
differentiation of endogenous cells. The hydrogel accelerated
meniscus cartilage tissue regeneration and restored cartilage-like
tissue and physiological function in the avascular region. Compared
with current approaches for meniscus injuries, the hydrogel
provided significant advantages in tissue integration,
inflammation regulation, immune adaptability, and ease of
operation, rendering it suitable for in situ repair of meniscus
tears and for use in combination with meniscus suturing
techniques for larger area injuries.

6.2.3 Cranial and periodontal bone repair
To resolve large cranial bone defects,Wang et al. (Wang et al., 2022)

designed a biomimetic glycopeptide hydrogel (GRgel) combined with a
3D-printed polycaprolactone and nano-hydroxyapatite (PCL/nHA)
scaffold to form the PH@GRgel. The β-sheet RADA16 peptide was
grafted onto glucomannan in the hydrogel to form an ECM-like fibrous
structure as a non-covalent composite with a 3D-printed PCL/nHA
scaffold. The hydrogel significantly promoted the proliferation and
osteogenic differentiation of bone marrow mesenchymal stem cells
(BMSCs) and induced M2 macrophage polarization, which enhanced
macrophage-BMSC signaling communication (Figure 6C). In a rat
cranial defect model, the composite scaffold exhibited 83.3% new bone
formation with high levels of vascularization at the defect site after
12 weeks, demonstrating its immense potential for cranial regeneration.

To treat periodontal bone defects, Zhao et al. (Zhao et al., 2024b)
designed a glycopeptide hydrogel (MH/GRW(gel)) loaded withMH.
The hydrogel’s ECM-like fibrous and porous structure provided a
scaffold supporting cell adhesion and proliferation. The hydrogel
rapidly released MH to combat bacteria and effectively inhibited
biofilm formation in deep periodontal pockets. More importantly,
W9 specifically bound RANKL, blocking the RANKL/RANK
signaling axis, inhibiting osteoclast maturation, and promoting
osteoblastic differentiation. This significantly inhibited
periodontal bone resorption and enhanced new bone formation
in a rat periodontitis model, providing an innovative drug-free
delivery solution for periodontal regeneration (Figure 6D).

6.3 Glycopeptide hydrogels in myocardial
tissue repair

The treatment of myocardial infarction remains a significant
challenge due to excessive inflammation, massive cell death, and
limited regenerative potential, which leads to maladaptive healing
processes and eventual heart failure. Ideal cardiac tissue engineering
materials should both improve the delivery and function of cells and
molecules and provide mechanical support to damaged and
weakened cardiac tissue (Ye and Black, 2011; Chen and Liu,
2016). The current means of modulating inflammation and
improving cardiac tissue regeneration have achieved only limited
success. Furthermore, ideal cardiac regenerative biomaterials would
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be biomimetic and provide biological, mechanical, electrical, and
chemical cues similar to those in the native myocardium, while being
deliverable via minimally invasive procedures to reduce additional
damage incurred during surgical implantation.

In light of this, Kong et al. (Kong et al., 2023) developed a hybrid
dECM/GP hydrogel comprising cardiac dECM and
immunomodulatory glycopeptides to achieve endogenous tissue
regeneration after myocardial infarction. The hydrogel mimicked the
natural ECM structure to direct host cell homing, controlled
macrophage differentiation through glycopeptide units, and
promoted endothelial cell proliferation by enhancing macrophage-
endothelial cell crosstalk, thereby coordinating the innate healing
mechanisms of cardiac tissue regeneration (Figure 7A). In rodent
myocardial infarction models, the hybrid hydrogel demonstrated
enhanced M2 macrophage polarization, increased angiogenesis, and
improved cardiomyocyte survival, effectively reducing the infarct size,
improving wall thickness, and enhancing myocardial contractility.

Castro et al. (Castro et al., 2025) developed a dynamic
supramolecular hydrogel (Fmoc-FFGlcN6S) based on the
conjugation of diphenylalanine glucosamine-6-sulfate with

fluorenylmethoxycarbonyl (Fmoc), which self-assembled into a
nanofiber network simulating cardiac tissue. The hydrogel surface
was micro-patterned to form grooves 15 μm wide (Figures 7C,D).
This pattern guided the directional alignment of pluripotent stem
cell-derived cardiomyocytes (iPSC-CMs) upon induction
(Figure 7B). The cultured cardiomyocytes exhibited synchronous
contractions, electrical interconnections, and mature marker
expression, indicating their potential for providing critical
physical and biochemical signals to facilitate myocardial tissue
regeneration. The directional alignment promoted cardiomyocyte
functionalization, enabling the cells to mimic the natural contraction
patterns in cardiac tissue. This study provided new insights into
cardiac tissue engineering.

6.4 Glycopeptide hydrogel applications in
ocular treatment

(Xu et al., 2012) developed a therapeutic glycopeptide based on
small peptide molecules, in which glucosamine groups were

FIGURE 6
Application of glycopeptide hydrogels in bone defect repair. (A) Schematic diagram of the preparation and biological functions of the Nap-
FFGRGD@Fucoidan hydrogel. (Zhao et al., 2024a), Copyright 2023. Reproduced with permission from Elsevier Science, Ltd. (B) Schematic diagram of the
preparation and biological functions of the OD/CS-PL@EV hydrogel. (Huang et al., 2025), Copyright 2024. Reproduced with permission from Elsevier
Science, Ltd. (C) Schematic diagram of the preparation and biological functions of PH@GR(gel). (Wang et al., 2022), Copyright 2022. Reproduced
with permission from Elsevier Science, Ltd. (D) Schematic diagram of MH/GRW(gel). (Zhao et al., 2024b), Copyright 2024. Reproduced with permission
from the American Chemical Society. CS: chitosan; EV: Extracellular vesicle; GRW: glucomannan, RADA16 andWP9QY peptide; PL: ε-Poly-L-lysine; OD:
oxidized dextran; MH:minocycline hydrochloride; PH@GR(gel): glycopeptide hydrogel (GRgel) combinedwith a 3D-printed polycaprolactone and nano-
hydroxyapatite (PCL/nHA) scaffold.
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covalently attached to the peptide sequence (FMOC-Phe-Phe-Asp).
The glycopeptide self-assembled into a hydrogel with a nanofiber
microstructure under physiological conditions. When used in rabbit
ocular filtration surgery, the hydrogel effectively inhibited the
formation of postoperative scar tissue, maintained the patency of
the postoperative filtering bleb and drainage fistula, and thus
maintained a low intraocular pressure level for 21 days. The
therapeutic effect was comparable to traditional anti-proliferative
drugs, but without the need for additional anti-proliferative agents,
thereby avoiding the toxic side effects of these drugs on ocular
tissues. This also simplified the surgical procedure and reduced
treatment costs, providing a safe and efficient alternative for
glaucoma filtration surgery. However, precise control over
degradation rates remains challenging in the enzymatically active
ocular environment, and residual crosslinkers may provoke chronic
inflammation unless rigorously purified.

6.5 Glycopeptide hydrogel applications in
nerve repair

Damage to the central nervous system often causes neuronal
loss, axonal rupture, and inflammation. The ECM, as a complex
dynamic network, provides mechanical support to cells and
regulates neuronal survival, proliferation, and differentiation
through biochemical signals. Therefore, developing biomimetic
hydrogels with ECM-like structures has become an important

approach for promoting nerve repair (Raspa and Gelain, 2021).
Despite progress, mismatched mechanical properties and
asynchronous degradation with axonal regrowth limit
functional recovery.

Glycopeptide hydrogels self-assemble to form highly hydrated
nanofiber networks that effectively mimic the structure and function
of the ECM. For example, Sun et al. (Sun et al., 2024) designed a
composite CRP hydrogel,which rapidly gelled at body temperature
and provided an ideal regenerative microenvironment for neural
stem cells (NSCs) with its porous 3D structure. In vitro experiments
showed that the CRP hydrogel promoted NSC proliferation and
migration and significantly induced NSC differentiation into
neurons while inhibiting their differentiation into glial cells. In
vivo tests further validated the repair capacity of the CRP
hydrogel. It improved motor function in a complete spinal cord
injury model by regulating the PI3K/AKT/mTOR signaling
pathway, reducing inflammation and glial scar formation
(Figure 8). Castro et al. (Castro et al., 2023) developed a
supramolecular hydrogel based on aromatic glycopeptides that
captured and protected key growth factors such as FGF-2. The
hydrogel-induced human adipose-derived stem cells to differentiate
into the neural lineage without exogenous differentiation factors.
The hydrogel significantly upregulated the expression of neural
markers, such as GFAP and Nestin. Its mechanical properties
were modulated to influence cell adhesion and differentiation
efficiency through the degree of glycosylation. The level of
glycosylation crucially affected the biological functionality of the

FIGURE 7
Application of glycopeptide hydrogels inmyocardial tissue repair. (A) Schematic representation of the preparation and biological functions of dECM/
GP. (Kong et al., 2023), Copyright 2023. Reproduced with permission from John Wiley and Sons, Inc. (B) Illustration of the elongation and alignment of
iPSC-CMs cultured on control and Fmoc-FFGlcN6S hydrogel matrices. (C) Schematic of the micro-patterning process used. (D) Representative atomic
forcemicroscopy images of themicro-patterned hydrogels. (Castro et al., 2025), Copyright 2024. Reproducedwith permission from Elsevier. dECM:
decellularised extracellular matrix; GP: glycopeptide; iPSC-CMs: Induced pluripotent stem cell-derived cardiomyocytes.
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hydrogel, conferring with excellent cell compatibility and neural
differentiation effects.

7 Summary and outlook

Glycopeptide hydrogels, as a new type of multifunctional
biomaterial, have broad prospects in tissue repair, drug delivery,
and antimicrobial therapy applications due to their ECM
biomimetic structures, dynamic responsiveness, and high
bioactivity. Glycopeptide hydrogels exhibit unique advantages:
their sugar chains mimic the glycosaminoglycan functions of the
natural ECM, directly participating in cell-matrix interactions, while
peptide chains provide specific biological signals to guide cell
migration and differentiation. In contrast to pure protein-based
hydrogels, the dynamic crosslinked networks of glycopeptide
systems allow easier mechanical property regulation while
integrating the immunomodulatory properties of polysaccharides
with the targeting functions of peptides. This combination
demonstrates a distinctive “chemical-biological” dual-active
synergistic effect. In recent years, researchers have made

significant progress in design strategies, biofunctional
optimization, and the application expansion of glycopeptide
hydrogels. For example, glycopeptide hydrogels constructed
through dynamic covalent bonds, such as Schiff base bonds and
borate ester bonds, and supramolecular interactions such as
hydrogen bonds, π–π stacking, and electrostatic interactions,
exhibit excellent biocompatibility and degradability while
supporting the regulation of mechanical properties, drug release,
and immune microenvironment modulation according to specific
environmental needs. In addition, researchers have successfully
developed high-performance glycopeptide hydrogels that promote
angiogenesis, regulate inflammatory responses, and enhance
antibacterial activity by combining self-assembling peptides with
functionalized polysaccharides, thereby providing innovative
solutions for treating chronic wounds, cartilage injuries, and
other complex diseases.

The future development of glycopeptide hydrogels should focus
on systematic exploration across three dimensions: functional
module expansion, biomechanical mimicry, and organ
microenvironment adaptation, driving their evolution from
“structural support” to “functional regeneration” materials. First,

FIGURE 8
Preparation of the CRP hydrogel and its application in spinal cord injury. (Sun et al., 2024), Copyright 2024. Reproduced with permission from John
Wiley and Sons, Inc. CRP: chitosan, RADA16 and PPFLMLLKGSTR peptide.
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the expansion and precision design of functional peptide motifs will
be pivotal for enhancing hydrogel bioactivity. While classical
sequences such as RGD have been widely employed to promote
cell adhesion and migration, their regulatory capacity in specific
tissue microenvironments remains limited. Future research could
integrate structural prediction technologies (e.g., AlphaFold-
Multimer) with proteomics data to screen or design peptide
analogs with multifunctional capabilities, such as neural
guidance, angiogenesis, and immunomodulation, thereby
constructing a synergistic glycopeptide hydrogel platform.
Additionally, leveraging the inherent modifiability of
polysaccharide chains, glycosylation modulation strategies (e.g.,
oligosaccharide modification, site-specific polysaccharide
functionalization) could further enhance peptide recognition and
signaling efficiency in complex microenvironments, broadening the
functional scope of these materials.

Second, the current glycopeptide hydrogels struggle tomatch the
complex mechanical demands of natural soft tissues in terms of
toughness, shear recovery, and stress relaxation. Enhancing
viscoelastic properties is a core challenge for achieving tissue
biomimicry and dynamic adaptability. Building on recent
advances in high-strength hydrogels, future glycopeptide systems
could incorporate dual-network architectures, slide-ring structure,
and polymer chain entanglement strategies to establish multi-scale
hierarchical mechanical networks. These networks would enable
energy dissipation and structural stability under high-strain
conditions. Furthermore, integrating elastin-mimetic sequences,
photo-responsive dynamic crosslinking, and reversible non-
covalent “sacrificial bonds” may further refine the hydrogel’s
viscoelastic adaptability (Teng et al., 2025).

Finally, bio-inspired designs tailored to multi-organ
microenvironments will expand the applications of glycopeptide
hydrogels in regenerative medicine. Given the unique ECM
composition, structural hierarchy, and mechanical properties of
different tissues and organs, universal hydrogels are inadequate
for precise repair. Future efforts should leverage spatial
transcriptomics and single-cell ECM omics data to decode organ-
specific matrix compositions and glycosylation patterns, guiding the
microenvironment-mimetic design of glycopeptide hydrogels.

In summary, as a new generation of functionally integrated
biomaterials, the advancement of glycopeptide hydrogels requires
coordinated progress across three critical pathways: functional
sequence expansion, dynamic mechanical regulation, and tissue
microenvironment adaptation. This will facilitate their transition

from “ECM mimicry” to “regenerative regulation,” laying a robust
foundation for their broad application in precision medicine and
personalized tissue engineering.
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