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Carbohydrates play essential roles in biological systems, 
where structural diversity and glycan-mediated interactions 
govern molecular recognition, immune responses, and tissue 
organization. These features provide a foundation for nature-
inspired therapeutic design. In this review, we highlight how 
carbohydrate-based systems translate biological principles 
into functional therapeutic strategies. We focus on glycan-
mediated immune activation, carbohydrate-based delivery 
systems, and polysaccharide biomaterials. Multivalent glycan 
architectures can directly activate innate immune pathways 
and remodel the tumor microenvironment, while plant-derived 
polysaccharides enable biologically responsive delivery 
through receptor recognition and microbiota-triggered release. 
At the materials level, polysaccharide-based hydrogels mimic 
extracellular matrices and support tissue regeneration. 
Together, these examples illustrate how carbohydrate-based 
design principles can be leveraged to develop next-generation 
precision therapeutics that integrate effectively with biological 
systems.
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Carbohydrate-based biomimetic design 
principles in therapeutic development
Carbohydrates, although assembled from a limited set of 
monosaccharide building blocks, exhibit extraordinary

structural diversity through variations in composition, 
linkage, stereochemistry, and branching. This diversity 
spans biological systems from small glycoconjugates and 
glycoproteins to complex extracellular matrices and the 
cell-surface glycocalyx, where glycans function as key 
determinants of molecular recognition and cellular 
communication [1,2].

Rather than acting as passive scaffolds, glycan motifs 
encode biologically relevant information. Their inherent 
heterogeneity and multivalency enable selective yet 
dynamic molecular interactions that influence down-

stream physiological processes [3,4]. These features 
provide a conceptual foundation for biomimetic thera-

peutic design. Exploiting glycan heterogeneity and 
multivalency, carbohydrate-based systems can be engi-

neered across multiple levels of biological organization, 
from defined glycan oligomers that control lectin bind-

ing and receptor clustering to structurally complex 
polysaccharides that reproduce key glycocalyx functions, 
such as multivalent receptor engagement, steric pro-

tection, and modulation of cell—environment in-

teractions [2,5]. Such systems enable precise tuning of 
binding affinity, spatial presentation, and signaling out-

comes through control of glycan structure, density, and 
architecture. Consequently, carbohydrate-based bio-

mimetic strategies support diverse therapeutic appli-

cations, including modulation of immune receptors, 
glycan-targeted delivery via endogenous recognition 
pathways, and the design of polysaccharide matrices 
that direct cell behavior in regenerative contexts.

Glycan-mediated immune activation: from 
pattern recognition to therapeutic design
Carbohydrates, particularly polysaccharides, can form 
molecular patterns recognized by the innate immune 
system through pattern-recognition receptors (PRRs) 
that detect conserved pathogen-associated molecular 
patterns (PAMPs). The canonical ligand of Toll-like 
receptor 4 (TLR4) is bacterial lipopolysaccharide 
(LPS), with the lipid A moiety serving as the principal 
recognition motif [6]. Recognition of LPS by the 
TLR4—MD-2 receptor complex, facilitated by CD14, 
triggers rapid innate immune activation. Beyond ca-

nonical LPS recognition, several naturally derived 
polysaccharides have also been reported to modulate 
TLR4 signaling, although the underlying mechanisms
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remain incompletely understood [7]. In these systems, 
multivalent glycan presentation is thought to enhance 
receptor clustering and downstream signaling. These 
principles have been applied to engineered glycan-based 
therapeutic systems.

Plant-derived polysaccharides, such as rhamnogalacturonan-I 
(RG-I) fractions from Panax ginseng, have been assembled into 
nanoscale structures that present defined glycan patterns [8]. 
RG-I is highly abundant in the cell walls of P. ginseng and is 
enriched in arabinogalactan and galactan side chains, 
providing a structurally dense galactose display [9]. These 
galactan-enriched RG-I nanocomposites (∼100—150 nm) 
enable multivalent interactions with TLR4 on macrophages, 
promoting receptor clustering and dimerization, and acti-

vating downstream NF-κB and MAPK signaling (Figure 1a), a 
mechanism widely supported by studies characterizing the 
innate immune response to ginseng extracts [10,11]. 
Consequently, macrophages are reprogrammed from an 
immunosuppressive (M2-like) to a pro-inflammatory (M1-

like) phenotype, characterized by increased cytokine pro-

duction and enhanced antigen presentation (Figure 1b) 
[11,12]. At the tissue level, this shift enhances cytotoxic T 
cell infiltration and remodels the tumor microenvironment 
toward an inflammatory state. This immunological reprog-

ramming potentiates the therapeutic efficacy of immune 
checkpoint blockade, such as anti-PD-1/PD-L1 therapies, in 
otherwise poorly immunogenic tumors [10,13].

Fungal-derived polysaccharides, particularly those from 
Ganoderma lucidum (Reishi), have emerged as dual-

function biomimetic platforms that bridge innate and 
adaptive antitumor immunity. Fucose-rich fractions from 
Reishi act as intrinsic adjuvants by clustering pattern-

recognition receptors such as TLR4/TLR2, which in 
turn activates the transcription factor Blimp-1, thereby 
driving B-cell maturation and antibody secretion [14]. In 
parallel, these fractions display repeating terminal motifs 
(e.g., Fucα1—2Gal) that structurally resemble Globo 
H-series tumor-associated glycans (Figure 1a) [15].

While synthetic Globo H vaccines typically require 
complex, multistep conjugation with immune adjuvants 
or carrier proteins to overcome the inherently low 
immunogenicity of carbohydrates [16], G. lucidum poly-

saccharides provide a naturally integrated solution. By 
coupling an α-(1 → 4)-mannan and α-(1 → 6)-galactan 
scaffold, which drives innate receptor activation, with 
Fucα1—2Gal glycan mimicry, these polysaccharides elicit 
a self-adjuvanted response. This response is character-

ized by B1 B-cell activation and IgM production, gener-

ating cross-reactive antibodies against the Globo H series 
(Globo H, Gb5, and Gb4) that mediate robust tumor cell 
cytotoxicity [15]. These naturally derived poly-

saccharides offer an integrated and efficient platform for 
glycan-based immunotherapy.

GlycoCaging: precision carbohydrate 
delivery systems
Carbohydrate-based materials, particularly poly-

saccharides, have been widely explored as drug delivery 
systems due to their biocompatibility, structural di-

versity, and capacity for drug encapsulation [17,18]. 
Conventional platforms such as hydrogels and aerogels 
enable controlled release through diffusion and matrix 
degradation; however, these systems are largely 
governed by nonspecific physicochemical processes, 
often resulting in premature release and limited spatial 
selectivity [19—21]. Consequently, achieving precise, 
site-specific therapeutic activation remains a major 
challenge in polysaccharide-based delivery.

To overcome these limitations, emerging strategies are 
shifting toward biologically gated delivery systems, in 
which drug release is governed by selective biological 
processes rather than passive environmental triggers. 
Enzyme-mediated carbohydrate decaging is an estab-

lished drug-delivery strategy in which carbohydrate 
moieties temporarily mask therapeutic agents until 
selective glycosidase-mediated cleavage restores drug 
activity. Early approaches primarily employed 
monosaccharide-based β-glucuronide conjugates, which 
have been widely investigated as enzyme-responsive 
prodrugs and antibody—drug conjugate (ADC) linkers 
for site-selective drug activation by β-glucuronidase 
[22,23]. Building on this concept, Ma et al. introduced 
the GlycoCaging platform, which extends enzyme-

mediated drug activation from monosaccharide conju-

gates to structurally defined, plant-derived oligosaccha-

rides selectively degraded by microbiota-derived 
glycoside hydrolases [24]. The GlycoCaging platform 
employs defined plant-derived oligosaccharides, such as 
XXXG (Xyl 3 Glc 4 ), a major motif in xyloglucans from 
tamarind seed and most non-graminaceous plant cell 
walls (Figure 2) [25], to conjugate therapeutic agents 
such as dexamethasone, which is otherwise susceptible 
to premature absorption in the upper gastrointestinal 
tract. The GlycoCaging architecture shields the drug 
during transit through the upper gut and resists degra-

dation by host enzymes, as humans lack the specific 
glycoside hydrolases required to cleave these structurally 
complex motifs.

In contrast, the colon harbors specialized microbial 
communities, particularly members of the genus 
Bacteroides, that possess polysaccharide utilization loci 
(PULs) encoding endo-xyloglucanases from the GH5 
family capable of releasing GlycoCaged drugs [26,27]. 
Upon selective enzymatic cleavage, the glycocage is 
dismantled, releasing the active drug directly at the 
disease site. Mechanistically, this system is imple-

mented as XXXG—drug conjugates in which glycosidic 
linkages remain stable in the upper gastrointestinal tract
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but are selectively cleaved in the colon, thereby 
restricting therapeutic activation to enzyme-rich mi-

crobial niches. This strategy enables high-precision, 
site-specific delivery while minimizing systemic expo-

sure, offering clear advantages for localized conditions 
such as inflammatory bowel disease (IBD).

Furthermore, by adjusting polysaccharide structure, 
branching patterns, and linkage composition, it is 
possible to align with the enzymatic profiles of specific 
microbial communities, enabling adaptable and 
potentially personalized delivery strategies. The 
GlycoCaging system exemplifies how carbohydrate-

Figure 1

Multivalent glycan recognition and immune activation by plant- and fungal-derived polysaccharides.
(a) Ginseng- and reishi-derived polysaccharides present specific branched glycan patterns that enable multivalent recognition by the pattern-recognition 
receptors TLR2 and TLR4. As shown by galactan-enriched RG-I nanoparticles from ginseng, defined glycan architectures promote receptor clustering 
and activate NF-κB/MAPK signaling, thereby inducing innate immune responses. (b) Multivalent recognition of branched glycans by pattern-recognition 
receptors on macrophages induces M1 polarization and pro-inflammatory cytokine secretion. Activated macrophages promote immune cell recruitment 
and reshape the tumor microenvironment, enhancing cytotoxic responses. This immune activation synergizes with immune checkpoint blockade (e.g., 
anti-PD-1/PD-L1) to improve antitumor efficacy (Figure designed by the authors using BioRender.com). Abbreviations: TAM, tumor-associated 
macrophage; D-GalpA, D-galactopyranuronic acid; L-Fucp, L-fucopyranose; L-Rhap, L-rhamnopyranose; D-Galp, D-galactopyranose; D-Manp, D-
mannopyranose.
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based delivery platforms can evolve from passive carriers 
to biologically integrated systems, where release and 
activation are controlled by natural metabolic and 
enzymatic processes.

Naturally-derived polysaccharide 
hydrogels for regenerative therapeutics
Polysaccharides are natural sugar polymers commonly 
found in animal, plant, algal, and microbial systems [28]. 
Their backbones, rich in hydroxyl, carboxyl, and primary 
amine groups, provide inherent hydrogen-bonding abil-

ity and electrostatic interactions in aqueous environ-

ments. These native functional groups also serve as 
versatile chemical handles for further modifications, 
such as methacrylation, thiolation, and sulfation, 
thereby promoting the formation of highly hydrated 
three-dimensional networks characteristic of hydrogels 
through both physical and chemical crosslinking 
[29,30]. By precisely controlling the degree and location 
of functionalization while maintaining their matrix-

forming properties, such strategies enable the develop-

ment of semi-synthetic hydrogels with tunable

mechanical strength, degradation rates, and therapeutic 
performance suitable for regenerative applications.

Hyaluronic acid, alginate, and chitosan are structurally 
distinct polysaccharides characterized by their mono-

saccharide composition and glycosidic linkage patterns. 
Hyaluronic acid, a glycosaminoglycan commonly found 
in animal connective tissues and extracellular matrices, 
consists of repeating disaccharide units of D-glucuronic 
acid and D-N-acetylglucosamine and adopts a highly 
hydrated, random coil conformation at physiological pH 
[31]. Alginate, derived from brown algae, contains 1,4-

linked β-D-mannuronic acid (M) and α-L-guluronic 
acid (G) residues arranged in homopolymeric M-blocks, 
G-blocks, and alternating MG-block sequences [32]. 
The proportion and distribution of these blocks are 
crucial for gelation behavior, as G-rich regions tend to 
coordinate with divalent cations such as Ca 2+ to form 
the characteristic “egg-box” structure that promotes 
ionic crosslinking and hydrogel formation. Chitosan, 
produced by partial deacetylation of chitin from crus-

tacean shells, consists of β-1,4-linked glucosamine units

Figure 2

Microbial hydrolase-specific drug release via the GlycoCaging system.
(Upper panel) Preparation of GlycoCaging constructs by conjugating the xyloglucan-derived oligosaccharide XXXG, isolated from tamarind seed 
xyloglucan, to dexamethasone. (Lower panel) After oral administration, the XXXG–dexamethasone conjugate remains intact as it passes through the 
upper gastrointestinal tract and is selectively activated in the colon by glycoside hydrolases produced by members of the genus Bacteroides, resulting in 
localized drug release (Figure designed by the authors using BioRender.com).
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and is distinguished by its cationic nature due to pro-

tonated amino groups [33]. The combination of their 
hydration capacity, crosslinking potential, and bioactive 
properties makes these macromolecules suitable as 
carbohydrate-based scaffolds that can mimic native 
tissue architecture.

Natural polysaccharide hydrogels are biocompatible and 
biodegradable, which reduces cytotoxicity and helps 
them integrate into living tissues [34]. In vivo, these 
biomaterials undergo enzymatic hydrolysis or dissocia-

tion of ionic crosslinks, allowing the scaffold to degrade 
gradually and be replaced during the natural regenera-

tive process, rather than remaining long-term [35—37]. 
Besides providing passive structural support, poly-

saccharide hydrogels actively modulate immune re-

sponses. For example, glycosaminoglycan-based 
systems, such as hyaluronic acid, support cartilage load-

bearing functions and regulate cell migration and 
intracellular signaling through receptor-mediated in-

teractions, including engagement of the cell surface 
receptor CD44 [38]. Another example is ultra-purified

alginate (UPAL) gel, which preclinical studies have 
shown to suppress inflammatory cytokines like TNF-α 
and IL-6, indicating an anti-inflammatory mechanism 
that may aid disc repair. Consistent with these findings, 
a phase 1/2 clinical trial in patients undergoing discec-

tomy for lumbar disc herniation demonstrated that 
UPAL implantation improved early postoperative pain 
control and physical function outcomes, with no signif-

icant adverse events [39]. More broadly, variations in the 
molecular weight, charge, and chemical structure of 
polysaccharide hydrogels can reduce pro-inflammatory 
responses and contribute to antimicrobial and antiviral 
activities [40—42]. These properties support coordi-

nated wound healing and tissue repair by limiting mi-

crobial colonization and promoting skin regeneration 
and vascularization [43].

Engineering strategies for polysaccharide hydrogels 
focus on enhancing mechanical stability and enabling 
controlled therapeutic delivery. Double-network 
hydrogels composed of pullulan—dextran combined 
with alginate incorporate covalent and ionic crosslinking

Figure 3

Polysaccharide hydrogel with nanoparticle-improved wound regeneration.
Polysaccharide-based hydrogels form highly hydrated networks that adapt to wound sites. Biomaterials such as hyaluronic acid exhibit intrinsic anti-
inflammatory and antimicrobial properties, whereas incorporated nanoparticles enable controlled delivery of therapeutic factors to promote cell infil-
tration, angiogenesis, and tissue regeneration (Figure designed by the authors using BioRender.com).
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networks that increase membrane rigidity, reduce 
swelling, and improve mechanical stability under phys-

iological loads in guided tissue regeneration systems 
[44]. More advanced designs employ bilayer hydrogel 
architectures in which distinct layers are engineered 
with different degradation profiles. This enables 
spatiotemporal control of cytokine and growth-factor 
delivery via differential release mechanisms. In 
alginate-based systems, the hydrogel consists of two 
layers formed under distinct crosslinking conditions, 
resulting in controlled and sequential degradation [45]. 
Cytokines and growth factors are encapsulated within 
polyelectrolyte complex nanoparticles (PCNs), which 
stabilize these signaling molecules and regulate their 
release through electrostatic interactions (Figure 3). 
The release profiles are governed by both bilayer 
hydrogel degradation and binding interactions within 
PCNs, resulting in sustained interleukin-10 delivery 
and prolonged release of angiogenic growth factors such 
as VEGF and PDGF, thereby promoting vascularization 
and tissue regeneration.

Beyond structural reinforcement and controlled release, 
multifunctional designs integrate features that expand 
therapeutic functionality. Functional asymmetry can be 
introduced through Janus hydrogel designs, where one 
surface provides strong adhesion to damaged tissues 
while the opposite surface minimizes unwanted adhe-

sion to surrounding organs, thereby improving cardiac 
repair after myocardial infarction [46]. A coating-based 
strategy further emphasizes the therapeutic potential 
of polysaccharide-derived materials. In anterior cruciate 
ligament reconstruction models, polyethylene tere-

phthalate (PET) grafts are modified with a bilayer 
coating consisting of an outer hyaluronic acid-MoS 2 
hydrogel layer and an inner strontium-doped hydroxy-

apatite layer. This design provides early protection 
against oxidative stress and bacterial contamination, 
followed by enhanced vascularization and bone inte-

gration during later stages of graft healing [47]. More 
elaborate multifunctional systems can be built through 
complex composite designs. Conductive hydrogels 
combined with piezoelectric films convert external ul-

trasound stimuli into electrical signals that regulate 
fibroblast activity and collagen organization, thereby 
reducing scar formation while promoting angiogenesis 
during wound repair. These systems further incorporate 
CeO 2 nanoparticles, modified extracellular matrix 
(ECM), and polysaccharide hydrogels to provide anti-

oxidant and anti-inflammatory effects, while enhancing 
cell adhesion and proliferation, collectively contributing 
to a favorable healing environment [48]. From simple 
matrix-mimicking systems to highly engineered multi-

functional platforms, polysaccharide hydrogels exem-

plify how biomimetic design can translate intrinsic 
carbohydrate properties into precisely controlled thera-

peutic functions for regenerative medicine.

Conclusion
Carbohydrate-based biomimetic design establishes a 
unifying framework for translating naturally occurring 
glycans into programmable therapeutic systems. Across 
immune modulation, biologically gated delivery, and 
regenerative materials, these approaches demonstrate 
how glycan architectures encode functional information 
that can be harnessed to regulate complex biological 
processes. By leveraging multivalency, structural di-

versity, and inherent biological specificity, carbohydrate-

based systems move beyond passive biomaterials toward 
actively instructive platforms. This positions naturally 
derived glycans as a central class of bioinspired scaffolds 
for next-generation precision therapeutics.
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This work illustrates biomimetic design using chitosan-based poly-
saccharides to recapitulate extracellular matrix functions, where inte-
gration with piezoelectric stimulation enables active regulation of 
fibroblast behavior, collagen remodeling, and inflammatory responses 
to drive controlled tissue regeneration.
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