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Abstract

Polysaccharide–peptide conjugates are modular biomaterials that combine hydrated carbo-
hydrate frameworks with peptide domains capable of mediating molecular recognition,
degradability, antimicrobial activity, and biological signaling. In this review, we discuss
how covalent, bioorthogonal, and enzymatic conjugation strategies regulate peptide den-
sity, orientation, accessibility, and stability within polysaccharide-based matrices. These
chemical choices are analyzed in relation to network architecture, viscoelasticity, ligand
presentation, degradation behavior, and cell–material interactions. Representative systems
based on hyaluronic acid, alginate, chitosan, dextran, cellulose, and glycosaminoglycans
are examined to illustrate how peptide functionalization can transform otherwise passive
scaffolds into adhesive, degradable, antimicrobial, or therapeutically responsive platforms.
We further highlight dynamic and enzyme-responsive materials, localized drug delivery
systems, antimicrobial coatings, and antibiofilm interfaces as key biomedical applications of
these conjugates. The review also addresses translational challenges associated with struc-
tural heterogeneity, stability, immunogenicity, sterilization, batch-to-batch reproducibility,
and clinical feasibility. Taken together, the evidence discussed here indicates that the perfor-
mance of polysaccharide–peptide conjugates depends on reproducible structure–function
relationships linking conjugation chemistry, macromolecular architecture, and biological
activity under application-relevant conditions.

Keywords: polysaccharide–peptide conjugates; peptide-functionalized hydrogels; bioorthog-
onal conjugation; enzymatic ligation; ligand presentation; dynamic biomaterials; antimicro-
bial biomaterials; biomedical translation

1. Introduction
Next-generation biomaterials are moving from empirical designs toward systems gov-

erned by measurable and reproducible properties. In hydrated matrices, features such as
strength, durability, and stability in aqueous environments determine how hydrogels and
soft materials perform in applications such as regenerative medicine, drug delivery, and bio-
electronic interfaces [1,2]. A related challenge is the need to reproduce microenvironmental
conditions with high precision. This requires control over network structure, formation,
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and crosslinking so that mechanical effects can be separated from the biochemical signals
that influence cell behaviour [3].

Peptides occupy a distinctive position in this design framework because their amino
acid sequence, charge distribution, hydrophobicity, and structural propensity can be ad-
justed to regulate antimicrobial activity, molecular recognition, membrane interactions, and
biological signaling [4]. Their direct biomedical use, however, can be limited by enzymatic
degradation, reduced bioavailability, insufficient target accumulation, or loss of activity
in complex biological environments [5]. Recent work combining computational peptide
selection with nanostructured delivery has shown that rationally designed peptide do-
mains can retain biological activity while improving intracellular delivery, local retention,
and safety when incorporated into carrier systems [6]. In hybrid biomaterials, peptide
function therefore depends on spatial presentation, protection, and retention within the
surrounding matrix.

Polysaccharide–peptide conjugates address this requirement by combining the ease of
processing and high-water retention of polysaccharides with the chemical flexibility and
biological functionality of peptides [7,8]. In these systems, the polysaccharide component
provides hydration, conformability, and a tunable mechanical environment, whereas the
peptide component introduces molecular recognition, degradability, antimicrobial activity,
or biological signaling. This combination allows network structure, degradation, and
biological interactions to be regulated within a single material platform, reducing the need
for complex multicomponent formulations. It also enables control over biological interfaces,
where the spatial arrangement of sugar motifs and peptide domains can influence cell
adhesion, signaling, and early stages of pathogen–host interactions [9].

Historically, the development of polysaccharide–peptide conjugates progressed from
the use of abundant hydroxyl, carboxyl, aldehyde, and amino groups in broadly applicable
reactions such as amidation, reductive amination, disulfide formation, and oxidation-
derived coupling. These approaches established the synthetic feasibility of combining both
biomolecular components, although they frequently provided limited control over the
attachment site, peptide orientation, and distribution of substitution along the polysaccha-
ride chain [10]. A subsequent stage shifted the purpose of conjugation from predominantly
structural modification toward the incorporation of defined biological functions, with
peptide-engineered polysaccharide scaffolds being developed to regulate cell adhesion,
antimicrobial activity, therapeutic delivery, and tissue-specific signaling [11]. More re-
cent scaffold designs integrate conjugation chemistry with crosslink density, mechanical
behavior, degradation, cellular components, and biological mediators, reflecting the tran-
sition from simple peptide attachment toward application-directed and multifunctional
biomaterial engineering [12].

The development of structurally defined polysaccharide–peptide systems depends
on conjugation chemistries that provide selectivity, site-specificity, and compatibility with
complex biomolecular environments. Contemporary bioconjugation frameworks have
established strategies to transform the chemical complexity of functional groups into
controllable modification routes, while advances in bioorthogonal chemistry have expanded
the feasibility of rapid and selective ligations in biological systems [13,14]. These tools
converge with emerging manufacturing strategies, such as hydrogel photoprocessing,
and with data-driven materials discovery approaches that accelerate the identification
of structure–property relationships in polymers and biomaterials [15,16]. Here, recent
advances in polysaccharide–peptide conjugates are analyzed with emphasis on conjugation
strategies, structural control, and their impact on the design of hybrid biomaterials for
biomedical applications (Figure 1).

https://doi.org/10.3390/polysaccharides7030077

https://doi.org/10.3390/polysaccharides7030077


Polysaccharides 2026, 7, 77 3 of 34

 

Figure 1. Modular Design and Biomedical Applications of Polysaccharide–Peptide Conjugates in
Hydrated Hydrogel Networks. The figure shows the modular components and conjugation strategies
used to synthesize polysaccharide–peptide conjugates, highlighting their effects on hydrogel structure,
mechanics, and biological function. It also presents essential features including peptide integration,
cell adhesion, and biochemical signaling, along with applications in regenerative medicine, drug
delivery, bioelectronic interfaces, and wound healing.

2. Polysaccharides and Peptides as Modular Biomaterial Components
The development of precision biomaterials is based on the modular design of macro-

molecules composed of polysaccharides and peptides. These components can be tuned in
their chemical composition, sequence, and structure to control the physical and biological
properties of hydrated matrices [8]. Changes in polysaccharide chemistry, peptide motifs,
crosslinking density, and ligand presentation regulate key aspects such as stiffness, degra-
dation rate, and cell interactions. This enables the rational design of microenvironments
with well-defined structural and functional properties [7,17].

Natural and Semisynthetic Polysaccharides as Bioinstructive Scaffolds

Among polysaccharides utilized in biomedical applications, glycosaminoglycans—
particularly heparinoids—are distinguished by their high negative charge density resulting
from sulfate groups [18]. This characteristic facilitates electrostatic interactions with proteins
and growth factors, supporting their sequestration and stabilization within biomaterial
matrices. The binding affinity is determined by the degree and pattern of polysaccharide
sulfation, which govern ligand capture and release kinetics, thereby enabling sustained
presentation within the cellular microenvironment [19]. Heparin-based architectures further
influence innate immune responses by regulating the presentation of bioactive fragments
and the density of ligands available for cellular interaction. In these systems, bio-interaction
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is influenced not only by material chemistry but also by supramolecular organization, which
dictates how biomolecules are exposed and recognized by cells [20,21].

Hyaluronic acid serves as a mechanochemical module in which crosslinking chem-
istry, particularly dynamic bonds and network density, determines matrix viscoelasticity.
These mechanical properties control the network’s capacity to relax and reorganize, thereby
affecting cellular processes such as adhesion, spreading, and remodeling of the pericellular
environment [22]. This mechanistic insight has informed the development of hyaluronan
derivatives for tissue repair, where chemical modification enables modulation of inflam-
mation, angiogenesis, and cell migration while preserving biological compatibility [23,24].
The modularity of hyaluronic acid is also advantageous when the material functions as a
local reservoir of signals; its printability and ability to retain bioactive cargos facilitate the
design of conformable matrices for localized release of therapeutic peptides [25].

In this context, direct functionalization with antimicrobial peptides transforms hyaluro-
nan from a passive carrier into a bioactive component capable of modulating infection
and the inflammatory microenvironment [26]. For instance, Ghaffari-Bohlouli et al. [25],
developed a printable and photocrosslinkable hyaluronic acid hydrogel that was covalently
functionalized with a peptide. This conjugation strategy enabled peptide retention without
affecting the viscoelastic properties or microporous architecture of the material, thereby
maintaining its suitability for extrusion-based fabrication. Compared with physically loaded
systems, the hydrogel demonstrated a sustained release profile driven by matrix degra-
dation, preventing burst release. In fibroblast cultures, the peptide-functionalized matrix
enhanced cell viability, indicating that direct peptide incorporation transforms hyaluronan
into a bioactive platform that locally modulates the regenerative microenvironment.

On the other hand, chitosan offers amine-rich chemistry and favorable electrostatic
interactions with biological surfaces. These characteristics support the formation of in-
jectable hydrogels that respond to pH, reactive species, or ionic fluctuations present in
wound environments [27]. Self-healing networks based on chitosan, when integrated
with micellar modules, can approximate the elastic properties of target tissues and enable
dual release in neuro-regenerative applications [28]. Furthermore, semisynthetic chitosan
derivatives include zwitterionic or highly hydrated variants that minimize protein fouling
while maintaining gel-forming capacity. Such materials are appropriate for interfaces where
nonspecific adhesion and fibrosis must be reduced [29]. Within this context, studies on
antimicrobial chitosan demonstrate that combining charge control, degradation, and pore
architecture with peptide or ionic modules can enhance functional performance as direct
effectors [30,31].

Rezaei et al. [32] developed a thermoresponsive chitosan hydrogel ionically crosslinked
with beta-glycerophosphate and incorporating the antimicrobial peptide (AMP) piscidin.
This system exhibited in situ gelation at 37 ◦C, high swelling capacity, and an interconnected
porous structure while maintaining a pH close to physiological conditions. The matrix
enabled retention and controlled release of the peptide for seven days, characterized by an
initial release phase followed by sustained delivery. While unmodified chitosan showed no
antibacterial activity, peptide incorporation conferred activity against multidrug-resistant
clinical isolates without compromising human fibroblast viability. The study shows how
chitosan chemistry and degradation can be used to present bioactive signals within a
hydrated scaffold compatible with wound environments.

In the case of alginate, its bioinert nature and the absence of cell-adhesion motifs
limit its ability to regulate cell–material interactions. This limitation can be addressed
through covalent functionalization with bioactive peptides. One approach uses sequences
that combine an adhesive RGD motif with antimicrobial domains derived from lactoferrin.
This design introduces integrin ligand recognition sites that support cell adhesion together
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with domains that disrupt bacterial membranes and reduce microbial colonization of the
material [33]. Cellular response also depends on the density and organization of these
ligands in the matrix, since small variations in their composition or presentation led to
measurable changes in cell adhesion [34]. Because architecture controls function, alginate
hydrogels activated via click-type reactions have been developed to incorporate protease-
sensitive domains and RGD peptides to generate adhesive, remodelable matrices [35].

Platforms that present the same ligand in different formats within a network allow
the decoupling of ligand mobility from mechanical properties. This approach enables
causal analysis of how molecular presentation directs adhesion and morphogenesis [36].
Oliver-Cervelló et al. [33] showed that covalent functionalization of alginate hydrogels with
a multifunctional peptide that combines the adhesive RGD motif and the antimicrobial
peptide LF1 to 11 provides both cell adhesion and antibacterial activity to an originally
bioinert material. The modification, carried out through carbodiimide chemistry followed
by thiol disulfide exchange, did not alter hydrogel porosity or mechanical properties.
However, it improved interaction with human mesenchymal stem cells, increased cell
viability and alkaline phosphatase activity, and reduced early adhesion and viability of
Gram-positive and Gram-negative bacteria through bacterial membrane damage. These
results show that peptide functionalized alginate can act as a modular platform in which
molecular signal presentation determines biological function beyond the base polymer.

Dextran highlights how a material that is intrinsically anti-adhesive can become
an instructive platform when bioactivity is introduced in a programmed manner. Its
lack of adhesion motifs creates an inert baseline environment that minimizes nonspecific
cell–material interactions, so cellular responses depend only on incorporated ligands. In
macroporous hydrogels functionalized with RGD peptides, this strategy enables control
of cell adhesion and supports the organization of vascular structures within defined mi-
croenvironments [37]. The use of high affinity peptide pairs as capture modules can also
transform dextran matrices into systems for controlled protein sequestration and release
without relying on nonspecific interactions [38]. Its value as a module lies in the ability
to program degradation, porosity, and biofunctionalization while maintaining a biocom-
patibility profile suitable for delivery and scaffold applications. Oliverio et al. [37] used
macroporous dextran hydrogels as scaffolds whose bioactivity was introduced through
peptide functionalization (Figure 2). The matrix was modified with the RGD peptide to en-
able integrin mediated cell adhesion and with a high affinity coiled coil peptide module for
directed growth factor capture. This co-functionalization transformed an otherwise passive
network into a bio-instructive system capable of supporting vascular spheroid colonization
and sprouting in defined environments. The study demonstrates that controlled peptide
presentation, without altering hydrogel architecture or mechanical properties, is sufficient
to guide complex three-dimensional cellular organization.

Bacterial cellulose is also being reconsidered as a high-performance structural module
in which nanofibrous architecture and mechanical stability can be combined with surface
functionalization to generate scalable bioactive interfaces [39–41]. Kim et al. [42] devel-
oped bacterial cellulose nanofibrils covalently functionalized with the cell penetrating
peptide Bac7, using the mechanical stability and nanofibrous structure of cellulose as a
structural support. Surface conjugation achieved through TEMPO oxidation followed by
EDC/NHS coupling preserved the fibrillar morphology while introducing electrostatic and
hydrophobic interactions with cellular membranes. As a result, the matrices showed signif-
icantly improved adhesion to cells and skin tissue under wet conditions while maintaining
full biocompatibility.
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Figure 2. Production of macroporous dextran hydrogels. (A) Schematic illustrating the produc-
tion steps. (B) Reaction scheme of dextran cross-linking using STMP as the cross-linking agent.
(C,D) Representative µCT scans: (C) a macroporous PLA scaffold and (D) a macroporous dextran
hydrogel after swelling in PBS. The PLA and dextran phases (C,D) appear light gray, and the empty
macropores, dark gray. (E) A 3D reconstruction of a macroporous dextran hydrogel pore network using
a thickness mesh. Reproduced with permission from [37]. Copyright 2024, American Chemical Society.

Taken together, these examples show that polysaccharides mainly act as structural
platforms that control physicochemical parameters of the microenvironment such as charge,
viscoelasticity, or network architecture. Specific biological signals are typically introduced
through bioactive ligands. Functional programming of these materials therefore depends
strongly on the deliberate incorporation of peptide domains capable of providing molec-
ular recognition and cellular signaling [43]. In this design framework peptides provide
molecular specificity, while the polysaccharide defines hydration, conformability, and the
mechanical context of the material [44].

3. Conjugation Chemistries for Polysaccharide–Peptide Systems
In polysaccharide–peptide systems, conjugation chemistry governs bond stability,

preservation of peptide structure, material architecture, and scalability for biomedical ap-
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plications [45]. Neves et al. [35] demonstrated that alginate hydrogels can be transformed
into instructive three-dimensional microenvironments by grafting adhesion peptides and
protease-sensitive domains using biocompatible click strategies. This finding demonstrates
that covalent conjugation can convert initially bioinert polysaccharide matrices into tunable
platforms for cell–material interactions. At the molecular level, current design strategies
highlight that the density, orientation, and multivalency of peptide ligands on carbohydrate
scaffolds modulate recognition and signaling. Consequently, conjugation is increasingly
regarded as a tool for spatial control rather than solely a method for molecular anchor-
ing [46]. Accordingly, the choice of conjugation strategy should be guided by the intended
biomaterial function, the degree of site selectivity required, and practical criteria such as
cytocompatibility, reaction rate, bond stability, and scalability (Figure 3).

Figure 3. Selection Criteria for Conjugation Chemistries in Polysaccharide–Peptide Biomaterials. The
figure summarizes how conjugation strategies can be selected according to the intended biomaterial
function and processing requirements. Three major design routes are highlighted: stable peptide im-
mobilization, cell-compatible late-stage functionalization, and site-defined assembly. Representative
approaches associated with each route are shown together with their typical outcomes in hydrated
biomaterials, including peptide-functionalized scaffolds, bioorthogonal peptide presentation within
hydrogel networks, and defined conjugate architectures with controlled peptide orientation. Key
selection parameters include selectivity, cytocompatibility, reaction rate, bond stability, and scalability.

3.1. Conventional Covalent Conjugation

Among conventional approaches, amidation remains one of the most prevalent starting
points because it utilizes carboxyl groups in polysaccharides such as alginate or hyaluronic
acid and primary amines in peptides, resulting in robust amide bonds under mild aqueous
conditions with suitable activators [8]. Gürer et al. [47] demonstrated that DMTMM-type
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activation can generate hyaluronic acid conjugates with glycine peptides and aromatic
derivatives, providing detailed characterization of the resulting products. Their results
indicated that synthetic efficiency must be evaluated together with substitution levels and
residual traces that may influence biological performance. From a structural perspective,
recent studies in peptide–polysaccharide hydrogels reveals that minor variations in cova-
lent coupling strategies can reorganize ligand presentation, chain mobility, and cellular
response. This underscores the risk of heterogeneity when functionalization depends
on broad substitution distributions [48]. Investigations into heparin immobilization fur-
ther suggest that amide conjugation in highly charged polysaccharides requires careful
control of electrostatic interactions and reaction conditions to preserve sulfate-dependent
functions. This necessitates balancing bond robustness with the preservation of bioactive
motifs [49,50].

Imine reactions offer a distinct approach by rendering conjugation a dynamic pro-
cess. The equilibrium between aldehydes and amines enables reversibility and mechanical
responses such as self-healing. However, this reversibility may also result in instabil-
ity in aqueous environments if the chemical conditions are not carefully controlled [22].
Typically, controlled oxidation introduces aldehyde groups that form Schiff bases with
peptide amines, facilitating gelation or anchoring under mild conditions. Uncontrolled
oxidation, however, can alter molar mass and chain distribution [51,52]. Pogostin et al. [53]
demonstrated that dynamic imine bonds between oxidized mannan and amine domains of
a nanofibrillar peptide hydrogel modulate polysaccharide release and enhance mechanical
recovery without affecting supramolecular architecture or secondary structure. Reversible
imine formation serves as a kinetic regulator, dynamically crosslinking the network, rein-
forcing viscoelastic properties, and reducing in vivo clearance mechanisms associated with
reactive aldehyde groups. Thus, imine chemistry provides a means to control both cargo
transport and bio-interaction.

Thiol–ene reaction is widely used as an efficient method to couple cysteine-rich pep-
tide motifs with double bonds introduced into polysaccharides. Its step-growth kinetics
favor the formation of more homogeneous networks compared to carboxyl activation-based
methods [54,55]. Radical thiol–ene reactions conducted in biomolecule-compatible media
enable ligation of amino acids and peptides in environments where biological compatibility
depends on the chemical microenvironment and the nature of the bond formed [56]. In
hyaluronic-acid based matrices, thiol–ene variants are used to crosslink or functionalize the
network, allowing modulation of bioactive factor release through control of bond density
and system diffusivity. These factors influence ligand transport and functional lifetime [57].
Petit et al. [26] reported that acrylated hyaluronic acid hydrogels enable covalent conju-
gation of a cysteine terminal antimicrobial peptide via thiol-acrylate reaction preserving
rapid gelation and providing bactericidal activity. This example demonstrates the benefit
of introducing spacers and controlling peptide mobility to prevent loss of function due to
steric hindrance. However, when photoactivation or radical initiators are necessary, the
selection of wavelength, dose, and initiator chemistry becomes a structural determinant
of the final material. These parameters may promote side reactions or oxidation that alter
sensitive residues and consequently modify the conformation of the anchored peptide. Con-
sistent with these findings, Primo et al. [58] showed that conjugation of a cysteine-terminal
antimicrobial peptide to modified polysaccharides under controlled oxidation conditions
and without radical activation preserves peptide structure and biological activity. This
underscores the direct influence of bonding method and chemical environment on the final
function of the conjugated system.

Classical click chemistry, particularly azide–alkyne cycloaddition, generates highly
stable triazoles and offers a modular strategy for peptide bioconjugation. This method
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simplifies stoichiometric control and is compatible with various functionalization formats
in polymer platforms [59–61]. Advances in catalysis and ligand design seek to accelerate
copper-catalyzed azide–alkyne cycloaddition (CuAAC) reactions in water and reduce cop-
per concentration to minimize cytotoxicity and oxidative damage. These improvements
redefine the balance between chemical efficiency and biological tolerance in formulations
containing sensitive cells or proteins [62]. Torresan et al. [63] developed injectable niches
based on hyaluronic acid crosslinked through click chemistry, where the degree of crosslink-
ing controls gelation time, injectability, and mechanical modulus. Incorporation of adhesive
motifs and affinity domains allows maintenance of cell viability and regulation of bioactive
factor retention and release through combined control of mesh size and specific interactions.
In this context, conjugation extends beyond a simple immobilization step and becomes
a determinant of the functional microenvironment by simultaneously defining porosity,
degradation behavior, and temporal delivery windows.

3.2. Bioorthogonal Conjugation Strategies

Bioorthogonal conjugation employs highly selective reactions that function in aqueous
environments and in the presence of complex biomolecules (Figure 4). This enables the
generation of polysaccharide–peptide conjugates without significant modification of native
functional groups or interference with cellular processes [64]. This strategy is particularly
advantageous when materials must be assembled at late stages, functionalized after pro-
cessing, or directly incorporate peptide signals in environments with high concentrations
of proteins and salts, where conventional chemistries often result in side reactions or low
efficiency [65–67].

Recent discussions in bioorthogonal chemistry have focused on practical criteria such
as reaction kinetics at low concentrations, reagent stability during storage, compatibility
with serum, and reproducibility of yields in heterogeneous biological microenvironments.
These factors determine whether a reaction can progress from proof of concept to practical
biomedical application [68–70]. Among available bioorthogonal reactions, CuAAC reaction
forms a stable triazole and represents the historical foundation of click chemistry due to its
generality and clean product formation. However, direct application in living systems is
constrained by the toxicity of free copper and the need to control redox species and ligand
environments [71,72].

The development of improved ligands and milder reaction conditions has reduced the
effective copper load, increased reaction rates at low catalytic concentrations, and limited
oxidative stress. These advances preserve the versatility of CuAAC while maintaining cell
viability and compatibility with soft materials [62]. However, application of this reaction in
complex aqueous environments requires careful balancing of reaction kinetics, competitive
chelation, and removal of metal traces, especially when the final product is intended as an
implantable biomaterial or delivery system [73].

In this context, Barbosa et al. [74] developed an antimicrobial biomaterial by graft-
ing the peptide Dhvar-5 onto chitosan using CuAAC under carefully optimized aqueous
conditions. Chitosan was first converted to the azide form using ISA·HCl and potassium
carbonate and then conjugated with the peptide Pr-Ahx-Dhvar-5 using copper sulfate and
ascorbate. THPTA was used as a stabilizing ligand for Cu(I) and aminoguanidine was
added to protect arginine residues. The resulting conjugate showed triazole formation
confirmed by FT-IR and XPS, with a peptide loading close to 50 µmol/g. The study demon-
strates that control of additives in CuAAC is essential to maintain redox compatibility
and reaction efficiency in complex aqueous systems. SPAAC corresponds to strain pro-
moted azide–alkyne cycloaddition, in which an activated cycloalkyne reacts with azides
to form a triazole without the need for copper. Its adoption in biomaterials is driven by
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the possibility of performing ligations in the presence of cells without introducing metal
catalysts, avoiding issues related to toxicity and redox control [75]. Advances in the syn-
thesis of hydrophilic cycloalkynes and modular platforms have expanded the range of
SPAAC reagents, allowing adjustment of solubility, stability, and reaction rate for specific
biomedical contexts, especially in systems based on charged polysaccharides and peptides
sensitive to organic solvents [76].

Figure 4. Schematic representation of the principal bioorthogonal and bioconjugation strategies
used for peptide and biomolecule functionalization: (a) azide–alkyne Huisgen cycloaddition,
(b) copper-catalyzed azide–alkyne cycloaddition (CuAAC), (c) EDC/NHS-mediated amide coupling
between carboxyl and amine groups, (d) strain-promoted azide–alkyne cycloaddition (SPAAC), and
(e) thiol–maleimide conjugation for selective cysteine modification. These reactions provide efficient
and chemoselective approaches for the synthesis of peptide conjugates, drug-delivery systems, and
functional biomaterials.
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When selecting SPAAC for polysaccharide–peptide systems, it is important to consider
that the size of the cycloalkyne can affect material properties through steric effects and local
hydration changes. Thus, the choice of reactive pair becomes an element of mechanical
design rather than solely a chemical consideration [64,77]. Svatunek et al. [75] demon-
strated that fusion of cycloalkanes to the dibenzocyclooctyne core alters alkyne geometry
and promotes a frontal attack pathway during cycloaddition. The resulting reduction
in distortion energy and Pauli repulsion in the transition state leads to lower activation
barriers and higher reaction rates in both SPAAC and inverse electron demand Diels–Alder
reactions. These findings indicate that local structural modifications in the reagent can sig-
nificantly influence effective kinetics, particularly in systems where geometric accessibility
limits reactivity.

Building on these principles, Neves et al. demonstrated that SPAAC allows func-
tionalization of alginate with bioactive peptides under cytocompatible conditions, even
within highly hydrated networks. By conjugating cyclooctyne modified alginate with MMP
sensitive PVGLIG peptides and adhesive RGD peptides, they generated hydrogels that inte-
grate crosslinking, enzymatic degradability, and cell signaling. The click reaction remained
efficient despite diffusion restrictions within the polymer network, and peptide domain
density allowed tuning of both stiffness and cellular remodeling of the three-dimensional
matrix [35]. Similarly, Lagneau et al. developed a hyaluronic acid hydrogel platform
based on SPAAC that decouples mechanical and biochemical properties. Bioorthogonal
crosslinking between HA–BCN and HA–azide produced gels that form within minutes,
show minimal swelling, and cover a wide stiffness range while maintaining high cytocom-
patibility. The one pot procedure also enabled controlled immobilization of RGD peptides
and co-incorporation of other glycosaminoglycans, supporting studies of cell–material
interactions in three dimensional environments [77]. In these studies, SPAAC serves as a
structural element of the material design rather than merely a functionalization method.
The reaction allows separation of biochemical signal incorporation from network formation,
so the choice of reactive pair determines the extent of control over mechanical properties,
degradability, and spatial presentation of ligands.

In systems where ligation speed is a limiting factor, inverse electron demand Diels–
Alder cycloaddition between tetrazines and strained dienophiles such as trans-cyclooctenes
offers some of the fastest reaction rates available in bioorthogonal chemistry. The high
reaction rate reduces both the required reaction time and the amount of reagents needed in
dilute biological environments [78].

An illustrative example (Figure 5) is the work of Letko Khait et al. [79], who devel-
oped an injectable carboxymethylcellulose hydrogel crosslinked through inverse electron
demand Diels Alder reactions between tetrazine and norbornene groups. The gel forms
rapidly under cytocompatible conditions in situ. The polysaccharide network was func-
tionalized with SH3 binding peptides to regulate sustained release of the enzyme ChASE37
while preserving enzymatic activity. In a mouse stroke model, the system promoted
degradation of chondroitin sulfate proteoglycans and axonal regrowth, showing how in-
verse electron demand Diels–Alder chemistry enables assembly of peptide programmed
polysaccharide matrices under physiological conditions.

In summary, for polysaccharide–peptide systems, the choice between SPAAC and
inverse electron demand Diels–Alder reactions often depends on balancing tag size, reagent
stability, and reaction kinetics at low concentrations in hydrated networks. In these envi-
ronments, diffusion and accessibility of the reactive site can influence system behaviour
more significantly than intrinsic reactivity measured in simple solutions.
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Figure 5. CMC Hydrogel Synthesis, Characterization, and ChASE37-AR Release. (A) Schematic of
the IEDDA click reaction between CMC-Nb and CMC-Tz to form a covalently crosslinked hydrogel.
(B) Gelation curve, (C) injectability through a 26-gauge needle, (D) swelling ratio over 28 days.
(E) NPC count, (F) microglial cell number, and (G) nitric oxide secretion in CMC conditioned media.
(H) Crosslinked CMC-bp hydrogel for affinity-controlled release. (I) Cumulative release of ChASE37-
AR from CMC-bp vs. CMC alone. (J) Effective diffusivity, (K) ChASE37-AR activity in CS-A
degradation, and (L) area under the curve (AUC) of ChASE37-AR after release. Statistical significance
was determined using one-way and two-way ANOVA with appropriate post hoc tests. ** p-values:
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Reproduced with permission from [79]. Copyright
Elsevier Ltd. 2025.
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3.3. Site-Selective and Enzymatic Conjugation

Site-selective conjugation enables precise control over the location at which a pep-
tide attaches to a polymer chain or a defined sequence. In polysaccharide-based systems,
the abundance of reactive groups and the statistical nature of grafting frequently result
in heterogeneous structures, complicating the establishment of clear structure–function
relationships [80]. In bioconjugation, site selectivity is essential for reproducibility and reg-
ulated manufacturing processes, as it limits the formation of complex mixtures, simplifies
characterization, and reduces batch-to-batch variability [81].

Peptide ligases and transpeptidases address these challenges by catalyzing the forma-
tion of amide bonds under mild conditions through recognition of short sequence motifs.
This approach enables polypeptide modules to be connected in a controlled manner with-
out the need for highly reactive chemical activators [80,82]. Among these enzymes, sortase
A recognizes the LPXTG motif and transfers the resulting fragment to an amino-terminal
nucleophile. Its widespread application is attributed to the robustness of the recognition se-
quence and compatibility with diverse protein and peptide formats [83]. Structural studies
have elucidated the determinants of substrate specificity and key features of the catalytic
mechanism of sortases, facilitating the selection of improved variants and optimization of
reaction conditions to enhance yields and minimize reaction reversibility [84].

Sortase-mediated ligation has been combined with chemical and biological methods to
construct conjugates with precise positional control. In these strategies, a prefunctionalized
polysaccharide acts as the scaffold, and enzymatic ligation introduces the bioactive peptide
at the final stage. This method enables site-specific and homogeneous conjugation. Unlike
conventional chemical strategies that often produce heterogeneous product populations,
enzymatic ligation preserves ligand orientation and maintains biological activity [85]. Di-
rected evolution and rational engineering of sortases have broadened the range of accepted
substrates and enabled transformations that previously required extensive redesign of pro-
tein modules. This enhances the flexibility of the platform for signaling peptides sensitive
to multiple modifications [83].

Gao et al. [86] developed a convergent chemoenzymatic strategy to synthesize a syn-
decan 1 mimetic based on glycopolypeptides. The method integrates enzymatic synthesis
of heparan sulfate, sortase mediated ligation, CuAAC chemistry, and solid phase peptide
synthesis. Assembly was achieved at the milligram scale under biomolecule compatible
conditions. In this process the sortase step allows selective joining of the polysaccharide
and the bioactive peptide at a late stage while preserving the integrity of both compo-
nents. The resulting conjugate exhibited stronger functional affinity for integrins and more
pronounced inhibition of cell migration than the polysaccharide or peptide alone. These
studies demonstrated that sortase mediated ligation is not limited to connecting peptide
fragments. It can also serve as a structural element in molecular design by imposing specific
topologies or by separating synthesis of complex modules from the final assembly step.

Ligases derived from asparaginyl endopeptidases, known as peptidyl asparaginyl
ligases (PAL), catalyze rapid ligations with minimal sequence scars and low reversibility
under suitable conditions. This enables formation of well-defined conjugates with high
conversion [81]. Development of optimized recombinant ligases has focused on main-
taining catalytic efficiency together with expression and handling properties compatible
with manufacturing processes and biomaterials workflows. In this context, Oldenlandia
affinis asparaginyl endopeptidase 1 (OaAEP1) has been used as a platform for modular
ligation and site-specific immobilization on surfaces, enabling controlled anchoring of
peptides onto polysaccharide matrices and coatings with defined orientation and effective
ligand density [87]. Additionally, PAL variants capable of functioning in complex environ-
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ments, including intracellular spaces, have been reported, thereby expanding the range of
conditions for enzymatic site-selective ligation [88,89].

In addition to sortases and PAL, other proteases converted into ligases, such as
subtilisin-derived variants, serve as ligation tools based on alternative catalytic mech-
anisms. These platforms broaden the repertoire of recognized motifs and permit enzyme
selection according to substrate specificity, tolerated reversibility, and compatibility with
complex matrices [80]. Comparative evaluations of enzymatic ligation strategies indicate
that practical performance depends on well-defined process parameters. For example, in
sortase-mediated ligation, efficiency is limited by formation of the acyl–enzyme intermedi-
ate and competition with hydrolysis, often necessitating high substrate concentrations or
enzyme variants with enhanced catalytic activity. Additional factors, such as dependence
on Ca2+, reaction reversibility, and the presence of nucleophilic by-products, also affect
process design and purification. The benefits of site-selective ligation become apparent
when these limitations are addressed through enzyme or substrate engineering, enabling
production of homogeneous conjugates under conditions suitable for experimental or
preparative scale [81,90].

4. Structural Design and Advanced Architectures
The architecture of a polysaccharide–peptide conjugate defines grafting density, chain

extension, and the conformational regime of the anchored segments. These parameters gov-
ern hydration, ligand accessibility, and multivalency at nano and mesoscale levels [7,8,91].
In biofunctional interfaces and scaffolds, arrangements such as brushes, blocks, or defined
functionalization patterns connect bond chemistry with hierarchical organization that
influences biomolecular recognition and performance in complex environments [92,93].
Brush-type polymers enable precise control over surface topology, grafted chain length,
grafting density, and terminal group identity, creating bioactive microenvironments that
mimic the extracellular matrix. This level of structural and chemical control consistently
modulates protein adsorption, cell adhesion, proliferation, migration, and tissue remodel-
ing, as well as processes including cell separation and scaffold functionalization in tissue
engineering [94,95].

The stability of the anchoring point and the evolution of the coating in the presence
of water, salts, proteins, and mechanical cycling determine the functional persistence of
the system, because gradual loss of grafted chains reduces the performance of surfaces
that were initially well defined [96]. At the same time, grafted materials with responsive
or reconfigurable properties can adjust ligand exposure or permeability in space and time
without modifying the macromolecular backbone [97]. In these systems, the choice between
graft to and graft from routes involves a balance between molecular definition and grafting
density, with measurable effects on antifouling behavior, effective hydration, and thickness
control in model systems [98,99].

Graft to and Graft from Strategies

In hydrogels and supramolecular networks, system architecture governs the coupling
of peptide signals to polysaccharide domains and generates assemblies with tunable me-
chanical and transport properties. These materials are therefore considered organized
systems across multiple length scales rather than additive combinations of individual
components [100,101]. Some polysaccharides show a strong tendency to form hierarchi-
cal architectures. In β-1,3-glucans, the backbone conformation can act as a template for
ordered presentation of peptide motifs or bioactive domains in solution [102,103]. When
strict control over sequence and side chain functionalization is required, platforms based
on peptoids and polypeptoids are well suited for graft to strategies because they allow

https://doi.org/10.3390/polysaccharides7030077

https://doi.org/10.3390/polysaccharides7030077


Polysaccharides 2026, 7, 77 15 of 34

precise adjustment of macromolecular architecture, composition, and interfacial proper-
ties [104,105].

Complementarily, the synthesis of polysaccharide macroinitiators to produce block
copolymers with polypeptide segments allows integration of biodegradability and self-
assembly while maintaining a direct relationship between block length and resulting
morphology [106]. Baraka et al. [107] used a graft from approach to grow polypeptide-like
chains directly from the surface of cellulose nanofibrils by initiating polymerization of
N-carboxyanhydrides from hydroxyl groups on the polysaccharide. The reaction was
performed in a deep eutectic solvent composed of choline chloride and formic acid, and
the grafting degree increased with time, reaching 12.2 percent after three hours. The
modified nanofibrils showed changes in surface morphology and, when assembled into
nanopapers, the material displayed higher hydrophobicity and improved mechanical
properties compared with the ungrafted analogue. This example demonstrates how
grafted chain density and anchoring chemistry affect surface hydration and macroscopic
material characteristics.

In another example, Petit et al. [26] developed hydrogels based on acrylated-hyaluronic
acid in which network architecture and lateral functionalization are controlled indepen-
dently through thiol-acrylate reaction chemistry. Covalent incorporation of thiolated
gelatin introduces peptide adhesion motifs without significantly altering the elastic modu-
lus, swelling behavior, or mesh size of the hydrogel, which remains in the nanometer range
and allows comparable molecular diffusion across formulations. In these networks, the
density of functional chains influences material stability under hydrolytic and enzymatic
conditions, improving water retention and structural persistence under pH variations rele-
vant to physiological environments. Subsequent covalent conjugation of an antimicrobial
peptide does not affect the mechanical or transport properties of the system but introduces
contact dependent bactericidal activity attributed to immobilization of the peptide within
the polysaccharide matrix. This study demonstrates that the regulation of polysaccharide
peptide conjugate architecture enables the separation of mechanical properties, transport
behavior, and bioactivity, while preserving a structurally stable network in biological
setting conditions.

Thus, grafting architecture should be considered a functional variable rather than
only a synthetic descriptor. In polysaccharide–peptide conjugates, the position, density,
and accessibility of peptide domains determine whether the material behaves mainly as a
passive scaffold, an adhesive matrix, a degradable network, or a bioactive interface.

5. Dynamic and Responsive Polysaccharide–Peptide Materials
Dynamic polysaccharide–peptide materials are defined by their capacity to integrate

molecular reorganization, solute transport, and biochemical signaling under physiological
conditions, enabling the material state to adjust to the surrounding microenvironment
while maintaining structural integrity [108]. In this context, dynamic covalent chemistry
applied to polysaccharides like hyaluronic acid facilitates bond exchange at the molecular
level while maintaining the macroscopic integrity of the network. Modifications in the
reactive group or crosslinking conditions result in quantifiable variations in mechanical
characteristics and cellular responses [22].
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Peptides provide an extra dimension of regulation by converting chemical or phys-
ical stimuli into alterations in self-assembly, net charge, and secondary structure. These
transitions facilitate the modification of permeability, cohesion, and biointeraction within
the identical polysaccharide network [8,109]. Under prolonged physiological conditions,
strategies based on boronate–ester linkages enable reversible exchange while maintaining
limited swelling and shape stability, addressing a common limitation of dynamic systems
in complex aqueous environments [110]. A comparative examination of imine, hydrazone,
and oxime crosslinks in aldehyde-functionalized hyaluronic acid hydrogels reveals that
variations in equilibrium constants result in distinctly identifiable elastic moduli, stress
relaxation profiles, and self-healing kinetics. Importantly, matrices with similar stiffness
but different viscoelastic behavior can induce distinct cellular responses [111]. Similarly,
phenylboronic acid–catechol interactions in hyaluronic acid hydrogels designed for os-
teoarthritis integrate ROS capture, lubrication, and MMP-9-responsive drug release within
a single injectable network [112].

When the trigger is enzymatic, the material’s remodeling is directly controlled by the
proteolytic activity of the surrounding tissue. Baker et al. [113] developed a defined hyaluro-
nan hydrogel crosslinked through oxime bonds with peptides cleavable by Matrix Metallo-
proteinases (MMPs). The material enables localized degradation while preserving overall
network stability. This system supports formation and polarization of epithelial organoids
and enables reproducible evaluation of tumor growth and drug response compared with
poorly defined extracellular matrix-derived materials in both in vitro and xenograft models,
while also avoiding host immune response biases. Decoupling of structure and degrad-
ability can also be achieved in hyaluronic acid hydrogels containing controlled ratios
of MMP-cleavable peptides and nondegradable crosslinkers, maintaining similar physi-
cal properties while selectively modulating proteolytic degradation [114]. Similarly, Wei
et al. [115] reported an MMP-degradable conductive hydrogel designed to stabilize HIF-1α
and promote functional cardiac recovery, integrating enzymatic responsiveness with elec-
trical signaling and tissue remodeling. In metabolically altered wounds, hyaluronic acid
platforms containing reversible boronic linkages provide glucose-responsive antioxidant
activity associated with angiogenesis and modulation of inflammation [116].

Conversely, ROS-responsive injectable hydrogels formulated for diabetic wounds work
under prolonged oxidative stress while preserving efficacy during both inflammatory and
regeneration phases [117]. Lee et al. [118] integrated tyramine-modified photocrosslinkable
hyaluronic acid hydrogels with self-assembled Cu-GHK-C16 peptide nanofibers, facilitating
temporal regulation by light while maintaining bioactive signaling. Savelyev et al. [119]
demonstrated photocrosslinking of hyaluronic acid hydrogels across biological tissue
barriers, facilitating in situ scaffold formation with spatial control.

Dynamic polysaccharide–peptide systems should be defined by their capacity to in-
duce controlled changes in network structure, peptide activity, degradation, or therapeutic
release in response to biological or external stimuli (Figure 6). The most effective systems
incorporate peptides as structural or bioactive elements, although only a limited number
of studies establish a direct relationship between polysaccharide composition, peptide
presentation, and biological response.
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Figure 6. Dynamic Responses in Polysaccharide–Peptide Hydrogel Networks. The figure summarizes
how biological or external stimuli, including enzymes/MMPs, reactive oxygen species, glucose or
pH changes, and light, regulate the behavior of polysaccharide–peptide hydrogel networks. These
stimuli induce peptide cleavage, network remodeling, controlled degradation, or therapeutic release,
leading to biological outcomes such as wound healing, tissue remodeling, and localized therapy.

6. Biomedical Applications and Cross-Sector Applications
The biomedical value of polysaccharide–peptide complexes and conjugates is best

understood when they are viewed as hydrophilic biomaterial platforms capable of inte-
grating controlled release, biointeractions, and manufacturability within a single design.
This multifunctionality has driven their adoption as technologies for therapeutic delivery
and activation across multiple medical indications [120]. In this context, recent progress in
selective bioconjugation and site-controlled chemistry provides a chemical foundation for
constructing polysaccharide–peptide architectures with reproducible properties, which is
essential when translation and batch-to-batch consistency are required [14]. At the same
time, modern light-based fabrication strategies and temporally programmable hydrogels
help bridge the chemistry of these systems with practical implementation requirements
such as geometry control, gelation kinetics, and functionality under physiological condi-
tions [16].

6.1. Drug Delivery and Local Therapeutic Activation

Compared with conventional carriers, the incorporation of hydrophilic polysaccharide
chains can improve solubility and behavior in physiological media, while the peptide
component preserves bioactivity and enables incorporation of recognition elements or
tissue-targeting motifs [7]. As a result, the performance of the system is governed by the
architecture of the conjugate, including the type of linkage, the degree of substitution,
and the integration of targeting or solubilizing modules, since these design parameters
determine stability, biodistribution, and release profiles [121]. On this basis, injectable
matrices derived from hyaluronic acid, alginate, or oxidized dextran exploit their function-
alization chemistry and dynamic crosslinking capacity to tune permeability, mechanical
properties, and in situ gelation, forming adaptable local depots within tissues [122]. Local
administration through hydrogels allows therapeutic concentrations to be maintained at
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the target site while reducing systemic exposure and facilitating co-formulation of agents
with different diffusion behaviors within the same soft network [123].

At the same time, the field is moving toward bioresponsive systems, in which endoge-
nous signals such as pH, temperature, redox state, or enzymatic activity, act as triggers
coupling therapeutic release to pathological conditions [124]. Within this framework, the
strategy of exploiting enzymes overexpressed in diseased tissues to cleave ester bonds or
specific peptide sequences has been described as a way to achieve spatial selectivity without
relying on external stimuli [125]. This concept extends to enzyme-responsive biomaterials,
including matrix MMP-sensitive hydrogels, which remain stable during transport and
activate only in environments with elevated enzymatic activity [126].

Yan et al. [127] developed a therapeutic platform based on a polysaccharide–peptide
conjugate hydrogel in which hyaluronic acid acts as a biocompatible matrix and an MMP-9
cleavable peptide functions as an environmentally responsive crosslinker. Selective degra-
dation of the peptide in MMP-9-rich pathological microenvironments enabled enzyme-
regulated release of anti-inflammatory drugs. The system combined an initial burst release
with a sustained phase, adapting to different stages of disease progression. In models
of rheumatoid arthritis, the hydrogel showed high intra-articular retention, reduced pro-
inflammatory cytokine levels, and suppressed MMP-9 activity in vivo.

Similarly, Chen et al. [128] developed a crosslinked hyaluronic acid microgel in which
celecoxib was covalently conjugated through an MMP-2-sensitive peptide (GGPLGLAGGC)
and further functionalized with a type II collagen-binding peptide. Local overexpres-
sion of MMP-2 in osteoarthritic joints selectively cleaved the peptide linker, activating
sustained and on-demand drug release. The system exhibited prolonged intra-articular
retention (18 days), reduced inflammation, protection of chondrocytes, and improved joint
lubrication, demonstrating localized therapeutic activation dependent on the enzymatic
microenvironment. On the other hand, demonstrating the broad biomedical applicability
of these systems, Wu et al. [129] designed an injectable hydrogel based on alginate and
hyaluronic acid crosslinked with MMP-sensitive peptides for local delivery of a nanodrug
that stabilizes hypoxia-inducible factor-1α (HIF-1α). In the post-infarction microenviron-
ment, characterized by high MMP activity, the polymer network degraded selectively,
triggering therapeutic release within damaged tissue. The system reduced inflammation,
promoted angiogenesis, and improved cardiac function, describing a clear mechanism of
damage-dependent local activation. Mechanistically, local activation begins when an active
protease reaches the hydrated network and recognizes the amino-acid residues surround-
ing the scissile bond of the peptide substrate. Proteolysis can activate release through two
distinct architectures: cleavage of a peptide tether directly detaches a covalently bound
therapeutic, whereas cleavage of peptide crosslinks progressively decreases network con-
nectivity, enlarges the effective mesh, and increases diffusion of an encapsulated cargo from
the locally degraded region [130]. The effective activation rate is determined by the local
concentration of active enzyme and its catalytic efficiency toward the selected sequence, but
also by the steric accessibility of the linker and protease localization; membrane-associated
enzymes favor pericellular cleavage, whereas soluble enzymes can penetrate farther into
the matrix and promote bulk degradation [131]. Selectivity is further limited by nonspecific
proteolysis because terminal chemistry and the mode of peptide conjugation can markedly
alter peptide persistence in cell-containing hydrogels [132]. The linker must therefore oc-
cupy an intermediate kinetic window: excessive susceptibility permits premature cleavage
under basal or off-target protease activity, whereas excessive resistance prevents activa-
tion at disease-relevant enzyme levels. Systematic D-amino-acid substitution within an
MMP-sensitive sequence generated a controlled range of peptide and hydrogel degra-
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dation times, demonstrating that this activation threshold can be tuned through peptide
stereochemistry [133].

6.2. Antimicrobial and Biofilm-Resistant Materials

Biofilm-associated infections in implanted devices and chronic wounds should be
considered an interfacial failure of the material because bacterial adhesion, matrix matura-
tion, and reduced antimicrobial penetration make eradication difficult once colonization is
established [134,135]. Hydrogels are useful platforms for local anti-biofilm therapy because
their hydrated polymeric networks can retain antimicrobial agents, regulate diffusion, and
respond to infection-associated cues such as pH, enzymes, or reactive oxygen species [136].
In polysaccharide–peptide conjugates, antimicrobial performance depends on whether
the peptide remains exposed after immobilization and whether its cationic or amphiphilic
domains remain accessible for interaction with bacterial membranes [137,138].

Alginate hydrogels functionalized with a multifunctional RGD–lactoferrin-derived
peptide provide a representative example, since the conjugated peptide simultaneously
supported mesenchymal stem cell adhesion and reduced bacterial colonization, show-
ing that adhesive and antimicrobial functions can be integrated within a single peptide
motif [33]. Hyaluronic acid hydrogels functionalized with gelatin and the antimicrobial
peptide PP4-3.1 further demonstrate that antimicrobial peptide incorporation can con-
fer bactericidal activity against Staphylococcus aureus and Escherichia coli while preserving
rapid gelation, elastic behavior, and controlled molecular diffusion [26]. Alginate-based
hydrogels delivering human β-defensin-2 and PP4-3.1 also showed high storage modulus,
low swelling, nanometric porosity, and sustained AMP release for more than three days,
indicating that prolonged local peptide availability can complement permanent peptide
immobilization in infected wound environments [139].

These studies indicate that antimicrobial polysaccharide–peptide systems should be
evaluated by peptide accessibility, charge exposure, release persistence, and activity against
adherent bacteria rather than by peptide loading alone [140]. From a design perspective,
the key requirement is to match polysaccharide architecture with peptide presentation,
because the same antimicrobial sequence may behave differently when it is released from
the network, covalently tethered, sterically shielded, or confined within a matrix with
restricted diffusion [141]. The principal advantages and disadvantages of polysaccharide–
peptide conjugates are summarized in Table 1 as interconnected design trade-offs that must
be evaluated according to the intended biological function and processing conditions.

Table 1. Comparative advantages, disadvantages, and design implications of polysaccharide–peptide
conjugates.

Design Dimension Advantage Disadvantage or
Limitation Design Implication Ref.

Bioactivation of
otherwise inert
polysaccharides

TYRAY
functionalization

converted alginate into a
defined, xeno-free

bioink that enhanced
cell proliferation,

multicellular spheroid
fusion, and endothelial

network formation.

The complete functional
platform also required

Ca(OH)2-assisted surface
anchoring and ultrasonic

mist crosslinking to
maintain construct

adhesion and structural
fidelity, increasing the
number of processing

variables.

Peptide
functionalization should
be evaluated as part of

the complete fabrication
workflow rather than
independently from

anchoring and
crosslinking procedures.

[142]
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Table 1. Cont.

Design Dimension Advantage Disadvantage or
Limitation Design Implication Ref.

Incorporation of
multiple adhesive

signals

Functionalization with
YIGSR, RRETEWA, and

IKVAV peptides
improved fibroblast
spreading, while the

combined peptide
formulation produced
greater cell elongation

than the individual
sequences.

Peptide modification
reduced stability, viscosity,

and stiffness in several
formulations, particularly
in oxidized alginate, and

peptide incorporation was
difficult to confirm using
conventional FTIR and

NMR analyses.

Peptide selection and
polymer chemistry must

be optimized together,
and successful

conjugation should be
confirmed using
complementary

analytical methods.

[143]

Control through
conjugate

architecture

Changing the order and
mode of peptide and
heparin attachment

enabled modulation of
alginate nanostructure,

solution viscosity,
hydrogel storage

modulus, and sustained
VEGF release.

Materials containing the
same nominal

components displayed
different physicochemical

and release properties
according to their

conjugation sequence and
molecular organization.

Conjugation order and
molecular architecture

should be reported
explicitly because total

peptide and
polysaccharide contents

are insufficient to
predict material

performance.

[144]

Selection of
conjugation
chemistry

A combined
amidation–CuAAC

strategy enabled
efficient and analytically

detectable peptide
incorporation into

alginate and improved
human embryonic
stem-cell adhesion.

EDC/NHS, DMTMM,
thiol–Michael, and

CuAAC routes differed in
coupling efficiency and
side-reaction profiles,

while thiol availability
and copper-induced

alginate gelation required
additional chemical

control.

Degree of substitution,
residual reactive groups,
catalyst conditions, and
side products should be

quantified for each
conjugation route rather

than assuming
equivalence among

methods.

[145]

Dependence on the
polysaccharide–

peptide combination

RGD-containing
conjugates supported

muscle-cell viability and
proliferation, with

calcium-alginate and
ternary polysaccharide
matrices showing the

most favorable cellular
responses.

Biological performance
varied according to both

the polysaccharide
composition and the

structure of the
RGD-containing peptide,
indicating that the same

adhesion motif is not
functionally equivalent in

every scaffold.

Candidate systems
should be selected by
comparing matched

polysaccharide–peptide
combinations instead of

extrapolating
performance from the

peptide sequence alone.

[146]

Stabilization of
antimicrobial

peptide activity

Covalent coupling of
antimicrobial peptide

dendrimers to chitosan
preserved antimicrobial
activity in nanoparticles,

gels, and foams,
generated synergistic
membrane-disruptive
activity, and avoided

detectable toxicity
toward mammalian

cells.

Functional performance
depended on the
architecture and

molecular weight of the
peptide dendrimer, the
chitosan derivative, and

the thiol–maleimide
coupling strategy,

requiring
formulation-specific

optimization.

Peptide architecture,
chitosan derivatization,
coupling efficiency, and
final formulation format

should be treated as
interconnected design

variables.

[147]
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Table 1. Cont.

Design Dimension Advantage Disadvantage or
Limitation Design Implication Ref.

Contact-active
antimicrobial films

Conjugation of
Ctx(Ile21)-Ha to

chitosan through an
N-acetylcysteine linker
improved antibacterial

activity and
substantially reduced
hemolysis compared
with the free peptide.

Conjugation required a
multistep linker-mediated
reaction and altered film

crystallinity and
mechanical behavior,

including reductions in
tensile strength and
elongation at break.

Improvements in
antimicrobial efficacy

and safety must be
evaluated together with

post-conjugation
changes in structural

and mechanical
properties.

[148]

6.3. Cross-Sector Applications in Food Systems, Biomaterials Engineering, and Regenerative Design

Polysaccharide–peptide and protein–polysaccharide systems have attracted consider-
able interest as food delivery materials owing to their ability to form colloidal structures that
improve the stability and delivery of bioactive compounds, including micronutrients and
peptides [149]. In food formulations, interactions between proteins and polysaccharides
regulate the organization of colloids at the interface and in the continuous phase, generating
carriers for functional ingredients with tunable stability and release behavior [150]. This
organization becomes important when emulsions are exposed to storage, heating, freezing,
thawing, acidic pH, high ionic strength, or oxidation, because destabilization of the interfa-
cial layer directly affects protection of the encapsulated compound [151]. Similar principles
are used in polysaccharide–protein complexes prepared as encapsulation materials, where
biopolymer miscibility and molecular assembly determine the capacity to entrap active
compounds in single or composite systems [152].

This food-delivery perspective connects directly with bioactive peptides because
many food-derived sequences lose efficacy before reaching the intended biological site.
Their use is limited by proteolytic degradation, low absorption, and activity loss during
processing or storage [153,154]. Safety, regulatory acceptance, and bioavailability also
influence whether a food-derived peptide can move from an experimental ingredient to
a functional product [154]. Encapsulation within polysaccharide-containing particles has
therefore been explored to protect short-chain bioactive peptides during gastrointestinal
transit and to regulate their release after oral administration [155]. In this context, the
polysaccharide phase mainly protects the peptide against processing and digestive stress,
while the peptide contributes the biological activity expected from the delivered ingredient.

The same relationship between structural protection and biological function appears
in biomaterials engineering, although the target is no longer a food bioactive but a cell-
contacting microenvironment. Polysaccharide–peptide hydrogels used for soft-tissue
wound management combine the hydration and tunable mechanics of polysaccharide
networks with peptide functions related to adhesion, antimicrobial action, and tissue
repair [156]. Biofabrication studies extend this concept by using hydrogels and related
platforms to reproduce extracellular-matrix features such as porosity, stiffness, and spatial
distribution of biochemical cues [157]. Peptide-based biomaterials are therefore useful
when short sequences are needed to introduce defined biological signals without replacing
the entire scaffold with a protein-rich extracellular-matrix extract [158].

Regenerative applications require the peptide signal to remain available while cells
remodel the surrounding matrix. In nerve repair, peptide-based bioactive hydrogels have
been designed to support neuronal survival, axonal extension, and vascular integration
within injured tissue [159]. In bone repair, a biomimetic glycopeptide hydrogel coating
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on a PCL/nHA scaffold enhanced cranial bone regeneration through macrophage M2
polarization and osteo-immunomodulation, showing how a peptide-containing hydrogel
can regulate both matrix interaction and tissue response [160]. The role of the conjugate
therefore changes with the application. In food delivery, the material mainly protects
and releases functional ingredients. In regenerative design, the material must maintain
biological signals at the cell–matrix interface while the tissue is rebuilt.

7. Translational Challenges and Clinical Outlook
Accumulated experience with hydrated biomaterials shows that synthetic sophisti-

cation alone does not guarantee clinical performance, as the final behavior results from
the interaction between the polymer network, the biological microenvironment, the route
of administration, and the requirements of manufacturing under regulatory control [161].
In this context, translational frameworks applied to nanomedicine establish that progress
toward clinical application depends on the early identification of dominant risks and the
generation of evidence linking physicochemical attributes with reproducible biological
outcomes [162]. The main stages and barriers involved in the translation of polysaccharide–
peptide biomaterials are summarized in Figure 7.

Figure 7. Translational Roadmap for Polysaccharide–Peptide Biomaterials. Sequential stages in-
volved in the development and clinical translation of polysaccharide–peptide biomaterials, including
material design, structural definition, biological validation, manufacturing readiness, and clinical
implementation. Critical parameters comprise polysaccharide and peptide selection, conjugation
chemistry, ligand density, site-selectivity, peptide orientation, network architecture, cytocompatibility,
immune response, degradation behavior, therapeutic activity, reproducible synthesis, purification,
sterilization, storage stability, batch consistency, safety assessment, regulatory evaluation, indication-
specific performance, and clinical feasibility. Major translational barriers include heterogeneity,
peptide instability, endotoxin risk, sterilization effects, and scalability.

In polysaccharide–peptide conjugates, these requirements become more stringent due
to the intrinsic variability of polysaccharides and the susceptibility of peptides to degrada-
tion, adsorption, oxidation, and conformational changes. This necessitates defining stricter
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purity criteria and structural specifications than those typically used during exploratory
stages [163].

7.1. Stability in Biological Media

The main mechanisms of stability failure in physiological environments include pep-
tide degradation, network rearrangement, and alterations in release profiles. There is no
universal strategy to preserve bioactivity during preparation, storage, and in vivo release;
therefore, stability must be treated as an explicit design objective rather than a post hoc
verification step [164].

Polymeric conjugations designed for stabilization have shown that improvements
in half-life and resistance to denaturation are often accompanied by new risks such as
immunogenicity, accumulation, or changes in biodistribution. As a result, the balance
between stabilization and maintaining an acceptable safety profile must be quantified using
metrics that are comparable across batches [165]. The functional stability of the conjugate
also depends on how degradation is evaluated. Apparent kinetics can be distorted by
conditions such as agitation, ionic strength, water exchange, sample geometry, and the
choice of analytical indicators. Therefore, protocols should capture mass loss, changes in
mechanical modulus, and release of relevant fragments simultaneously [166]. Literature
on hydrogels for controlled release has emphasized that stability cannot be reduced solely
to bond chemistry, because supramolecular architecture and network mobility govern
diffusion, enzymatic accessibility, and protein sequestration, directly modulating both
degradation and presented bioactivity [167].

Sterilization and final conditioning often receive limited attention in laboratory studies,
despite the fact that radiation, heat, ethylene oxide, filtration, and emerging methods can in-
duce chain scission, oxidation of peptide residues, or changes in crosslinking. These effects
may appear as drift in mechanical properties, release profiles, and cellular responses [168].
Studies focusing on irradiation show that dose and exposure environment reconfigure
network density and degradation behavior. Therefore, method selection should be incor-
porated into the design space and validated using criteria that include peptide biological
activity rather than only initial physical properties [169,170].

7.2. Immune Response and Biocompatibility

Biocompatibility is defined by the sequence of immune interactions that develop
within the peri-material microenvironment. In this environment, communication between
the endothelium, macrophages, and other cells regulates inflammation, vascularization,
and resolution processes that ultimately determine tissue integration or fibrosis [171]. In
polysaccharide–peptide conjugates, structural parameters such as charge density, sulfation
pattern, and molecular architecture can modulate innate and adaptive immune pathways.
This positions these materials as potential platforms for immune engineering, provided that
immune activation and safety profiles can be predicted and monitored analytically [172].
Understanding this response requires characterization with both temporal and spatial reso-
lution. The identification of cellular subpopulations and functional states reveals behaviors
that do not appear in averaged measurements and helps avoid simplified interpretations
of biocompatibility [173]. Additionally, the metabolic dynamics of the microenvironment
including energy pathways, oxygen tension, and nutrient availability influence cell polar-
ization and tissue remodeling. Consequently, immunological markers should be analyzed
alongside transport properties and the microstructure of the hydrogel [174].

Chemical design decisions also influence immune responses. Antifouling coronas
based on polyethylene glycol (PEG) remain widely used; however, the presence of anti-
PEG antibodies and the phenomenon of accelerated blood clearance have prompted the
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consideration of alternative chemistries, macromolecular architecture control, and dosing
strategies that account for preexisting patient immunity [175]. In vivo reports of anti-
PEG responses to PEG-based hydrogel implants indicate that the material can act as a
sustained immunological stimulus, and that patient exposure history—or more precisely,
preexisting anti-PEG immunity—contributes to variability in inflammation and implant
performance [176,177].

Immunogenicity can also be affected by microbial contamination, particularly endo-
toxins. Interlaboratory comparisons have shown that complex matrices and nanomaterials
may interfere with conventional assays and mask relevant contamination. Therefore,
polysaccharide–peptide conjugates require recovery controls and complementary analyti-
cal methods when their composition alters colorimetric or enzymatic assay readouts [178].
In this context, combining recombinant factor C assays with Toll-like receptor reporter
systems has been proposed to broaden detection and reduce false negatives, especially in
materials containing bioactive polysaccharides capable of interacting with the detection
systems themselves [179].

7.3. Scaling, Regulation, and Clinical Feasibility

The regulatory pathway for these materials rarely follows a linear scheme because
many are classified as combination products or devices with a biological component. The
assigned category determines the required evidence package, trial strategy, and batch
release criteria [180]. The concept of medical-grade material is linked to raw material
control, process traceability, impurity specifications, and biological performance, with
particular attention to the justification of equivalence when suppliers or manufacturing
methods change [181].

Transitioning to manufacturing requires documenting stability, sterility, and func-
tional consistency in the final product format, since the translational dossier must integrate
shelf life, packaging, transport conditions, compatibility with clinical procedures, and risk-
mitigation strategies-factors that are rarely addressed in early laboratory stages [182]. The
use of enzymatic ligations and site-selective approaches can reduce structural variability
and simplify quality control by generating more homogeneous and reproducible conjugates.
These strategies limit the formation of subpopulations with different modification sites or
degrees of substitution and facilitate analytical characterization through defined anchoring
points [90,183]. Sortase-mediated chemistry represents a practical option for site-selective
ligation when integrated from the design stage with considerations of reaction yield, re-
versibility, product purity, enzyme removal, and scalability—factors that determine whether
initial molecular selectivity is preserved throughout the production process [83,184].

The growing number of clinical trials and in vivo platforms based on peptide ther-
apeutics suggests that polysaccharide–peptide conjugates may occupy defined niches if
they demonstrate advantages in tissue selectivity, safety, and release control compared
with established alternatives [185]. Regulatory arguments for biocompatibility must also
consider extractables, degradation products, interactions with blood or tissues, and the se-
lection of experimental models consistent with the intended mode of use. This requirement
is particularly relevant for conjugates where residual reagents or peptide fragments may
dominate the biological response [186].

Experience accumulated with natural hydrogels for hemostasis shows that products
that successfully progress clinically typically combine a clearly defined indication, a robust
manufacturing process, and a safety profile compatible with real clinical practice. This
suggests that polysaccharide–peptide conjugates are more likely to succeed when conceived
from the outset as manufacturable systems with explicit clinical criteria [187].
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8. Conclusions
Polysaccharide–peptide conjugates demonstrate how hydrated biomaterials can be

transformed into structurally and biologically instructive systems through controlled pep-
tide incorporation. In these materials, the polysaccharide framework regulates hydration,
mechanics, transport, and network organization, whereas the peptide domain introduces
molecular recognition, degradability, antimicrobial activity, or responsiveness to biological
signals. As a result, material performance depends strongly on how peptide domains are
positioned, exposed, and stabilized within the polymer architecture. Current conjugation
strategies have expanded the ability to prepare more structurally defined systems and to
regulate peptide presentation under biologically compatible conditions. However, the most
informative studies are not necessarily those with the highest synthetic complexity, but
those that establish clear relationships between conjugation chemistry, network architecture,
and biological response. This distinction is important because peptide incorporation alone
does not ensure bioactivity, particularly when ligand accessibility, steric confinement, degra-
dation, or network mobility are not adequately controlled. Despite substantial progress,
broader translation of polysaccharide–peptide biomaterials remains limited by challenges
associated with structural heterogeneity, batch reproducibility, sterilization, long-term
stability, and quantitative characterization of peptide distribution within hydrated matrices.
Variability in polysaccharide composition and the susceptibility of peptides to degrada-
tion or conformational changes continue to complicate reproducible manufacturing and
biological evaluation. Future progress in the field will depend less on increasing architec-
tural complexity and more on establishing reproducible structure–function relationships
supported by rigorous physicochemical characterization and biologically relevant testing
conditions. Under this perspective, polysaccharide–peptide conjugates are evolving from
descriptive peptide-functionalized materials toward more predictable biomaterial plat-
forms with tunable mechanics, controlled bioactivity, and application-specific functionality.
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