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Abstract

Dynamic covalent biomacromaterials are redefining the design of adaptive soft materials by
integrating the structural diversity and biological functionality of biomacromolecules with
reversible covalent bond exchange. In contrast to permanently cross-linked networks, these
materials can continuously reorganize their internal architecture in response to mechani-
cal, chemical, and biological stimuli, enabling self-healing, stress relaxation, injectability,
shape adaptation, programmable degradation, and spatiotemporally controlled molecular
transport. This review critically examines the molecular and network-level principles that
govern such adaptive behavior, emphasizing how bond-exchange chemistry, reaction kinet-
ics, cross-link density, network topology, and biomacromolecular architecture collectively
dictate macroscopic performance. Major dynamic covalent motifs, including imine and
hydrazone bonds, boronic esters, disulfides, reversible Diels—Alder adducts, and related
exchangeable linkages, are analyzed in the context of polysaccharides, proteins, peptides,
nucleic acids, and other biologically derived macromolecules. Rather than treating dy-
namic chemistry solely as a cross-linking strategy, we highlight how molecular exchange
propagates across hierarchical length scales to regulate mechanics, molecular diffusion,
cell-material interactions, tissue integration, degradation, and therapeutic release. Recent
developments in injectable hydrogels, regenerative matrices, wound-healing platforms,
drug and gene delivery systems, bioadhesives, and responsive biomedical interfaces are
critically assessed to identify both emerging opportunities and persistent limitations. The
remaining challenges lie in reconciling exchange kinetics with mechanical robustness, phys-
iological stability, cytocompatibility, reproducibility, and manufacturability, all of which
remain central to successful biomedical translation. By establishing explicit relationships
between molecular bond dynamics, network adaptation, and biological function, this re-
view provides a unifying framework for engineering next-generation biomacromaterials
capable of dynamically interacting with, responding to, and integrating within complex
biological environments.

Keywords: dynamic covalent chemistry; biomacromaterials; adaptive polymer networks;
self-healing hydrogels; stimuli-responsive materials; biomedical engineering

1. Introduction

The design of biomedical materials is undergoing a conceptual transition from con-
structing structures that merely remain stable in biological environments toward engi-
neering systems capable of adapting to them. Living tissues are intrinsically dynamic,
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with extracellular matrices undergoing continuous molecular rearrangement, cells gen-
erating and redistributing mechanical forces, biochemical gradients evolving, and local
microenvironments changing during development, inflammation, healing, and disease [1].
Consequently, a biomaterial defined only by its initial stiffness, composition, or degradation
rate may reproduce selected features of a tissue while failing to capture the temporal char-
acter of the biological environment. Recent experimental studies increasingly demonstrate
that cells respond not only to the magnitude of matrix mechanics but also to how those
mechanics evolve with time [2,3]. Matrix viscoelasticity, stress relaxation, and cross-link
dynamics can influence cellular spreading, mechanosensing, differentiation, migration, and
even immune-cell phenotype, emphasizing that time-dependent material behavior repre-
sents a biologically instructive variable rather than a secondary mechanical property [4-6].

This challenge is particularly relevant to biomacromolecular materials. Polysaccha-
rides and proteins such as hyaluronic acid, alginate, chitosan, gelatin, collagen, and engi-
neered protein polymers provide hydrated, chemically functional, and often biologically
recognizable matrices that are highly attractive for biomedical engineering [7,8]. Yet conven-
tional covalent cross-linking generally converts these intrinsically flexible macromolecules
into networks whose topology is effectively fixed after formation. Such stabilization can
provide mechanical integrity, but it may simultaneously restrict molecular rearrangement,
local remodeling, injection through confined geometries, and adaptation to cell-generated
forces. The emerging objective is therefore not simply to increase or decrease cross-link
density, but to engineer controlled network mobility while maintaining sufficient structural
persistence. Experiments with dynamic hydrogel systems have shown that molecular-scale
association and exchange parameters can be quantitatively connected to bulk viscoelastic
behavior, providing an increasingly rational basis for controlling this balance [9].

Dynamic covalent chemistry (DCC) offers a particularly powerful strategy for in-
troducing such adaptability into biomacromolecular networks [10]. Dynamic covalent
bonds preserve the strength and chemical specificity associated with covalent interactions
while allowing bond formation, cleavage, or exchange under appropriate conditions [11].
Once incorporated between macromolecular chains, this molecular reversibility enables
the network to reorganize without requiring complete loss of connectivity. As a result,
these materials can display properties difficult to achieve in permanently cross-linked
networks, including stress relaxation, self-healing, injectability, reconfiguration, and envi-
ronmentally responsive changes in network organization. Importantly, these behaviors are
not determined by bond identity alone. Recent studies have demonstrated that network
mechanics can be altered substantially by molecular parameters such as exchange kinetics,
equilibrium constants, polymer molecular weight, degree of functionalization, cross-linker
concentration, cross-linker valency, and network topology [12-14].

This distinction is fundamental to the rational design of dynamic covalent biomacro-
materials. A reversible reaction does not automatically produce a functionally adaptive
biomaterial. Instead, molecular exchange must occur on a timescale relevant to the process
that the material is intended to accommodate. If exchange is excessively rapid, network
restructuring may compromise dimensional stability, increase creep or erosion, and weaken
sustained mechanical support. Conversely, if exchange is too slow under physiological
conditions, a chemically reversible network may behave as an effectively permanent mate-
rial over the timescale of cell migration, injection, tissue remodeling, or therapeutic release.
Network dynamics must therefore be considered through the coupled effects of reaction
kinetics, thermodynamic stability, macromolecular mobility, and network architecture. The
design question, therefore, is shifted from which reversible bond should be used toward
how molecular exchange and network architecture should be coordinated to generate the
required material timescale.
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The importance of this temporal perspective becomes especially apparent at the biolog-
ical interface. Cells mechanically interrogate their surrounding matrices over characteristic
timescales, and the ability of a network to reorganize during this interaction can alter how
forces are transmitted, dissipated, and interpreted. Recent studies have provided com-
pelling evidence that this relationship extends beyond conventional measures of hydrogel
stiffness. In collagen-based matrices, modulation of viscoelasticity generated functionally
distinct T-cell populations despite comparable biochemical stimulation, demonstrating that
time-dependent matrix mechanics can influence cellular phenotype and function [6]. Dy-
namic systems are also increasingly being designed to control these properties in situ rather
than fixing them during fabrication. Lu et al. (2025), for example, combined reversible
Schiff-base interactions with light-responsive disulfide exchange to regulate hydrogel stress
relaxation spatially and temporally, showing that changes in matrix relaxation affected
cancer-cell spreading, migration, and mechanotransductive responses [15]. Such obser-
vations reinforce an important principle for adaptive biomaterials: biological response
depends not simply on whether a network is dynamic, but on whether the magnitude,
location, and timescale of that dynamics are compatible with cellular processes.

Biomacromolecules create additional opportunities within this design space because
their contribution extends beyond providing a polymer backbone. Their molecular weight,
chain flexibility, charge, biological recognition motifs, degradation pathways, and avail-
able functional groups can all influence the formation and behavior of dynamic networks.
Hyaluronic acid provides a representative example. Boronate-based dynamic cross-linking
has been engineered to overcome swelling and long-term stability limitations while pre-
serving network reversibility [16], whereas dynamic hyaluronic acid-gelatin systems have
been developed as cytocompatible bioinks for cartilage-oriented tissue engineering [17].
More sophisticated architectures now allow dynamic biomacromolecular networks to be
modified after fabrication. Tournier et al. (2023) introduced hyaluronic-acid-based clickable
dynamic bioinks in which dynamic covalent cross-linking was coupled with orthogonal
click chemistry, permitting post-printing modulation of composition and mechanical prop-
erties in space and time [18]. These developments illustrate how DCC can transform
biomacromolecules from passive structural matrices into platforms whose physicochemical
state can be progressively adjusted after network formation.

At the same time, increasing adaptability introduces a set of interconnected trade-offs.
Dynamic networks intended for biological use must reconcile reversibility with resistance
to dilution and erosion; rapid restructuring with adequate load-bearing capability; chemical
responsiveness with physiological robustness; and macromolecular functionalization with
preservation of native biological activity. These constraints are particularly relevant under
physiological conditions, where pH, ionic strength, redox state, competing nucleophiles,
proteins, and other biomolecules can influence bond exchange and network stability. Recent
work on boronate ester networks, for instance, has highlighted the possibility of engineer-
ing nonswelling and comparatively stable dynamic hydrogels [16], while fast-relaxing
networks developed for dynamic cell culture demonstrate that mechanical adaptability
can be tuned without simply sacrificing cytocompatibility [19]. At the application level,
newer hyaluronic-acid-based systems further show that dynamic network formation can be
integrated with tissue adhesion, antioxidant activity, drug release, and wound-regenerative
functions [20-22]. These advances are important not because they continuously add func-
tionalities to hydrogels, but because they reveal that biomedical performance emerges
from interactions among chemistry, macromolecular structure, network dynamics, and the
surrounding biological environment.

Despite this rapid progress, the literature remains fragmented across multiple levels
of material design. Recent reviews have provided valuable analyses of individual dy-
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namic chemistries, particularly boronate ester systems, or have examined dynamic covalent
hydrogels within specific biomedical contexts such as wound healing [23,24]. However,
organizing the field primarily by reversible bond type or end-use application can obscure hi-
erarchical relationships that explain why similar materials behave differently. Two networks
constructed through the same nominal dynamic chemistry may exhibit markedly different
relaxation, erosion, healing, transport, or biological responses because their polymer molec-
ular weights, functionalization levels, cross-link distributions, network topologies, and
operating environments differ. Conversely, chemically distinct dynamic bonds may yield
comparable macroscopic behavior when their exchange timescales and network configura-
tions are appropriately engineered [25]. A broader structure-dynamics—function framework
is therefore needed to connect molecular design variables with adaptive material behavior
and ultimately with biomedical performance.

Therefore, this review looks at dynamic covalent biomacromaterials from the point of
view of rational network design and not just based on bond classification. It focuses on
the way in which the thermodynamics and kinetics of reversible covalent interactions are
transformed, through the structure of the biomacromolecules and the network topology;,
into properties such as stress relaxation, self-healing, injectability, degradation, transport,
responsiveness, and interfacial behaviour. The relationships thus identified are then linked
to the biomedical functions of regenerative matrices, therapeutic delivery systems, wound-
interfacing materials, bioadhesive platforms, biofabrication, and other adaptive biological
environments. Instead of assuming that higher bond reversibility automatically leads to
better biomaterials, the review treats the key design issue as one concerning time-scale
matching: molecular exchange has to be fast enough to allow for the intended biological
or mechanical process while at the same time being persistent enough to preserve the
material’s function. By combining bond-level chemistry with network-level mechanics
and biological response, we hope to develop a framework for designing dynamic covalent
biomacromaterials based on the required function rather than on chemical identity alone.
Figure 1 summarizes the design-to-function framework that connects biomacromolecular
composition and dynamic covalent crosslinking with adaptive network behavior and
biomedical performance.
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Figure 1. Conceptual design-to-function framework of dynamic covalent biomacromaterials.
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2. Review Methodologies

A structured literature search was conducted using Web of Science, Scopus, PubMed,
and Google Scholar to identify relevant studies on dynamic covalent biomacromaterials.
The search primarily covered publications from 2020 to 2026, while earlier studies were
included selectively when they provided essential conceptual or methodological founda-
tions. The final literature search was conducted in approximately September 2026. Search
terms were combined using Boolean operators (AND/OR), with minor adaptations ac-
cording to the syntax and indexing characteristics of each database. Representative search
combinations included (“dynamic covalent chemistry” OR “dynamic covalent biomate-
rials”) AND (“biomacromolecule” OR “hydrogel” OR “adaptive polymer network*”), as
well as (“dynamic cross-linking” OR “reversible covalent bond*”) AND (“self-healing”
OR “stress relaxation” OR “injectable hydrogel*” OR “bioadhesive*” OR “drug delivery”
OR “tissue engineering” OR “biofabrication”). Additional targeted searches combined
specific biomacromolecules, including hyaluronic acid, alginate, chitosan, gelatin, col-
lagen, proteins, peptides, and nucleic-acid-related components, with relevant dynamic
covalent chemistries.

Priority was given to peer-reviewed original research articles, particularly recent
studies that established relationships among molecular design, network architecture, time-
dependent material behavior, and biomedical performance. Review articles were used
primarily to identify broader research trends and relevant primary literature rather than
as the principal source of evidence. Studies were included when they directly addressed
dynamic covalent networks containing biologically derived or biologically relevant macro-
molecular components and provided meaningful physicochemical, mechanical, biolog-
ical, or application-level characterization. Studies directly involving dynamic covalent
biomacromolecular networks were treated as the core evidence base of this review. A
limited number of conceptually related systems based predominantly on reversible non-
covalent interactions or other adaptive material strategies were included only as clearly
identified benchmarks when they provided mechanistic or design insights directly relevant
to DCC biomacromaterials. These benchmark systems were not treated as evidence of
dynamic covalent network behavior. Articles focused exclusively on conventional synthetic
dynamic polymers without clear relevance to biomacromaterials were generally excluded.

The selected literature was critically organized according to three interconnected
themes: molecular and network design principles, adaptive structure-dynamics relation-
ships, and biomedical applications. This framework was used to identify recurring design
relationships, performance trade-offs, current limitations, and emerging opportunities
across different dynamic covalent biomacromaterial platforms. During manuscript prepa-
ration, Figure Labs Plus, an Al-assisted graphical tool, was used solely to support the
visual refinement and modification of selected schematic figures. The scientific concepts,
figure structures, labels, interpretation, and final content were defined and reviewed by the
authors.

3. Molecular Design Principles of Dynamic Covalent Biomacromaterials

The performance of a dynamic covalent biomacromaterial cannot be predicted from
the presence of a reversible bond alone. Once incorporated into a macromolecular network,
bond exchange operates within a hierarchy of constraints imposed by polymer identity,
molecular weight, degree of functionalization, cross-linker architecture, network connec-
tivity, solvent environment, and processing history. These variables determine whether
molecular reversibility is effectively transmitted to the bulk material or suppressed by chain
entanglement, steric restriction, network heterogeneity, or competing interactions. Rational
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design therefore requires a shift from bond-centered selection toward the coordinated engi-
neering of biomacromolecular structure, exchange chemistry, and network architecture.

3.1. Biomacromolecular Scaffold Selection and Functionalization

The biomacromolecular scaffold should be regarded as an active determinant of
dynamic-network behavior rather than as an inert carrier for reversible functional groups.
Chain length, conformational flexibility, charge density, hydration, native intermolecular
interactions, and the spatial distribution of reactive sites all influence network formation
before the intrinsic properties of the dynamic bond become dominant. This distinction
has been demonstrated particularly clearly in hyaluronic-acid-based systems. De Paiva
Narciso et al. (2023) showed that changing both the molecular weight and degree of func-
tionalization of benzaldehyde-modified hyaluronic acid produced substantial changes in
stiffness, fracture behavior, and extrusion force in hydrazone-cross-linked networks, with
polymer entanglement becoming increasingly important at higher molecular weight [12].
Related work by Navarro et al. (2022) demonstrated that modifying polymer hydrophilic-
ity can alter network mechanics and the morphology of encapsulated cells, illustrating
that seemingly secondary backbone characteristics may modify the physical environment
generated by a cross-linked material [26]. These observations imply that the polymer and
the dynamic bond cannot be optimized independently.

The same principle becomes particularly important when the biomacromolecule car-
ries intrinsic biological information. Recombinant proteins provide an instructive example
because their sequence, molecular weight, and ligand presentation can be controlled more
precisely than those of many naturally extracted polymers. Suhar et al. (2023) developed a
library of elastin-like proteins with systematically varied matrix ligands, demonstrating
how protein engineering can separate changes in biochemical presentation from changes in
the surrounding matrix [27]. Such sequence-level control is attractive for dynamic cova-
lent systems because it provides a route to position reactive and biological functionalities
more deliberately. By contrast, naturally derived proteins and polysaccharides commonly
offer broader distributions in molecular weight and functional-group accessibility. These
characteristics are not necessarily disadvantages, but they increase the importance of re-
porting source, molecular-weight distribution, degree of substitution, and batch-dependent
composition when structure—property relationships are interpreted.

Hybrid biomacromolecular formulations provide another route for distributing struc-
tural and biological functions among different components. Shi et al. (2022), for example,
combined modified hyaluronic acid with gelatin in a dynamically cross-linked formulation
in which the polysaccharide contributed matrix-like hydration while gelatin introduced
additional cell-interactive functionality and secondary stabilization [17]. Oxidized dextran
represents a complementary strategy because oxidation converts an abundant polysac-
charide into a macromolecule carrying distributed reactive aldehyde groups. Fan et al.
(2023) exploited this feature to generate injectable dynamic dextran networks, illustrating
how precursor modification can transform a biologically compatible polysaccharide into a
cross-linking component without introducing a separate low-molecular-weight linker [28].
Similarly, Zhu et al. (2022) used oxidized alginate together with gelatin in a dynamically
cross-linked composite bioink, further demonstrating that oxidation level and subsequent
incorporation of inorganic components can simultaneously alter network formation and
processability [29]. These studies collectively indicate that precursor chemistry should be
selected according to the role assigned to each macromolecule within the network, rather
than simply according to the availability of reactive groups.

Functionalization density introduces an additional design trade-off. Increasing the
number of reactive groups can increase attainable connectivity, but it also changes the chem-
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Scaffold classes

ical identity of the parent biomacromolecule and may alter hydration, steric environment,
chain conformation, or accessibility of native motifs. Orthogonal modification strategies
are therefore increasingly attractive because they allow different functions to be manipu-
lated with less chemical interference. Tournier et al. (2023) demonstrated this principle by
integrating dynamic cross-linking with an independent click-functionalization pathway,
enabling material composition to be modified after network formation [18]. Meanwhile, ap-
proaches that redesign the reactive motif itself can address limitations arising from the par-
ent biomacromolecule. Lagneau et al. (2023) showed that appropriate macromolecular and
boronate-crosslinking design could markedly suppress swelling and improve long-term
stability [16], while Sundaram et al. (2025) demonstrated in recombinant-hyaluronic-acid-
containing networks that the molecular weight of the biopolymer remained an influential
parameter even when the nominal cross-linking chemistry was unchanged [30]. At the
other end of the structural spectrum, Mari¢ et al. (2023) combined peptide-based building
blocks with two compatible dynamic covalent chemistries, illustrating the potential of
modular biomolecular systems in which molecular recognition, assembly, and covalent
adaptability are designed concurrently [31].

Taken together, these results establish a useful hierarchy for scaffold selection.
Biomacromolecule identity defines the accessible chemical and biological design space;
molecular weight and chain architecture determine how that space is physically expressed;
and functionalization determines how effectively the scaffold participates in the dynamic
network. Reporting only polymer identity and nominal cross-linker concentration is there-
fore insufficient for mechanistic comparison among dynamic biomacromaterials. Figure 2
summarizes how scaffold identity, intrinsic molecular characteristics, and controlled func-
tionalization collectively determine the participation of biomacromolecules in dynamic
covalent networks.
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Figure 2. Biomacromolecular scaffold selection and functionalization for dynamic covalent net-
work design.
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3.2. Exchange Chemistry as a Kinetic and Thermodynamic Design Variable

Once the biomacromolecular platform has been selected, the next design question is
not simply which dynamic covalent reaction can cross-link it, but whether the reaction
operates within the required physicochemical window. In aqueous biomaterials, the
relevant parameters include the rates of bond formation and dissociation or exchange, the
position of the equilibrium, sensitivity to pH and competing species, and the extent to which
these quantities change after reactive groups are conjugated to a polymer. Lou et al. (2021)
demonstrated that molecular association parameters could be quantitatively related to the
viscoelastic response of dynamic hydrogels, providing evidence that macroscopic behavior
can be approached from measurable molecular variables rather than through empirical
formulation alone [5]. The important implication is that bond identity is an incomplete
descriptor, with chemically similar networks behaving differently if their effective kinetic or
equilibrium constants differ under the conditions in which the material is used. Although
bond identity alone does not determine macroscopic performance, a concise comparison of
representative dynamic covalent chemistries provides a useful baseline for understanding
their characteristic exchange conditions, physiological compatibility, advantages, and
limitations (Table 1).

Table 1. Representative characteristics of major dynamic covalent chemistries used in biomacromolec-
ular networks.

Dynamic

Principal Stimu-
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tent i
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Redox
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Reversible cycloaddition reactions provide a complementary design regime to more
rapidly exchanging imine, hydrazone, or boronate systems. In particular, Diels—Alder-type
linkages can offer comparatively persistent covalent connectivity with externally regulated
reversibility, although conventional thermally driven exchange may require conditions
that limit direct use in cell-containing systems. Their biomedical utility therefore depends
strongly on molecular design strategies that shift the reaction window toward physiologi-
cally acceptable conditions. Environmental sensitivity is particularly relevant because many
dynamic reactions are characterized under conditions that differ substantially from physio-
logical media. FitzSimons et al. (2022) demonstrated that pH altered both equilibrium and
kinetic parameters in thia-Michael-cross-linked hydrogels, with corresponding changes
in macroscopic relaxation [32]. Rather than regarding such sensitivity solely as a route to
stimuli responsiveness, it should initially be considered a design constraint as the reaction
must maintain a suitable exchange window in buffered aqueous media containing salts,
proteins, and potential competing reactants. This requirement also creates opportunities
for chemical intervention. Gilchrist et al. (2023) introduced transient molecular competitors
into recombinant hydrazone-cross-linked hydrogels and showed that competition could
predictably modify gelation and network properties by perturbing cross-link formation [33].
In a related strategy, Lou and Xia (2022) used competitor molecules to reversibly mod-
ulate hydrogel mechanics, demonstrating that the effective cross-link population can be
controlled without rebuilding the macromolecular scaffold [34].

A single exchange timescale is not necessarily optimal throughout fabrication and use.
Morgan et al. (2022) addressed this limitation by mixing dynamic cross-linkers with differ-
ent reaction characteristics, creating networks whose properties could be adjusted beyond
those accessible using cross-linker alone [35]. Such approaches are conceptually important
because they move dynamic-network design away from a one-bond—one-property rela-
tionship toward a distribution of exchange environments. Statistical formulation methods
provide a complementary means of navigating this multidimensional design space. Mozipo
et al. (2024) applied design-of-experiments analysis to hydrazone-cross-linked hyaluronic
acid hydrogels and demonstrated that formulation variables jointly influenced gelation
time, modulus, and stability [36]. This type of multivariate approach is especially appropri-
ate for biomacromolecular systems, in which changing functionalization or stoichiometry
frequently affects several properties simultaneously.

More quantitative structure—reactivity studies are now beginning to provide the chem-
ical foundation required for such predictive design. Morgan et al. determined kinetic and
equilibrium constants across a library of imine-type dynamic systems and demonstrated
that these values could be used to anticipate unusual mechanical responses after incor-
poration into hydrogels [37]. Subsequent work examining hydrazone networks showed
that reaction kinetics interact with cross-linker size and valency rather than acting as an
isolated control variable [38]. Chemical structure can likewise be modified to reposition the
equilibrium itself. Crolais et al. (2023) demonstrated that heterocyclic design substantially
altered the equilibrium of dynamic thia-Michael reactions [39], highlighting a broader
opportunity to tune reactive motifs before changing polymer concentration or network
density.

Processing requirements further illustrate why exchange kinetics must be selected
contextually. Hull et al. (2023) showed that small-molecule modulators could transiently
regulate dynamic hydrogel cross-linking during bioprinting, helping reconcile the com-
peting requirements of extrusion and subsequent structural retention [40]. This concept
suggests a general design strategy, with the optimal network not necessarily requiring one
invariant exchange rate. Instead, the kinetic landscape may be temporarily or spatially
adjusted during synthesis, delivery, or fabrication and subsequently allowed to evolve
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toward the state required during material use. Figure 3 schematically illustrates how re-
versible covalent bond formation and exchange are translated into network rearrangement,
stimulus responsiveness, and adaptive material behavior.

Dynamic covalent Network Bond exchange Stimulus response Adaptive network behavior
bond formation (network rearrangement) & function v Stress relaxation
& viscoelasticity

© pH v Self-healing
A+B ® Redox v Remodeling
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Figure 3. From dynamic covalent bond exchange to adaptive network behavior.

3.3. Network Architecture as a Co-Determinant of Dynamic Behavior

Molecular exchange establishes the possibility of network rearrangement, but network
architecture determines how extensively that exchange influences the bulk material. The
number, spatial arrangement, and connectivity of dynamic junctions govern whether a
bond-exchange event produces a local fluctuation or propagates into mesoscale restructur-
ing. Lin et al. (2024) provided direct evidence for this distinction using hydrazone-cross-
linked alginate networks with side-chain, linear telechelic, and star-shaped cross-linking
architectures [13]. Despite sharing related dynamic chemistry, the architectures occupied
distinct ranges of stiffness and relaxation behavior, while cross-linker valency and con-
centration affected the networks differently. Thus, comparisons based solely on cross-link
density can be misleading when the underlying connectivity is not equivalent.

One increasingly useful strategy is to combine dynamic and persistent junctions
deliberately. Aldana et al. (2021) constructed biomimetic double networks containing dy-
namic and static cross-links, illustrating that the two populations can be allocated different
structural roles [41]. Borelli et al. (2022) similarly demonstrated that hybrid biopolymer—
synthetic hydrogels could be formulated so that composition and dynamic cross-linking
jointly governed matrix properties [42]. More recently, Jaeschke et al. (2024) combined
hydrazone and triazole cross-linking within printable networks, using architectural control
to reconcile properties required during extrusion with those needed after deposition [43].
These studies suggest that the conventional distinction between dynamic and permanent
networks is often too binary for rational biomaterial design. A small, persistent fraction may
serve as a structural backbone, whereas reversible junctions control local rearrangement.

The same reasoning applies to dual-dynamic systems. Wang et al. (2022) combined
hydrazone-cross-linked hyaluronic acid with methacrylated gelatin to construct networks
in which different structural components contributed to recovery and printability [44],
whereas Zhang et al. (2021) used two forms of dynamic covalent cross-linking in gelatin-
based hydrogels to increase mechanical robustness without eliminating network reversibil-
ity [45]. Multimodal alginate systems developed by Naeimipour et al. (2023) further
showed that thiolated polysaccharides can accommodate multiple cross-linking modes
within a single modular formulation [46]. Collectively, these examples support a design
principle in which network heterogeneity is intentionally programmed rather than treated
as an unavoidable consequence of gel formation.

Architectural complexity, however, should be introduced only when each network
component has a defined function. Guo et al. (2024) used a dynamic/covalent dual-
cross-linked hyaluronate architecture in which the persistent and reversible components
contributed differently to overall material performance [47]. Likewise, static-dynamic
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viscoelastic networks investigated by Chen et al. (2021) showed that altering the balance
between these two cross-link populations changed the accessible mechanical environ-
ment [48]. The broader lesson is that adding a second cross-linking mechanism should not
be regarded automatically as “reinforcement.” Depending on its density and placement, a
permanent network may immobilize the dynamic component sufficiently to suppress the
very adaptability that motivated its inclusion.

Network design should therefore specify more than nominal cross-link concentration.
Cross-linker valency, molecular length, attachment geometry, reactive-group stoichiometry,
polymer concentration, and the fraction of dynamic versus persistent junctions collectively
determine the topology through which bond exchange is transmitted. These parameters
provide a means to decouple properties that would otherwise be tightly correlated, but
excessive architectural complexity can reduce interpretability and reproducibility. For
dynamic covalent biomacromaterials, the most informative architectures are consequently
those in which structural complexity is introduced to resolve a specific property trade-off
rather than simply to maximize the number of interactions present. Figure 4 illustrates how
network architecture translates molecular exchange into distinct macroscopic properties
and adaptive behaviors.
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Figure 4. Network architectural determinants of dynamic covalent biomacromaterial behavior.

3.4. Designing for Physiological Robustness and Processability

A dynamic network optimized in a rheometer is not necessarily a viable biomaterial. In
physiological environments, dilution, ionic strength, macromolecular crowding, competing
nucleophiles or diols, redox conditions, enzymes, and continuous fluid exchange can shift
equilibria or remove dissociated polymer chains from the network (Figure 5).
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Figure 5. Processing stages and key considerations for dynamic covalent biomacromolecules.

The magnitude of these environmental variations is important when evaluating whether
a nominally stimuli-responsive chemistry is physiologically relevant. For example, extracellu-
lar fluids are generally maintained close to neutral physiological pH (~7.35-7.45), whereas
tissue microenvironments may deviate locally from this range. Intact skin is substantially more
acidic (approximately pH 4-6), while chronic wound environments have commonly been
reported in the range of approximately pH 7.15-8.9. Redox conditions are likewise strongly
compartmentalized. Reduced glutathione (GSH), an important biological reducing agent
relevant to disulfide exchange, is typically present at millimolar concentrations intracellularly
(~0.5-10 mM), whereas extracellular concentrations are generally only in the low-micromolar
range (~10-30 uM). The intracellular GSH/GSSG redox environment commonly lies in a rela-
tively reducing range of approximately —260 to —190 mV, depending on cellular state. These
differences illustrate why responsiveness observed only at highly acidic/basic pH or unusu-
ally high reductant concentrations should not automatically be interpreted as physiologically
accessible behavior.

Consequently, one of the most important unresolved design tensions is the relation-
ship between molecular reversibility and long-term material integrity. Huang et al. (2025)
addressed this problem by introducing sparse static covalent “spot-welds” into a dynamic
hyaluronic-acid/elastin-like-protein network [49]. The additional anchor points substan-
tially extended network stability while retaining key dynamic characteristics, demon-
strating that bulk persistence can be improved without converting the material into a
predominantly permanent network. Related stable-dynamic architectures reported by Li
et al. (2025) reinforce the concept that physiological persistence and local adaptability need
not be treated as mutually exclusive design targets [50].

How a network is formed is equally important. Polymerization strategies that require
strong catalysts, high temperatures, organic solvents, or substantial radical exposure may
be chemically effective yet incompatible with proteins, cells, or sensitive biological cargo.
Rizzo et al. (2024) recently demonstrated photoinitiator-free light-mediated cross-linking of
dynamic polymer and pristine protein networks, providing a route to spatial control while
avoiding conventional photoinitiator-derived radicals [51]. Tavakoli et al. (2025) similarly
developed a hyaluronic-acid-based system using cysteine-derived dynamic disulfide cross-
linking under physiologically relevant conditions and optimized it for high-resolution
printing [52]. These studies illustrate that processing chemistry should be incorporated
into molecular design from the outset, rather than treated as an engineering problem after
a network formulation has been finalized.
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Physiological robustness also requires attention to the chemical environment experi-
enced by a specific dynamic junction. Boronic-acid-functionalized alginate/PVA networks
investigated by Oyarzun et al. (2024) showed how pH-sensitive dynamic cross-linking
can couple environmental conditions to network formation and stability [53]. Conversely,
rapidly relaxing networks studied by Khine et al. (2024) illustrate that reversibility can
be deliberately maintained when short-timescale remodeling is required [19]. Neither
condition is intrinsically superior. The appropriate balance depends on whether material
integrity is required for minutes, days, or weeks and whether polymer loss, swelling, or
compositional drift would interfere with the intended function.

The chemistry used to prepare the precursor polymers also deserves comparable
attention. Ge et al. (2024) formulated oxidized dextran/gelatin networks through mild in
situ gelation, exemplifying how biomacromolecular oxidation and cross-link formation can
be integrated without requiring harsh curing conditions [54]. In protein-based system:s,
Asim et al. (2025) engineered gelatin with dithiolane functionality to construct dynamic
disulfide-containing networks, demonstrating that modification of the biomacromolecule
itself can expand the accessible processing and cross-linking space [55]. Such approaches
are valuable only if derivatization remains reproducible and does not excessively alter the
parent polymer. Degree of substitution, residual reagents, polymer degradation during
modification, and batch-to-batch molecular-weight changes should therefore be considered
material-design variables rather than merely synthetic characterization details.

A further frontier is the deliberate use of external regulation after network formation.
Lu et al. (2025) introduced light-mediated control into dynamically cross-linked hydrogels,
enabling spatial and temporal alteration of the network after fabrication [15]. Similarly,
recent multi-dynamic hyaluronic-acid systems have been designed to accelerate structural
recovery while preserving a functional hydrated network [22]. Although the adaptive
consequences of these strategies are discussed in the next section, from a design perspective
they illustrate an important transition from pre-programmed materials, whose properties
are fixed by their initial formulation, toward addressable dynamic networks, in which the
exchange landscape can be modified during use.

These considerations lead to a practical design hierarchy for dynamic covalent
biomacromaterials. The biomacromolecular scaffold should first be selected according to its
biological function, molecular characteristics, and available sites for controlled derivatiza-
tion. The dynamic chemistry should then be chosen according to its kinetic and equilibrium
behavior under the intended aqueous environment rather than according to reversibility
in isolation. Network topology should subsequently be engineered to translate molecular
exchange into the required macroscopic response, with persistent cross-links introduced
only where necessary to control erosion or structural failure. Finally, fabrication, steriliza-
tion, storage, delivery, and physiological exposure should be evaluated as part of network
design rather than as downstream constraints.

4. Adaptive Network Behavior and Structure-Dynamics Relationships

The molecular and architectural parameters described in Section 3 establish the condi-
tions under which dynamic covalent exchange can occur, but their biomedical relevance
ultimately depends on how these molecular events are translated into observable material
behavior. This distinction is important because a network containing reversible bonds
is not necessarily adaptive on every relevant timescale. Depending on the relationship
between bond exchange, polymer motion, deformation, environmental change, and mass
transport, dynamic covalent biomacromaterials can dissipate stress, recover after mechani-
cal disruption, alter their properties in response to local stimuli, or progressively change
their permeability and degradation state [56]. These phenomena share a common origin
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in network rearrangement but should not be treated as interchangeable manifestations of
“dynamicity.” Instead, they define distinct structure-dynamics relationships that require
different experimental descriptors and have different biological consequences.

4.1. Stress Relaxation and Viscoelasticity as Temporal Mechanics

For conventional elastic biomaterials, mechanical characterization is frequently re-
duced to an elastic or storage modulus measured at a defined time and deformation.
Dynamic networks challenge this representation because the force sustained by the mate-
rial changes as its junctions rearrange. Two matrices with comparable initial stiffness can
therefore impose substantially different mechanical environments over seconds, minutes,
or hours. In hydrazone-based covalently adaptable networks, Richardson et al. demon-
strated that viscoelasticity modified the transmission of dynamic compressive loading to
encapsulated chondrocytes, establishing that the cellular mechanical environment depends
on the temporal response of the surrounding network rather than on stiffness alone [57].
This temporal perspective is consistent with observations on soft viscoelastic substrates,
where faster stress relaxation enabled cell migration under conditions in which elastic
substrates of comparable modulus supported little movement [58].

However, increasing relaxation rate should not be interpreted as a universally ben-
eficial design strategy. Stress relaxation contains several experimentally distinguishable
features, including the magnitude of stress dissipated, characteristic relaxation times,
residual stress, and the breadth of the relaxation spectrum. Hazur et al. (2021) directly
compared relaxation amplitude and relaxation time in three-dimensional hydrogel matrices
with broadly similar Young’s moduli and found that fibroblast elongation, migration, and
proliferation were more consistently associated with relaxation amplitude than with the
measured relaxation time constant [59]. By contrast, Yu et al. (2022) reported that gradual
changes in relaxation amplitude could suppress spreading under their specific experimental
conditions, despite controlling other mechanical parameters [60]. Rather than representing
contradictory observations, these studies indicate that cellular responses arise from the
relation between the material relaxation window and the timescale, dimensionality, and
mode of cellular force generation.

The importance of temporal mechanics becomes more evident when the matrix is
allowed to change after cell encapsulation. Yavitt et al. (2023) used photoinduced cross-link
exchange to alter the viscoelastic state surrounding intestinal organoids in situ, thereby
changing epithelial curvature and subsequently influencing crypt morphogenesis [61]. Peng
et al. (2023) extended programmable temporal mechanics using DNA-encoded dynamic
matrices whose stress-relaxation times could be varied over several orders of magnitude
while maintaining a chemically defined culture environment [62]. Importantly, this system
is not classified here as a dynamic covalent biomacromaterial because its adaptability arises
predominantly from reversible DNA interactions rather than covalent bond exchange.
It is included solely as a conceptual benchmark demonstrating how independently pro-
grammable relaxation spectra can help establish causal relationships between temporal
mechanics and biological response. Similarly, modifying macroporosity alone can markedly
accelerate stress relaxation and promote cell expansion and migration [63], demonstrating
that comparable macroscopic relaxation may emerge from structurally distinct processes.

Recent systems increasingly combine such temporal mechanics with biomolecular
signaling. Huang et al. (2025) showed that viscoelastic matrices presenting N-cadherin-like
interactions supported neural progenitor cell expansion and maintenance of stemness
through the combined influence of matrix dynamics and cell-binding cues [64]. At an even
shorter mechanical timescale, ultrafast-relaxing matrices developed by Kirkpatrick et al.
(2026) broadened the experimentally accessible range of relaxation behavior and facilitated
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cellular remodeling in synthetic three-dimensional environments [65]. Together, these
findings indicate that stress relaxation should be treated as a multidimensional material
property. Reporting only (G’) and a single relaxation half-time risks obscuring differences
in relaxation amplitude, residual elasticity, creep, and frequency-dependent behavior that
may be decisive for biological interpretation. These findings collectively demonstrate that
temporal mechanics cannot be represented by stiffness alone; representative relationships
among relaxation characteristics and biological responses are summarized in Table 2.

Table 2. Representative relationships between temporal mechanics and biological response in dy-

namic hydrogel matrices.

Representative System

Temporal Descriptor
Examined

Principal Observation

Implication for Dynamic
Biomacromaterial Design

Hydrazone covalent
adaptable networks

Viscoelastic response under
dynamic compression

Network dynamics altered
transmission of compressive
deformation to chondrocytes

Mechanical loading should be interpreted
together with network relaxation [57]

Soft viscoelastic substrates

Relaxation rate

Faster relaxation enabled robust
migration on otherwise
mechanically soft substrates

Initial modulus alone does not predict
cell motility [58]

Alginate-based 3D matrices

Relaxation amplitude vs.
relaxation time

Relaxation amplitude correlated
more consistently with spreading,
migration, and proliferation

Amplitude and timescale should be
reported separately [59]

Photo-modulated
organoid matrices

In situ change in
viscoelastic state

Temporal matrix modification
altered epithelial curvature and
morphogenesis

Matrix dynamics can regulate biological
processes after encapsulation [61]

DNA-programmed dynamic
matrices (non-DCC
benchmark)

Broadly tunable
relaxation spectrum

Programmable relaxation
supported diverse cell and
organoid cultures

Wide and independently
controlled temporal windows facilitate
mechanistic interpretation [62]

Viscoelastic matrices with
N-cadherin-like signaling

Matrix relaxation combined
with ligand signaling

Mechanical dynamics and
biochemical cues acted
cooperatively

Temporal mechanics should not be
interpreted independently of biological
signaling [64]

The emerging implication is that a physiologically relevant dynamic matrix should not
simply be classified as “fast” or “slow” relaxing. Its relaxation behavior should instead be
matched to the biological process under investigation and characterized over the same time
window in which cells generate forces, reorganize adhesions, migrate, divide, or remodel
their surroundings.

4.2. Self-Healing and Mechanical Recovery After Network Disruption

Self-healing represents a fundamentally different manifestation of network dynamics.
Stress relaxation describes redistribution of stress while the material remains macroscopi-
cally continuous, whereas self-healing requires restoration of connectivity after substantial
disruption or creation of a new interface. This distinction is particularly important in
dynamic covalent biomacromaterials because reversible bonding can support both phenom-
ena, yet a network that relaxes rapidly does not necessarily recover its original mechanical
integrity after fracture.

Recent biomacromolecular systems illustrate increasingly rapid and robust recovery.
Yang et al. (2024) constructed a hyaluronic-acid-based double-dynamic network capable
of rapid reconstruction after disruption [66], while Gao et al. (2024) combined gelatin
and sodium alginate within a dynamic nanocomposite network to achieve recovery to-
gether with improved toughness and injectability [67]. Multiple reversible interactions
have similarly been incorporated into antibacterial hyaluronic acid networks, where com-
plete macroscopic reconnection was observed within approximately one hour [68]. These
systems illustrate an important trend: rather than maximizing the reversibility of a sin-
gle junction, several studies distribute dissipation and recovery across more than one
interaction population.
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Nevertheless, increasing mechanical reinforcement can create tension between re-
covery and structural persistence. Zhang et al. (2024) addressed this trade-off through a
hyaluronic-acid network that retained dynamic acylhydrazone-mediated healing while sec-
ondary photocross-linking increased mechanical strength; the resulting material achieved
approximately 90% healing efficiency after 6 h [69]. Collagen-based dual-dynamic networks
developed by Cai et al. (2024) likewise combined recovery with resistance to mechani-
cal failure [70]. The significance of such designs lies less in the number of cross-linking
interactions than in their functional separation: reversible junctions enable damaged in-
terfaces to reconnect, whereas more persistent interactions preserve sufficient cohesion
during loading.

This behavior is especially relevant when the material experiences severe deformation
during placement. Injectable hyaluronic-acid networks designed by Fan et al. (2024) re-
covered after extrusion and subsequently re-established a continuous matrix [71], whereas
temperature-responsive gelatin adhesives developed by Zhou et al. (2025) combined in-
jectability, self-healing, and reversible detachment [72]. Dynamic polyglycerol networks have
further demonstrated that repeated recovery can be compatible with three-dimensional cell
culture [73], and rapidly forming CBT-Cys networks showed that recovery can coexist with
suppression of excessive swelling [74]. Earlier adaptive hyaluronic-acid/poly(y-glutamic
acid) networks similarly demonstrated that recovery and local mechanical accommodation
could be combined within a degradable biomacromolecular system [75].

A persistent weakness in the literature, however, is inconsistency in how “self-healing”
is quantified. Recovery of (G') after alternating low- and high-strain rheology is evidence
of reversible network reconstruction, but it does not necessarily demonstrate restoration of
fracture strength across a physically separated interface. Conversely, optical disappearance of
a cut provides little quantitative information about mechanical recovery. Stronger evaluation
should therefore combine rheological recovery with cut-rejoin testing, tensile or compressive
recovery, time-dependent healing efficiency, repeated damage cycles, and testing in physi-
ologically relevant aqueous media. Without this distinction, networks that merely recover
their rheological state can be difficult to compare with materials that genuinely restore load-
bearing continuity. Recent HA, collagen, gelatin, and dynamic composite systems collectively
demonstrate substantial progress, but they also reveal the need for standardized recovery
metrics. The diversity of recovery behaviors across these systems further emphasizes the
need to distinguish reversible network reconstruction from genuine restoration of mechanical
integrity, as illustrated by representative examples in Table 3.

Table 3. Representative self-healing behaviors and appropriate interpretation of mechanical recovery.

Dynamic Biomaterial

Recovery Assessment

Reported Recovery Characteristic

Critical Interpretation

HA double-dynamic network

Macroscopic healing and
rheological recovery

Rapid network reconstruction
after damage

Fast recovery is favored when
more than one reversible
interaction contributes [66]

Gelatin/alginate nanocomposite

Rheological recovery and
mechanical testing

Self-healing retained alongside
improved toughness

Recovery should be evaluated
together with resistance to
repeated damage [67]

Multiple-dynamic-bond HA
hydrogel

Cut/reconnection and rheology

Complete reconnection within
approximately 1 h

Macroscopic healing provides
stronger evidence than
rheological recovery alone [68]

Photo-reinforced HA hydrogel

Healing-efficiency measurement

~90% recovery after 6 h while
retaining increased strength

Persistent reinforcement need not
eliminate dynamic recovery [69]

Fish-collagen dual-dynamic
hydrogel

Structural and mechanical
recovery

Dynamic junctions supported
recovery in a mechanically
reinforced matrix

Biomacromolecular cohesion and
reversible bonding must be
co-optimized [70]

Injectable HA network

Recovery following
deformation/injection

Network re-formed after severe
deformation

Post-extrusion recovery is
particularly relevant for injectable
materials [71]
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Self-healing should consequently be viewed as a damage-history-dependent property,
not an intrinsic binary label. The clinically relevant question is not whether a hydrogel
can heal under ideal laboratory conditions, but how much functionality is restored, how
rapidly this occurs, whether recovery persists after repeated disruption, and whether the
same performance is retained in the intended physiological environment.

4.3. Spatiotemporal Responsiveness and Adaptive Remodeling

A further level of adaptive behavior arises when network properties change in re-
sponse to environmental information. Conventional stimuli-responsive materials fre-
quently undergo swelling, dissolution, or release after exposure to a trigger; dynamic
covalent biomacromaterials can extend this concept by allowing the connectivity of the
network itself to evolve. The distinction is important because responsiveness becomes most
valuable when the material response is coupled to the magnitude, location, or duration
of the biological stimulus, rather than simply demonstrating sensitivity under extreme
laboratory conditions.

Externally controlled systems provide the most direct route to spatiotemporal reg-
ulation. Guo et al. (2022) integrated multiple dynamic interactions with photothermal
functionality, allowing mechanical recovery and externally triggered activity to coexist
within an adhesive hydrogel [76]. Thapa et al. (2023) more directly modulated dynamic
covalent PEG-based networks using photothermal heating, demonstrating that transient
changes in network behavior could regulate cargo release on demand [77]. Photoresponsive
shape-morphing matrices developed by Bril et al. (2023) further showed that dynamic
changes in material topography can produce persistent changes in fibroblast behavior [78].
Although the latter system is not itself a biomacromolecular DCC network, it highlights a
broader principle highly relevant to the field: a material may transmit a temporary physical
change into a longer-lasting biological response.

Endogenous triggers offer a different form of adaptivity because they allow pathologi-
cal microenvironments to regulate the material without external intervention. Huang et al.
(2024) developed a sprayable hyaluronic-acid network in which ROS-sensitive components
coupled local oxidative conditions to release behavior while dynamic covalent cross-links
maintained the material interface [79]. pH-responsive HA matrices have similarly been
used to link the changing wound environment with matrix behavior [80], while gelatin—
oxidized tannic acid networks connected pH-dependent structural changes with controlled
molecular release [81]. Redox-responsive materials provide an analogous strategy, with
Kili¢ Boz et al. (2022) demonstrating tunable and on-demand release of biomacromolecules
through redox-sensitive network disruption [82], and Bas et al. (2023) using hyaluronic-
acid-based redox-responsive networks to release macromolecular cargo upon exposure to a
reducing environment [83].

More recent platforms increasingly integrate several aspects of the microenvironment
rather than responding to one isolated signal. Chen et al. (2024) developed dynamic HA
matrices designed to interact with the inflammatory, angiogenic, and metabolic charac-
teristics of diabetic wounds [84]. Fu et al. (2025) subsequently reported a phase-adaptive
HA hydrogel capable of changing its interaction with bacteria to support initial capture
followed by on-demand removal [85]. These examples signal an important shift from
stimulus-sensitive materials, which undergo a predefined change after crossing a threshold,
toward state-adaptive materials, in which network properties evolve in accordance with
the biological situation.

This evolution also exposes a translational weakness. Many responsive systems are
evaluated at stimulus concentrations, pH values, irradiation intensities, or redox condi-
tions chosen to maximize experimental contrast. For context, biologically relevant pH
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shifts are frequently much narrower than the ranges used in proof-of-concept material
testing. Systemic extracellular conditions remain near pH 7.4, whereas chronic wounds
commonly occupy a moderately alkaline range of approximately pH 7.15-8.9 rather than
the strongly acidic or basic conditions sometimes used to demonstrate switching. Similarly,
redox-responsive systems should account for the pronounced intracellular-extracellular
glutathione gradient: intracellular GSH is typically in the ~0.5-10 mM range, whereas
extracellular levels are generally only tens of micromolar. Consequently, material responses
requiring reductant concentrations greatly exceeding the intracellular millimolar range,
or pH excursions substantially outside realistic tissue-specific windows, should be inter-
preted primarily as proof-of-principle rather than evidence of autonomous physiological
responsiveness. A material may therefore exhibit excellent responsiveness without operat-
ing effectively across the narrower and heterogeneous range encountered in vivo. Future
evaluation should define the biologically realistic stimulus window, response threshold,
reversibility, response time, spatial resolution, and performance after repeated activa-
tion. Together, these studies illustrate how distinct environmental and externally applied
cues can be translated into changes in network state and function, with representative
stimulus-response relationships summarized in Table 4.

Table 4. Stimulus-to-response relationships in adaptive dynamic hydrogel systems.

El;li\grigrf);(:;ental Cue Resulting Material Response Major Translational Consideration
Light/photothermal Temporally controlled network Penetration depth, local heating,
input rearrangement or release irradiation dose [77]
Dynamic topographical ~ Reversible change in material geometry Whether transient physical changes create
input sensed by cells persistent cellular effects [78]
ROS Trigger-dependent release and alteration of Pathological ROS levels are spatially and
local chemical environment temporally heterogeneous [79]
pH Changes in network state and cargo transport Physiological pH differences are often substantially

smaller than laboratory test ranges [80,81]

Redox environment

Network cleavage/reorganization and
biomacromolecule release

Intracellular and extracellular redox conditions
differ markedly [82,83]

Disease-state /bacterial
environment

Adaptive interaction, capture, or

on-demand removal

Multiple biological variables change
simultaneously in vivo [84,85]

The most compelling adaptive networks are therefore unlikely to be those with the
largest measurable stimulus response. Instead, they are those whose response threshold
and kinetics overlap realistically with the biological transition of interest and whose altered
state remains functional for the required duration.

4.4. Coupled Degradation, Molecular Transport, and Evolving Microenvironments

Dynamic covalent biomacromaterials should finally be regarded as open, evolving
networks rather than closed structures with fixed mesh sizes. Water, ions, proteins, metabo-
lites, enzymes, and competing reactive molecules continuously enter and leave the material.
Consequently, bond exchange can alter polymer mobility and network connectivity even
before measurable bulk degradation occurs, while degradation itself can subsequently
modify stress relaxation, permeability, and cargo transport.

The influence of the external environment on molecular transport was demonstrated
particularly clearly by Marco-Dufort et al. (2021), who showed that biomolecule release
from boronic-ester-based dynamic covalent hydrogels depended strongly on environmental
conditions rather than solely on the initial properties of the network [86]. This finding
challenges the common assumption that release from a hydrogel can be interpreted pri-
marily through initial pore size or equilibrium swelling. When dynamic bonds continually
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reorganize, the transport landscape experienced by a therapeutic molecule may evolve
during the release experiment itself.

Environment-responsive release provides a more explicit manifestation of this cou-
pling. Huang et al. (2022) incorporated tobramycin into a dynamic chitosan/dextran-based
system in which bacterial growth-associated environmental changes promoted antibiotic
release [87]. In another approach, Li et al. (2025) combined dynamic covalent chitosan net-
works with kartogenin-containing components to generate extended cargo retention [88].
These examples illustrate two distinct transport strategies, with the first uses environmental
change to accelerate release when required, whereas the second suppresses rapid loss and
extends local availability. Neither behavior can be adequately described by a single initial
diffusion coefficient.

Recent work has begun to formalize this time dependence. Sen et al. (2026) demon-
strated that the transport properties of injectable dynamic hydrogels can evolve after
administration because deformation disrupts transient network structure and subsequent
recovery progressively alters cargo diffusion [89]. By controlling network recovery and
relaxation, the authors reduced early release while preserving longer-term delivery. Al-
though the systems examined included both covalent and non-covalent dynamic networks,
the result is highly relevant to DCC biomaterials because it establishes that short-term burst
release and long-term retention can arise from different network states of the same material.
At a more general transport level, Escaiiuela-Copado et al. (2024) showed that molecular
release from polymer matrices depends jointly on molecular diffusivity and interaction
free energy [90]. This framework is particularly useful for biomacromolecular networks,
in which therapeutic proteins or peptides may interact with charged, hydrophobic, or
affinity-binding regions of the matrix while the network itself changes over time.

Degradation further complicates this relationship because it is not merely an endpoint
at which the material disappears. Narasimhan et al. (2025) demonstrated that matrix
degradation can accelerate stress relaxation and thereby alter cell adhesion and spread-
ing [91]. Thus, degradation changes mechanics before complete material loss, providing
a direct bridge between the phenomena. Similarly, Xu et al. (2020) showed that pH- and
redox-responsive hyaluronan networks could undergo reversible structural changes while
modulating protein release under different environmental conditions [92]. The resulting
picture is one in which degradation, relaxation, swelling, and transport are coupled state
variables rather than separable material properties. These observations highlight the inter-
dependence of network evolution, degradation, and molecular transport, representative
examples of which are compared in Table 5.

Table 5. Coupling among network evolution, degradation, and molecular transport in dynamic
hydrogel systems.

Evolving Process

Observable Consequence Recommended Characterization

Environment-dependent bond exchange

Change in effective permeability and
cargo retention

Release profiles under multiple physiologically
relevant media [86]

Pathology-triggered network response

Accelerated cargo release when the local
environment changes

Stimulus concentration vs. release rate and
network integrity [87]

Sustained network-mediated retention

Reduction in rapid cargo loss

Release, swelling, degradation, and cargo
stability measured concurrently [88]

Post-injection network recovery

Time-dependent transition from disrupted to
recovered transport state

Pre-/post-injection rheology coupled with
time-resolved diffusivity [89]

Solute-matrix interaction

Transport becomes interaction-limited rather
than purely diffusion-limited

Diffusion coefficient together with
binding/partitioning measurements [90]

Degradation-mechanics coupling

Degradation accelerates stress relaxation
before complete matrix loss

Mass loss, modulus, relaxation spectrum, and
microstructure over matched timescales [91]

pH/redox-driven structural evolution

Network state and protein release
change simultaneously

Environmental response, structural change,
and release measured in parallel [92]
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This coupling has important consequences for experimental interpretation. A sustained-
release profile cannot automatically be attributed to restricted diffusion, just as accelerated
release cannot automatically be interpreted as degradation. Apparent transport behavior
may reflect a changing combination of diffusion, reversible binding, polymer erosion, bond
exchange, swelling, and post-deformation network recovery. Future studies should therefore
synchronize rheological, degradation, swelling, and transport measurements over comparable
time windows rather than characterizing these processes independently.

Overall, the adaptive behavior of dynamic covalent biomacromaterials emerges from
the interaction of multiple timescales. Bond exchange establishes the molecular possibility
of rearrangement; stress relaxation determines how force is redistributed; self-healing
determines whether connectivity can be restored after damage; environmental respon-
siveness allows the material state to change according to external or biological cues; and
degradation and transport progressively redefine the network during use. Importantly,
optimizing any one of these characteristics in isolation may compromise another. Extremely
rapid relaxation can reduce mechanical persistence, extensive reinforcement may suppress
healing, high stimulus sensitivity may destabilize the network under normal physiological
fluctuations, and rapid degradation may accelerate both stress dissipation and cargo loss.
The central challenge is therefore not to maximize dynamicity, but to match the relevant
material timescales to the biological process that the material is expected to support. This
structure-dynamics perspective provides the necessary bridge from molecular design to
the biomedical functions considered in Section 5.

5. Biomedical Applications of Dynamic Covalent Biomacromaterials

The biomedical value of dynamic covalent biomacromaterials becomes most apparent
in situations where conventional static matrices encounter a mismatch between material
persistence and the changing requirements of the biological environment. Irregular tissue
defects require conformal filling without loss of structural retention; contracting or beating
tissues impose repeated deformation; wounds require simultaneous adhesion, fluid man-
agement, antimicrobial protection, and remodeling; therapeutic depots must retain cargo
while permitting controlled release; and three-dimensional culture systems must provide
sufficient stability for long-term experiments without preventing cell-mediated reorgani-
zation. Dynamic covalent biomacromaterials offer particular advantages in these settings
because their network state can evolve after fabrication or administration [93]. Importantly,
however, clinical relevance depends less on the presence of reversible chemistry itself
than on whether that adaptability resolves a specific application-level limitation. Figure 6
provides an overview of the major biomedical application domains of dynamic covalent
biomacromaterials, spanning regenerative repair, wound healing, localized therapeutic
delivery, and biofabrication-based 3D models.

The following sections therefore evaluate dynamic covalent biomacromaterials according
to the biomedical problems they address rather than according to the underlying bond type.

5.1. Regenerative Medicine and Tissue-Specific Repair

Regenerative applications impose perhaps the clearest requirement for a material to rec-
oncile initially contradictory functions. A regenerative matrix must occupy and remain within
a defect while permitting cellular infiltration, tissue deposition, vascularization, and eventual
replacement by newly formed tissue. These demands become particularly challenging in
defects with irregular geometry or in tissues that experience substantial mechanical motion.
Recent dynamic covalent systems increasingly address this problem by using adaptability
during implantation and early healing, while providing sufficient persistence for subsequent
tissue formation.
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Figure 6. Emerging biomedical applications enabled by dynamic covalent biomacromaterials.

Bone and osteochondral defects illustrate this transition particularly clearly. Zhou
et al. (2024) developed an injectable, bone-adhesive nanocomposite hydrogel that adapted
to irregular defect geometries and supported ultrasound-driven electrical stimulation,
resulting in enhanced bone regeneration [94]. Rather than relying solely on injectability;,
Wang et al. (2024) introduced a dough-like material that initially retained a dynamic net-
work sufficiently malleable to conform to irregular bone defects but was subsequently
converted into a more rigid state after placement [95]. This dynamic-to-stable transition is
particularly relevant for load-bearing regeneration because the rheological state required
during implantation is not necessarily the state required during tissue maturation. Fang
et al. (2024) similarly demonstrated that an injectable self-healing alginate system could
support osteochondral regeneration while balancing mechanical integrity with an appropri-
ate degradation profile [96]. Collectively, these studies suggest that the strongest advantage
of dynamic chemistry in skeletal repair may lie in stage-dependent material function, with
conformability prioritized during placement, whereas retention and tissue support become
increasingly important after implantation.

Articular cartilage presents a related but distinct challenge because the material must
operate within a hydrated, mechanically active, inflammatory environment. Lei et al.
constructed an injectable dynamic hydrogel that combined lubrication with reactive-oxygen-
species scavenging for osteoarthritis treatment [97]. The formulation improved more than
one pathological feature, but its broader significance is that dynamic networks can act
as mechanically compliant local interfaces rather than merely as structural fillers. This
concept extends to osteochondral regeneration, where the requirement is not simply to
induce cartilage formation but to accommodate the mechanically and compositionally
heterogeneous transition between cartilage and subchondral bone [96,97].

Cardiac tissues present an even more stringent temporal problem because an im-
planted material experiences continuous cyclic deformation immediately after administra-
tion. Jia et al. exploited borate-based dynamic covalent chemistry to produce a myocardial
patch whose mechanical response was tailored toward the characteristic timescale of car-
diac motion [98]. Importantly, the work progressed beyond a small-animal proof of concept
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to transspecies evaluation, providing stronger evidence that matching dynamic material
behavior to organ-level physiology may be clinically meaningful. Yu et al. (2022) likewise
developed an intrapericardially injectable hydrogel that supported mechanical-electrical
coupling and local cell therapy after myocardial infarction [99], while injectable hyaluronic-
acid/polylysine matrices have been used to retain therapeutic exosomes at infarcted cardiac
tissue and modulate the oxidative and inflammatory microenvironment [100]. These stud-
ies shift the function of cardiac hydrogels from passive ventricular reinforcement toward
locally adaptive therapeutic interfaces.

The same logic applies to cell-based regeneration in highly deformable soft-tissue
defects. Yang et al. (2025) assembled growth-factor-loaded granular hydrogels through
dynamic borate interactions and used them to improve mesenchymal stem-cell retention
and therapeutic performance in abdominal-wall defects [101]. Protein-engineered matrices
provide another route toward regeneration: Shayan et al. (2023) demonstrated that elastin-
like protein hydrogels supported endothelial functions and vascularization, highlighting
the potential to integrate molecularly defined biomacromolecules with dynamic network
mechanics [102]. In spinal-cord repair, Sun et al. (2025) recently employed an injectable
dynamic hydrogel containing therapeutic components to improve the injured microenvi-
ronment and support neurological repair [103]. Although these tissues differ substantially
in physiology, a shared application principle emerges, with dynamic biomacromaterials are
particularly valuable when the implanted matrix must conform to tissue geometry, remain
locally retained, and progressively surrender structural control to regenerating tissue rather
than behaving as a permanently fixed scaffold.

Despite encouraging in vivo results, translational evidence remains uneven. Many
studies evaluate tissue regeneration over relatively short periods and use defects whose
dimensions and mechanical demands are substantially lower than those encountered clini-
cally. Moreover, improved histological regeneration does not by itself demonstrate restora-
tion of tissue-level function. Future studies should therefore compare dynamic systems
with chemically and mechanically matched static controls and incorporate application-
specific endpoints, including load-bearing recovery for bone, lubrication and mechanical
integration for cartilage, electrophysiological function for cardiac tissue, and behavioral re-
covery for neural repair. Such comparisons will be essential to determine whether network
dynamics provide a genuine therapeutic advantage rather than simply accompanying an
otherwise multifunctional formulation.

5.2. Wound Healing, Hemostasis, and Bioadhesive Interfaces

Wound management represents one of the most extensively investigated applications
of dynamic covalent biomacromaterials, in part because wounds combine several conditions
under which static materials perform poorly. The wound surface is wet, mechanically
deformable, chemically heterogeneous, and continuously remodeled; chronic wounds
additionally exhibit prolonged inflammation, oxidative stress, bacterial burden, abnormal
glucose levels, and altered pH. Dynamic biomacromolecular networks can accommodate
these conditions while simultaneously functioning as dressings, adhesives, hemostatic
materials, and local therapeutic reservoirs.

For acute wounds, the first requirement is frequently rapid tissue coverage and
hemostasis. Cheng et al. (2023) developed a first-aid hydrogel capable of rapid adhesion
and hemostatic protection and validated its performance in severe bleeding and infected
wound models [104]. Such performance emphasizes a distinction between conventional
wound dressings and dynamic adhesive matrices: the latter can be formed directly against
an irregular bleeding surface rather than requiring a preformed material to establish contact.
This capability has increasingly been combined with biological activity. Li et al. (2023),
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for example, integrated glycyrrhizic acid-derived bioactivity with a dynamic chitosan-
containing network, generating an injectable and adhesive material that improved both
sterile and Staphylococcus aureus-infected wound healing [105].

Adhesion becomes even more challenging on continuously hydrated mucosal surfaces.
Su et al. (2024) addressed diabetic oral mucosal defects using a dual-dynamic covalent hy-
drogel that displayed stronger wet adhesion than a commercial oral patch while providing
acid-responsive delivery of tannic acid [106]. The importance of this study extends beyond
oral wounds: dynamic covalent adhesion can allow interfacial bonds to continuously re-
form as hydration and mechanical deformation disrupt individual contacts. More recently,
Zhang et al. (2025) developed a transglutaminase-reinforced hyaluronic-acid bioadhesive
for suture-free wound closure and scar-reduced healing [107], illustrating the progression
from conventional dressing concepts toward materials intended to substitute, complement,
or reduce mechanical fixation.

Chronic diabetic wounds provide a stronger test of whether such systems can adapt
to biological heterogeneity rather than merely mechanical disruption. Yin et al. (2024)
combined hyaluronic acid and gelatin within a multifunctional adhesive containing a broad-
spectrum bacteriocin and reported improved healing in diabetic wounds [108]. Hua et al.
(2024) went further by developing a dynamic polysaccharide network responsive to pH,
temperature, and glucose; incorporation of insulin allowed the wound environment itself to
influence therapeutic release [109]. Zheng et al. (2026) similarly designed a hyaluronic-acid
hydrogel with pH-responsive metformin delivery, integrating rapid hemostasis, antimicro-
bial function, and metabolic microenvironment regulation [110]. These examples reflect an
important evolution in chronic-wound materials: the network is no longer only a moist
protective covering but increasingly functions as an active interface between wound state
and therapeutic action.

Multifunctionality, however, should not obscure the fundamental requirement for
wound closure and tissue restoration. Meng et al. (2025) incorporated phycocyanin
within a dynamic hydrogel and combined self-recovery with hemostatic, antioxidant,
and antimicrobial properties, leading to improved wound healing [111]. Qi et al. (2026)
subsequently embedded functional microspheres within a gelatin-based dynamic matrix
to coordinate hemostatic, antioxidant, antimicrobial, and regenerative effects [112]. Such
hierarchical systems can spatially separate network formation from cargo presentation, but
they also introduce greater compositional complexity and therefore more potential sources
of batch-to-batch variability.

Dynamic biomacromaterials are also being extended beyond cutaneous wounds.
Zhang et al. (2024) constructed a ROS-responsive and scavenging hydrogel barrier for
postoperative abdominal-adhesion prevention, in which elevated oxidative conditions
promoted release of an anti-inflammatory component while the material physically sep-
arated injured tissues [113]. This application highlights a broader role for dynamic bio-
materials at surgical interfaces: instead of promoting adhesion to every tissue, network
chemistry can be engineered to support selective retention while preventing undesired
tissue—tissue attachment.

As a conceptually related example rather than a core DCC biomacromaterial study,
biomacromolecules have also been integrated with antimicrobial nanostructures to create
multifunctional interfaces capable of controlling microbial colonization. Hyaluronic-acid-
associated nanoparticles demonstrated substantial antibacterial activity against Escherichia
coli, Listeria monocytogenes, and Salmonella Typhimurium, while maintaining favorable cy-
tocompatibility [114,115]. These systems do not constitute dynamic covalent networks
and are therefore considered here only as comparative examples of how biofunctional
macromolecules may be combined with nanoscale antimicrobial components. For DCC

https://doi.org/10.3390/sci8100288


https://doi.org/10.3390/sci8100288

Sci 2026, 8, 288

24 of 37

biomacromaterials, analogous hybridization could provide a complementary strategy in
which adaptive covalent-network behavior governs interfacial conformity and material
recovery, while incorporated nanostructures provide localized antimicrobial or therapeutic
functionality. Such integration may be particularly valuable for wound-contacting mate-
rials, provided that nanoparticle retention, degradation, cytocompatibility, and potential
release of metal species are carefully evaluated.

The wound-healing literature nevertheless illustrates a major challenge for the broader
field, as increasing the number of functions within one hydrogel does not necessarily
increase clinical value. Antioxidant, antibacterial, photothermal, adhesive, hemostatic,
anti-inflammatory, and responsive properties are frequently combined, but their individual
contributions are rarely separated experimentally. More informative studies should bench-
mark dynamic materials against standard wound-care products and determine which
network-mediated function materially changes healing outcome. Long-term scarring,
repeated mechanical challenge, exudate management, dressing removal, storage stabil-
ity, sterilization, and performance in large-animal wounds remain particularly important
translational gaps.

5.3. Localized Therapeutic and Biological Cargo Delivery

Dynamic covalent chemistry offers a distinct conceptual advantage for therapeutic
delivery because a cargo can interact with the network through reversible covalent as-
sociation rather than being merely physically entrapped [116]. Such interactions create
an intermediate state between free diffusion and permanent conjugation: the therapeutic
molecule can be retained sufficiently to reduce premature loss while remaining chemically
accessible for eventual release. This principle is relevant across small molecules, proteins,
vaccines, extracellular vesicles, and combination therapies.

A particularly convincing demonstration was recently provided by Pogostin et al.
(2025), who designed supramolecular peptide hydrogels in which dynamic boronate in-
teractions between the matrix and therapeutic cargo supported prolonged delivery of
chemically diverse small molecules and biologics [117]. The platform maintained therapeu-
tically relevant exposure in vivo, demonstrating that dynamic covalent affinity can extend
pharmacological activity without requiring permanent drug modification. The significance
of this work lies in its generality: rather than treating network degradation as the sole
release mechanism, reversible cargo-matrix association becomes a tunable determinant of
residence time.

This principle has also been applied directly to polymeric prodrugs. Xue et al. (2024) re-
versibly conjugated tetrodotoxin to phenylboronic-acid-containing polymers and achieved
substantially prolonged local nerve block compared with free drug while reducing systemic
exposure [118]. Co-delivery with dexamethasone extended the pharmacological effect fur-
ther, illustrating how dynamic covalent attachment can address the classical depot-delivery
trade-off between excessive burst release and therapeutically ineffective over-retention.

Macromolecular therapeutics present a different challenge because proteins are sus-
ceptible to denaturation and often diffuse rapidly from highly hydrated networks. Lin
et al. (2024) developed a chitosan/konjac-glucomannan hydrogel capable of pH-responsive
controlled protein release [119], whereas Han et al. (2024) introduced polydopamine
nanoparticles into an oxidized-hyaluronic-acid /chitosan dynamic network to generate
sequential protein delivery, demonstrating that different proteins could be assigned distinct
release profiles within the same material [120]. Such systems are particularly relevant to
regenerative medicine, where angiogenic, immunomodulatory, and differentiation signals
may be required at different stages rather than simultaneously.
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Vaccination represents another application in which prolonged antigen presentation
can be therapeutically advantageous. Shi et al. (2024) reported a dynamic covalent hydrogel
that released recombinant protein antigens over approximately 10-30 days and functioned
as a single-dose vaccine adjuvant, generating substantially enhanced humoral responses
across multiple antigen models [121]. Here, the hydrogel does not merely protect a thera-
peutic molecule; its release timescale becomes part of the immunological intervention. This
provides a useful example of why delivery performance should ultimately be evaluated
against biological outcome rather than cumulative release curves alone.

Dynamic covalent delivery is similarly being investigated for metabolic and intracellu-
lar therapies. Xian et al. (2022) used glucose-responsive dynamic covalent cross-linking to
create injectable thermogels intended for glucose-regulated therapeutic release [122]. At the
nanoscale, Liu et al. (2024) engineered a dynamic covalent platform capable of co-delivering
ribonuclease A and doxorubicin intracellularly, addressing the markedly different physico-
chemical requirements of a protein therapeutic and a small-molecule chemotherapeutic
within a common carrier [123]. The latter example is important because it extends dynamic
covalent biomaterials beyond bulk hydrogels: reversible covalent interactions can also
organize nanoscale delivery architectures and control disassembly after cellular uptake.

Biologically derived therapeutic cargo further broadens this design space. Ren et al.
(2024) used an injectable hyaluronic-acid/polylysine hydrogel to improve local retention of
exosomes after myocardial infarction [100], while Yu et al. (2025) incorporated nanozyme-
like carbon dots within a dynamically cross-linked hydrogel for prolonged ocular residence
and treatment of inflammatory dry-eye disease [124]. These systems address an underap-
preciated limitation of many biologics: even highly active therapeutic agents provide little
benefit if they rapidly leave the target tissue.

Across these studies, the key translational question is whether dynamic covalent
retention improves the therapeutic window, rather than simply slowing release. An opti-
mal depot should minimize initial toxicity, maintain concentrations above the therapeutic
threshold, preserve cargo bioactivity, and ultimately clear without leaving persistent re-
active species. Future studies should therefore integrate pharmacokinetics, local tissue
concentration, systemic exposure, cargo integrity, network degradation, and therapeutic
outcome. This is especially important for protein and nucleic-acid therapeutics, for which
conventional mass-based release measurements cannot distinguish intact bioactive cargo
from chemically altered material.

5.4. Biofabrication, 3D Cell Models, and Emerging Biomedical Platforms

Biofabrication provides an application in which dynamic covalent biomacromateri-
als must satisfy two fundamentally different environments: the material must behave
appropriately during processing and subsequently provide a biologically permissive three-
dimensional matrix. While Section 3 addressed the processing consequences of network
design, from an application perspective, the more important question is whether dynamic
networks enable biological models or engineered tissues that are difficult to achieve with
permanently cross-linked bioinks.

Hyaluronic-acid systems have provided some of the clearest examples. Tavakoli
et al. (2024) developed a dynamically cross-linked HA bioink that supported high cell
survival during printing together with post-printing proliferation and migration [125].
Rather than viewing shear-thinning and self-recovery as the final performance criteria,
this work demonstrated that these properties are useful because they enable delivery of
living cells into spatially defined constructs while retaining an environment that remains
biologically remodelable. Dynamic alginate bioinks developed by Zhang et al. (2023)
similarly incorporated antioxidant functionality while supporting three-dimensional print-
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ing, illustrating how naturally derived polymers can contribute both processability and
microenvironmental protection [126].

Alternative architectures are broadening the range of printable dynamic systems. Lee
et al. (2023) constructed dynamically cross-linked thermoresponsive granular hydrogels
with potential for cell and drug delivery as well as three-dimensional fabrication [127].
Granular systems are particularly attractive because interparticle rearrangement can facili-
tate extrusion while the assembled structure provides a porous environment after deposi-
tion. In parallel, more recent bioinks combine multiple dynamic covalent interactions to
integrate printing with additional biological functionality. Cao et al. (2026) reported a dual-
dynamic-covalent bioink that coupled printability with ROS scavenging and controllable
degradation for wound-oriented constructs [128].

Control over when and where stabilization occurs is also becoming more sophisticated.
Early work by Sigen et al. (2020) demonstrated an instant-gelling dynamic covalent bioink
that protected cells during extrusion and rapidly reconstructed after printing [129]. More re-
cently, Dehli et al. (2026) introduced light-mediated cross-linking into dynamic hydrazone
hydrogels, providing greater spatial control over stabilization during biofabrication [130].
The progression between these studies illustrates a broader technological shift: dynamic
covalent bioinks are moving from materials that are printable toward systems in which the
temporal sequence of extrusion, recovery, stabilization, and biological remodeling can be
deliberately programmed. Gao et al. (2025) incorporated Mg?* /DMOG-preconditioned
mesenchymal stromal cells within a self-healing, tissue-adhesive hyaluronic-acid-based
adaptive hydrogel for osteoarthritis therapy [131]. The material improved local cell re-
tention and, in vivo, reduced inflammation while enhancing cartilage regeneration and
joint function, illustrating how dynamic hydrogel design can be integrated with cell-based
biochemical preconditioning to address the multifactorial osteoarthritic microenviron-
ment. Table 6 summarizes representative dynamic covalent biomacromaterial platforms
developed for biofabrication and advanced 3D biological models, highlighting the relation-
ship between network adaptability, processing requirements, biological functionality, and
remaining design constraints.

Table 6. Biofabrication and 3D biological applications of dynamic covalent biomacromaterials.

Dynamic Biomaterial

Remaining Limitation/Design

Platform Application Key Demonstrated Advantage Consideration
Dynamically cross-linked Supported extrusion, high cell Print fidelity must be balanced with
h yaluronic Zci d bioink 3D bioprinting viability, and post-printing cell sufficient long-term matrix

y proliferation and migration remodeling [125]

b . Enabled temporal and spatial Light exposure, penetration depth,
E;gd}:;;e‘%ulated hydrazone ili)()aft;lilrli}é:t(i)grir(ﬂled control over network stabilization and compatibility with sensitive cells

during printing

require optimization [130]

Dynamic alginate-based
bioink

Antioxidative 3D bioprinting

Combined printability with protection
against oxidative stress

Additional functionality should not
compromise reproducibility or
structural stability [126]

Thermoresponsive granular
dynamic hydrogel

Cell/drug delivery and 3D
fabrication

Interparticle rearrangement facilitated
extrusion while retaining a porous
post-printing structure

Granule size, interparticle cohesion,
and long-term construct stability
require standardization [127]

Dual-dynamic covalent
bioink

Wound-oriented printed
constructs

Integrated printability, ROS
scavenging, and controllable
degradation

Increasing formulation complexity
complicates attribution of biological
benefit [128]

Instant-gelling dynamic
covalent bioink

Cell-laden 3D printing

Rapid reconstruction after extrusion
protected cells and supported
construct formation

Rapid gelation must remain
compatible with homogeneous mixing
and printing resolution [129]

HA-boronate ester
dynamic matrix

Kidney and cholangiocyte
organoid culture

Supported greater proliferation and
organoid self-organization than static
counterparts

Long-term reproducibility and
benchmarking against standard
animal-derived matrices remain
necessary [131]
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Perhaps the most important emerging direction is the use of dynamic biomacromateri-
als as defined alternatives to poorly controlled animal-derived matrices for advanced cell
and organoid culture. Neumann et al. recently developed hyaluronic-acid-based boronate
ester matrices for kidney tubuloids and intrahepatic cholangiocyte organoids. Dynamic
matrices supported greater proliferation than fully static counterparts while permitting
organoid self-organization, demonstrating that reversible covalent remodeling can be ex-
ploited not merely for printing but for the construction of reproducible three-dimensional
biological environments [132].

This application may ultimately be as important as implantation. Animal-derived
matrices remain widely used in organoid and disease-model systems because they pro-
vide complex biological support, yet their poorly defined composition, batch variability,
and limited tunability complicate mechanistic interpretation and standardization. Dy-
namic covalent biomacromaterials offer an alternative in which matrix composition, ligand
presentation, stability, and remodeling can potentially be specified independently. Their
future value may therefore extend from regenerative implants to patient-derived organoids,
disease models, drug screening, and precision-medicine platforms.

The major challenge for biofabrication is now shifting from demonstrating print fidelity
toward demonstrating biological fidelity. A construct that maintains its geometry after
extrusion is not necessarily a superior tissue model if its network prevents physiologically
relevant migration, morphogenesis, differentiation, or matrix deposition. Conversely, exces-
sive dynamism can compromise reproducibility during long-term culture. Future platforms
should consequently be evaluated across two linked timescales: fabrication performance
over seconds to minutes and biological remodeling over days to weeks. Standardized
comparisons with static synthetic matrices and commonly used biological matrices will
be particularly important for establishing whether dynamic covalent biomacromaterials
provide a reproducible advantage for organoid formation and drug-response prediction.

5.5. From Application Diversity to Translational Design

Across regenerative medicine, wound management, therapeutic delivery, and bio-
fabrication, dynamic covalent biomacromaterials provide their strongest advantage when
the desired material state changes during use. In an irregular bone defect, conformability
is needed during implantation but mechanical retention becomes increasingly important
afterward. At a wound interface, rapid adhesion and hemostasis precede inflammatory
regulation and tissue remodeling. In drug delivery, strong initial cargo retention must
eventually transition to therapeutically appropriate release. During bioprinting, transient
flow under shear must be followed by rapid structural recovery and subsequently by
slower cell-mediated remodeling. These applications therefore cannot be optimized using
a single descriptor such as stiffness, self-healing efficiency, or degradation time.

This observation also exposes a central limitation of the existing literature. Many
reported systems combine multiple biomacromolecules, nanoparticles, therapeutic agents,
dynamic bonds, permanent cross-links, and stimuli-responsive elements [133]. Although
such multifunctionality can produce impressive biological outcomes, increasing formula-
tion complexity makes it progressively more difficult to establish which material feature
is responsible for the observed benefit. It is also evident in related organic nanoparticle
platforms, where particle composition, size, surface chemistry, degradation behavior, and
encapsulated bioactives strongly influence antimicrobial performance, stability, cytotoxic-
ity, and translational feasibility [134]. This issue is particularly important for translation
because every additional component introduces new requirements related to synthesis
reproducibility, purity, sterilization, storage, degradation-product safety, manufacturing,
and regulatory characterization. For dynamic covalent systems, safety assessment should
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extend beyond characterization of the starting polymers and intact network. Because
reversible bonds undergo repeated cleavage, reformation, and exchange during prolonged
physiological exposure, reactive intermediates, released crosslinkers, oxidized or reduced
species, and low-molecular-weight degradation products may emerge over time. These
species should therefore be identified and evaluated with respect to their concentration,
persistence, cytotoxicity, immunogenicity, clearance, and potential accumulation under
application-relevant conditions. Long-term biocompatibility should consequently be as-
sessed using the evolving chemical composition of the material rather than the initial
formulation alone. As illustrated in Figure 7, increasing formulation complexity can ob-
scure the contribution of individual material components to biological performance while
simultaneously introducing additional barriers to reproducibility, manufacturing, safety
assessment, and regulatory translation.

Multiple Dynamic covalent bonds
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Figure 7. Formulation complexity as a barrier to the translation of dynamic covalent biomacroma-
terials. Integrating multiple biomacromolecules, dynamic covalent bonds, permanent cross-links,
nanoparticles, therapeutic agents, stimuli-responsive elements, and other additives can generate
multifunctional systems but may obscure the contribution of individual components to observed
biological outcomes.

The next phase of the field should therefore move from demonstrating that dynamic
covalent biomacromaterials can perform diverse biomedical functions toward establish-
ing when dynamic covalent adaptation provides a measurable advantage over simpler
alternatives. Stronger studies will require matched static controls, application-relevant
mechanical and biochemical environments, clinically meaningful outcome measures, longer
observation periods, and validation in models that more closely reproduce human tissue
dimensions and physiology. Data-driven approaches may further accelerate this transi-
tion by linking molecular composition, network dynamics, processing parameters, and
biological outcomes to identify dynamic biomacromaterial formulations within predefined
performance and translational windows [135]. Ultimately, the translational promise of
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dynamic covalent biomacromaterials will depend not on maximizing reversibility or multi-
functionality, but on designing the minimum degree of network adaptability required to
solve a clearly defined biomedical problem.

6. Conclusions and Future Perspectives

Dynamic covalent biomacromaterials represent an important evolution in biomaterials
design because they introduce molecular adaptability into networks constructed from
biologically relevant macromolecules. Their significance extends beyond the conventional
attributes associated with reversible cross-linking, such as injectability or self-healing.
More fundamentally, dynamic covalent chemistry provides a means of controlling how
a biomacromolecular network redistributes force, reorganizes connectivity, exchanges
molecular cargo, responds to environmental change, and evolves during interaction with
living systems. The central design challenge is therefore not to maximize reversibility, but
to coordinate molecular exchange with macromolecular architecture and the timescale of
the intended biological process.

Across the studies examined in this review, a consistent structure-dynamics—function
relationship emerges. The identity, molecular weight, functionality, and architecture of
the biomacromolecular scaffold establish the physical and chemical environment in which
dynamic exchange occurs. Bond kinetics and thermodynamic stability subsequently deter-
mine whether reversible interactions remain sufficiently persistent to support network for-
mation while remaining sufficiently labile to permit rearrangement. These molecular events
are further filtered through network topology, cross-linker valency, polymer concentration,
and the distribution of dynamic and persistent junctions. Consequently, materials prepared
using the same nominal dynamic chemistry can display markedly different stress relaxation,
recovery, degradation, transport, and biological behavior. Conversely, chemically different
networks can generate similar macroscopic responses when their characteristic timescales
and connectivity are appropriately matched. This observation argues strongly against
classifying dynamic covalent biomaterials primarily according to bond identity.

The same principle is evident at the level of adaptive network behavior. Stress relax-
ation, self-healing, environmental responsiveness, degradation, and molecular transport
are interconnected but experimentally distinct manifestations of network dynamics. Their
biological relevance depends on both magnitude and timescale. Rapid relaxation may
facilitate cell-mediated remodeling but compromise mechanical persistence; extensive sta-
bilization may improve durability while suppressing adaptability; accelerated degradation
can increase transport and stress dissipation but simultaneously reduce tissue support or
therapeutic retention. These trade-offs demonstrate that a single descriptor such as stor-
age modulus, healing efficiency, or degradation time is insufficient to define an adaptive
biomaterial. Future studies will benefit from multidimensional characterization in which
mechanical evolution, molecular exchange, mass transport, degradation, and biological
response are monitored over comparable timescales.

Biomedical studies increasingly demonstrate where this adaptability can provide a
genuine advantage. Dynamic networks can conform to irregular tissue defects before
becoming more structurally persistent, maintain contact with wet and mechanically active
wound surfaces, retain therapeutic cargo while allowing controlled release, and provide
cell culture or biofabrication matrices that reorganize as tissues develop. Particularly
promising opportunities are emerging in mechanically active tissue repair, chronic wound
interfaces, localized delivery of biologics, organoid culture, and programmable biofabrica-
tion. However, the rapid expansion of multifunctional formulations also introduces a risk
of increasing material complexity without establishing which components are responsible
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for therapeutic benefit. Dynamic covalent chemistry should therefore be incorporated to
solve a defined biomedical limitation rather than added as another functional feature.

Several priorities are likely to determine the next stage of the field. First, quantita-
tive relationships between molecular exchange parameters and bulk network behavior
should replace qualitative descriptions such as “fast,” “dynamic,” or “self-healing.” Second,
comparisons with appropriately matched static and non-covalently dynamic controls are
needed to demonstrate when covalent adaptability itself provides a measurable advan-
tage. Third, physiological robustness requires more systematic evaluation under realistic
ionic strength, protein content, pH, redox conditions, dilution, enzymatic activity, and
mechanical loading. Fourth, the consequences of biomacromolecular derivatization, includ-
ing changes in molecular weight, conformation, biological recognition, degradation, and
batch variability, should be characterized alongside cross-linking chemistry. Finally, manu-
facturing reproducibility, sterilization, storage stability, degradation-product safety, and
long-term in vivo performance must receive substantially greater attention if increasingly
sophisticated laboratory systems are to progress toward clinical use.

A particularly important future direction will be the transition from empirically opti-
mized materials to predictively designed dynamic biomacromolecular networks. Increasing
availability of quantitative datasets describing molecular structure, exchange kinetics, rheol-
ogy, degradation, transport, and biological response creates opportunities for multivariate
modeling and data-driven materials development. Such approaches could help identify
combinations of biomacromolecule composition, dynamic chemistry, architecture, and
processing conditions that satisfy predefined performance windows rather than relying
on sequential trial-and-error optimization. The most useful design target may therefore
become a material-specific dynamic operating window in which network rearrangement is
sufficiently rapid to accommodate the required biological or mechanical event but suffi-
ciently slow to preserve structural and therapeutic function.

Ultimately, the future of dynamic covalent biomacromaterials is unlikely to be de-
fined by an ever-expanding catalog of reversible bonds. Greater impact will come from
understanding where, when, and to what extent molecular adaptability is required. By
integrating bond-level chemistry with biomacromolecular structure, network topology,
temporal mechanics, transport, and biological function, dynamic covalent materials can
progress from broadly described “smart” systems toward quantitatively engineered adap-
tive biomaterials. Establishing these relationships will be essential to transforming dynamic
covalent biomacromaterials from versatile experimental platforms into reproducible and
clinically meaningful technologies.
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