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Abstract

Tissue development and regeneration arise from a dynamic interplay among cells,
the extracellular matrix (ECM), and surrounding biophysical and biochemical cues.
These interactions form the basis for stimuli-responsive materials for advanced
regenerative technologies (SMART) that drive innovation in four-dimensional (4D)
bioprinting for tissue engineering. This review discusses the biophysical foundations
of SMART materials, emphasizing native ECM components, their interactions, and
organ-specific properties that inform biomimetic material design. We highlight
recent advances in 4D SMART systems, including ionic self-healing, pH-, thermal-,
hydration-, and magneto-responsive materials, and their roles in mimicking
developmental and regenerative processes. This is followed by a comparative
overview of these stimuli-responsive material classes, benchmarked against one
another, native ECM performance, and clinical translation requirements, revealing
persistent gaps in long-term stability, multi-stimuli integration, and regulatory
feasibility. Together, these insights provide an interdisciplinary framework for
designing adaptive, responsive biomaterials that guide tissue morphogenesis and
advance the future of regenerative medicine.

Keywords: Biomaterials; Extracellular matrix; Four-dimensional bioprinting;
Four-dimensional tissue engineering; Regenerative medicine;
Stimuli-responsive materials

1. Introduction

Extracellular matrix (ECM) has reigned as biology’s unrivaled, living four-dimensional
(4D) engine—continuously self-remodeling over seconds to decades, reversibly
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stiffening and softening via closed-loop signaling with cells,
thereby directing multicellular organization and scarless
regeneration.' In an effort to recapitulate ECM dynamics,
researchers have developed stimuli-responsive materials
for advanced regenerative technologies (SMART), which
represent a multidisciplinary convergence of chemistry,
physics, engineering, and biomedicine aimed at addressing
complex challenges in tissue regeneration, disease
modeling, and therapeutic innovation. By integrating
time (temporal dynamics) as the fourth dimension, these
developments have paved the way for 4D bioprinting and
4D tissue engineering. When combined with SMART
materials, these emerging approaches show strong promise
for enabling safer and less invasive clinical interventions.>’

However, current 4D SMART materials still rely on
abiotic, one-shot triggers that bear no resemblance to
the ECM’s biotic, reversible, and multi-cycle dynamics
driven by cell-secreted enzymes, traction forces, and redox
state.® Because current materials cannot continuously
turn over, expose fresh ligands, or reversibly re-crosslink in
response to ongoing cellular cues—the very mechanisms
that keep native ECM recognized as intrinsic to the body
and fibrosis-free—they remain mechanically incompetent,
immunologically provocative, and biologically obsolete
long before any clinically meaningful regeneration can
occur.’” Consequently, the field has reached an inflection
point, where establishing yet another single-trick material
or platform is no longer defensible as “progress.” Instead,
absolute ECM fidelity must now be adopted as the non-
negotiable standard and primary metric of success,
requiring that next-generation 4D platforms exhibit
continuous molecular turnover, cell-controlled reversible
crosslinking, release of anti-fibrotic matrikines, strain-
rate-matched viscoelasticity, and sustained immunological
silence before they can be considered candidates for
clinical translation.®

To bridge this gap, contemporary SMART material
development integrates interdisciplinary advances to
recapitulatesevenkeyhallmarksoflivingtissues: biomimetic
composition, multi-stimuli responsiveness, spatiotemporal
heterogeneity, mechano-reciprocity, bioactive signaling,
immunomodulation, and vascularization.””'° Biological
insight—particularly into cellular mechanotransduction,
self-organization, and differentiation—guides this effort,
while chemical innovation enables dynamic bioinks and
cross-linkers capable of programmed, time-evolving
mechanics and biochemical responses. Physics provides
precise control over internal and external cues (e.g.,
mechanical constraints, optical triggers, and acoustic
fields) that orchestrate shape morphing, cell-matrix
dialog, and biomechanical fidelity.”"! Finally, engineering

optimizes bioreactor platforms and stimulus-delivery
systems to ensure scalability and clinical translatability.'>**
This convergent framework for achieving ECM fidelity
through these seven key hallmarks aims to transform
SMART materials into truly biomimetic 4D constructs
poised for regenerative medicine.

Before delving into the critical assessment of the field,
it is essential—given the inherently interdisciplinary
nature of 4D bioprinting and 4D tissue engineering—to
clarify foundational concepts and terminology that enable
effective collaboration across specialties. 4D bioprinting
extends conventional three-dimensional (3D) bioprinting,
including extrusion-, inkjet-, stereolithography-, laser-
assisted, or volumetric techniques—in which living cells
are precisely deposited within biocompatible hydrogels or
bioinks—by incorporating stimuli-responsive materials
(SRMs) that confer time-dependent structural and
functional evolution to the printed construct.'® Following
fabrication, these SMART materials undergo programmed
or stimuli-triggered transformations (e.g., shape change,
stiffness modulation, or matrix remodeling) in response
to physiological, biochemical, or external cues, more
faithfully recapitulating the spatiotemporal complexity of
the native ECM and its active role in directing cell fate,
tissue morphogenesis, and organ-level function.'>'”!

In contrast, 4D tissue engineering represents a broader
paradigm that encompasses all time-dependent strategies
for creating dynamically evolving constructs, irrespective
of fabrication method. While this includes bioprinting-
based approaches, the term is used in this review to also
encompass non-bioprinting techniques—such as scaffold-
free cellular self-assembly, constructs incorporating
embedded responsive molecules, or the direct application
of external physical stimuli (e.g., acoustic fields, mechanical
vibration, magnetic forces, or fluid shear). In every instance,
programmed temporal transformations are driven by
endogenous biochemical cues or externally applied stimuli.
These changes facilitate mechanotransduction, structural
remodeling, functional maturation, and phenotypic
specification, as reflected by alterations in cell morphology,
behavior, or biochemical profiles.'""”

The SMART materials are advanced, multifunctional
composites designed to actively sense and transduce
environmental cues into programmable physicochemical
changes, thereby establishing bidirectional, dynamic
reciprocity with embedded cells and tissues. At
the molecular level, these materials incorporate
responsive motifs—such as thermoresponsive poly(N-
isopropylacrylamide) (PNIPAAm) chains, photo-cleavable
o-nitrobenzyl groups, pH-sensitive ionizable moieties,
enzyme-cleavable peptide linkers, or mechanotransductive
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crosslinkers—whose conformational transitions or bond
scission events trigger macroscopic property shifts.>
These shifts include reversible or irreversible modulation
of storage and loss moduli (often spanning 10 Pa to
over 100 kPa), viscoelastic creep compliance, hydraulic
permeability, mesh size, ligand tether mobility, and cryptic
domain exposure.?” By coupling such biophysical outputs to
cellular force generation (typically 10-10,000 nN per cell),
SMART materials recapitulate key ECM feedback loops:
force-dependent stiffening/softening, stress—relaxation-
driven lineage commitment, durotaxis, and matrix
metalloproteinase (MMP)-mediated remodeling.*'>-*

Within 4D bioprinting for tissue engineering, these
materials enable precise spatiotemporal orchestration of
morphogenesis, such as sequential unfolding or folding,
gradient stiffening mimicking embryonic condensation,
or on-demand release of growth factors and signaling
molecules. Emerging electroactive subclasses—such as
piezoelectric polyvinylidene fluoride (PVDF) composites,

conducting polymers, including poly(3,4-ethylenedio
xythiophene):polystyrene sulfonate (PEDOT:PSS) and
polyaniline (PANI), and carbon-nanotube-reinforced
hydrogels—enablethetransduction orapplicationofelectric
fields (0.1-100 mV mm™), supporting electromechanical
coupling critical for cardiac, neural, and musculoskeletal
tissues.”*** This convergence of mechanical, chemical,
and electrical responsiveness positions SMART materials
as essential platforms for interrogating developmental
mechanobiology, engineering load-bearing tissues, and
constructing organoids that faithfully recapitulate in vivo
patterning dynamics.'>*

Native ECMs serve as the principal inspiration for
SMART biomaterial design in 4D tissue engineering
through two interconnected mechanisms. First, the core
biophysical and biochemical principles of the ECM—such
as dynamic stiffness modulation, viscoelasticity, spatially
patterned ligand presentation, force-dependent cryptic site
exposure, and protease-mediated remodeling—directly

Mechanical properties

| =

Hydrophilicity

j 5 Engineered scaffold materials

Figure 1. Biophysical traits of stimuli-responsive materials for advanced regenerative technologies (SMART) materials in tissue engineering and
bioprinting. This schematic illustration highlights the core properties of stimuli-responsive biomaterials that dynamically emulate the native extracellular
matrix (ECM). Five key attributes branch from the central SMART scaffold: (i) surface topology: micro- and nanoscale patterns, roughness, and fibrous
structures that replicate ECM textures; (ii) mechanical properties: tunable stiffness (0.1-1 kPa for soft tissues like brain; 10-100 kPa for rigid tissues
like bone), elasticity, viscoelasticity, and tensile strength; (iii) porosity and architecture: 50-90% interconnected porosity forming three-dimensional
frameworks analogous to the hydrated, porous ECM gel; (iv) hydrophilicity: wettability and water retention that mimic the glycosaminoglycan-rich
ECM environment; (v) biomaterial source: natural (e.g., collagen, chitosan) providing bioactivity and RGD (arginine-glycine-aspartic acid) signaling
motifs; synthetic (e.g., polycaprolactone, polylactic acid) enabling precise customization and controlled degradation; or hybrid (e.g., decellularized ECM
combined with polyethylene glycol), balancing biodegradability, bioactivity, and reduced immunogenicity. Created in BioRender. Joung, D. (2025). https://
BioRender.com/bt3s7z1.
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inform the engineering of stimuli-responsive “SMART”
materials.”® These principles are translated into synthetic
or hybrid composites that recapitulate tunable mechanics,
degradability, and bioactivity, thereby enabling precise
regulation of cell traction forces, mechanotransduction
pathways, and cell fate decisions.”*

Second, the ECM’s inherent spatiotemporal dynamism
actively guides the development of SMART materials by
providing a blueprint for their programmed evolution
over time. The ECM undergoes continuous maturation,
stiffening, and topographic reconfiguration during
development and repair. Replicating these time-dependent
transitions has driven the incorporation of stimuli-
responsive polymers, shape-memory components, and
cell-mediated remodeling cues into 4D platforms. This
ensures that printed or assembled constructs do not remain
static but instead mature, fold, stiffen, or functionally
specialize in synchrony with resident cells—mirroring
morphogenetic and homeostatic processes observed in
vivo.”»*® Thus, ECM-derived design rules elevate SMART
biomaterials from passive structural supports to active,
instructive participants in tissue morphogenesis.

By orchestrating tissue development, homeostasis, and
regeneration through a suite of interdependent biophysical
traits: the ECM possesses organ-specific biochemical
composition, tunable stiffness and viscoelasticity,
hierarchical surface topography, interconnected porosity
and 3D architecture, and finely regulated hydrophilicity
(Figure 1).#' Each of these features defines tissue
functionality from early development through maturation
and regeneration.

Surface topology defines the microstructural interface
of materials, ranging from aligned collagen fibrils and
basement-membrane nanoridges that provide contact
guidance, to microscale roughness that governs initial
protein adsorption and cell spreading.’®? Mechanical
properties, such as stiffness and viscoelasticity, allow
biomaterials to approximate physiological moduli (1-100
kPa for soft tissues) and thereby transmit forces to cells
and drive mechanotransduction via integrin clustering and
Yes-associated protein (YAP)/transcriptional coactivator
with PDZ-binding motif (TAZ) nuclear shuttling.
Interconnected porosity (typically 50-500 um pores) and
4D architecture establish diffusion gradients for oxygen,
nutrients, and waste while permitting cell migration and
vascular ingrowth.”” Hydrophilicity reflects a material’s
water-attracting capacity, conferred by hydroxyl, carboxyl,
and sulfate groups, and maintains hydration, stabilizes
adsorbed protein conformation, and facilitates integrin-
mediated adhesion.”® Collectively, these biophysical cues,
along with the biomaterial source (natural, synthetic,

or hybrid), render the ECM a dynamic, instructive
microenvironment that actively regulates cell fate, tissue
morphogenesis, and functional restoration.?**

Current ECM-derived and ECM-inspired biomaterials
for bioprinting and tissue engineering encompass native
structural and adhesive proteins (e.g., collagen type I/
IV, fibrin), glycosaminoglycans (GAGs; e.g., hyaluronic
acid [HA], heparan sulfate [HS]), decellularized ECM
(dECM) from various tissues, semi-synthetic hybrids
(e.g., gelatin-methacryloyl [GeIMA], methacrylated HA
[HAMA], thiolated/norbornene-modified HA), and fully
synthetic mimics (e.g., polyethylene glycol [PEG]-based
peptide conjugates, polycaprolactone [PCL]/PEG block
copolymers).”*' Although these materials recapitulate
baseline ECM features—including ligand identity (e.g.,
RGD, isoleucine-lysine-valine-alanine-valine [IKVAV],
tyrosine-isoleucine-glycine-serine-arginine  [YIGSR]),
fibrillar topography, initial viscoelasticity, and protease-
dependent degradability—their storage moduli (G),
loss moduli (G”), stress-relaxation timescales, mesh
size, and ligand presentation remain essentially fixed
post-fabrication, thereby failing to capture the profound
temporal evolution observed in vivo.*

In contrast, ECM-derived SMART materials engineer
true dynamic reciprocity by building directly upon native
or bio-orthogonal ECM chemistries, actively emulating
the physiologically relevant viscoelastic spectrum,
force-dependent ligand wuncaging, traction-mediated
remodeling, and spatiotemporal bioactive epitope gradients
of developing and healing tissues, thereby transforming
conventional ECM mimics into temporally evolving,
instructive matrices that orchestrate morphogenesis in 4D
bioprinted and bioassembled constructs.*

While previous review articles have provided overviews
of 4D printing with SMART materials, focusing on
applications in wearable devices, soft robotics, and tissue
engineering, they typically survey established technologies
and highlight niche challenges.”* In contrast, this
review uniquely integrates ECM-derived insights across
subfields to establish a new biomimetic framework for
future 4D SMART material development in bioprinting,
emphasizing the inherent dynamic properties of ECM
components that the field implicitly seeks to replicate. We
first explore the core biophysical, biochemical, and organ-
specific mechanisms of the ECM that should now serve as
the uncompromising blueprint for all future biomaterial
design. Then, we examine the activation mechanisms in
current SMART materials, their applications in mechanistic
research, and potential for clinical translation, followed
by a comparative review of each stimulus approach. We
conclude by outlining emerging directions and remaining
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challenges in developing adaptive,
materials for regenerative medicine.

next-generation

2, Biophysical foundation of
SMART materials

2.1. Extracellular matrix components and their
cellular interactions

The ECM serves as a dynamic blueprint for engineering
4D SMART materials, offering explicit, translatable design
rules derived from native biophysical and biochemical
cues that profoundly shape cellular attributes such as
orientation, stiffness, contractility, and polarity through
topographic features, substrate rigidity, and ligand
density.**”” Topographic alignment can be replicated
using electrospun fibers (200-800 nm diameter) or
microgrooved polydimethylsiloxane substrates (2-10 pm
groove width), inducing over 80% cell alignment along
the principal axis.»**° Similarly, substrate stiffness can
be tuned from 0.5 kPa (brain-like) to 50 kPa (pre-calcified
bone) using polyacrylamide or PEG-based hydrogels,
directly modulating YAP/TAZ nuclear localization
and contractility.’

Beyond structural support, the ECM regulates cell
signaling through sequestered growth factors or cytokines,
mechanotransduction pathways (the conversion of
mechanical signals to biochemical responses), and
dynamic remodeling mediated by enzymes such as
lysyl oxidase and MMPs.*"#%*! In 4D tissue engineering,
growth factor presentation is engineered via heparin-
mimetic domains or MMP-degradable cross-linkers (e.g.,
VPMSMRGG peptide sequences), enabling on-demand
release of vascular endothelial growth factor (VEGF) or
transforming growth factor (TGF)-P1, with a release half-
life of 3-14 days.”” Acting as a modulator of cell-ECM
adhesion, growth factor availability, and chemotactic
(chemokine gradients)/haptotactic (directional migration)
guidance cues, the ECM orchestrates differentiation,
maturation, and directed migration of both resident and
recruited cells.*”*>*

Serving as a non-cellular, 3D scaffold, the ECM
integrates mechanical and biochemical cues to regulate
cell fate. Its biophysical properties arise from four core
classes of macromolecules that directly inform biomaterial
design: structural proteins, elastic fibers, adhesive
proteins, and amorphous proteoglycans (Figure 2).°%*°
These native components are increasingly preserved in
dECM derived from tissues or organs, which retains
organ-specific architecture, ligand presentation, and
mechanical gradients. When combined with 3D or 4D
bioprinting, dECM provides a direct, customized template

that translates complex biophysical hierarchies into
programmable, evolving scaffolds.>**

Among the ECM’s molecular constituents, structural
proteins—including fibrillar collagens (types I-III, V;
hydrated Young’s modulus of 0.5-100 kPa), network-
forming collagen IV (approximately 400 nm wire
sheets, 10-50 kPa), fibril-associated collagen VI (beaded
microfilaments), elastin (entropic recoil, 0.1-1.5 MPa),
and fibrillin-rich microfibrils—constitute the hierarchical,
load-bearing backbone that generates anisotropic stiffness
gradients, pronounced strain-stiffening, and viscoelastic
dissipation (Figure 2A and B).***® Secreted by fibroblasts,
chondrocytes, and osteoblasts, collagens self-assemble
into fibrils, primarily influenced by hydrophobic and
electrostatic interactions between collagen molecules; the
resulting fibrillar architecture influences cell polarity and
supports morphogenesis. In contrast, elastin governs tissue
elastic modulus for recoil while guiding cell alignment and
differentiation via integrin-mediated signaling.”

These native biophysical signatures are recapitulated
in engineered scaffolds through 200 nm electrospun fibers
(produced via rotating mandrels or parallel electrodes)
for contact guidance and durotaxis, tunable cross-linking
density with genipin (0.05-0.5 wt%) or ruthenium/
sodium persulfate photo-cross-linking to replicate
physiological strain-stiffening and relaxation timescales,
and incorporation of recombinant tropoelastin or elastin-
like polypeptides for recoverable entropic elasticity.***¢!

Nevertheless, current structural protein-derived and
protein-informed materials still fall short of native fatigue
resistance (>107 cycles at 10-20% strain), long-term in vivo
stability (elastin half-life >70 years versus months-to-years
for most constructs), batch-to-batch reproducibility, and
regulatory approval due to residual cross-linker toxicity and
telopeptide immunogenicity.*>* In 4D tissue engineering,
these deficiencies have become critical bottlenecks, as the
materials typically lack the robust creep resistance and
reversible viscoelasticity needed to sustain programmed,
time-evolving shape changes and adaptive remodeling
under decades-long physiological loading, resulting in
premature loss of dynamic function well before full tissue
maturation.”” This has led to commercial collagen gels
often being blended with synthetic polymers like PEG to
improve long-term stability.**

While structural proteins provide mechanical
robustness, adhesive proteins (e.g., fibronectin, laminin,
and thrombospondins [TSPs]) act as molecular bridges
between cells and the ECM by presenting integrin-binding
domains (e.g., RGD, IKVAV, YIGSR) at precise densities
and nanometer-scale spacings (optimal 10-150 nmy;
Figure 2C).** These parameters directly control focal
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adhesion maturation, cytoskeletal tension, and downstream
cell polarity, thereby dictating the required grafting
chemistry, peptide concentration (0.1-10 mM), and
patterning method (microcontact printing, nanopatterned
surfaces) for material design.*>*

Fibronectin is a mechanosensitive glycoprotein
that serves as a master organizer of the ECM, enabling
integrin-mediated cell adhesion, fibril assembly, and
exposure of cryptic binding sites under mechanical load
to regulate matrix remodeling, stability, and downstream
focal adhesion kinase/extracellular signal-regulated kinase
signaling, which are critical for polarization, collective
migration, morphogenesis, and gastrulation.””*® In 4D
tissue engineering, precise spatial presentation of its
RGD and PHSRN synergy sites at 10-70 nm spacing is
essential to trigger maturation of focal adhesions, generate
cytoskeletal tension, and drive time-dependent cell polarity
and shape changes in dynamic matrices.”>*7”" Current
examples include adsorbed full fibronectin or linear/cyclic
RGD-grafted PEG, HA, or polyacrylamide hydrogels
and poly(lactic-co-glycolic acid) (PLGA) scaffolds,
which significantly improve initial cell attachment and
viability.*’>”> However, adsorbed protein may denature
or orient randomly, xenogeneic sources show batch
varijability, and short linear RGD peptides exhibit 100-
1000-fold lower affinity than native fibronectin, requiring
non-physiological densities that fail to recapitulate
synergy-dependent mechanotransduction or maintain
long-term stemness.”

Laminin, the primary adhesive glycoprotein of
basement membranes, provides essential IKVAV,
YIGSR, and isoform-specific RGD motifs that direct
cell polarization, axon guidance, epithelial, muscular,
or vascular differentiation, and tissue barrier formation
through integrin and dystroglycan binding and
synergistic interactions with collagen type IV and nidogen
(Figure 2C).*****7> In polarized tissue engineering (e.g.,
vessels, neural tubes, kidney organoids), 4D systems
require precise nanoscale clustering and orientation
of adhesive peptides to drive apico-basal polarity and
sustained lineage commitment within stimuli-responsive
matrices.”>” Currently, laminin-derived materials such as
Matrigel, Cultrex, or Geltrex, laminin-111/521 coatings,
and PEG/HA hydrogels functionalized with IKVAV or
YIGSR, have been observed to promote vascularization
and neural regeneration in preclinical models.”*7*
However, tumor-derived Matrigel has an undefined
composition, high batch variability, residual mitogens, and
tumorigenic risk.” Similarly, purified full-length laminin
remains prohibitively expensive and unstable. At the same
time, short peptides mimic its activity only partially and

show markedly weaker polarization, axon extension, and
organoid morphogenesis compared to the native protein.*’

In addition, TSPs are context-dependent matricellular
proteins. TSP-5, also known as cartilage oligomeric
matrix protein (COMP), and TSP-1-4 modulate
angiogenesis, inflammation, collagen fibrillogenesis, and
mechanotransduction via RGD (TSP-1/2), cysteine-
serine-valine-threonine-cysteine-glycine (TSP-1), and
valine-valine-methionine (TSP-5) motifs, with TSP-1/2
typically anti-angiogenic through VEGF sequestration
and TGEF-P activation, whereas TSP-5/COMP supports
high-load tissue assembly in cartilage and tendons
(Figure 2D).#""% Their mechano-responsive incorporation
enables time-controlled switching between pro- and anti-
angiogenic states and stiftness reinforcement during load-
bearing tissue maturation. Current applications include
COMP-supplemented collagen scaffolds for tendon/
ligament repair and TSP-1/2 peptide-doped fibrin or
collagen gels to fine-tune vascular ingrowth.®-*> However,
limitations remain significant due to high context- and
concentration-dependence  (excess TSP-1/2  strongly
inhibits vascularization and delays healing), often
resulting in the uneven incorporation and rapid in vivo
degradation of multimeric proteins, restricting predictable
4D control over angiogenesis and mechanical evolution.

Beyond structural and adhesive proteins, proteoglycans
and their GAG chains—HA, HS, and chondroitin/
dermatan sulfate (CS/DS)—are primary regulators of
ECM hydration, compressive resistance, viscoelasticity,
and morphogen presentation. Their high negative charge
density generates substantial osmotic swelling pressures
(200-1000% volume increase), while specific binding
pockets for fibroblast growth factors (FGFs), VEGEF, bone
morphogenetic proteins (BMPs), and TGF-f establish
gradients, amplify signaling, and protect growth factors
from degradation. Together, these functions modulate
collagen assembly and mechanotransduction across
cartilage, basement membranes, and other load-bearing
tissues (Figure 2E and F).>>*-*° These gradients are essential
for processes such as angiogenesis, chondrogenesis, and
neural development. For example, perlecan facilitates BMP-
2 signaling and TGF-p activity during bone formation, and
aggrecan supports cartilage zonal organization.”®*%!

Proteoglycans are used in tissue engineering for their
extreme swelling capacity, shear-thinning injectability,
enzyme-triggered degradability (hyaluronidase,
heparanase,  chondroitinase), —and  growth-factor
sequestration/release kinetics,*** thereby promoting
highly dynamic, cell-mediated remodeling systems that
evolve stiffness, porosity, and bioactive gradients over time
for vascularization, chondrogenesis, organoid patterning,

Volume 12 Issue 1 (2026)

230

doi: 10.36922/1JB025440447


https://doi.org/10.36922/IJB025440447

International Journal of Bioprinting

4D bioprinting of SMART biomaterials

and load-adaptive maturation.”**® Nevertheless, substantial
limitations remain due to native GAG sulfation patterns
and molecular weight-dependent bioactivities being nearly
impossible to replicate synthetically, and animal-derived
GAGs exhibiting batch variability and immunogenicity.*”*

Extending beyond classical ECM molecules, growth
factors (e.g., VEGE FGEF, platelet-derived growth factor,
BMPs, TGEF-B), cytokines (e.g., interleukin-6, tumor
necrosis factor a, interferons), and cell-cell adhesion

molecules (e.g., cadherins, selectins, connexins, and
non-RGD-binding integrin heterodimers) collectively
orchestrate proliferation, migration, differentiation,
inflammation, immune cell trafficking, junction formation,
and tissue-level morphogenesis through highly transient,
gradient-dependent, and switchable signaling that classical
ECM proteins alone cannot provide.”** These molecules
enable temporal control of signaling via affinity-regulated,
enzyme-, plasmin-, light-, or shear-triggered release
systems, dynamic morphogen gradients, reversible cell

B Elastic fibers: enables
reversible elasticity and recoil

R

Extracellular matrix

A Collagens: provides
tensile strength and
structure

G Adhesion molecules: offers
structural integrity and cell
adhesion

C Glycoproteins:
mediates cell-matrix
adhesion and signaling

D Matricellular proteins:
modulates cell functions
(repair, fibrosis, and
angiogenesis)

F Glycosaminoglycans:

enables swelling pressure,
diffusion, and ion buffering

E Proteoglycans: resists
compressive forces and
Provides hydration

Figure 2. Key extracellular matrix (ECM) components and their functional roles. (A) Collagens (fibrillar collagens types I-III and V; network-forming
collagen type IV): Providing tensile strength and structural scaffolding in ECMs, forming fibrils (types I-III and V) for resistance to traction and networks
(type IV) in basement membranes for tissue organization. (B) Elastic fibers (e.g., elastin, microfibrils): Permitting reversible elasticity and recoil to tissues
such as arteries, lungs, and skin, enabling repetitive deformation. Elastin provides long-range extensibility via cross-linked tropoelastin, while microfibrils
(fibrillins) act as scaffolds. (C) Glycoproteins (e.g., laminins, fibronectin, thrombospondins): Mediating cell-matrix adhesion and signaling. Laminins
form basement membrane networks for tissue morphogenesis, cell differentiation, migration, and homeostasis. Fibronectin organizes ECM assembly,
promotes cell adhesion via integrins, and regulates migration, proliferation, and wound healing. (D) Matricellular proteins (e.g., thrombospondins
(TSP)-5/cartilage oligomeric matrix protein and TSP 1-4): Temporarily modulate cell functions without structural roles. TSP-5/cartilage oligomeric
matrix protein regulates cartilage organization, collagen fibrillogenesis, and chondrocyte proliferation. TSP 1-4 control angiogenesis, fibrosis, wound
healing, and cell-matrix interactions, with anti-angiogenic and pro-fibrotic activities in disease contexts. (E) Proteoglycans (e.g., aggrecan, versican,
brevican): Provide hydration, compression resistance, and signaling modulation. Aggrecan aggregates with hyaluronan in cartilage for shock absorption.
Versican regulates cell motility, proliferation, and tissue morphogenesis. Brevican supports neuronal adhesion and the formation of the brain ECM. (F)
Glycosaminoglycans (e.g., chondroitin sulfate, heparan sulfate, heparin, and hyaluronic acid): Provide hydration, create negative charge, and space-filling
properties. Chondroitin sulfate enables swelling and compression resistance. Heparan sulfate/heparin binds growth factors for signaling and angiogenesis.
Hyaluronic acid maintains tissue hydration, facilitates cell migration, and regulates inflammation and wound healing. (G) Adhesion molecules (e.g.,
cadherins, selectins, connexins): Facilitate cell-cell and cell-matrix interactions. Cadherins mediate calcium-dependent cell adhesion to maintain tissue
integrity and support morphogenesis. Selectins enable leukocyte rolling and adhesion during inflammation. Connexins form gap junctions for intercellular
communication and signaling in tissues like the heart and the nervous system. Created in BioRender. Joung, D. (2025). https://BioRender.com/hbgé6tqr.
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clustering, epithelial-mesenchymal transitions, and
inflammation-to-resolution switching, all essential for
vascular sprouting, organoid self-organization, immune-
evasive implants, and tissue fusion.”*

Current platforms include heparin/star-shaped
PEG (starPEG) or MMP-degradable PEG hydrogels for
sustained/sequential ~ VEGF-platelet-derived  growth
factor-BMP-2 delivery in bone and vascular models,
and cadherin-11 or N-cadherin peptide-functionalized
modular HA/PEG assemblies for cardiac and neural
spheroid fusion.”** Even so, cadherin/connexin peptides
achieve only 1-10% of native affinity and cannot replicate
inside-out signaling or catch bonds.” Above all, the lack of
true ON/OFF switchable systems forces 4D constructs into
irreversible, one-time-release approaches, failing to mimic
the oscillatory, feedback-regulated signaling of native
development and healing.””

Together, these ECM and microenvironmental
components form a spatiotemporally orchestrated system
that cohesively regulates tissue mechanics, hydration,
adhesion, polarity, morphogen gradients, inflammation,
and remodeling via nanoscale ligand display, force-
dependent unfolding, enzyme-triggered release, and
feedback signaling. These elements directly guide 4D
SMART biomaterial design by providing blueprints for

dynamic stiffness evolution, on-demand ligand clustering,
switchable growth-factor gradients, reversible cell polarity,
inflammation resolution, and load-adaptive remodeling,
thereby converting static scaffolds into regenerative
microenvironments that drive vascularization, organoid
patterning, zonal maturation, and host integration.

Current platforms integrate multi-domain peptides,
injectable GAG hydrogels, heparin/HS affinity modules,
MMP-degradable linkers, and cadherin/RGD assemblies to
mimic physiological dynamics in bone, cartilage, vascular,
neural, and cardiac models. However, clinical translation is
constrained by incomplete replication of native complexity
(e.g., sulfation codes, synergy sites, catch bonds, oscillatory
signaling), batch variability and immunogenicity of
biological sources, loss of responsiveness from over-
stabilization, and the absence of truly reversible, multi-
modal triggers. Synthetic ECMs, therefore, remain
partial mimics of natural developmental and homeostatic
fidelity. Table 1 summarizes the functions of major ECM
and microenvironment components used in 4D SMART
materials, as described above.

2.2. Tissue-specific extracellular

matrix compositions

Now that we have explored the ECM components, the
next step is to examine how their integration at varying

Table 1. Extracellular matrix and microenvironment components and their roles in 4D SMART materials

Component Role in 4D SMART materials Materials available Ref.

Collagens Enables tunable stiffness and degradation Collagen gels, collagen—polyethylene glycol 194855
bioinks, electrospun nanofibers.

Elastin Provides elasticity and recoil for dynamic tissues Tropoelastin hydrogels, ELP additives o801

Elastic microfibrils
factor release

Enables tension-responsive unfolding and growth

55,70

Fibrillin composites, microfibril-GelMA

Fibronectin Improves adhesion and signaling via RGD Fibronectin-based hybrids, PNTIPAAm gels 1027105
Laminin Supports BM formation and cell polarity Laminin-enriched, laminin peptide-hybrids 77,106,107
Glycoproteins/TSPs Modulate angiogenesis, stabilize cartilage, and TSP-based hybrids, glycoprotein additives. 8
control growth factor release
Proteoglycans Provide hydration and growth factor reservoirs Aggrecan-HA, perlecan-HS, syndecan- 108110
polyethylene glycol scaffolds
Glycosaminoglycans Enable turgor-based shape changes and bind HA hydrogels, heparin-functionalized gels 7399

growth factors for controlled release

Growth factors Drive cell differentiation and patterning

109,111-113

VEGE EGE FGF-2, BMP-2, TGF-$

Cytokines

Modulate inflammation and tissue integration

IL-4, G-CSFE, SDF-1a 1115

Adhesion molecules
organization

Enhance force-responsive adhesion and self-

72,116,117

RGD/LDV-polymers, cadherin/integrin/selectin-
additives

Abbreviations: 4D: four-dimensional; BM: basement membrane; BMP: bone morphogenetic protein; EGF: epidermal growth factor; ELP: elastin-like
polypeptide; FGF: fibroblast growth factor; G-CSF: granulocyte colony-stimulating factor; GelMA: gelatin methacryloyl; HA: hyaluronic acid; HS:
heparan sulfate; IL: interleukin; LDV: leucine-aspartic acid-valine; SDF-1a: stromal cell-derived factor 1a; SMART: stimuli-responsive materials for
advanced regenerative technologies; RGD: arginine-glycine-aspartic acid; TGF: transforming growth factor; TSP: thrombospondin; PNIPAAm:

poly(N-isopropylacrylamide); VEGF: vascular endothelial growth factor.
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ratios generates tissue-specific functionality—ultimately
informing future experimental design. Tissue-specific
ECM compositions emerge from organ-unique ratios
and spatiotemporal assembly of structural proteins (e.g.,
collagen types I-V, elastin), adhesive glycoproteins (e.g.,
fibronectin, laminin, TSPs), amorphous proteoglycans/
GAGs (e.g., HA, HS, CS/DS), and transient cues (e.g.,
growth factors, cytokines, cadherins), yielding either
collagen/proteoglycan-dominant interstitial matrices for
load-bearing tissues (e.g., cartilage, bone, tendon, dermis)
or laminin/collagen type IV/perlecan-rich basement
membranes for polarized tissues (e.g., epithelium,
endothelium, neural).”® These signatures define organ-
specific mechanics (0.1-1000 kPa), viscoelasticity, ligand
spacing, hydration, and morphogen kinetics, serving as the
foundational template for 4D SMART biomaterials.

Successful clinical application requires precise
replication of these ratios using translatable modules (e.g.,
Matrigel, Cultrex, HAMA, starPEG-heparin, recombinant
collagens, RGD/cadherin peptides) combined with
degradable linkers and affinity systems. This would
enable authentic dynamic evolution of stiffness, ligand
presentation, gradients, and remodeling, thereby driving
proper lineage commitment, polarity, vascularization, and
zonal maturation while preventing fibrosis or aberrant
differentiation from generic matrices.

Starting with general epithelial tissues, these tissues
primarily possess a thin, basement membrane-dominated
ECM with characteristic compositional ratios (collagen
type IV: ~30-40%, laminins: ~10-15%, HS proteoglycans
[e.g., perlecan]: ~5-10%, minor interstitial collagens type
I/III: ~20-25%, fibronectin: ~10-15%, and HA: ~5-10%
for hydration), which set low initial stiffness (0.1-5 kPa),
strong apico-basal polarity cues, and selective permeability
for nutrient/waste transport.’>**!'8 In polarized epithelia
located in glands, intestines, or kidneys, these precise
starting ratios must be faithfully reproduced in dynamic
hydrogels to initiate authentic stem cell symmetry
breaking, lumenogenesis, and barrier maturation.'*'*
Deviation from these tissue-specific ratios can disrupt
lumen formation, invert polarity, or trigger unwanted
epithelial-mesenchymal transition.'*!*!

Similar to general epithelia, skin ECM exhibits a
hierarchical composition, with the dermal interstitial
matrix dominated by collagens (~70-80%, primarily type
I [~60-70%] and type III [~10-15%]), elastin (~2-5%),
fibronectin (~5-10%), and proteoglycans such as decorin/
biglycan (~5-10%), with chondroitin/dermatan sulfate-
rich GAGs (~5-10%), capped by a thin epidermal basement
membrane enriched in collagen type IV, laminin-332, and
perlecan. This arrangement collectively establishes high

tensile strength (10-100 kPa), viscoelastic recoil, rapid
hydration/swelling, and layered polarity essential for barrier
integrity, wound contraction, and sensory function.’*'*
This multi-layered matrix supports keratinocytes in the
epidermis (basement membrane) and fibroblasts in the
dermis, facilitating barrier function, providing elasticity
and hydration, supporting wound healing (driven by
fibronectin and HA), and serving sensory roles that the
protective skin layer needs to continuously maintain.?*7¢!%

In contrast to the skin’s compact matrix, lung ECM
is distinctly compartmentalized into thin basement
membranes and loose interstitial matrices, with defined
compositional ratios (collagens: ~40-50%, primarily types
I/II1 [~30-40%] and type IV [~10-15%]; elastin: ~15-20%;
versican proteoglycans: ~20-25%;and heparan/chondroitin
sulfate GAGs: ~10-15%) that collectively confer ultra-
low stiffness (0.1-5 kPa), extreme viscoelastic recoil, and
high hydration, supporting efficient gas diffusion, alveolar
expansion, and lung compliance.'>"'*In 4D bioengineering
of alveolar or bronchial constructs, these ratios can be
recapitulated in ultra-soft, poroelastic hydrogels as an
initial instructive template to drive authentic type I/II
pneumocyte barrier formation, endothelial capillarization,
and cyclic mechanical breathing-like actuation 24126127
Additionally, abundant elastin and versican enable
passive recoil and matrix swelling, ensuring ventilation
fidelity, while tightly regulated collagen content limits
premature fibrotic deposition yet permits stretch-induced
remodeling. HS domains preserve VEGF/FGF gradients
required for vascular parity, with subsequent MMP-
and heparanase-triggered matrix evolution facilitating
inflammation resolution and physiological stiffening only
in response to injury cues.'**!?%128-3% Deviations from
these compositional ratios trigger irreversible scarring,
alveolar collapse, or stiff, non-compliant constructs, which
likely underlie the widespread failure of generic matrices
to produce functional, gas-exchanging lung organoids or
regenerative implants.

Skeletal muscle ECM displays hierarchically organized
compositional ratios (~5-10% collagen, primarily types
IV/VI in the endomysium and I/IIT in the perimysium,
together with decorin/biglycan proteoglycans, elastin, and
heparan/chondroitin sulfate GAGs) that generate aligned
anisotropy, viscoelastic compliance (0.1-10 MPa), and
specialized pericellular niches supporting myofiber force
transmission, contraction, and satellite cell-mediated
repair.**'"1% This matrix forms a flexible pericellular
network that anchors or aligns myofibers, facilitating force
transmission, muscle contraction, and satellite cell-driven
regeneration, thereby supporting functional mobility and
tissue repair.’%*>>** In bioprinting and tissue engineering
of volumetric muscle constructs, these defined ratios
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should be recapitulated in aligned fibrillar hydrogels as an
instructive template to drive authentic myoblast fusion,
sarcomerogenesis, and load-responsive maturation.'**
Collagen type IV/VI and HS-rich domains preserve early
soft niches for satellite cell activation and migration. In
contrast, collagen type I/III, elastin, and decorin enable
subsequent stretch-induced fibril alignment and stiffening,
supporting mature contractile bundle formation and
vascular integration.'*#6133134

Moving from soft to semi-rigid tissues, the cartilage
ECM exemplifies a matrix specialized for compressive load
bearing and hydration retention. Found in articulating
surfaces, tracheal rings, and the embryonic skeleton,
hyaline cartilage consists of collagen type II (~40-50%),
aggrecan proteoglycans (~25-35%), GAGs (chondroitin
and keratan sulfates; ~20-30%), and fibronectin (~5-
10%).26°*1% The aggrecan-hyaluronan aggregates generate
high osmotic swelling pressure, imparting viscoelastic
resistance and smooth, low-friction surfaces essential for
joint articulation."”»"*¢ These compositional principles
have been leveraged in bioprinting and tissue-engineering
approaches, where dECM scaffolds and stem cell-laden
constructs recapitulate cartilage structure for osteoarthritis
repair and joint resurfacing.’*'’” Deviations from these
ratios have been shown to induce fibrous tissue formation,
superficial delamination, or ectopic ossification.”!¥¢13

Building upon this progressive increase in rigidity,
bone ECM is predominantly composed of collagen type
I (~85-90%), with hydroxyapatite minerals (inorganic
phase), biglycan/decorin proteoglycans (~1-5%), and
GAGs such as chondroitin/dermatan sulfate (~1-5%).>%!
This ratio confers extreme stiffness (100-200 MPa),
fracture toughness, and nanostructured porosity through
aligned mineralized fibrils, supporting compressive
and tensile strength, impact absorption, and osteocyte
mechanotransduction.”””**"""  Accordingly, = material
composites such as calcium phosphate-collagen hydrogels,
HA-PCL, and tricalcium phosphate-CS blends mimic the
mineralized ECM for osteoporosis models, enhance load-
bearing, and improve antimicrobial properties.”"!*0-142

Closely related yet functionally distinct, the ECM in
cardiac muscle is a dynamic network primarily composed
of collagen types I/III (~5-15%) and IV (~5-10%),
syndecan-4 proteoglycans (~5-10%), elastin (~5-10%),
and GAGs (~5-10%).!>!%3 It serves as a reservoir for
growth factors, cytokines, and proteases.'” Structurally
divided into the basement membrane/pericellular matrix
(around cardiomyocytes, rich in laminin and collagen
type IV) and the interstitial matrix (providing structural
support via collagen type I/III), cardiac fibroblasts are
the main producers of cardiac ECM, with contributions

from endothelial cells and cardiomyocytes.”*'*>'*> This
organization yields a compliant scaffold for rhythmic
function, cardiomyocyte adhesion, and electrical
conduction, essential for heartbeat regulation.'**'**

Soft, dynamic hydrogels serve as the optimal starting
template to drive authentic human induced pluripotent
stem cell-cardiomyocyte alignment, synchronous beating,
and fibroblast co-maturation.’* Elevated pericellular
laminin, collagen type IV, and syndecan-4 preserve
early compliant niches for calcium transient initiation,
whereas controlled interstitial collagen type I/III and
elastin enable cyclic strain amplification and elastic recoil,
ultimately permitting cell-driven, lysyl oxidase-mediated
matrix stiffening and VEGF gradient formation that yield
vascularized, contractile cardiac tissue.'*®

Extending this structural hierarchy, vascular ECM in
arteries is formed through a layered structure beginning
with the tunica intima (an endothelial basement membrane
richin collagen type IV and laminin), tunica media (smooth
muscle cells embedded in elastic lamellae of elastin and
fibrillin), and tunica adventitia (rich in collagen types I and
II1, conferring tensile strength).'”*'** Generalized vascular
ECM includes elastin (~20-30%), collagen types I/III (~30-
40%) and IV (~10-15%), syndecan/perlecan proteoglycans
(~10-15%), and GAGs like HS (~10-15%).'2>12>146 This
matrix creates a distensible conduit for circulation,
supports endothelial barrier function, anticoagulation, and
hemodynamic adaptation, and promotes nutrient transport
and inflammatory regulation.'*'**!” Biomaterials used to
emulate the biophysical dynamics of this tissue range from
decellularized aorta hydrogels to composites that integrate
elastin-like peptides with collagen or PCL, supporting
vascular grafts and 3D vascular network formation in
bioprinting constructs.?>#*!45-1°0 Disruptions of these
vascular-specific ratios can result in thrombosis, intimal
hyperplasia, or rupture.

Lastly, the central nervous system ECM, which
occupies approximately 10-20% of brain volume, exhibits
compositional ~ ratios  (aggrecan/brevican/neurocan
proteoglycans ~20-30% with chondroitin sulfate GAGs
~20-30%, collagen type IV ~5-10%, and laminins
~10-15%) that form ultra-soft (0.1-1 kPa) diffuse
perisynaptic gels and condensed perineuronal nets for
neuroprotection against oxidative stress and excitotoxicity,
while constraining molecular diffusion to enable synaptic
stabilization, activity-dependent plasticity, and long-term
potentiation.'>'""* Decellularized brain ECM coatings and
scaffolds created with HA-dominant chondroitin sulfate
proteoglycans-rich hydrogels enhance neuronal viability,
neurite outgrowth, and network formation in neuron-glia
co-cultures.”” Failure to preserve these neural-specific
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ratios can lead to hyperexcitability, gliosis, or failed
synaptogenesis.

Taken together, these examples illustrate how tissue-
specific ECM composition and architecture dictate distinct
mechanical, biochemical, and signaling landscapes across
organ systems. Understanding these nuances provides the
foundation for designing 4D SMART materials that can
dynamically replicate, remodel, and respond to native
tissue microenvironments—bridging the gap between
static biomaterials and living, adaptive tissue constructs.

3.4D SMART materials

3.1. Applications of stimuli-responsive materials
Characterized by their stimuli-responsive adaptivity,
SMART materials build off first-generation ECM-
mimicked biomaterials which provide baseline localized
biochemical and biophysical cues to influence cell behavior,
and advance toward a next-generation transformative
class of biomaterials that evolve over time in response
to external triggers such as temperature, humidity, pH,
light, or magnetic fields, thereby enabling dynamic shape-
shifting, self-assembly, and conformational changes akin
to living systems (Table 2).!22276158

Specifically engineered to mimic key properties of
the ECM, many current materials are multi-adaptive,
integrating two or more response mechanisms to support
cell encapsulation and enable stimuli-triggered behaviors,
such as self-folding in 4D bioprinting.'®*"'** Replicating
the biophysical dynamics of the ECM introduces inherent
biomaterial toxicity risks, typically arising from material
composition (e.g., residual monomers, oxidative groups),
dose/concentration, exposure duration, and processing
conditions (e.g., crosslinking agents), thereby affecting
cell viability. Cell viability is further influenced by
material biocompatibility, porosity, stiffness, and nutrient

and reagent diffusion capacity, and is often assessed
via assays such as the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (metabolic
activity) and live/dead staining.****!** With this context, we
next organize SMART materials by primary stimulus class
and highlight representative systems, followed by multi-
trigger integrations that exemplify 4D behavior.

3.1.1. Thermo-responsive polymers for four-
dimensional actuation and tissue engineering
Thermo-responsive (temperature-sensitive) materials are
primarily found as polymers, such as PNIPAAm, PNIPAAm
derivatives, or Pluronic, which undergo reversible
physicochemical changes in response to temperature
shifts.'®*'% These materials mimic the temperature-driven
conformational shifts of collagen and elastin during wound
healing and development, enabling printed constructs
to soften or stiffen in situ, mimicking maturing tissues.’
These polymers are classified into two types: lower critical
solution temperature (LCST) and upper critical solution
temperature (UCST).>'® LCST types involve a phase
transition (~32-34°C) in which, below LCST, solubility
is maintained through hydrogen bonding with water, and
above LCST, intramolecular hydrophobic collapse results
in dehydration, gelation, or aggregation.®’® In UCST
polymers (sulfobetaine-based), activation below UCST
causes insolubility through strong hydrogen bonding or
ion pairing, and above UCST, dissolution is promoted
by thermal energy, hydrogen bonding, or electrostatic
disruption.5'6’184’187

These polymers have been used in tissue engineering
to facilitate cell sheet harvesting, where cooling triggers
hydrophilic swelling, detaching intact cell sheets without
enzymes, and preserving cell junctions for layered tissues
such as the cornea or myocardium.>'*>'*® While PNIPAAm
is praised for enabling enzyme-free cell harvesting in

Table 2. Activation of stimuli-responsive materials for advanced regenerative technologies

Stimulus type Mechanism of activation Ref.
Temperature Triggers phase transitions in polymers, leading to shape recovery or transformation fel-166
pH Triggers protonation/deprotonation in polymers, causing swelling/shrinking and shape 1on167,168
changes in acidic or basic environments
Hydration Induces swelling or deswelling in hydrophilic polymer networks, leading to volume 164169171
expansion, shape deformation, or actuation
Light Photothermal, photochemical, or photoisomerization processes (NIR, IR, UV), enabling 162,168,172-174
localized deformation, recovery, or actuation
Ionic strength Crosslinking or gelation enabling shape fixation, actuation, or stiffness changes 17
Magnetic External B-field, inducing actuation, alignment, or deformation 178-180
Electrical External E-field, generating bending, contraction, or expansion 2181183
Abbreviations: NIR: near-infrared; IR: infrared; UV: ultraviolet.
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cell sheet engineering and preserving cell junctions, its
biocompatibility has been a key limitation, with issues
including delayed re-solubilization upon cooling, potential
cytotoxicity from monomers (N-isopropylacrylamide), and
inflammatory responses in vivo at higher concentrations.'**
Generally, thermo-responsive hydrogels (e.g., PNIPAAm,
PNIPAAm derivatives, Pluronic) are biocompatible with
minimal effects on cell viability in short-term studies;
however, long-term cytotoxicity and material degradation
need to be further evaluated.>'®'%>

3.1.2. pH-responsive polymers for four-dimensional
dynamic biomaterials

pH-responsive materials, such as polymers and peptides,
undergo reversible physicochemical transitions triggered
by anionic interactions, which swell above a pKa via
deprotonation (e.g., carboxylic acids), and cationic
interactions, which swell below a pKa through protonation
(e.g., amines).!®**® These materials replicate the charge-
dependent swelling and matrix remodeling observed
in acidic inflammatory or tumor microenvironments,
enabling localized volume changes akin to ECM
acidification-driven fibrosis."”!

Anionic polymers, such as poly(acrylic acid) or
carboxymethyl cellulose (CMC), activate through
deprotonation. When responses exceed the pKa
thresholds, COO™ groups repel one another, leading to
chain expansion and swelling. Conversely, below these
thresholds, protonation neutralizes charges, leading to
collapse.'®!'* Cationic polymers, such as chitosan (CS),
protonate below pKa thresholds, where NH," repulsion
induces swelling, while deprotonation above pKa thresholds
promotes contraction.'**"'"'* CS is commonly used in
dual-responsive bilayers, such as CS/CMC, which exhibit
bidirectional actuation. CS swells at acidic pH due to NH,*
formation, whereas CMC swells at basic pH via COO~
ionization, with a structural equilibrium at neutral pH."”
Mimicking pH shifts that occur during wound healing
(inflammation), pH-responsive materials have been shown
to facilitate the development of various programmable
dynamic scaffolds and drug delivery systems.'s11%
These materials are generally considered biocompatible,
and their toxicity and impact on cell viability depend on
factors such as concentration, molecular weight, degree of
modification, exposure duration, and pH.'®'*

High doses or prolonged exposure can lead to
cytotoxicity through mechanisms such as membrane
disruption, oxidative stress, or apoptosis, and toxicity
may vary as the material’s conformation changes.'*”'* In
recent studies, poly(acrylic acid) exhibits low to moderate
cytotoxicity at typical biomedical concentrations, CMC
shows excellent cell viability (>90%) at concentrations up

to 5 mg/mL, and CS nanoparticles show dose-dependent
toxicity, with >80% viability in lung carcinoma (A549) cells
at <0.006% w/v, but <50% at higher doses due to reactive
oxygen species (ROS) and membrane damage.'*!%>-1%

3.1.3. Hydration-responsive materials for four-
dimensional morphing scaffolds

Hydration-responsive, water-responsive, or humidity-
sensitive materials (e.g., hydrogels, silk-based fibers,
cellulose nanofibrils [CNF]) have been designed to mimic
biological systems, where water plays a pivotal role in
structural dynamics, and undergo reversible physical
changes such as swelling, contraction, folding, or shape
transformation through osmotic forces, molecular
interactions with water, or changes in environmental
relative humidity.'**"***® These behaviors are often
observed in cartilage hydration during joint loading or in
the maintenance of corneal transparency, enabling printed
constructs to autonomously adjust stiffness and nutrient
permeability in aqueous physiological environments.?!
These materials have been shown to be among the most
biocompatible due to their organic sourcing, with more than
80% viability in alginate/HA scaffolding, 85-95% in CS/silk
fibroin, and more than 90% in CNF composites.'®!7202203

Integrating  hydration- and thermo-responsive
properties, Liu et al.'®" designed an amphiphilic dynamic
thermoset polyurethane (DTPU) material for 4D printing
to enable scaffolds with multidimensional morphing
capabilities (1D-3D) for minimally invasive implantation,
as shown in Figure 3A. These dual-responsive materials
replicate the coupled moisture- and temperature-
dependent viscoelasticity of articular cartilage and skin
dermis, where combined humidity absorption and
body-heat triggers produce synergistic softening or
stiffening that mimics diurnal tissue compliance changes
and thermoregulatory matrix remodeling.** DTPU—
composed of PCL-triol as a thermo-responsive soft
segment, PEG for hydrophilicity modulation, isophorone
diisocyanate for pre-polymerization, and Diels-Alder
(DA)-diol as a dynamic chain extender—forms a covalently
crosslinked network with thermally reversible DA bonds,
allowing extrusion-based fused deposition modeling
printing at high temperatures.' Scaffolds were shown to
exhibit body-temperature-triggered shape memory for
initial recovery (1D-2D), which relies on PCL-triol’s low
melting point, enabling reversible transitions between
glassy and rubbery states (Figure 3B).'"!

Followed by programmable deformation (2D-3D)
through water absorption at 37°C, swelling induces a
mismatch in bilayer structures, where high-swelling layers
(DTPU-0.5-4k, swelling ratio: 118.1%) expand more than
low-swelling ones (DTPU-0.25-4k, swelling ratio: 41.3%),
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thereby generating internal stress for bending/folding into
3D shapes within 10 minutes (Figure 3C).'*" Stiffening
also occurs in variants of PEG (molecular weight >2000),
where hydration drives microphase separation, causing
hydrophilic PEG aggregates to separate from hydrophobic
PCL/DA segments, forming domains that increase the
Young’s modulus (E) up to 2.9-fold (0.7 MPa [dry] to 2.0
MPa [hydrated]; Figure 3D).'' DTPU showed low toxicity,
consistent with its PCL/PEG-based composition, with
reported cell viabilities >90%.* Initial mild inflammation
(cell infiltration) occurred at week 1, which eventually
resolved by weeks 2-4 with tissue integration, with no
significant toxicity or viability reduction in vitro.'!

3.1.4. Photoactive polymers and nanomaterials in
four-dimensional bioprinting

Light or photo-responsive (near-infrared [NIR], infrared
[IR], ultraviolet [UV]) materials encompass polymers,
peptides, and nanomaterials that undergo reversible or
irreversible physicochemical changes upon exposure,
enabling precise spatiotemporal control.'”***2" These
systems emulate light-regulated cellular processes (e.g.,
phytochrome-like signaling in plants or UV-induced
dermal remodeling), thereby providing precise, on-demand
control over local stiffness and topography that mimics
scar formation or angiogenic sprouting.*® These materials
are commonly observed as GelM A hydrogels, azobenzene-
based polymers/peptides, carbon nanomaterials, and
other functionalized nanoparticles."*#2°>272%  Activation
wavelengths are used to classify these materials. UV is
used for high-energy reactions, where activation is enabled
via photoisomerization (azobenzene trans-cis switching,
altering hydrophobicity for self-assembly) or photocleavage
(o-nitrobenzyl esters uncaging RGD peptides, exposing
adhesive sites)./7420>210211 [V activation is associated
with higher toxicity due to its high energy, limited tissue
penetration, and potential to cause DNA damage or ROS
production in the cellular environment.?***!%2!2

However, viability assays (e.g, MTT) have shown
more than 80% cell survival for short exposures, whereas
prolonged UV exposure can disrupt the cytoskeleton and
reduce viability by 20-30%."”* NIR/IR mechanisms involve
up-conversion, triggering downstream reactions such as
bond cleavage or photothermal heating, which converts
light into heat via absorbers such as carbon nanotubes,
causing hyperthermia for shape-memory transitions, drug/
growth factor release, or cell modulation.!”**>%¢2!! Due to
overlapping thermal effects, NIR and IR are considered the
safest options, with lower phototoxicity and deeper tissue
penetration than UV or visible light.** Research shows
that viability decreases by <20%, and neuronal cell viability
remains >85% post-NIR exposure.!7>20%206211

Photo-responsive SMART materials have also been
used to recapitulate angiogenesis by inducing growth
factor release. For example, Meng et al’" engineered
photothermal-responsive microcapsules composed of a
GelMA core loaded with epidermal growth factor (EGF)
or VEGE encased within a PLGA shell functionalized
with gold nanorods.'*"* Upon NIR laser irradiation,
localized heating ruptured the shell without compromising
cell viability (>93% post-irradiation) or molecular
functionality (Figure 4A).*"* Sequential activation every
two days generated sustained VEGF gradients over a
two-week period—mirroring physiological timescales
of proliferation, migration, and angiogenic sprouting.
This system overcame limitations of conventional 2D
cultures and static 3D models by combining precise
spatial organization of tumor cells, stromal fibroblasts,
and endothelial cells with dynamic chemical signaling
through programmable growth-factor release (Figure 4B).
Using A549 lung carcinoma and M4A4 melanoma cells,
they recapitulated key stages of metastatic progression—
including tumor-driven VEGF secretion, endothelial
activation, vessel sprouting, intravasation, and angiogenic
expansion—closely mimicking how solid tumors stimulate
neovascularization under hypoxic stress (Figure 4C-G).
Collectively, these case studies demonstrate how light-
responsive SMART materials translate developmental
physics—including cell division, folding, lumen formation,
and vascularization—into programmable, time-evolving
constructs that more faithfully reproduce the dynamic
behaviors of living tissues.

3.1.5. Multi-stimuli-responsive and reconfigurable
four-dimensional biomaterial assemblies

To exploit multiple cues simultaneously, researchers are
building reconfigurable assemblies with photocontrolled
adhesion layered atop pH- and thermal-responsive
components. For example, by incorporating pH, light,
and temperature responsivity, multi-design reconfigurable
hydrogel assemblies have been fabricated using a
photocontrolled metallopolymer adhesive composed of
ruthenium-containing (P-Ru) and thioether-containing
(P-S) polymers, where reversible gluing of individual
hydrogel units is used to form four distinct constructs
(Figure 5).!® This approach directly translates the
multifaceted, orthogonal remodeling of ECM observed
in dynamic niches such as the wound bed or tumor
stroma, where simultaneous acidification, local heating,
and optical signaling (e.g., from inflammatory ROS or
photothermal events) orchestrate sequential deswelling,
stiffening, and topographical reconfiguration akin to
scar maturation and angiogenic invasion fronts.>**"2%
The adhesive forms strong bonds via metal-ligand
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Figure 3. Hydration- and thermo-responsive stimuli-responsive materials for advanced regenerative technologies. (A) Fabrication of scaffolds via multi-
material 4D printing, in which amphiphilic dynamic thermoset polyurethane is extruded through nozzles heated above the retro-Diels—Alder reaction
threshold and layered onto a base to generate structures with differential swelling. (B) Fabricated scaffold demonstrating responsive shape memory
activated by body temperature, with hydration-induced shape formation and increased rigidity upon water absorption. (C) Shape-shifting progression
of the scaffold from 1D to 3D configurations in response to thermal and aqueous stimuli, enabling potential minimally invasive surgical deployment. (D)
Diagrams and images of fabricated constructs illustrating multi-dimensional shape transformations, highlighting potential applications in soft tissue repair
and vascular scaffolding. Shape changes are driven by water-activated programmable morphing and thermo-responsive recovery coupled with water-
mediated reconfiguration. Adapted from Ref. '®* Abbreviations: 1D: one-dimensional; 2D: two-dimensional; 3D: three-dimensional; 4D: four-dimensional;
BMI: bismaleimide; PCL: polycaprolactone; PEG: polyethylene glycol.
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Figure 4. Tumor-induced neovascularization mimicking cancer metastasis. (A) Schematic of 3D bioprinted in vitro tumor models integrating tumor cells,
endothelial-lined vascular conduits, and biochemical signals within a fibroblast-laden fibrin gel to recapitulate the tumor microenvironments. EGF and
VEGF gradients are dynamically generated via programmable release capsules targeting EGFR and VEGFR. (B) Image of a 3D-printed culture chamber
designed to guide tumor cell dissemination (scale bar: 500 pm). (C) Confocal images showing top (upper) and cross-sectional (lower) views of HUVEC-
lined microchannels in fibrin gel, highlighting the vessel lumen (scale bar: 500 um). (D) Fluorescence image of a vessel perfused with blue fluorescent fluid
(derived from poly(fluorescein isothiocyanate allylamine hydrochloride)) (scale bar: 500 um). (E) Panoramic fluorescence images showing directional
vessel sprouts over time (days 2 and 10) guided by VEGF capsules (scale bar: 500 pm). (F) Composite image of a representative tumor model prior to
laser-triggered EGF and VEGF capsule rupture (green: GFP-A549 cells; red: RFP-HUVECs; bright-field: fibroblasts) (scale bar: 500 pm). (G) Time-
lapse fluorescence images (days 3 and 12) showing GFP-A549 tumor cells invading the fibroblast-laden fibrin gel and entering the vasculature (green:
GFP-A549; red: REP-HUVECs) (scale bar: 500 um). Reprinted with permission from Ref. ?'* Copyright © 2019, John Wiley & Sons. Abbreviations: 3D:
three-dimensional; EGF: epidermal growth factor; EGFR: epidermal growth factor receptor; HUVEC: human umbilical vein endothelial cell; RFP: red
fluorescent protein; VEGF: vascular endothelial growth factor; VEGFR: vascular endothelial growth factor receptor.
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coordination and polymer chain entanglement, using
blue light irradiation (470 nm) to trigger photochemical
hydrolysis and dissociation of Ru-S to Ru-H,O, thereby
inducing a gel-to-liquid transition and detachment, as
shown in Figure 5A. This enables constructs that respond
to temperature and pH stimuli, where non-responsive
P1 gels (cross-linked N-hydroxyethyl acrylamide) are
combined with thermo-responsive P2 gels (zwitterionic
3-dimethyl[methacryloyloxyethyl] ammonium propane
sulfonate/2-hydroxyethyl acrylate [HEA]) and pH-
responsive P3 gels (HEA/acrylic acid) (Figure 5B-D).'®®
Each design exhibits programmable shape changes, such
as bending or folding, and can be disassembled with light
for reconfiguration.

In the temperature-responsive P2 gel, LCST behavior
causes swelling at low temperatures (25°C) due to the
zwitterionic moiety, whereas heating (70°C) drives
dehydration via enhanced hydrophobic interactions,
resulting in shrinkage and deswelling. Within the pH-
responsive P3 gel, activation occurs through ionization of
carboxylic acid groups from acrylic acid. At high pH (e.g.,
pH 10), swelling occurs due to deprotonation, generating
negatively charged carboxylate ions that increase
electrostatic repulsion and osmotic pressure (Figure 5C).
At low pH (e.g., pH 4), protonation neutralizes the groups,
reducing repulsion and inducing shrinkage.'® Due to
significant variations in swelling ratios, stable pH-triggered
motions are sustained over multiple cycles. While no
cytotoxicity or viability assessments were explicitly stated,
photoactive Ru(II) polypyridyl complexes, often used in
photodynamic therapy for cancer, can be cytotoxic in non-
targeted contexts; however, polymer encapsulation reduces
leaching.?'**"” Although direct analyses of P1, P2, and P3
gel toxicity or cell viability were not performed, composite
derivatives similar to these formulations have shown low
cytotoxicity and cell viability exceeding 80%.2'%>*!

3.1.6. lonic-responsive materials for extracellular
matrix-mimetic remodeling

Ionic-responsive materials—such as polyelectrolyte
hydrogels (CS, alginate, or HA with tunable ionizable
groups) and ionogels (polymer matrices infused with ionic
liquids)—undergo physical or chemical changes, including
swelling, contraction, gelation, or phase transitions, in
response to ionic stimuli such as salt concentration,
specific ions (e.g., Fe’*, citrate), or environmental ionic
strength.???* These materials emulate the charge-
screening and Donnan osmotic behaviors of native ECM
GAGs (e.g., aggrecan and hyaluronan in cartilage or
intervertebral disc), where physiological shifts in Na*, Ca*',
or K* concentration rapidly induce reversible swelling/
deswelling and stiffness modulation, enabling printed

constructs to mimic load-dependent hydration, fixed-
charge density changes during skeletal growth, and ionic
homeostasis-driven tissue remodeling in electrically active
environments such as cardiac or neural niches.”

Ionic activation relies on ion-polymer interactions that
alter network structure, solubility, or crosslinking, through
Donnan equilibrium/osmotic  swelling, Hofmeister
effect (salting in/out), metal-ion coordination/redox
switching, and electrochemical/iontronic effects.?2*22°-2
In polyelectrolyte gels like ionized PNIPAAm, fixed
charges create ion imbalances, facilitating osmotic swelling
in low-ionic-strength solutions, whereas at high ionic
strength, charge screening reduces repulsion, causing
deswelling.”***®  Jonic-responsive materials generally
exhibit high cell viability and low toxicity due to their
natural origin; however, as with any other SMART material,
viability and toxicity can be affected by crosslinking
concentrations when cells are present.'”6222

poly(vinyl alcohol) (PVA)/CNF  hydrogels,
kosmotropic ions (citrate’”) polarize water, promoting
polymer dehydration and crystallization. Citrate induces
gradient densification via hydrogen-bond enhancement,
while chaotropic ions (Cl7) hydrate chains to maintain
solubility (Figure 6A-C).”*! These properties have
been used to create self-healing ionogels that are tunable
by ion type and concentration for controlled stiffness
gradients.223,232,233

This  hierarchically  heterogeneous =~ PVA/CNF
hydrogel—composed of PVA and CNFs—is fabricated
via a sequential self-assembly process using directional
freezing to align polymer chains and CNFs into
honeycomb-like structures, followed by prestretch-assisted
salting out in sodium citrate solution.”? This yields a
heterogeneous core-sheath architecture with a compact,
highly crosslinked sheath (~23.2 wt% swollen) encasing an
aligned porous core featuring belt-like bundles that mimic
hierarchical micro- and nanofibrils (Figure 6D and E).**
This hydrogel surpasses most hydrogels, elastomers, and
natural materials by exhibiting exceptional mechanical
properties, including tensile strength (55.3 MPa), stiffness
(9.5 MPa), stretchability (3300%), toughness (1031 MJ-m™
), fracture energy (552.7 kJ-m™), and fatigue threshold
(40.9 kJ-m™?) (Figure 6F).>*

In

The hydrogel also supports regeneration via swelling-
resalting, enhances toughness to 1898 MJ-m™ over 10
cycles, and exhibits rapid adhesion, making it suitable
for cartilage, tendons, or artificial muscle applications
(Figure 6G and H). Although no cell viability assessment
was performed, the toxicity profile of this hydrogel can be
inferred as very low, given that PVA is inherently non-toxic
and that CNF (from cellulose) is also biocompatible.?23*%!
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Figure 5. Multi-responsive stimuli-responsive materials for advanced regenerative technologies (pH, light, and temperature). (A) Schematic of hydrogel
constructs with complex architectures, illustrating their morphing behavior under varying thermal and pH conditions. Five hydrogel components are
linked via the P-Ru/P-S binder to form Construct 1, which can be reorganized into Constructs 2—4. Each construct is capable of transforming into four

distinct configurations depending on its design. (B) Actuation of a butterfly-li

ke P1/P2 hydrogel construct in response to different temperatures. (C)

Images showing pH-induced actuation of a hand-like P1/P3 hydrogel construct. (D) Selective reversible uncoupling and recoupling of limbs in a five-
limbed P1/P3 hydrogel construct, with corresponding actuation under varying pH conditions. Adapted from Ref. '*

3.1.7. Magnetic-responsive materials for

dynamic microenvironment

Magnetic-responsive materials incorporating magnetic
nanoparticles (MNPs) such as iron oxide (Fe,O,)
undergo magnetostriction (shape change) and torque
alignment (particles aligning along field lines) through

the movement of magnetic domains within the material
when subjected to an external magnetic field.">*** These
materials reproduce the rapid mechanical perturbations
transmitted through the ECM during muscle contraction
or hemodynamic shear, facilitating cyclic loading that
mimics physiological compressive and tensile cues guiding
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Figure 6. Ionic self-healing hierarchically heterogenous poly(vinyl alcohol)/cellulose nanofibrils (HHPC) hydrogel for regenerative applications. (A)
Schematic illustration of the hydrogel regeneration process via breakdown and reconstruction of crystalline structures, driven by interactions between
water molecules and kosmotropic ions. (B) Polymer strand mobilization on the densely packed exterior facilitates bonding through hydrogen-bond
interactions between water and polymer chains. (C) Synergistic toughening via sheath-led energy absorption, achieved through dissolution and
reformation of crystalline regions. (D) Core-led crack-tip passivation through bridging and redirection of fractures. (E) Multi-level energy dissipation via
sequential disruption of crystalline regions, nanofibrils, and microfibrils prior to large-scale fracture. (F) HHPC-1.5 hydrogel (~0.4 mm thick) with a 20%
pre-cut notch supporting a 10 kg load without crack propagation. (G) Restoration of a deformed HHPC-1.5 hydrogel from a 2 mm clamp spacing via the
regeneration procedure. (H) Three HHPC-1.5 hydrogel segments bonded over a 50 mm? contact area, sustaining a 5 kg load. Reprinted with permission
from Ref. > Copyright © 2025, Xu et al.

osteogenesis and myogenesis.>***** Embedded MNPs are cell assembly and controlled drug delivery, addressing the
generally nontoxic when encapsulated (PEGylation); common limitations of static tissue-engineering scaffolds.
however, uncoated MNPs can reduce cell viability and As shown in Figure 7A, Daul et al.'”” used magnetic
induce lysosomal damage.”” Another class of magnetic- origami scaffolds with embedded Fe,O, MNPs to integrate

bioprinting with ferromagnetism, providing a versatile
platform for mimicking dynamic 3D microenvironments.
This magnetostriction, activated by exposure to an external
field, alters scaffold geometry, creating tapered channels
and generating subsequent gravitational cues from folding,
These materials support dynamic functionality for guided which facilitate mechanotransduction and heterogeneous

responsive materials, superparamagnetic nanoparticles,
enables pulsatile responses through alternating magnetic
fields (100-500 kHz), generating heat via Néel or Brownian

relaxation to trigger drug release or hyperthermia.?***
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