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The field of biomaterials has evolved rapidly with the introduction of time as a transformative factor, giving

rise to four-dimensional (4D) materials that can dynamically change their structure or function in response

to external stimuli. This review presents a comprehensive comparison between traditional three-

dimensional (3D) and emerging 4D biomaterials, highlighting the key distinctions in design, adaptability,

and functionality. We explore the development of smart biomaterials at the core of 4D systems,

including stimuli-responsive polymers, shape-memory materials, and programmable hydrogels. The

ability of these materials to undergo controlled transformations under physiological or engineered

stimuli offers promising avenues in tissue engineering, drug delivery, regenerative medicine, and soft

robotics. By integrating responsiveness and temporal control, 4D biomaterials represent a paradigm shift

in biomedical engineering, with the potential to revolutionize patient-specific therapies and next-

generation implants. Future challenges and opportunities for clinical translation are also discussed.
1. Introduction

Four-dimensional (4D) printing has emerged as ground
breaking advancement in the eld of regenerative medicine,
building upon the foundational principles of three-dimensional
(3D) bioprinting by introducing the dimension of time into
material design and function. Conventional 3D printing has
signicantly advanced the fabrication of architecturally intri-
cate, yet static biomedical constructs such as scaffolds and
implants. However, it lacks the ability to impart dynamic
responsiveness. In contrast, 4D printing integrates time as
a functional dimension by utilizing smart biomaterials that can
actively respond to external stimuli—such as temperature, pH,
light, or humidity—aer fabrication. This enables the produc-
tion of constructs capable of real-time adaptation, offering
behaviors that more closely resemble the dynamic nature of
native biological tissues.1–3 The core enabler of 4D printing is
the development of smart biomaterials, including shape-
memory polymers (SMPs), hydrogels, and bioactive compos-
ites. These materials are designed to undergo reversible or
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irreversible changes in geometry, stiffness, or porosity through
processes such as swelling, contraction, folding, or self-
assembly in response to physiological cues.4 For instance,
shape-memory hydrogels that respond to hydration levels or
temperature uctuations are being explored for applications in
so tissue engineering, where dynamic mechanical behavior is
critical. Similarly, tunable scaffolds with controlled degradation
kinetics and stiffness modulation can inuence cell fate deci-
sions, enhance extracellular matrix (ECM) remodeling, and
guide tissue maturation in a biologically relevant manner.5,6

One particularly promising application of 4D printing is the
fabrication of biomimetic ECM scaffolds that more accurately
replicate the spatiotemporal dynamics of native tissue micro-
environments. In natural systems, the ECM is not a static entity;
it undergoes constant remodeling inuenced by mechanical
forces and cellular signaling. Traditional 3D-printed scaffolds
fail to capture this dynamic adaptability. In contrast, 4D-printed
materials can be engineered to gradually stiffen, degrade, or
release bioactive molecules in a temporally controlled manner,
facilitating processes such as angiogenesis, cell migration, and
tissue integration.7 Furthermore, the self-healing capacity of
certain 4D-printed biomaterials represents another frontier in
regenerative medicine. These materials oen incorporate stem
cells or growth factors that can be activated by biomechanical or
biochemical cues to initiate endogenous repair mechanisms.
For example, self-healing hydrogels have shown promise in
cartilage repair, responding to microfractures by autonomously
restoring structural integrity.8 The eld of biomaterials has
experienced signicant advancement with the introduction of
the fourth dimension-time-leading to the development of 4D
RSC Adv., 2025, 15, 32155–32171 | 32155
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materials capable of dynamic structural and functional trans-
formations in response to external stimuli. This review provides
an in-depth examination of the differences between traditional
three-dimensional (3D) biomaterials and the emerging 4D
counterparts, with a focus on their distinct design principles,
adaptability, and functional capabilities. Central to 4D systems
are smart biomaterials, including shape-memory polymers,
stimuli-responsive materials, and hydrogels with program-
mable behaviors. These materials can undergo precise modi-
cations in response to various physiological or engineered cues,
offering exciting possibilities for applications in tissue engi-
neering, drug delivery, regenerative medicine, and even so
robotics.9–14 The integration of time-sensitive and responsive
characteristics in these materials heralds a transformative shi
in biomedical engineering, enabling innovations in personal-
ized treatments and advanced implants. This review also
discusses the challenges and opportunities related to the clin-
ical application and development of 4D biomaterials.15,16

2. Distinction between 3D and 4D
bioprinting in biomedical contexts

Three-dimensional (3D) bioprinting and four-dimensional (4D)
bioprinting are advanced fabrication technologies employed in
biomedical applications, particularly in tissue engineering,
regenerative medicine, and drug delivery.9,17–19 While both
methods involve the layer-by-layer deposition of biomaterials,
cells, and bioactive molecules to create functional biological
structures, they differ signicantly in terms of their dynamic
capabilities and responsiveness to external stimuli. 3D bi-
oprinting focuses on constructing static, predened structures
that replicate the architecture of native tissues or organs. It
utilizes biomaterials known as bioinks, which are typically
composed of hydrogels, cells, and growth factors, to fabricate
complex tissue constructs with high spatial precision. Once
Fig. 1 4D printing of smart biomaterials enables stimulus-driven shape

32156 | RSC Adv., 2025, 15, 32155–32171
printed, these constructs retain a xed shape and functionality,
making them suitable for static tissue replacements or in vitro
disease models.1,20 In contrast, 4D bioprinting introduces the
element of time as the fourth dimension. 4D bioprinting
extends the capabilities of 3D bioprinting by integrating smart,
stimuli-responsive materials that can alter their shape, struc-
ture, or function over time. These transformations are pro-
grammed to occur in response to environmental cues such as
temperature, pH, humidity, or biochemical signals, enabling
dynamic interactions with biological systems and enhancing
the relevance of printed constructs in regenerative medicine.21

This dynamic behavior allows 4D-printed constructs to mimic
the adaptive nature of living tissues more closely, enabling
applications in self-assembling tissue scaffolds, stimuli-
responsive implants, and shape-morphing biomedical
devices.22 A key distinction lies in the material properties and
design philosophy. 3D bioprinting emphasizes structural
delity and biocompatibility, whereas 4D bioprinting prioritizes
responsiveness and adaptability, leveraging stimuli-responsive
polymers and shape-memory materials.23,24 Additionally, 4D
bioprinting demands more advanced computational modeling
and predictive algorithms to control the temporal evolution of
printed structures.25 While 4D printing utilizes the same fabri-
cation methods as traditional 3D printing, it distinguishes itself
through the use of stimuli-responsive materials. These mate-
rials enable the printed constructs to alter their shape and/or
functionality over time when exposed to external stimuli as
shown in Fig. 1.

3. Smart biomaterials for 4D
bioprinting

pH-Responsive materials are particularly advantageous for
targeted drug delivery in pathological environments charac-
terized by abnormal acidity. For instance, the tumor
and function changes for applications in regenerative medicine.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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microenvironment and intracellular compartments such as
endosomes and lysosomes typically exhibit a lower pH than
normal physiological tissues. Materials designed to undergo
structural changes or degrade in response to acidic conditions
can enable site-specic release of therapeutic agents,
enhancing efficacy while minimizing systemic toxicity. This
makes pH-sensitive polymers and hydrogels highly suitable for
cancer therapy and intracellular delivery systems. The foun-
dation of 4D bioprinting lies in the strategic use of smart
biomaterials engineered substances capable of responding to
specic environmental cues. These materials enable printed
constructs to undergo controlled, time-dependent changes in
shape, mechanical properties, or biofunctionality. In the
context of regenerative pathology, such adaptability is critical
for achieving seamless integration with dynamic biological
systems.26–28 Stimuli-responsive polymers (SRPs) are a unique
class of so materials that can change their shape or behavior
when exposed to specic environmental cues—such as light,
heat, pH, moisture, electric or magnetic elds, or even
solvents. Because of this remarkable adaptability, they've
become central to the development of exible actuators, so
robotics, wearable technology, sensors, and biomedical
devices. In recent years, the integration of SRPs with 3D
printing—commonly referred to as 4D printing—has opened
up exciting possibilities. This technology allows researchers to
create smart, personalized structures that don't just sit
passively but actively transform over time by bending,
expanding, twisting, or reshaping in response to their
surroundings. As a result, 4D printing with SRPs is drawing
growing interest across engineering, healthcare, and materials
science.29

3.1. pH-Sensitive polymers in 4D printing

pH-Sensitive polymers are integral to 4D printing, enabling
constructs to undergo controlled transformations in response
to the pH variations within biological environments. These
polymers contain functional groups that ionize or deionize at
Fig. 2 Examples of pH-responsive polymers frequently utilized in 4D pr

© 2025 The Author(s). Published by the Royal Society of Chemistry
specic pH levels, leading to changes in their physical proper-
ties such as swelling, solubility, or mechanical strength.30,31 This
responsiveness is particularly valuable in biomedical applica-
tions where pH gradients are prevalent, such as in the gastro-
intestinal tract, tumor microenvironments, and sites of
inammation. pH-Sensitive polymers can be broadly classied
into two categories—anionic and cationic-based on the nature
of their ionizable functional groups. Anionic polymers contain
acidic groups, such as carboxylic acids, which undergo depro-
tonation at elevated pH levels.32–35 This results in an increased
negative charge density, leading to polymer chain expansion
and swelling. Common examples include poly(acrylic acid)
(PAA), poly(methacrylic acid) (PMAA), and alginate. These
materials are particularly advantageous for drug delivery
systems designed to release therapeutic agents in alkaline
environments, such as the intestines. In contrast, cationic
polymers possess basic groups, like amines, which become
protonated under acidic conditions. This protonation imparts
a positive charge and promotes polymer swelling. Chitosan,
a naturally derived polysaccharide, exemplies this class and
demonstrates solubility and swelling behavior in acidic media,
making it well-suited for targeted delivery in acidic environ-
ments such as the stomach or tumor microenvironments.
Representative chemical structures of several pH-responsive
polymers utilized in 4D printing—such as alginate, poly(N,N-
dimethylaminoethyl methacrylate) (PDMAEMA), chitosan,
poly(acrylic acid), and poly(methacrylic acid)—are illustrated in
Fig. 2.4,36

3.2. Light-sensitive polymers for 4D printing

Light-responsive materials offer precise spatial and temporal
control over activation, making them ideal for externally trig-
gered therapies. Upon exposure to specic wavelengths—such
as ultraviolet, visible, or near-infrared light—these systems can
undergo conformational changes, bond cleavage, or generate
heat or reactive species. Such responses enable controlled drug
release, photothermal therapy, or photodynamic action,
inting for biomedical applications.

RSC Adv., 2025, 15, 32155–32171 | 32157
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particularly useful in localized cancer treatments and wound
healing. Their non-invasive trigger mechanism adds versatility,
especially when minimal disturbance to surrounding tissues is
desired. A wide range of light-sensitive (photosensitive) func-
tional groups have been reported in the literature, each exhib-
iting specic photoresponsive behaviors such as
photoisomerization, photocleavage, or photodimerization. In
the context of 4D printing, particular attention has been given
to photosensitive moieties that enable spatiotemporal control
over material properties in response to light stimuli.37–40 This
section focuses on the photosensitive groups that have already
been successfully integrated into 4D printing systems. These
include, but are not limited to, azobenzene derivatives (photo-
isomerization), spiropyrans (reversible switching between
hydrophobic and hydrophilic states), coumarins (photo-
dimerization and photocleavage), and o-nitrobenzyl esters
(photodegradation). Their incorporation allows for light-
triggered changes in shape, mechanical properties, or chem-
ical functionalities, enabling dynamic behavior in smart mate-
rials tailored for biomedical, so robotics, and tissue
engineering applications. Chemical structures of photosensi-
tive groups are illustrated in Fig. 3.

3.2.1. Azobenzene-based polymers. Azobenzene groups
undergo reversible photoisomerization upon exposure to UV or
visible light, leading to changes in polymer conformation and
properties.41 Azobenzene moieties undergo isomerization from
the trans to cis state upon UV irradiation, causing an expansion
Fig. 3 Representative light sensitive polymers commonly employed in
4D printing applications.

32158 | RSC Adv., 2025, 15, 32155–32171
of the polymer matrix. Used in shape-memory polymers (SMPs)
for so robotics, actuators, and smart sensing applications.

3.2.2. Spiropyran-containing polymers. Spiropyran groups
undergo reversible photochemical transformations upon UV
light exposure, altering the polymer's structure and properties.42

They are utilized in stimuli-responsive systems, particularly in
applications involving sensors and actuators.

3.2.3. Nitrobenzyl-functionalized polymers. Nitrobenzyl
groups undergo photochemical cleavage upon UV light expo-
sure, leading to changes in the polymer network and proper-
ties.43 Utilized in controlled drug release systems44 and tissue
engineering scaffolds.45

3.2.4. Gelatin methacryloyl (GelMA). GelMA (gelatin
methacryloyl) is a photopolymerizable hydrogel that undergoes
crosslinking when exposed to UV light in the presence of
a photoinitiator,46 resulting in the formation of a stable network
suitable for both 3D and 4D printing.47 This material is exten-
sively utilized in biomedical applications, particularly in tissue
engineering and regenerative medicine. The unique properties
of GelMA, as well as its wide range of applications, have been
thoroughly investigated in the literature, with numerous studies
exploring its potential in 3D and 4D bioprinting.
3.3. Thermo-responsive polymers in 4D printing

Thermo-responsive materials exploit temperature uctuations
to trigger functional changes such as sol–gel transitions,
swelling, or deswelling. These systems are designed to respond
near physiological or slightly elevated temperatures, enabling
applications in controlled drug release, injectable hydrogels,
and tissue engineering. In the context of 4D printing, these
polymers play a pivotal role by enabling printed structures to
transform their shape, functionality, or mechanical properties
over time when subjected to specic thermal stimuli.48–50 The
integration of thermo-responsive polymers into 4D printing not
only enhances the adaptability of printed structures but also
expands their applicability in elds like tissue engineering,
wearable electronics, and responsive implants. Fig. 4 presents
selected examples of thermo-sensitive polymers.

3.3.1. Polycaprolactone (PCL) and poly(ethylene-co-octene)
(POE) blends. Zhu et al. (2023) investigated the development of
thermo-responsive shape-memory polymers through the
blending of polycaprolactone (PCL) and polyolen elastomer
(POE). The optimal blend exhibited a transition temperature
range of 55–60 °C, with shape xation and recovery efficiencies
exceeding 90%, maintaining stable performance over multiple
cycles. Enhanced shape memory behavior was observed,
attributed to improved phase compatibility and the formation
of a co-continuous structure within the blend.51

3.3.2. Poly(acrylic acid)-based hydrogels. Abdullah and
Okay (2023) developed 4D-printed hydrogels based on poly(-
acrylic acid) (PAA) that exhibit both shape-memory and self-
healing capabilities. These hydrogels undergo reversible tran-
sitions around human body temperature (approximately 37 °C),
making them ideal for biomedical applications. The mechan-
ical properties, such as Young's modulus and toughness, can be
nely tuned by modifying the monomer composition.52
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Representative thermo-sensitive polymers commonly employed in 4D printing applications.
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3.3.3. Poly(N-isopropylacrylamide) (PNIPAM) hydrogels.
Abdullah and Okay (2023) designed 4D-printed hydrogels
derived from poly(acrylic acid) (PAA) that demonstrate both
shape-memory and self-healing properties. These hydrogels
undergo reversible transitions near human body temperature
(around 37 °C), which makes them well-suited for various
biomedical applications. Additionally, the mechanical charac-
teristics, including Young's modulus and toughness, can be
precisely adjusted by altering the monomer composition.53 A
smart hydrogel capsule was fabricated through an extrusion-
based 4D printing technique, utilizing UV-induced crosslinking
of poly(N-isopropylacrylamide) (PNIPAM) to form the capsule
shell. The resulting PNIPAM hydrogel exhibited a lower critical
solution temperature (LCST) of around 34.9 °C. To generate
a macroporous structure, high molecular weight polyethylene
glycols (PEGs) were employed as porogens during the prepara-
tion process.54 Thermo-responsive smart hydrogels have been
explored for additive manufacturing applications through the
development of two novel hydrogel systems. These systems are
based on copolymers combining poly(oxazoline) and poly(-
acrylamide) segments. In both designs, thermal sensitivity is
provided by either poly(2-isopropyl-2-oxazoline) (PiPrOx) or
poly(N-isopropylacrylamide) (PNIPAM), while the poly(oxazoline)
components serve as the crosslinkable domains. During the
stereolithography (SLA) printing process, photo-induced cross-
linking results in the formation of a stable resin network.55

3.3.4. Biodegradable shape-memory elastomers. Biode-
gradable shape-memory elastomers were 4D printed using
poly(D,L-lactide-co-trimethylene carbonate) methacrylates.
These materials offer customizable transition temperatures
within physiological ranges and show effective shape recovery at
37 °C. The resulting printed devices are cytocompatible and
degrade in physiological environments, making them prom-
ising candidates for medical applications.56
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.3.5. Bio-based thermoplastic polyurethane (SMTPU).
Park et al. (2025) characterized a bio-based thermoplastic
polyurethane (SMTPU) synthesized from renewable resources,
specically bio-based polypropylene succinate (polyester polyol)
and 1,3-propanediol (chain extender), for 4D printing applica-
tions. The SMTPU demonstrates remarkable shape recover-
ability and favorable mechanical properties, such as tensile
strength and elongation, making it a promising material for
applications that require both sustainability and high
performance.57
4. Multiresponsive

Multi-responsive materials in 4D printing represent a signi-
cant advancement in smart manufacturing, enabling printed
structures to dynamically adapt to multiple environmental
stimuli. By integrating materials that respond to various trig-
gers—such as temperature, pH, light, magnetic elds, or reac-
tive oxygen species—researchers have developed constructs
capable of complex, programmable transformations. For
instance, a study introduced a nanocomposite combining
polypyrrole-coated iron oxide nanoparticles within a shape-
memory polymer matrix, resulting in structures that can be
remotely actuated using near-infrared light andmagnetic elds.
Another research effort focused on protein-based hydrogels that
respond to temperature, pH, and enzymatic activity, show-
casing autonomous shape changes suitable for biomedical
applications. These innovations highlight the potential of
multi-responsive 4D-printed materials in creating adaptive
systems for elds ranging from so robotics to personalized
medicine.58–60 Multiresponsive hydrogels hold great promise as
advanced biomaterials because they can respond to multiple
physiological cues—such as changes in temperature, pH, and
levels of reactive oxygen species (ROS)—oen encountered
RSC Adv., 2025, 15, 32155–32171 | 32159
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simultaneously in the body.61–63 In a recent study, researchers
developed a triple-responsive hydrogel using UV light-initiated
polymerization, combining three key components: N-iso-
propylacrylamide (NIPAM) for temperature sensitivity, meth-
acrylic acid (MAA) for pH responsiveness, and a specially
designed diacrylate thioether monomer (EG3SA) that reacts to
ROS. The resulting hydrogel, P[NIPAMx-co-MAAy-co-(EG3SA)z], is
compatible with digital light processing (DLP) 4D printing,
enabling the fabrication of dynamic, stimuli-sensitive struc-
tures. The team evaluated the hydrogel's responsiveness
through swelling and rheological tests under various tempera-
tures (25–37 °C), pH levels (3–11), and oxidative conditions. It
also served as a matrix for loading ketoprofen, showing
controllable drug release depending on the surrounding envi-
ronment. Importantly, cytotoxicity tests using broblasts and
macrophages conrmed the hydrogel's biocompatibility. Inter-
estingly, even without any drug, one particular formulation—P
[NIPAM80-co-MAA15-co-(EG3SA)5]—signicantly reduced
inammation markers in activated immune cells, suggesting
intrinsic anti-inammatory potential. These ndings pave the
way for customizable, 4D-printable hydrogel scaffolds that
could be tailored for treating inammatory diseases.63,64
5. Applications of 4D printing in
regenerative medicine

The advent of 3D printing has revolutionized the fabrication of
complex biomedical structures, particularly in tissue engi-
neering. However, it falls short in replicating the dynamic,
adaptive nature of native tissues. One key limitation is the
insufficient vascularization of large constructs, which restricts
the effective delivery of oxygen and nutrients. 4D (bio)printing
addresses these shortcomings by enabling the creation of
responsive, living tissues capable of evolving over time.65–67

These constructs can incorporate vascular or stem cells,
promoting maturation and functional integration. Their adap-
tive behavior makes them particularly relevant for organ-
specic applications.
5.1. Bone tissue engineering

4D printing has been utilized to create biodegradable scaffolds
that can adapt to bone defects, promoting regeneration. Mate-
rials like polylactic acid (PLA) and poly(glycolic acid) (PGA) are
commonly used due to their biocompatibility and ability to
degrade into non-toxic byproducts. These scaffolds can be
designed to change shape in response to physiological condi-
tions, ensuring a better t and integration with the host
tissue.68–70 Porous shape memory cryogel microspheres (CMS)
made from GelMA have been fabricated using an emulsion
technique combined with gradient cooling. These CMS can be
loaded with human bone marrow-derived mesenchymal stem
cells (hBMSCs) and human umbilical vein endothelial cells
(HUVECs), promoting vascularized bone tissue regeneration
upon subcutaneous injection in animal models.71,72 Hybrid
scaffolds combining PCLDA and PLLA have been designed to
enhance osteogenic differentiation of human mesenchymal
32160 | RSC Adv., 2025, 15, 32155–32171
stem cells (hMSCs). These scaffolds exhibit shape memory
behavior and support bone tissue regeneration without the
need for osteogenic inducers.73 Blending PLA with PCL results
in composites with improved shape memory behavior and
mechanical properties suitable for bone xation applications.
These composites can restore their original shape upon heat-
ing, mimicking the structure of cancellous bone.74 Poly(-
butylene fumarate) based scaffolds demonstrate humidity-
responsive shape memory properties, supporting osteoblast
attachment and proliferation. These scaffolds can be function-
alized with bone morphogenetic protein-2 (BMP-2) for sus-
tained release, enhancing bone regeneration.75 Researchers
have developed biodegradable SMPU scaffolds that exhibit
excellent shape memory properties, making them suitable for
minimally invasive surgical procedures. These scaffolds can
recover their original shape at body temperature, promoting
bone regeneration. Incorporating nanohydroxyapatite into the
SMPU matrix enhances mechanical strength and
biocompatibility.76
5.2. Cartilage regeneration

Cartilage repair has beneted from 4D bioprinting through the
development of constructs that mimic the natural curvature
and mechanical properties of cartilage. For instance, hydrogels
embedded with human mesenchymal stromal cells have been
printed to form structures that swell and conform to cartilage
defects, promoting regeneration.77,78 Researchers have devel-
oped 4D-printed hydrogel scaffolds that exhibit swelling–stiff-
ening behavior, enabling them to mimic the mechanical
properties of native cartilage. These scaffolds can undergo
programmable deformations in response to specic stimuli,
offering potential for minimally invasive cartilage repair.79

Magneto-responsive 4D-bioprinting has emerged as a powerful
strategy for dynamic cartilage tissue engineering. A recent study
demonstrated the integration of anisotropic magnetic nano-
particles (MNPs) into a silk broin–gelatin bioink containing
human bone marrow-derived mesenchymal stromal cells to
fabricate 4D-bioprinted constructs designed for articular carti-
lage regeneration (Fig. 5). The constructs exhibited actuation
and thermal responsiveness under an external magnetic eld.
Mechanical actuation was applied cyclically every other day for
either 5 or 30 minutes over a 21-day period. Constructs actuated
for 30 minutes displayed superior chondrogenic
differentiation.80

To address the limitations of conventional scaffolds in
auricular cartilage repair, magnetoresponsive hydrogel scaf-
folds fabricated via 4D printing have been developed. Unlike
traditional 3D-printed structures, these 4D-printed constructs
respond dynamically to external magnetic elds, enabling
enhanced biological and mechanical performance. The surface
modication of magnetic nanoparticles (MNPs) with chitosan,
which imparted anti-inammatory and antibacterial functions.
This modication facilitated the polarization of macrophages
toward the pro-regenerative M2 phenotype, effectively reducing
inammatory responses and bacterial contamination at the
gra site.81 A shape memory composite scaffold for cartilage
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Morphological evaluation of acellular constructs. (A) Simulated printing path viaG-code. (B) Field-emission scanning electronmicroscopy
image showing sinusoidal morphology. (C and D) Optical images of 4D-bioprinted constructs: (C) without MNPs and (D) with 5 mg mL−1 MNPs.
(Reproduced under Creative Commons license, B. Liu et al., 2024 (ref. 80).)
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repair has been engineered by incorporating nano-
hydroxyapatite (nHA) into a polyurethane (PU) matrix. The
strong hydrogen bonding interactions between nHA and PU
enhance both the mechanical integrity and biocompatibility of
the composite material. Drawing inspiration from the structural
adaptability of mangrove root systems, a biomimetic 4D-printed
cartilage scaffold was developed to mimic natural dynamic
environments. This scaffold demonstrates excellent shape
memory behavior, capable of reverting from a deformed
(temporary) conguration back to its original geometry within
60 seconds when exposed to temperatures approximating
physiological conditions (∼37 °C). Such rapid and reversible
transformation makes this system highly promising for mini-
mally invasive cartilage repair and regeneration applications.76

In a signicant advancement for tracheal tissue engineering,
a self-folding bilayer scaffold was fabricated via 4D bioprinting
using gelatin crosslinked with (3-glycidoxypropyl)tri-
methoxysilane (GPTMS). Designed to undergo shape trans-
formation upon hydration, the scaffold transitions from a at
2D structure into a tubular conguration with a controllable
nal diameter. Moreover, the potential of 4D bioprinted
millimeter-scale scaffolds to guide cell behavior and tissue
maturation through dynamic, stimulus-responsive structural
changes (Fig. 6).82

5.3. Cardiac tissue repair

In cardiac applications, 4D-printed patches have been designed
to conform to the heart's surface and accommodate its
contractions. These patches, oen composed of hydrogels and
seeded with cardiac cells, aim to repair myocardial infarctions
by integrating seamlessly with the heart tissue. Researchers
© 2025 The Author(s). Published by the Royal Society of Chemistry
developed a 4D-printed cardiac construct utilizing thermo-
responsive SMPs designed to transform from a compact shape
into a cardiac patch at body temperature (∼36 °C). This
construct supports the delivery of human-induced pluripotent
stem cell-derived cardiomyocytes (hiPSC-CMs) and integrates
seamlessly with myocardial tissue. The design allows for mini-
mally invasive delivery and conforms to the heart's curvature,
promoting cell proliferation and maturation without compro-
mising contractile function.83 4D-printed cardiac constructs
fabricated using a digital light processing (DLP) technique with
a composite of shape memory polymers and graphene. These
constructs exhibit adjustable curvature and can be remotely
actuated using NIR light to match the heart's topology. The
aligned microgroove structures promote uniform cell distribu-
tion and maturation of hiPSC-CMs, mesenchymal stem cells
(MSCs), and endothelial cells (ECs), enhancing myocardial
regeneration.84 Utilizing a beam-scanning stereolithography
approach, researchers fabricated a 4D cardiac patch composed
of gelatin methacryloyl (GelMA) and polyethylene glycol di-
acrylate (PEGDA). The patch transitions from a at to a curved
conguration, mimicking the heart's natural curvature (Fig. 7).
In vivo studies in a murine model of chronic myocardial
infarction demonstrated enhanced cellular engrament,
vascularization, and a reduction in infarct size, indicating the
patch's regenerative potential.85 A 4D printing approach
employed soybean oil epoxidized acrylate (SOEA) to create thin
lms capable of bending or rolling upon exposure to body
temperature. These lms are designed to conform to the heart's
surface, facilitating integration with damaged myocardial
tissue. The shape transformation is achieved through UV
crosslinking, resulting in a crosslink density gradient that
RSC Adv., 2025, 15, 32155–32171 | 32161
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Fig. 6 (A) Time-dependent self-folding of scaffolds (10 × 5 mm) with bioprinted lines aligned longitudinally; food dyes added for visual contrast.
(B) Line orientation governs the folding behavior of the 4D-printed scaffold. (C) Force analysis during self-folding: folding occurs under loads up
to 70mg, while 80mg prevents actuation. (Reproduced under Creative Commons license CC BY-NC 4.0 Carmelo DeMaria, et al., 2024 (ref. 82).)

Fig. 7 Schematic of a 4D-printed cardiac patch and its fabrication. (a) A cell-laden construct transforms from a flat to a curved configuration,
enabling implantation onto the infarcted myocardium to aid tissue repair. In contrast, precurved scaffolds lead to uneven cell distribution due to
gravitational settling. (b) Diagram of the DLP-based printing setup featuring a digital micromirror device (DMD), lens system, and motion
controller. (c) Illustration of the printing process using a PEGDA mold for 4D extrusion. The curved structure flattens upon heating above the
SMP's glass transition temperature (Tg), with reversible shape change triggered by heat or NIR light (this figure has been adapted/reproduced
from ref. 84 with permission from American Chemical Society, copyright 2021).

32162 | RSC Adv., 2025, 15, 32155–32171 © 2025 The Author(s). Published by the Royal Society of Chemistry
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induces self-folding behavior.86 Miao et al. developed a 4D
cardiac patch using a PSTS approach with smart soybean oil
epoxidized acrylate (SOEA) inks. The at sheet scaffold auton-
omously bends or self-assembles upon immersion in ethanol,
allowing precise control over curvature by adjusting sheet
thickness. This method supports the culture and cardiomyo-
genic differentiation of human bone marrow MSCs, offering
potential for substituting damaged cardiac tissues.87
5.4. Vascular tissue engineering

In vascular applications, 4D printing enables the fabrication of
dynamic structures that can form functional blood vessels. By
using bio-inks containing endothelial cells, researchers have
developed constructs that undergo shape transformations to
create vascular networks, essential for tissue viability and inte-
gration.2 Researchers have developed a coaxial 4D printing
technique utilizing poly(N-isopropylacrylamide) (PNIPAAm)-
based hydrogels to fabricate vein-inspired actuators. These
constructs exhibit temperature-responsive behavior, allowing
for controlled lumen diameter changes (∼30%) and reversible
Fig. 8 Fabrication and 4D bioprinting strategy for vascular grafts. (a) EPCs
alginate (SA–COP) to prepare the bio-ink. (b) Instant crosslinking of SA–C
axial, dual-chamber nozzle. (d) Printing occurs within a CaCl2-based sup
Post-printing, grafts are transferred to a bioreactor. (f) Final grafts exhib
(Reproduced under Creative Commons license CC BY-NC 4.0, Rouven

© 2025 The Author(s). Published by the Royal Society of Chemistry
shape transformations. The hydrogels demonstrate biocom-
patibility with endothelial cells, making them suitable for per-
fusable vascular applications.88 A novel bio-ink combining
sodium alginate (SA) and collagen peptides (COP) has been
used to 4D print small-diameter vascular gras. The SA–COP
hybrid enhances mechanical strength and cell adhesion. Post-
printing, the gras undergo shape transformations in
response to calcium ion crosslinking and are matured in
bioreactors, resulting in functional vascular constructs
(Fig. 8).89

A dual-component hydrogel system incorporating carbon-
ized alginate (CAlg) and methylcellulose (MC) has been utilized
to fabricate programmable, bifurcated vascular channels. These
hydrogels exhibit moisture-responsive shape deformations,
enabling the creation of complex, perfusable structures that
support endothelial and broblast cell viability.90 Researchers
have employed methacrylated alginate (AA-MA) and hyaluronic
acid (HA-MA) to create self-folding hydrogel tubes via 4D bi-
oprinting. These structures, crosslinked using green light to
maintain cell viability, can form hollow tubes suitable for
and HUVECs are incorporated into collagen peptide-modified sodium
OP is initiated by CaCl2. (c) Extrusion is performed using a custom co-
port medium using a six-axis robotic system for structural fidelity. (e)
it a lumen diameter of 3–3.5 mm and (g) a total length of 30–40 cm.
Berndt et al., 2024 (ref. 89).)

RSC Adv., 2025, 15, 32155–32171 | 32163
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vascular tissue engineering. The approach allows for the fabri-
cation of complex architectures with potential for vascular
network formation.91
5.5. Skin and wound healing

4D printing has been applied to create skin gras capable of
adapting to wound environments. These dynamic gras can
change shape to cover wounds effectively and release thera-
peutic agents in response to environmental cues, enhancing the
healing process.92 Researchers developed a 4D-printed hydrogel
dressing utilizing N-isopropylacrylamide (NIPAm) combined
with curcumin-loaded Pluronic F127 micelles and a degradable
crosslinker, poly(ethylene glycol) diacrylate-dopamine
(PEGDA575-Do). This hydrogel exhibits temperature-
responsive contraction, strong tissue adhesion, and antibacte-
rial properties. In diabetic rat models with MRSA-infected
wounds, the dressing accelerated healing by promoting
wound closure and tissue regeneration.93 A self-healing hydro-
gel composed of biodegradable polyurethane nanoparticles and
photo-/thermo-responsive gelatin-based biomaterials was
developed for 4D bioprinting applications. This hydrogel
exhibits excellent printability, structural stability, and shape
memory properties. It supports the proliferation and differen-
tiation of neural stem cells, indicating its potential for tissue
engineering and wound healing applications.94 Chitosan,
known for its biocompatibility and antibacterial properties, has
been utilized in 3D and 4D printing to create customized wound
dressings. These scaffolds can be tailored to patient-specic
needs, enhancing tissue regeneration and improving healing
Fig. 9 Overview of 4D skin bioprinting: patient-derived skin cells are c
create bioinks. CAD-integrated bioprinting systems use wound imagin
transplanted back onto the patient. (Reproduced under Creative Comm

32164 | RSC Adv., 2025, 15, 32155–32171
outcomes. The integration of chitosan with advanced printing
techniques offers promising avenues for sophisticated wound
care solutions.95 By incorporating intelligent materials and CAD
systems, 4D bioprinting enhances traditional 3D techniques,
enabling printed structures to respond to various stimuli
through changes in form and functional properties. This
adaptability, driven by bioinks with shape-memory, self-repair,
and responsive behaviors, is particularly valuable in skin repair
and supports real-time control during in situ applications,
facilitating clinical advancement (Fig. 9).96
5.6. Self-healing implants

Advancements in 4D printing have led to the development of
self-healing implants. These constructs can repair minor
damages autonomously, reducing the need for additional
surgeries. Materials like biodegradable polyurethane-based
hydrogels have demonstrated self-healing properties while
supporting cell proliferation and differentiation.97–99

Researchers developed a 4D-printed structure using a double-
network SH–SMP system composed of polycaprolactone (PCL)
integrated into a methacrylate-based shape memory polymer.
This combination enables high-resolution printing (up to 30
mm) and imparts self-healing capabilities, with mechanical
properties recovering over 90% aer damage. The material is
compatible with digital light processing (DLP) 3D printing
technology, making it suitable for complex biomedical appli-
cations.100 A study introduced 4D-printed thermally activated
self-healing shape memory polyurethanes (SMPUs). These
materials exhibit both shape memory and self-healing
ultured and combined with smart biomaterials and growth factors to
g to design customized skin constructs, which are then printed and
ons license CC BY-NC 4.0, Damiati et al., 2025 (ref. 96).)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Shape memory behavior of PCLDMA–UPyMA samples: after being cut (a), the specimen was thermally healed at 80 °C for 1 h (b). Upon
deformation (c), heating at 70 °C initiated and completed shape recovery (d–f) (this figure has been adapted/reproduced from ref. 101 with
permission from Elsevier, copyright 2018).
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properties upon thermal stimulation. The SMPUs demonstrated
excellent mechanical performance and healing efficiency,
making them promising candidates for biomedical implants
that require durability and adaptability.101 4D printing has
emerged as a powerful tool for creating dynamic, shape-shiing
structures, with shape memory polymers (SMPs) offering high
responsiveness and stiffness. However, traditional SMPs lack
self-repair capabilities due to their permanent cross-linked
networks. A recent advancement integrates Ultraviolet Curable
polycaprolactone (PCL) into a methacrylate-based SMP matrix,
enabling both self-healing and high-resolution 4D printing.
This double-network system restores over 90% of mechanical
strength aer damage and is compatible with digital light
processing. Such innovations pave the way for durable, adapt-
able implants with long-term functionality.100 Researchers
developed a 4D-printed shape memory polymer using poly-
caprolactone (PCL) chains and 2-ureido-4[1H]-pyrimidinone
(UPy) units. This material exhibits thermally induced shape
memory and self-healing functionalities. The printed objects
showed high elongation at break and maintained shape
memory properties aer healing, indicating their suitability for
applications in so robotics and biomedical devices (Fig. 10).101

The advancement of 4D printing has enabled the design of
deployable medical devices (DMDs) that can be implanted in
a compact form and later recover their functional shape within
the body. A photocrosslinked polycaprolactone (PCL)-based
material, created via a rapid thiol–acrylate click reaction,
demonstrates excellent biocompatibility, shape memory, and
suitability for 3D printing. In vivo evaluations conrm favorable
tissue integration and reduced inammatory response.
Furthermore, incorporating everolimus through b-cyclodextrin
complexes allows for sustained drug release, enhancing thera-
peutic outcomes and supporting the potential of 4D-printed
DMDs in minimally invasive treatments.102
© 2025 The Author(s). Published by the Royal Society of Chemistry
6. Challenges and limitations of 4D
printing in regenerative medicine

Four-dimensional (4D) printing has emerged as a trans-
formative approach in regenerative medicine, enabling the
creation of dynamic, stimuli-responsive structures that can
adapt over time. Despite its promising applications, several
challenges hinder its widespread clinical adoption.
6.1. Material limitations

The development of suitable materials is a primary challenge in
4D printing. Smart materials, such as shape-memory polymers
and hydrogels, must exhibit not only responsiveness to external
stimuli but also appropriate mechanical properties and
biocompatibility. Many existing materials lack the necessary
strength, exibility, or degradation rates required for specic
biomedical applications. Moreover, integrating multiple smart
materials into a single construct remains complex, limiting the
functionality of 4D-printed devices.16
6.2. Biocompatibility and cell viability

Ensuring biocompatibility is critical for any biomedical appli-
cation. Some stimuli-responsive materials may release residual
chemicals or possess properties that adversely affect cell
viability. Additionally, the dynamic nature of 4D-printed struc-
tures can inuence cellular responses, potentially impacting
tissue integration and function.78
6.3. Fabrication complexities

The fabrication process of 4D-printed structures involves intri-
cate design and precise control. Achieving high-resolution,
multi-material printing is technically demanding.
RSC Adv., 2025, 15, 32155–32171 | 32165
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Furthermore, scalability remains a signicant hurdle; current
4D printing techniques are oen time-consuming and may not
be suitable for mass production, which is essential for clinical
applications.103

6.4. Limited stimuli responsiveness

Most current 4D-printed materials respond to a single type of
stimulus, such as temperature or pH. However, the human body
presents a complex environment where multiple stimuli may be
present simultaneously. Developing materials that can respond
to multiple stimuli in a controlled manner is essential for
creating more sophisticated and functional biomedical
devices.78

6.5. Integration with living tissues

Achieving seamless integration of 4D-printed structures with
native tissues is challenging. The dynamic behavior of these
constructs must be synchronized with the biological environ-
ment to ensure proper function and avoid adverse reactions.
Further research is needed to understand and optimize the
interactions between 4D-printed materials and living tissues.104

7. Future prospects in 4D bioprinting
for regenerative medicine
7.1. AI integration in 4D bioprinting

Articial intelligence (AI) and machine learning are poised to
enhance 4D bioprinting by enabling predictive modeling of
bioink behaviors in response to various stimuli, such as pH,
temperature, and mechanical forces. These technologies facil-
itate the optimization of stimuli-responsive biomaterials,
improving construct delity and functionality. Moreover, AI can
tailor scaffold properties to patient-specic needs, ensuring
personalized therapeutic solutions.105

7.2. Functional organ bioprinting

The development of fully functional, dynamic organs remains
a central goal in 4D bioprinting. Current research focuses on
creating bioengineered organs that can adapt to physiological
changes, such as 4D-printed kidneys capable of modulating
ltration rates in response to hydration levels. This adaptability
is achieved by embedding shape-memory properties into bi-
oinks, allowing scaffolds to alter their conguration in response
to external stimuli. A signicant challenge in organ bioprinting
is achieving adequate vascularization to ensure cell viability and
function. Advancements in co-printing techniques that incor-
porate endothelial and parenchymal cells, along with pro-
angiogenic factors, are facilitating the development of func-
tional microvascular networks. These networks are essential for
efficient nutrient and oxygen delivery, waste removal, and
enhanced long-term survival of bioprinted constructs.106

7.3. Clinical translation and commercialization

The clinical implementation of 4D bioprinting faces challenges
related to scalability, cost-effectiveness, and regulatory
32166 | RSC Adv., 2025, 15, 32155–32171
approval. High material costs and specialized printing infra-
structure currently limit widespread adoption. However, inno-
vations in material synthesis and automated bioprinting
platforms are expected to reduce production costs and enhance
accessibility. Regulatory agencies, such as the U.S. Food and
Drug Administration (FDA) and the EuropeanMedicines Agency
(EMA), are evolving guidelines to evaluate the safety and efficacy
of dynamic biomaterials. Establishing standardized validation
protocols is essential for ensuring successful clinical adoption
of 4D bioprinted constructs. Beyond technical and regulatory
aspects, ethical considerations must be addressed to ensure
responsible implementation. Issues such as patient consent,
long-term safety, and equitable access to advanced bioprinting
therapies require careful deliberation.
7.4. Advanced biomaterials and tissue applications

Recent advancements in smart polymers, including
polyanisidine-based photostabilizers and nanocomposite
hydrogels, provide robust platforms for engineering bi-
oresponsive scaffolds with enhanced durability and tunable
degradation kinetics. Biofunctionalized polymeric networks
inspired by extramural venous invasion-targeting materials may
facilitate the development of vascularized 4D constructs with
improved physiological relevance. Advances in pediatric bone
repair have demonstrated the potential of integrating stem cells
with calcium hydroxyapatite in 3D-printed scaffolds, a concept
that can be expanded into 4D bioprinting to create dynamically
adaptable bone gras for complex reconstructive procedures. A
signicant milestone in 4D bioprinting will be the realization of
fully functional, bioadaptive organs with integrated vascular
networks capable of responding dynamically to physiological
changes. This progress hinges on the advancement of bioink
formulations that mimic the extracellular matrix while sup-
porting cell viability and tissue maturation. Research on graed
sodium alginate copolymers and montmorillonite-reinforced
biomaterials suggests promising avenues for enhancing the
mechanical stability and bioactivity of printed constructs.
Furthermore, interdisciplinary collaboration between biomed-
ical engineers, oncologists, and material scientists will be
crucial in overcoming regulatory, ethical, and commercial
challenges associated with 4D bioprinting. Regulatory frame-
works, such as those established by the FDA and EMA, must
evolve to accommodate the unique characteristics of dynamic
implants and ensure their safe clinical deployment.
8. Conclusion

The integration of 4D printing with smart biomaterials marks
a transformative advancement in regenerative medicine,
offering dynamic, stimuli-responsive platforms capable of
mimicking the complexity of native tissue behavior. Unlike
conventional static scaffolds, 4D-printed constructs adapt over
time in response to physiological cues, thereby enhancing cell–
material interactions, tissue maturation, and overall healing
outcomes. Applications in bone, cartilage, skin, vascular and
cardiac tissue regeneration have already demonstrated
© 2025 The Author(s). Published by the Royal Society of Chemistry
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promising results both in vitro and in vivo. However, challenges
remain, including limited biocompatibility of some smart
polymers, precise control of shape transformation, and full
integration with living tissues. Continued interdisciplinary
research in material science, biomedical engineering, and
cellular biology will be essential to overcome these limitations
and fully realize the clinical potential of 4D printing in
personalized regenerative therapies.
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