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Advances in Shape-Memory Polymers and Composites for
Biomedical Device Applications

Chengjun Zeng, Liwu Liu, Wei Zhao, Xiaozhou Xin, Yanju Liu,* and Jinsong Leng*

Over the past two decades, remarkable advancements have been achieved

in stimulus-responsive shape-memory polymers (SMPs), which exhibit
desirable properties such as shape-memory characteristics, deformability, and
biocompatibility, while responding to external stimuli. The development of shape-
memory polymer composites (SMPCs) leads to high recovery forces and

novel functionalities, including electrical actuation, magnetic actuation, and
biocompatibility. The enhanced remotely controllable properties and functionality
further expand the application of SMPs in biomedical areas, such as surgical
applications for replacing handheld surgical instruments and drug delivery
systems. In this review, the biomedical device applications of SMPs and SMPCs
are focused on and their recent advancements in bone tissue scaffolds, lumen
stents, and drug delivery carriers are examined. Furthermore, the bottlenecks
and challenges encountered by SMPCs in biomedical devices are elucidated.
The future development trend of SMPs and SMPCs is also discussed, aiming
to provide valuable insights for broadening their applications in biomedical

fields.

1. Introduction

In recent years, shape-memory polymers (SMPs) and shape-
memory polymer composites (SMPCs) have attracted more
and more attention in the biomedical field due to their special
applications in the medical, electronic, and high-tech industries,
as well as in daily life."™ SMPs are a class of stimulus-
responsive polymers that are fixed into a temporary configuration
by applying a certain external force to them in the heated state
and then transformed from the temporary configuration to the
original configuration by external environmental stimuli (e.g.,
heat, water, pH, electricity, magnetic field, humidity, etc.), the
most common of which is thermal stimuli.>~!
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SMPs exhibit greater elasticity in their
rubbery state compared to other shape-
memory materials, including shape-
memory alloys (SMAs) and shape-memory
ceramics (SMCs). This characteristic
endows SMPs with the capacity to achieve
higher strain levels than SMAs and
SMCs.'%™) Another advantage of SMPs
is that their transition temperature can
be adjusted according to the actual applica-
tion requirements, which is achieved by
tuning the concentration of the different
component materials during the synthesis
of SMPs."***! In manufacturing and engi-
neering applications, the ability to custom-
ize the thermodynamic properties of
materials to specific needs is important.
By changing the chemical composition,
SMPs can be tailored into biostructural
materials that are biocompatible and

biodegradable, which makes SMPs
extremely promising for biomedical
applications.!'¢*”!

SMPC is a smart composite obtained by doping micro- and
nanoparticles or fiber fillers into the SMP matrix, which substan-
tially improves the mechanical properties of SMP without
weakening the overall shape-memory properties and increases
the actuation method.!"* % According to the different actuation
mechanisms, SMPC can be classified into thermotropic,[21'22]
electrotropic,?*** phototropic,*>*%! magnetostrophic,*”*® and
chemically induced SMPC. Among these, thermotropic
SMPCs have emerged as the primary choice for biomedical appli-
cations due to their easily controllable actuation methods,
adjustable actuation temperatures, and minimal impact on
human tissues.”>**! However, regulating the actuation temper-
ature as well as the recovery rate of thermotropic SMPC to adapt
to the human body has been an urgent problem. Electrotropic
and magnetostrophic SMPCs are indirect thermotropic
SMPCs, in which the temperature of the SMPC is increased
under the action of an electric current or a magnetic field,
and when the temperature reaches a critical state, the material
starts to undergo shape recovery.*!*%

High-performance SMPs and SMPCs are attracting a lot of
attention as smart materials in the field of clinical medicine and
medical applications such as implantable medical devices.**~"!
Extensive studies have explored the potential use of SMPs and
SMPCs in minimally invasive procedures. These composites
can expand from a compact state to their original shape upon
external stimulation.***”) Furthermore, SMP and SMPC medi-
cal devices exhibiting shape recovery activation generate a

© 2025 Wiley-VCH GmbH


mailto:yj_liu@hit.edu.cn
mailto:lengjs@hit.edu.cn
https://doi.org/10.1002/adem.202402145
http://www.aem-journal.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadem.202402145&domain=pdf&date_stamp=2025-01-29

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

recovery force, demonstrating exceptional self-adaptation proper-
ties in various medical applications. Upon activation, these devi-
ces can conform precisely to complex anatomical structures,
ensuring a snug fit and optimal performance even in challenging
environments. This adaptive capability is particularly valuable
for minimally invasive procedures and personalized medical
treatments.*® Figure 1 summarizes the possible applications
of SMPs and SMPCs in some biomedical devices.****

In summary, SMPs and SMPCs exhibit great potential
for biomedical device applications due to their favorable func-
tionality and shape-memory characteristics. This review mainly
introduces the types of commonly used biocompatible and
biodegradable SMPs, as well as the classification of bio-based
SMPCs derived from these SMPs. It also summarizes the
applications of bio-based SMPs and SMPCs in the field of
biomedical devices, such as bone tissue scaffolds, luminal
stents, and drug delivery carriers. Furthermore, it analyzes the
challenges and future development trends of SMPs and
SMPCs in biomedical applications, providing valuable insights
for advancing research and enhancing patient care in this
domain.

www.aem-journal.com

2. SMPC
2.1. Biocompatible and Biodegradable SMPs

Currently, biocompatible and biodegradable SMPs with great
potential in the biomedical field include poly(e-caprolactone) (PCL),
polyurethane (PU), poly(lactic acid) (PLA), and poly(lactic-co-glycolic
acid) (PLGA). PCL is a synthetic aliphatic polyester obtained
through the ring-opening polymerization of e-caprolactone.*”!
Under physiological conditions, PCL is gradually hydrolyzed to
low-molecular-weight fragments, which are ultimately excreted
through the body’s metabolic pathways, exhibiting excellent
biocompatibility.*® The degradation of PCL is relatively slow,
but can be controlled by adjusting factors such as molecular
weight, crystallinity, and morphology. This controllability makes
it an ideal material for long-term drug delivery systems. In addi-
tion, PCL is easy to process into various shapes and structures,
achieving a good balance between mechanical properties, biode-
gradability, and biocompatibility. As a result, it is widely used in
several tissue engineering applications, including bone tissue,
cartilage, nerves, cardiovascular tissue, and skin.*/*%!

Tracheal
Stents

Figure 1. Overview of SMPs and SMPCs in biomedical applications. Bone tissue scaffold. Reproduced with permission.?? Copyright 2021, Elsevier.
Tracheal stents. Reproduced with permission.*” Copyright 2022, Elsevier. Occlusion devices. Reproduced with permission.*! Copyright 2019,
Wiley-VCH. Drug delivery devices. Reproduced with permission.*” Copyright 2023, Wiley-VCH. Bone screw. Reproduced with permission.[*’!
Copyright 2020, Elsevier. Vascular stents. Reproduced with permission.[*! Copyright 2019, Wiley-VCH.
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Shape-memory PU (SMPU) is a smart polymer material with a
unique molecular structure and excellent properties. Its typical
structure consists of soft segments (usually polyester or polyether
chains) and hard segments (urethane bonds).*”! The urethane
bonds in the molecular structure are biologically inert and
therefore have good biocompatibility with human tissue and
the physiological environment. By adjusting the ratio and chem-
ical composition of the soft and hard segments, the material
can be biodegradable, which is promising for biomedical
applications.”® SMPU not only has excellent shape-memory
properties and can accurately recover a preset shape under a spe-
cific temperature stimulus but also its biocompatibility and
degradability bring great potential in the fields of tissue engineer-
ing, drug delivery, and implantable medical devices.

PLA is an aliphatic polyester derived from renewable
resources. It is synthesized by polycondensation reaction of lactic
acid monomers and has good biocompatibility and biodegrad-
ability. Its molecular structure consists of repeating lactate
units, which can be divided into L-lactic acid and D-lactic acid
stereoisomers.”"*?) Different ratios of these isomers allow for
the regulation of its physical and mechanical properties. The
chemical structure of PLA features carbonyl and ester bonds,
which endow it with outstanding biodegradability.”*! In human
tissues, PLA can be enzymatically hydrolyzed and metabolized,
and ultimately converted to carbon dioxide and water, and there-
fore does not pose any environmental hazard. Thanks to its excel-
lent biocompatibility, PLA shows broad application prospects in
the fields of biomedicine and tissue engineering and packaging
materials and has become the focus of sustainable materials
research,*%%]

2.2. Classification and Actuation Methods of SMPCs

Based on biocompatible and biodegradable SMPs, SMPCs
exhibit excellent mechanical properties, flexible actuation modes,
and biocompatibility and therefore have a promising future in
biomedical applications. SMPCs are mainly classified into
three types: fiber-reinforced SMPCs,”® nanoparticle-reinforced
SMPCs,*”) and multipolymer-blended SMPCs.”®  Fiber
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reinforcement can increase the strength and modulus of
SMPCs. Nanoparticle reinforcement enhances the thermal, elec-
trical, and magnetic actuation properties of SMPCs. Blending
multiple polymers broadens the actuation temperature range.
Table 1 summarizes the fabrication methods, actuation modes,
and recovery forces of common bio-based SMPCs.

2.2.1. Fiber-Reinforced SMPCs

Fiber-reinforced SMPCs are a novel class of smart materials that
have garnered significant attention in the biomedical field in
recent years. SMPCs based on biocompatible and biodegradable
polymers such as PCL, SMPU, and PLA exhibit immense poten-
tial in applications like tissue engineering scaffolds, biodegrad-
able implants, and intelligent drug delivery systems.’®! These
SMPCs typically employ external stimuli such as heat, light,
or electricity as activation methods, with thermal activation being
the most commonly used due to its simplicity and controllability.

Research indicates that fiber reinforcement can markedly
improve the mechanical properties, shape-memory effect, and
biocompatibility of SMPCs. Carbon fibers, with their superior
mechanical properties and electrical conductivity, are frequently
used to enhance mechanical performance and enable electrical
stimulus responsiveness.®” Biological fibers, such as cellulose
and silk fibroin fibers, are highly regarded in tissue engineering
scaffolds for their excellent biocompatibility and degradability.
Kevlar fibers offer unique advantages in medical devices that
require high strength and lightweight characteristics.*" The
type, content, orientation, and distribution of fibers significantly
influence the performance of SMPCs.[*!] Adequately increasing
fiber content can enhance the material’s recovery force and shape
fixity ratio. However, excessive fiber content may result in a
decline in shape recovery ratio. Fiber orientation has a consider-
able impact on the anisotropic behavior of SMPCs, and regulat-
ing fiber alignment can achieve directional deformation, which is
particularly crucial in designing medical devices with specific
functions.

The application of 3D-printing technology provides new ave-
nues for the precise fabrication and complex structural design of

Table 1. Comparison of the compositions, fabrication methods, actuation modes, and recovery forces of common bio-based SMPCs.

Matrix Reinforcement Manufacturing method ~ Actuation method Driving force Reference
High  Medium Low
PLA Carbon fiber 4D printing Electricity . - - [60]
PLA Aramid fiber 4D printing Thermal . - - [61]
PLA Carbon fiber 4D printing Thermal . - - [21]
SMPU Black-phosphorus sheets Solution casting Photo - - . [63]
PCL Fe;0,4/CNTs Injection Magnetism - . - [64]
SMPU Carbon nanotube (CNT) Wet spinning Electricity/thermal . - - [65]
PCL FesO4 3D printing Magnetism - . - [67]
SMPU Al,O; Physical blending Thermal - - . [68]
PLA/ Polyethylene glycol blend Chamelea gallina shells Physical blending Thermal - - . [71
PLA/ poly (butylene adipate-co-terephthalate) blend PVAc-grafted CNCs 3D printing Thermal - . - [45]
PLA Polyethylene glycol 4D printing Thermal - . - [33]
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SMPCs, making the preparation of customized medical implants
and tissue engineering scaffolds feasible.[”! The 4D printing fur-
ther extends the intelligent deformation capabilities of SMPCs,
offering new approaches for developing adaptive medical devices
and intelligent drug delivery systems.”! For example, SMPC scaf-
folds fabricated using 4D printing can undergo predetermined
shape changes when stimulated by body temperature, thereby
better adapting to human tissue structures.

2.2.2. Nanoparticle-Reinforced SMPCs

Nanoparticle-reinforced SMPCs have demonstrated significant
potential in biomedical applications. By using biocompatible
and biodegradable SMPs as the matrix and introducing
nanoparticles, the shape-memory performance and mechanical
properties of the materials can be markedly improved.'®*
The addition of nanoparticles introduces multiple stimulus-
responsive modes to SMPCs.®* For instance, incorporating
conductive nanoparticles such as carbon nanotubes (CNTSs) or
graphene enables the material to respond to electrical stimuli,
achieving electrically induced shape-memory effects.!*”!
Introducing metallic or oxide nanoparticles imparts sensitivity
to light or magnetic fields.[*® For example, PCL-based SMPCs
doped with magnetic nanoparticles can achieve contactless acti-
vation under an alternating magnetic field, making them suitable
for remote control of in vivo implanted devices.[*”) Nanoparticle
reinforcement also significantly enhances the recovery force of
SMPCs. The high specific surface area of nanoparticles and their
strong interfacial interactions with the matrix increase the mod-
ulus and strength of the composites.®® During the shape recov-
ery process, a higher modulus contributes to a greater driving
force, ensuring that the material reliably returns to its initial
shape in complex environments. This is crucial for biomedical
devices requiring precise shape recovery and substantial driving
force, such as deployable implantable stents and minimally inva-
sive surgical instruments.

In terms of fabrication, 3D/4D-printing technology utilizing
nanoparticle-reinforced SMPCs has attracted widespread atten-
tion. By uniformly dispersing nanoparticles within a biodegrad-
able polymer matrix, personalized medical devices with complex
structures and functional gradients can be fabricated.®” In the
biomedical field, nanoparticle-reinforced SMPCs are used to
develop smart implants, biodegradable drug delivery systems,
and tissue engineering scaffolds. For example, degradable bone
tissue scaffolds prepared from PLA, upon the addition of nano-
particles, exhibit improved mechanical strength and photo
responsiveness, promoting shape adjustment, and functional
recovery during bone tissue regeneration.””

2.2.3. Multipolymer-Blended SMPCs

Multipolymer-blended SMPCs are materials formed by blending
two or more polymers, exhibiting shape-memory effects.””"!
These composites leverage the physical and chemical properties
of different polymers to achieve precise control over the thermo-
dynamic and mechanical properties of the material. As a result,
they can return from a temporary shape to their original shape
under external stimuli. Compared to single-component SMPs,
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multipolymer-blended SMPCs offer significant advantages in
tunability and functional diversity. Specific shape-memory prop-
erties can be attained by adjusting the types and ratios of the
polymers used.

In recent years, Dbiocompatible and biodegradable
multipolymer-blended SMPCs have attracted widespread atten-
tion in the biomedical field.”? These materials typically utilize
biodegradable polymers such as PLA and PCL to create compo-
sites that combine excellent shape-memory properties with desir-
able biological characteristics.l**) The primary mode of actuation
is thermal stimulation, employing the material’s glass transition
temperature (T,) or melting temperature (Ty,) to trigger shape
recovery through body heat or external heating.**! Recovery force
can be optimized by adjusting the molecular weight, crystallinity,
and blending ratios of the polymers to meet the mechanical
performance requirements of various biomedical devices. In
terms of applications, these materials have been explored for
use in degradable stents and controlled drug release systems,
demonstrating the potential to promote tissue regeneration,
reduce surgical invasiveness, and enhance patient comfort.

3. Application in Bone Tissue Scaffolds

SMPs and SMPCs are potential candidates for reconfigurable
scaffolds for the treatment of irregular bone defects because
SMP- and SMPC-based scaffolds may be extruded into irregular
bone defects above their transition temperature.'®”37]
Polymers such as PCL® SMPU,"” and PLA"® possess
shape-memory properties activated by heat, and their unique
shape-memory properties can simplify some complex grafting
procedures in clinical applications.”>#% In addition, excellent
chemical stability, good biocompatibility and biodegradability
make them more widely used in bone tissue engineering.®!!
Table 2 summarizes the application of different SMPCs in bone
tissue scaffolds and the comparison of their performance.

3.1. PCL-Based Composite Scaffolds

Developing bioelectrically active SMPs with tunable transition
temperatures for tissue engineering remains challenging.®*#*]
Deng et al.BY developed electrically active stretchable shape-
memory copolymers using PCLs of different molecular weights
and conductive aniline trimers (ATs) and confirmed their advan-
tages in enhancing the differentiation of myoblasts (C2C12). The
results of shape recovery experiments are shown in Figure 2a,
where PCL-AT copolymers with different molecular weights were
able to return to their initial shape within 15 s. These SMPs with
electrical activity, highly stretchable, biodegradable, and glass
transition temperatures near body temperature demonstrate sig-
nificant advantages for bone tissue engineering applications.
Tissue engineering is currently the most effective treatment
for critical-size craniomaxillofacial bone defects.®>®”] PCL
porous scaffolds with irregular boundary matching, intercon-
nected porous networks, and good bioactivity of bone defects
meet the ideal needs to promote bone tissue regeneration.®*~"!
Zhang et al.®" photo-cross-linked PCL diacrylate to prepare a
shape-memory PCL porous scaffold. Applying a bioactive poly-
mer coating to the pore walls enhanced the scaffolds’ bioactivity,
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Table 2. Comparison of the performance of bone tissue scaffolds based on
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different SMPCs.

Materials Scaffold Actuation method Characteristics Reference
Polydopamine-coated PCL i c ool 16 1ock. Thermal Superior bioactivity Reproduced with permission."
and osteoblast adhesion Copyright 2014, Elsevier.
PCL/hydroxyapatite Thermal Good cytocompatibility Reproduced with permission.?
nanocomposite Copyright 2014, American Chemical
Society.
Polyethylene glycol and PCL Thermal Closely packed pore walls Reproduced with permission.¥
and reduced porosity Copyright 2022, Elsevier.
SMPU and magnesium Photo Shape fixity ratio of 93.6% Reproduced with permission.'%%
and shape recovery ratio of 95.4% Copyright 2022, Elsevier.
Polytetrahydrofuran-based Thermal Excellent biocompatibility and cell Reproduced with permission.!'®®
polyurethane osteoconductive capacity Copyright 2023, Elsevier.
PLA/hydroxyapatite Thermal Shape recovery of 98% Reproduced with permission.!"""!
- Copyright 2016, Elsevier.
e
oM
b
PLA/Fe;O, composites Magnetism Biological activity and osteogenic Reproduced with permission.?%
effect Copyright 2021, Elsevier.
PLA/Fe;O, composites AD printed PLA/Fe;0, Thermal / Physiologically relevant operating Reproduced with permission."”!
bt magnetism temperature range Copyright 2019, Elsevier.

4D printed PLA structure ™ g

significantly improving osteoblast adhesion, proliferation, and
the expression of osteogenesis-related genes. As shown in
Figure 2b, in shape-memory experiments, the scaffolds softened
when the external temperature exceeded the melting tempera-
ture (T,,) of PCL. An external force was then applied to form

a temporary shape corresponding to irregular defects. Upon cool-
ing, the scaffold solidified in this temporary shape, allowing for
precise defect filling.

Liu et al.® recently developed a shape-memory nanocompo-
site scaffold loaded with bone morphogenetic protein 2 (BMP-2),
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Figure 2. a) Shape-memory process of PCL-AT copolymer film. Reproduced with permission.®* Copyright 2016, Elsevier. b) Functional demonstration of
polydopamine-coated PCL scaffolds. Reproduced with permission.®"! Copyright 2014, Elsevier.

consisting of chemically cross-linked PCL (c-PCL) and hydroxy-
apatite (HAP) nanoparticles. The HAP nanoparticles enhanced
the scaffolds’ mechanical stability, osteoconductivity,®! and in
vivo micro-CT image quality. In vitro shape-memory tests dem-
onstrated complete recovery from the temporary to the original
shape at 37 °C. The invivo shape-memory recovery process of
BMP-loaded nano-SMPC scaffolds was examined using a
temperature pump at 42 °C during implantation to maintain
the animals’ temperature under anesthesia (Figure 3a). The
3D micro-CT images and quantitative analysis revealed increased
bone formation in the SMPC scaffold group compared to the
control group. SMPC scaffolds show promise in addressing
large-volume scaffold implantation in complex and dynamic in
vivo environments. This study offers a simple engineering
approach for multifunctional scaffold implantation aimed at
treating or repairing diseased human organs and tissues.
Wang et al.”*! developed porous bone scaffolds utilizing a
combination of hydrophilic poly(ethylene glycol), biodegradable
PCL, and calcium citrate/amorphous calcium-phosphate-
hybridized particles. The scaffolds were fabricated through a
series of techniques, including bubbling, salt immersion, and
freeze-drying. The resulting bone scaffolds demonstrated adjust-
able mechanical properties and pore structure, as well as remark-
able shape-memory characteristics during thermal cycling.
Figure 3b presents a morphological comparison of the porous
bone scaffolds following compression recovery. The scanning
electron microscope images reveal that the compressed sample
exhibits extruded pores with closely packed pore walls and
reduced porosity. However, upon heating, the scaffold regains
its original shape, and the morphology and structure of the pores
are restored, as evidenced by micro-CT reconstruction images of

Adv. Eng. Mater. 2025, 2402145
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the pore structure. The scaffold’s ability to adopt a less traumatic
temporary shape at elevated temperatures and revert to its per-
manent shape upon reheating offers significant advantages. This
feature allows for minimally invasive implantation procedures,
reduces the risk of surgical infections, and enables rapid trans-
formation within the body fluid environment.

3.2. SMPU-Based Composite Scaffolds

In recent studies, Yu et al.®® synthesized novel SMPUs using a
combination of diphenylmethane 4,4,-diisocyanate, adipic acid,
ethylene glycol, ethylene oxide, poly(propylene oxide), and
1,4-butanediol. They employed the salt particle leaching method
to create SMPU porous scaffolds with adjustable pore sizes by
varying the size of the salt particles. These scaffolds exhibit excel-
lent mechanical properties suitable for bone repair, tunable pore
size, and remarkable shape-memory characteristics. Moreover,
they possess the ability to promote cell proliferation, making
them promising candidates for bone tissue engineering applica-
tions. Shuai et al.”®® fabricated SMPU scaffolds doped with
multi-walled CNTs (MWCNTSs) utilizing selective laser sintering.
The scaffolds containing 1.5 wt% MWCNTs exhibited a shape
fixity rate of 95.6% and a shape recovery rate of 90.2%. Cell
culture studies demonstrated that these scaffolds possess com-
mendable cell compatibility, which promotes cell adherence
and proliferation. MWCNTSs were further subjected to convective
self-assembly on a tetrapodal ZnO (t-ZnO) template, after which
the resultant t-ZnO@MWCNT assemblies were embedded
within SMPU scaffolds to endow them with electro-induced
shape-memory properties.”” Under the combined influence

© 2025 Wiley-VCH GmbH
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Figure 3. a) In vivo shape-memory recovery process of BMP-2-loaded SMPC scaffolds observed by cone-beam-computed tomography. Reproduced with
permission.® Copyright 2014, American Chemical Society. b) Macroscopic and microscopic images of porous bone scaffolds before and after shape

recovery. Reproduced with permission.’! Copyright 2022, Elsevier.

of t-ZnO and electrical stimulation, these scaffolds demonstrated
enhanced osteogenic induction capabilities.

Numerous investigations have been undertaken in recent
years to explore the adaptive behavior of SMPs, with the majority
of these studies focusing on in vitro validation.”*'°”! Henderson
et al.'%! developed an acrylate-based SMP implant, which served
as a synthetic bone substitute in a model of weight-bearing fem-
oral segmental defects. Recently, a novel PU/HAP-based SMPC
porous foam was fabricated using the gas foaming method for
the treatment of weight-bearing bone defects.”*! Previously,
SMPU has been used to treat cerebral aneurysm embolism.
Zhang et al.*® reported a NIR-responsive bone tissue scaffold,
which was made of SMPU and magnesium (Mg) by 3D-printing
technique. The fabricated scaffold could be heated to recovery
within 60 s under NIR irradiation. With a magnesium content
of 4wt%, the scaffold exhibited a shape fixed rate of 93.6%
and a shape recovery rate of 95.4%. Figure 4a shows the shape
recovery process of this bone tissue scaffold and a schematic dia-
gram of the scaffold being implanted into the skull and repairing
the bone defect with the aid of near-infrared light.

Repairing articular cartilage defects poses a significant chal-
lenge in orthopedic surgery owing to its limited self-regenerative
capacity.'®%" Deng et al.'! obtained an SMPC scaffold for
cartilage defect repair by doping nano-HAP in SMPU matrix.
After coculturing fibroblasts with the SMPC scaffold for 3 days,
the cell survival rate was more than 95%, indicating that the
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scaffold had good cytocompatibility. When the SMPC scaffold
was implanted subcutaneously in rats, the tissue around the
scaffold was covered by fibroblasts with neovascularization.
In conclusion, the SMPC scaffold demonstrated excellent in vivo
histocompatibility after implantation.

To meet the requirements of antimicrobial properties and
biocompatibility, Luo et al.'*! processed SMPU composite scaf-
folds for minimally invasive alveolar bone restorations by com-
bining in situ polymerization and gas foaming methods. SMPU
was doped with citrate-functionalized amorphous calcium phos-
phate as an antimicrobial factor to achieve outstanding antimi-
crobial properties of the composite scaffold. Figure 4b depicts
the microstructures of the SMPU composite scaffolds before
and after compression and bending deformation recovery.
It was observed that no pore collapse occurred after compression
deformation of the scaffolds, and the pore structure was restored
to its initial state when the macroscopic shape returned to its
original shape. Furthermore, invitro experiments verified the
excellent biocompatibility and cellular osteogenic potential of
the composite scaffold.

3.3. PLA-Based Composite Scaffolds

PLA is a thermoplastic SMP that is widely used in 3D printing
due to its high modulus of elasticity, relatively low glass

© 2025 Wiley-VCH GmbH
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Figure 4. a) Schematic diagram of the shape recovery process of SMPU/Mg scaffold and bone defect repair. Reproduced with permission.l'® Copyright
2022, Elsevier. b) Microstructure of SMPU composite scaffolds before and after compression and bending deformation recovery. Reproduced with

permission."! Copyright 2023, Elsevier.

transition temperature (55-65 °C), and excellent shape-memory
properties.*1%”! Long PLA chains can act as a stationary phase
through physical entanglement, while the polymer chains between
the entanglement can be stretched into temporary shapes during
deformation.*®® In recent years, shape-memory PLA has received
increasing attention in medical applications.!'* %!

Senatov et al."'" produced fusible filaments by combining
PLA and 15wt% HAP and then constructed PLA/HAP bone
repair scaffolds with porous structures using a 3D printer.
The scaffolds had an average pore size of 700 pm and a porosity
of 30%, which could satisfy the structural requirements for bone
marrow mesenchymal stem cells growth within the scaffolds.
The inclusion of HAP reduced the heat conduction rate and
increased the material’s glass transition temperature from
53 to 57°C. Shape-memory experiments showed that the
PLA/HAP porous scaffolds could withstand three consecutive
compression-heating—compression cycles without delamination
(Figure 5a), and the shape recovery rate could reach 98%.
During the heating process, the shape-memory effect will make
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the bone repair scaffold gradually reduce the bone cracks,
thus realizing self-repair, which provides a new direction for
the use of autologous implants in the treatment of small bone
defects.

Subsequently, an invitro biological assessment of the 3D-
printed PLA/HAP porous scaffolds was conducted.*? MSCs
were tested for the presence of characteristic hematopoietic
and endothelial markers by flow cytometry. Fibroblasts were
observed to exhibit spindle morphology using light microscopy.
Figure 5b shows that MSC cells were widely distributed and
formed strong interactions with the scaffold surface. In addition,
aggregated MSC cells are observed inside the channels of the
scaffold as well as on the surface, indicating that the cells grow
in a 3D manner. Normally, cells need to be firmly adhered to the
surface of the matrix to spread, proliferate, and maintain cellular
functions. Wang et al.'"*! used low-temperature 4D-printing
technology to fabricate reconfigurable bone tissue scaffolds for
the treatment of irregularly shaped bone defects. The thermo-
responsive matrix and on-demand near-infrared irradiation

© 2025 Wiley-VCH GmbH
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Figure 5. a) Demonstration of shape-memory effect of 3D-printed PLA/HAP scaffolds. Reproduced with permission.'' " Copyright 2016, Elsevier. b) MSC
cells on the surface of 3D-printed PLA/HAP porous scaffold. Reproduced with permission.''? Copyright 2017, Elsevier.

make the scaffolds easy to implant through a narrow channel in
irregularly shaped bone defects.

There are a large number of porous structures in nature,
which are of interest for the design of bone tissue
scaffolds."* % Zhao et al.*® designed and prepared PLA/
Fe;0, porous bone tissue scaffolds mimicking lotus root and
bone trabeculae, and elucidated the changes in their mechanical
properties through theory and experiment. Due to the magneto-
thermal effect of Fe;O,4 particles, the PLA/Fe;O4 bone tissue
scaffolds show satisfactory shape-memory effects under the
effect of alternating magnetic fields. Figure 6a illustrates the
shape recovery process of PLA/Fe;0, bone tissue scaffolds under
a 30 KHz magnetic field, from which it is observed that the scaf-
folds recovered to the initial shape within 15s and the shape
recovery rate was higher than 95.5%.

Zhang et al.™”! prepared biocompatible PLA filaments rein-
forced with Fe;O, particles, then processed bionic scaffolds with
the shape of spinal bones using the magnetic Fe;O,/PLA com-
posite filaments, and demonstrated their shape deployment pro-
cess under an external magnetic field. The Fe;0,/PLA composite
bionic scaffolds could revert to their initial shape within 100 s
under the magnetic field, indicating that scaffolds with different
sizes can be customized to fit bone defects as needed. Figure 6b
shows the mechanism of the composite bionic scaffold as a bone
repair tool. Here, it is envisioned that the bionic scaffold is first
compressed to a smaller size and memorized to its original large
size. It is then implanted into the bone defect site, where the
compressed structure can be expanded to the desired shape
under remote actuation by a magnetic field.

4. Application in Lumen Stents

There are multiple luminal organs or tissue structures in the
human body, such as blood vessels,''® trachea,''*2% and
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intestines.'*!! When these tissues become diseased or blocked,
interventional therapy is often required, which is a painful pro-
cess due to the large incisions required. SMP and SMPC stents
facilitate implantation and therefore have great potential for use
in the treatment of vascular, tracheal, and intestinal block-
ages.’?2 SMP and SMPC lumen stents are often required
to have excellent mechanical properties and flexibility and to
allow the geometric configuration to be adapted in the time
dimension to accommodate lumen growth.!'?*!

4.1. Vascular Stents

Currently, there are three main types of cardiovascular disease
treatment: medication,?* bypass surgery,'?* and vascular stent
intervention.'?*! In contrast, medication is slow, while bypass
surgery carries greater risks and can cause greater harm to
the human body. Vascular stent intervention has obvious advan-
tages, not only minimally invasive but also highly efficient, and
currently plays an important role in the treatment of vascular ste-
nosis.'?1%8 Vascular stents can support the blood vessels well
and restore the normal function of the narrowed part of the blood
vessels.'?! Vascular stent intervention is a promising way to
treat cardiovascular diseases.

At present, the commonly used materials for vascular stents
mainly include 316L stainless steel, alloy materials"*® and poly-
mer materials."*" The nickel-titanium alloy and lead alloy are
the more widely used alloy stent materials.l'*”! Nitinol stents
are easier to use and less damaging, making them more advan-
tageous in clinical applications.!'**! Figure 7a illustrates a sche-
matic diagram of the treatment of arterial stenosis using a
crimped metal stent.l'**! A convoluted metal stent with a folded
balloon attached is initially inserted via a medical catheter into
the blocked blood vessel. The folded balloon is then inflated
to expand the stent and push the plaque aside. However, this
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Figure 6. a) PLA/Fe;O, composite bone tissue scaffold mimicking lotus root and its magnetically driven shape recovery process. Reproduced with
permission.?? Copyright 2021, Elsevier. b) Mechanism of Fe;0,/PLA composite bionic scaffolds as a bone repair tool. Reproduced with permission.I"'”]

Copyright 2019, Elsevier.

balloon-expanded metal stent is not readily degraded by the intra-
vascular environment, potentially causing mechanical damage to
the vessel. Polymer stents are mainly made of SMPs or SMPCs,
which can be deformed in response to a variety of external stim-
uli, and the degradable properties as well as biocompatibility
make them very promising for application. The polymer materi-
als commonly used to prepare degradable vascular stents are
mainly PLA and polyethylene. A schematic diagram of SMP vas-
cular stent for minimally invasive surgery is given in
Figure 7b."** Prior to implantation, the SMP stent is pro-
grammed into a compact temporary configuration, and after
implantation the stent is heated appropriately to self-inflate
and support the vessel.

Jia et al»*! produced biodegradable self-expanding vascular
stents using shape-memory PLA, which can be compressed into
temporary shapes with finer diameters for implantation. The
compressed shape-memory PLA stents possessed excellent
shape fixity capability and could recover to their initial state upon
thermal stimulation. Lin et al."*® fabricated personalized vascu-
lar stents with negative Poisson’s ratio structures, and shape-
memory PLA was used as the raw material to achieve the
shape-memory properties of vascular stents. In vitro feasibility
tests showed that this vascular stent was able to rapidly dilate
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simulated stenotic vessels, which demonstrated a promising
application in the treatment of vascular stenosis. Shi et al.l**”)
developed a two-way shape-memory cellulose vascular stent
using a single cellulose membrane fabricated through an eco-
friendly approach. By modifying the thickness and cutting orien-
tation of the various layers, two-way shape-memory cellulose
stents with diverse structures, including ring, coil, and spiral,
were easily produced (Figure 7c). In vitro studies demonstrated
that the helical two-way shape-memory cellulose stents could be
shape-adjusted and effectively maintained blood vessel dilation.

Poly(d l-lactide-co-trimethylene carbonate) (PLMC) is a well-
biocompatible SMP. Wan et al.** prepared a composite ink
based on PLMC and personalized 4D shape-change structures
by direct ink writing. The 4D shape-changing structure exhibits
rapid response shape-memory behavior near body temperature
(40—45 °C). Figure 8a illustrates the shape recovery behavior of
2D planar structure and 3D stent, which is suitable as an implant
in the treatment of common cardiovascular diseases such as
arterial stenosis. Wei et al.'*® synthesized an ultraviolet (UV)-
cross-linked-PLA-based composite ink and utilized the compos-
ite ink to fabricate shape-memory vascular stents with fast
remote control and magnetic guidance properties. In vitro experi-
ments showed that the diameter of stenotic vessels caused by
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Figure 7. a) Schematic of the implantation of a balloon-expandable metal stent for arterial stenosis. Reproduced with permission.'* Copyright 2023,
Elsevier. b) Schematic of deployment of SMP stent. Reproduced with permission.!'** Copyright 2023, Elsevier. c) Vascular stents based on two-way
shape-memory films. Reproduced with permission.l"*”! Copyright 2021, Wiley-VCH.

thrombus could be re-expanded by applying the designed shape-
memory vascular stents to maintain normal blood flow. This
method provides greater design freedom for shape-memory vas-
cular stents, which is important for the further development of
user-defined vascular stents.

Zubir et al.'*! fabricated a palm oil polyol (POP)-doped
SMPU with shape fixity rate and elongation at break of 100
and 245%, respectively. POP-based SMPUs have desirable ther-
mal properties as well as excellent shape-memory behavior,
which makes them suitable as potential candidates for cardiovas-
cular stents. Li et al.**% created a biodegradable magnetic shape-
memory micro-anchor, composed of PLA impregnated with
Fe;0, nanoparticles, which demonstrates a thermally activated
shape recovery mechanism within a temperature range suitable
for human applications. Chen et al."*!! manufactured a nanocom-
posite based on SMP and CNTs that enables electric actuation
through uniform Joule heating of the self-heated CNT networks.

Vascular stents fabricated from this nanocomposite demon-
strated stable support in the abdominal aorta of sheep. Zhang
et al."*? employed a hot pressing and programming technique
to fabricate a novel water-induced expandable bilayer vascular
graft with an inner layer of cPCL and an outer layer of regener-
ated chitosan/polyvinyl alcohol (PVA) water-induced SMP
(Figure 8b). This graft exhibited favorable mechanical
properties, hemocompatibility, and both invitro and invivo
biocompatibility.

Adv. Eng. Mater. 2025, 2402145 2402145

Navigating catheters through complex vascular pathways, such
as sharp turns or multiple U-shaped bends, remains a challenge
for vascular embolization. Peng et al.l'"**! proposed a novel mul-
tistage vascular embolization strategy for hard-to-reach vessels,
which involves deploying unconstrained swimmable shape-
memory magnetic microrobots (SMMs) from an existing cathe-
ter at the bifurcation point of the vessel. These SMMs are capable
of agile movement in narrow and tortuous vessels, utilizing
helical propulsion from rotating magnetic fields to navigate
upstream. This multistage embolization technique was validated
invivo on rabbits, achieving navigation and renal artery
embolization within 2 min over a distance of 100 centimeters.
Liu et al."** synthesized a durable immune-modulating nanofi-
brous niche (DINN) with exceptional processability, mechanical
properties, and shape-memory functionality. Vascular stents
based on the DINN demonstrated excellent therapeutic out-
comes in invivo trials.

4.2. Tracheal Stents

Tracheal stents are employed to alleviate tracheal obstruction.™*!
Currently, the primary types of tracheal stents include silicone
stents,"**) expandable metal stents,"*”) and biodegradable
stents."*¥) While silicone stents are affordable and well-tolerated,
they may migrate and deform, making them challenging to

(11 of 22) © 2025 Wiley-VCH GmbH
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Figure 8. a) Schematic of the shape recovery process of the 4D-printed SMP structure and its use as a vascular stent. Reproduced with permission.[**
Copyright 2019, Wiley-VCH. b) The original and expansion shapes of cPCL/RCP vascular grafts. Reproduced with permission.'"*? Copyright 2024, Wiley-

VCH.

stabilize within the body. Expandable metal stents avoid mucus
clogging. However, they are difficult to degrade and prone to
complications. Biodegradable stents based on SMP and SMPC
address the inherent limitations of silicone and metal stents,
offering superior adaptation to the endotracheal environment
and biodegradability, thereby presenting a novel therapeutic
approach for trachea/bronchial obstruction diseases.*”!

Zarek et al.">” prepared a PCL tracheal stent by UV light emit-
ting diode stereolithography and performed a series of related
tests. The findings indicated that a judicious choice of molecular
weight could potentially modulate the transition temperatures of
the materials, enabling the attainment of targeted shape fixity
and shape recovery characteristics. Moreover, the stent adapts
to the soft environment of the trachea and is structurally stable,
which can effectively prevent tracheal blockage. Maity et al.l*"]
described a shape-memory tracheal stent derived from a flexible
photopolymerization ink, employing an insitu welding tech-
nique to achieve the connection between the thin and flexible
layers. Figure 9a,b demonstrates the design scheme and flexibil-
ity of the shape-memory tracheal stent, respectively. The equilib-
rium between the stent’s strength and flexibility can be attained
by modifying the dimensions of the PCL blocks within the photo-
polymerization ink. The shape fixity and recovery rates of the ink
surpassed 95 and 97%, respectively, suggesting outstanding
shape-memory performance. Figure 9c depicts the shape recov-
ery process of the tracheal stent, wherein the stent ultimately
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restored its original shape following exposure to supraphysiolog-
ical temperatures for 40s.

Glass sponges possess a unique porous network architecture
that can effectively meet the essential requirements of tracheal
stents. This natural design offers excellent breathability and poten-
tial for tissue integration, making glass sponges an ideal bioins-
pired model for the development of next-generation tracheal
stents. Inspired by the microstructure of glass sponges
(Figure 10a), Zhao et al.l'>? designed an irregularly shaped tracheal
stent and utilized shape-memory PLA/Fe;0, composites for the
production of tracheal scaffolds. Figure 10b gives 3D-sectional
views of the bioinspired tracheal stent, which consists of a central
skeleton and spiral ridges surrounding the wall. The designed
bionic tracheal stent can be inserted into the human body in a tem-
porary shape and restored to its intended shape through an alter-
nating magnetic field. Figure 10c illustrates the shape recovery
process of the bionic tracheal stent within the magnetic field,
requiring 35 s, thus confirming successful in vitro functional veri-
fication. Compared with conventional tracheal stents, the shape-
memory effects of the glass-sponge-inspired tracheal stent help
to match the geometry of the trachea and are well suited for
implantation in living organisms. Similarly, Zhang et al.l"*? fabri-
cated an SMPC tracheal stent and achieved remote magnetic actu-
ation by incorporating Fe;O,4 particles into shape-memory PLA.
The stent’s shape recovery process required 40 s in an alternating
magnetic field, resulting in a shape recovery rate exceeding 99%.

© 2025 Wiley-VCH GmbH
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Figure 9. a) Designing and fabricating a shape-memory tracheal stent. b) lllustration depicting the stent’s flexibility. c) Thermally induced shape recovery
process of the tracheal stent. Reproduced with permission.!*'! Copyright 2021, Wiley-VCH.
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Figure 10. Glass-sponge-inspired SMPC tracheal scaffold. a) Schematic diagram of the overall skeleton and microstructure of the glass sponge. b) Design
diagram of the glass-sponge-inspired tracheal scaffold. c) Shape recovery process of the bionic tracheal scaffold in a magnetic field. Reproduced with

permission.l'"? Copyright 2019, Elsevier.
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Zhao et al.*% recently fabricated shape-memory PCL/Fe;0,
composites, where the addition of magnetic nanoparticles
imparted the capability for remote and noncontact actuation to
the PCL/Fe;0, composite. Based on the shape-memory PCL/
Fe;0, composite, a biomimetic SMPC tracheal stent was
designed (Figure 11a). This SMPC tracheal stent was able to
be spread out into a planar shape and then deformed into a
3D cylinder shape driven by a magnetic field (Figure 11Db).
Figure 11c illustrates the shape recovery process of bionic
SMPC tracheal stents within the magnetic field. The findings
revealed that the stent could completely restore its original shape
and conform to the trachea model’s outer wall, effectively
exhibiting minimally invasive implantation properties. Pandey
et al"®3) obtained an SMPC tracheal stent by printing shape-
memory PLA/PCL mixture via direct ink writing method.
When the mass fractions of PLA and PCL were 70 and 30%,
respectively, the obtained tracheal stent was able to completely
fit the tracheal lumen under the thermal stimulus and showed
good implantable characteristics.

4.3. Intestinal Stent

Stent placement is an effective method of relieving intestinal
obstruction.”* Self-expanding metallic stents have been widely
used to dilate the narrowed intestinal lumen and are categorized
into uncoated metallic stents and partially/fully coated metallic
stents.!"**) However, metal stents still have many problems, such
as uncoated metal stents are prone to mucosal hyperplasia,
re-obstruction, and secondary surgery, while coated stents can
partially alleviate the aforementioned problems but lead to a sig-
nificant increase in the risk of dislocation. To solve the problems
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of metal stents, biodegradable SMP and SMPC stents have been
developed, which have good biocompatibility and low tissue irri-
tation and can avoid the reinfarction problems easily caused by
non-biodegradable metal stents.

SMPU, as a classical multiblock SMP, has been widely used in
the field of intestinal stents thanks to its excellent mechanical
properties, good biocompatibility, and outstanding molecular tai-
loring ability. Yang et al.*® synthesized biodegradable SMPUs
and incorporated oxidized carbon black (OCB) with photother-
mal conversion capabilities to impart near-infrared-responsive
shape-memory properties to the SMPUs. The obtained
SMPU/OCB composites have tunable chymotrypsin degradation
rates and thus have promising applications in intestinal
scaffolds.

Biofragmentable anastomotic rings are an ideal sutureless
intestinal connecting stent often required in colon surgery.
Peng et al."*”) processed an intestinal anastomotic ring with shape
memory based on the mixture of shape-memory PLA and PLGA.
By adjusting the mixing ratio of PLA and PLGA, a balance between
shape memory and biodegradation can be achieved. The intestinal
anastomosis ring, comprising an inner and outer ring, is shown in
operation in Figure 12a. Owing to the shape-memory effect, the
anastomotic ring can recover from a compressed shape, which
simplifies insertion to its original shape for attachment and sup-
port. The experimental validation of the intestinal anastomosis
ring in porcine intestinal anastomosis is shown in Figure 12b.
After resection of the intestinal canal around the tumor, the anas-
tomotic ring was inserted into the intestine and connected by a
snap hook structure. After anastomosis, the loop channel ensured
the circulation of feces and the anastomotic ring was structurally
stable to withstand certain pressure.

Figure 11. SMPC tracheal stent based on PCL/Fe;O4 composite. a) Bionic design of the tracheal stent. b) Unfolded and curled states of the tracheal stent.
) Magnetically driven shape recovery behavior of the tracheal stent. Reproduced with permission./*” Copyright 2022, Elsevier.
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Figure 12. Intestinal anastomotic rings based on shape-memory PLA/PLGA blends. a) Anastomosis process and shape recovery behavior of intestinal
anastomotic ring. b) Experimental validation of intestinal anastomosis ring in porcine intestinal anastomosis. Reproduced with permission.I'>”) Copyright

2023, Wiley-VCH.

Stent placement is an effective treatment for the relief of
malignant colorectal obstruction. Inspired by highly adhesive
biological structures in nature (the foot of a gecko, toe pads of
a tree frog, and suction cups of an octopus), Lin et al.'>®! devel-
oped a colorectal scaffold capable of sustained antitumor and
anti-migration properties. PLA/PU/pharmaceutical composites
were used in the preparation of colorectal stents to achieve desir-
able biocompatibility and pliability. Moreover, the colorectal
stents were functionalized using graphene oxide to achieve
the conversion of near-infrared light energy to thermal energy
at the tumor site to complete the photothermal treatment of
the tumor. Finally, the effectiveness of the bioinspired colorectal
stent to expand the obstructed colon and the feasibility of transa-
nal placement were verified by performing stent implantation
experiments on rabbits and pigs.

5. Application in Drug Delivery Carriers

The combination of drug delivery with SMP/SMPC is of great
interest because the drug delivery carrier can be easily immobi-
lized at the target site by the shape-memory effect without
external manipulation.’>*71%1 Moreover, the controllable shape-
memory effect allows for prolonged drug release at the target site
without the need for multiple injections or surgeries."*? In the
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field of drug delivery, water actuation is currently considered a
more suitable method for SMP/SMPC applications. Fang
et al.l"® developed a shape-memory PVA with a surface
strategically coated with SiO, nanoparticles to achieve a water-
responsive shape-memory effect. By adjusting the coating weight
and area of SiO,, the water-responsive shape-memory PVA dem-
onstrated programmable multistep shape recovery behavior.
Utilizing this programmable water-responsive shape-memory
PVA, a spiral drug delivery device was created, which releases
the drug upon exposure to water (Figure 13a). Similarly,
Melocchi et al.***! designed an expandable drug delivery system
for gastric retention using pharmaceutical-grade PVA, which
reverts to its original shape when exposed to an aqueous liquid
at 37 °C. The prototypes of the expandable drug delivery system
with different original configurations were manually assigned to
temporary shapes and inserted into gelatin capsules (Figure 13b).
Water-induced shape recovery and release properties were
characterized for prototypes with temporary configurations,
and satisfactory recovery of the original cylindrical, conical spiral,
and S shapes was achieved within a few minutes.

Similarly, Uboldi et al.'®* designed a retentive drug delivery
system based on medical shape-memory PVA. Coatings with dif-
ferent permeability were employed to limit the interaction of the
shape-memory PVA matrix with aqueous fluids to prolong the
drug release time. Bil et al."®” synthesized SMPUs incorporating
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Figure 13. SMP-based water-responsive drug delivery/release carriers. a) Spiral drug release device. Reproduced with permission.['®® Copyright 2017,
American Chemical Society. b) Expandable drug delivery system for gastric retention. Reproduced with permission.I'®! Copyright 2019, Elsevier.

D,L-lactide-co-glycolide (o-PLGA) or poly-L-lactide diol (0PLLA) to
create a material that combines multiple shape memory, biode-
gradable, and sustained drug delivery properties. Subsequently,
they developed a biomaterial consisting of chitosan microspheres
(CH-M) and a cross-linked polyester-PU (3b-PU) matrix with
shape-memory properties, which enabled controlled drug deliv-

1y."%”) The drug delivery properties of the CH-M/3b-PU com-
posite were assessed invitro using the drug ciprofloxacin
hydrochloride (Cpx-HCI), and the results verified the efficacy
of the composite as a controllable drug delivery carrier under var-
ious pH conditions.

Inverardi et al.l'*® proposed a shape-memory PVA-based drug
delivery system for gastric retention, which had an initial
S-shaped configuration. It was then programmed to a temporary
shape in the form of a planar paper clip in a high-temperature
environment at 60 °C. This programming process was achieved
by inserting the sample into a predesigned high-temperature
resistant template (Figure 14a). Inspired by the body configura-
tion of Asterias rubens during hunting, Heunis et al.*?! designed a
magnetic gastrointestinal drug delivery carrier based on a
temperature-sensitive mechanism. An SMP with a low transition
temperature was used as a drug carrier to achieve a controlled
thermotropic shape transition. Figure 14b shows a schematic
diagram of the composition of the Asterias rubens-inspired
gastrointestinal drug delivery carrier. The carrier consists of
a polydimethylsiloxane membrane and an SMP layer, and a
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nickel-plated neodymium magnet is fixed in the middle of the
SMP layer to guide the device to the target site via a magnetic
field. The thermal response characteristics of the drug delivery
carrier were assessed using an in vitro model, and the findings
verified its ability to deliver the drug to the targeted location
within a colon model.

To overcome the application limitations of poorly water-
soluble materials such as luteolin in the treatment of gastric can-
cer, a shape-memory PLA-based gastric retention drug delivery
system (GRDDS) has recently been developed (Figure 15a).l'*”!
This GRDDS can improve the relative bioavailability of luteolin
and extend its release and invivo circulation time, offering a
potential strategy for practical oral drug administration. King
et al.l"”% fabricated porous drug-loaded scaffolds using digital
light processing 4D printing (Figure 15b). The drug release pro-
files demonstrated that the scaffolds could achieve tunable and
controlled drug release. Over 2 weeks using mouse fibroblasts,
the scaffolds exhibited proven cytocompatibility.

6. Challenges and Future Opportunities

Despite the extensive research and significant progress made
in the preemptive use of traditional polymers in biomedical
devices such as bone tissue scaffolds, lumen stents, and drug
delivery carriers, there remain substantial challenges that hinder

© 2025 Wiley-VCH GmbH
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their widespread application in clinical therapies. These chal-
lenges include biocompatibility issues, long-term stability, and
the need for precise control over the material properties to ensure
optimal performance. However, the emergence of SMPs and
SMPCs has opened up new avenues for addressing these
challenges and expanding the possibilities in biomedical
applications.

SMPs and SMPCs have garnered significant attention in the
field of biomedicine due to their unique shape-memory proper-
ties, which encompass shape fixation, shape recovery, and shape
adaptation. These properties enable them to meet the specific
functional requirements of innovative surgical and medical devi-
ces, offering enhanced flexibility, adaptability, and customiza-
tion. The high design versatility of biomedical shape-memory
materials allows for the development of a wide range of biomed-
ical devices tailored to various applications, from minimally
invasive surgical tools to personalized implants and smart drug
delivery systems.

One of the key advantages of SMPs and SMPCs is their ability
to respond to various stimuli beyond temperature, such as pH,
solution, light, or even multi-physical fields. This responsiveness
enables the creation of intelligent and dynamic biomedical
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devices that can adapt to the changing physiological environment
and provide targeted and controlled therapeutic interventions.
For instance, pH-responsive SMPs can be utilized for drug deliv-
ery systems that release drugs specifically in the acidic tumor
microenvironment, while light-responsive SMPs can be
employed for minimally invasive surgical procedures with pre-
cise spatial and temporal control. Furthermore, the continuous
advancements in the fabrication methods of SMPs and SMPCs
have unlocked new possibilities for personalized treatment
approaches. With the adaptive design of the deformation prop-
erties of these materials, it is envisioned that patient-specific
devices and implants can be developed, taking into account indi-
vidual anatomical variations and pathological conditions. This
personalized approach has the potential to revolutionize health-
care by improving treatment outcomes, reducing complications,
and enhancing patient comfort and satisfaction.

However, to fully realize the potential of SMPs and SMPCs in
biomedical applications, several challenges need to be addressed.
These include the optimization of biocompatibility and biode-
gradability, ensuring long-term stability and durability, and
developing scalable and cost-effective manufacturing processes.
Additionally, rigorous in vitro and in vivo studies are necessary to
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Figure 15. a) Schematic illustration of the PLA-based GRDDS. Reproduced with permission.l"® Copyright 2024, Elsevier. b) Schematic of cytocompat-
ibility of 4D-printed prodrug scaffolds and results of cell culture experiments. Reproduced with permission.l'’® Copyright 2024, American Chemical

Society.

thoroughly evaluate the safety and efficacy of these materials
before their translation into clinical practice.

In conclusion, while traditional polymers have laid the foun-
dation for biomedical devices, SMPs and SMPCs offer unparal-
leled opportunities for the development of next-generation
biomedical solutions. With their unique shape-memory proper-
ties, responsiveness to various stimuli, and the potential for per-
sonalized treatment, these materials hold immense promise for
revolutionizing healthcare delivery. As research efforts continue
to address the existing challenges and explore new frontiers, it is
anticipated that SMPs and SMPCs will play an increasingly
crucial role in advancing biomedical technologies, ultimately
leading to improved patient outcomes and quality of life in a
cost-effective, nontoxic, and efficient manner.
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