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Abstract

Shape memory polymers (SMPs) are a type of programmable materials capable of transforming their shapes
in a pre-programmed way upon the application of an external stimulus. These materials have been tested
for various potential applications particularly in the biomedical field for polymers with general and specific
requirements. This review focuses on the recent advances in biomedical applications, including self-tightening
sutures, pressure bandages, self-expansion stents, tissue engineering scaffolds, artificial muscles, drug delivery,
and orthodontic archwires, after a brief description of the concepts, classifications, programming procedures, and
material requirements of SMPs.
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Introduction

Programmable materials can manifest changes in their physical properties (i.e., shape, density,
mechanical properties, and optical properties) when an external stimulus is applied according to a
certain initial design and pre-programming. Shape memory polymers (SMPs) may change their shapes
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in a pre-programmed way upon exposure to certain external stimuli and can be classified as a family
of programmable materials. These external stimuli may be changes in temperature (Li et al. (2018);
Wei et al. (2018)), light (Zhang et al., 2014; Wang and Zhu, 2018; Wu et al., 2019; Liang et al., 2021),
electrical field (Lu et al., 2014; Wang et al., 2015; Gong et al., 2016; Qian et al., 2017), magnetic field
(Cai et al., 2013; Razzaq et al., 2013, 2014; Zhang et al., 2015; Gu et al., 2016; Du et al., 2018; Wang
et al., 2018), pH (Li et al., 2015; Le et al., 2017; Wu et al., 2022), and solvent (Xiao et al., 2015;
Hou et al., 2018; Li et al., 2020). Conventional SMPs cannot reverse spontaneously to their temporary
shapes under a stimulus after returning to their permanent shapes unless they are reprogrammed by
applying an external force, which is classified as one-way SMPs (Wang et al., 2020). According to the
number of memorised temporary shapes, one-way SMPs can be classified as dual, triple, and multiple
(quadruple, quintuple, etc.) SMPs, which can memorise one, two, and three or more temporary shapes,
respectively (Wang et al., 2015, 2017). Two-way SMPs may transform reversibly between two different
shapes when they are exposed to two intrinsically inverse stimuli, such as heating and cooling (Wang
etal., 2017,2019, 2020).

SMPs have found applications in various fields, including biomedicine (Wang et al., 2022), smart
textiles (Hu et al., 2012), actuators (Liu et al., 2021; Xu et al., 2021), acrospace (Xia et al., 2020), and
sensors (Leo et al., 2018). Biocompatibility and nontoxicity are among the most desired properties for
biomedical applications (Cao et al., 2021; Tian et al., 2021). In addition, actuation temperature close to
body temperature (Ahmad et al., 2011), satisfactory mechanical properties, and facile processability are
also essential. Their applications are largely determined by their properties and specific functions. For
instance, a device can be implanted in a compressed shape through key-hole incisions and expand to
its original shape in the body. The actuation in the body may be triggered by applying different stimuli,
such as heating, light, and magnetic fields. Thus, a proper range of external stimuli is crucial for the
safety of patients. For example, irreversible tissue damage may occur when the temperature is increased
to 42°C (Li et al., 2020). Indirect heating is used more often than direct heating due to its convenience
of actuating SMPs in vivo. Light and magnetic fields are the most common stimuli of indirect heating.
Infrared (IR) light instead of ultraviolet (UV) light is usually used to heat an SMP since it has good
photothermal effect and large penetration depth, and it is regarded as harmless to the human body. The
radio-frequency range (roughly from 1 kHz to 1 MHz) of the magnetic field is regarded as safe for
the human body and has a large penetration depth to access organs or tissues in the body (Bafiobre-
Loépez et al., 2013). In addition, the design and programming of the shapes and functions are important
for their successful application. The use of SMPs in the biomedical field has been tested as surgical
sutures, pressure bandages, drug delivery carriers, self-expansion stents, tissue engineering scaffolds,
artificial muscles, drug delivery carriers, and orthodontics. The application aspect of these materials is
the focus of the current review.

Programming procedures of SMPs

One-way SMPs include dual, triple, and multiple SMPs which involve the switching between two,
three, or more shapes, the permanent shape being counted. Dual SMP is the simplest one relying only
on one thermal transition. Most of the polymers may show a dual-shape memory effect because they
show at least one thermal transition. These polymers include polyesters, polyurethanes, polyethers,
polyelectrolytes, and polyimide. Polyesters usually show biodegradability, which includes poly(lactic
acid) (PLA), poly(e-caprolactone) (PCL), and poly(p-dioxanone). Poly(ethylene glycol) is the most
reported SMP for polyethers. They are most commonly reported for their potential use in biomedicine.
The programming procedures of thermally induced dual SMPs are concisely presented here for a better
understanding of the shape changes, while some descriptions can also be found in several review papers
(Lendlein and Kelch, 2002; Xie, 2011; Zhao et al., 2015; Wang et al., 2019; Delaey et al., 2020; Scalet,
2020). The SMP is first stretched at a temperature higher than its transition temperature (Tians), which
may be a glass transition temperature (7,), melting temperature (7,,), or clearing temperature (7).
The changes in the conformations of the activated polymer are characterised by a reduced entropy.
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The sample is then cooled below its Tirans to trap the conformation of the polymer chains, fixing the
temporary shape of the polymer. The corresponding elastic energy of the reduced entropy is thus stored.
After unloading the external force, the temporary shape is fixed and may be kept for a long time at this
temperature. This can be characterised by the fixity ratio Ry

_ &)
Rf_ Eload (N)

where &)554 1s the maximum strain before forgoing the external load, € represents the strain after cooling
and removing the external force, and / indicates the number of cycles in the shape memory test. When
the SMP is heated above its Tians again, the movement of polymer chains is reactivated, producing
a shrinkage force. Thus, the SMP returns to its permanent shape. This can be characterised by the
recovery ratio R,

x 100%, (D

R. = &(N) — &rec(N)
' g(N) = grec (N=1)

where g is the strain after recovery.

Triple and multiple (quadruple, quintuple, etc.) SMPs may involve the memory of three and four
or more shapes (counting the permanent shape), which may depend on two or more TiansS. One broad
Tirans may also endow polymers with triple and multiple shape memory effects (SMEs). For example,
triple SMPs need one extra deformation, fixation, and recovery programming procedure needs to be
operated on the material, while for quadruple SMPs two such additional programming states are needed
for deformation, fixation, and recovery. The programming procedures for other multiple SMPs can be
inferred to likewise (Wang et al., 2019). Unlike one-way SMPs, two-way SMPs depend on the phase
transition of polymer crystals or liquid crystals upon heating and cooling, leading to melting-induced
contraction and crystallisation-induced elongation. Since the two-way SMPs may or may not require
the application of an external force, they are further divided into 2W-SMPs under stress and stress-free
conditions. Their programming procedures have also been elaborated previously (Wang et al., 2019).

x 100%, 2

Material requirements for biomedical applications

For practical biomedical applications, SMPs need to meet general and specific requirements (Delaey
et al., 2020). The former ones include nontoxicity, biocompatibility, and easy processability, while the
latter involves mechanical properties, biodegradability, antibacterial property, porosity, and stability.
Nontoxicity is the first general requirement for the usage of SMPs in biomedical applications.
The materials are required to be non-teratogenic, non-allergic, non-mutagenic, non-mutagenic,
non-carcinogenic, non-pathogenic, and non-stimulating. Biocompatibility is the second general
requirement, which means that the implanted biomaterials would not induce immune response and
inflammatory response. The blood compatibility should be insured for SMPs implanted into our body
and exposed to blood. One typical example is self-expansion stent acting as an intravascular stent for
which neither hemolysis nor thrombosis should occur on the polymer surface. Easy processability is
also very important, which determines the cost and practical use. The structure of some biomedical
devices could be constructed by advanced processing technology. For example, high porosity scaffolds
may be obtained by using 3D printing so that new bone tissue is able to infiltrate the porous structure.
Specific requirements are related to the practical applications. Different applications may need
different or even opposing material properties. The mechanical properties of the materials are the
ability to resist mechanical forces, which need to be matched in specific applications. For example,
the actuation stress of artificial muscles made by biomaterials should be higher than that of human
skeletal muscle (0.35 MPa) (Wang et al., 2018). Another example is the stress relaxation of bandages
which may cause pressure drop and weaken the intended application. Hence, low-pressure relaxation
is necessary for bandages. Moreover, mechanical resistance is also essential for certain applications.
For instance, self-expansion stents need to be left in the body permanently, so they must exhibit
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adequate mechanical resistance to hold open passages. Applications such as pressure bandages and
orthodontic archwires also require good mechanical properties to be maintained during the time of
usage. Good mechanical resistance of SMPs can be achieved by introducing chemical cross-linking
in the structure and by inclusion of non-degradable components. Biodegradability may be regarded
as the opposing material property of mechanical resistance, which is desirable in certain biomedical
applications. Surgical sutures used to close wound tissues need to be removed after clinical healing,
resulting in secondary damage and leaving scars. In this case, biodegradable sutures are highly desirable
so that they can be absorbed or degraded after a certain duration. Another example is tissue engineering
scaffolds which need to be degraded or absorbed and replaced by new tissue gradually. Biodegradable
SMPs usually originate from renewable or petroleum resources. The former can be made of natural
compounds, such as bile acids (Gautrot and Zhu, 2009), plant oils (Mu et al., 2020), and cinnamate
group (Wang et al., 2015), while the latter can be made of glycolide, lactide, e-caprolactone, and
p-dioxanone. The introduction of antibacterial molecules into SMPs may render the materials with
antibacterial properties preventing the occurrence of infections, which is especially important for
materials implanted in the human body.

Biomedical applications
Self-tightening sutures

Surgical sutures are used to close wounds to skin or other tissues and help in holding them together.
The secondary damage may be usually caused by wound suture and suture removal. Bioabsorbable
sutures have been used in recent years. However, the surrounding tissue necrosis may still be caused if
the force of suture is relatively high. The wound may be sutured loosely if the force is relatively low,
leaving obvious scars. The surgical sutures made of SMPs may solve such problems since SMPs may
provide a steady and uniform recovery force.

Lendlein and Langer (2002) first reported self-tightening sutures made by biodegradable multiblock
copolymers poly(caprolactone-dioxanone), in which oligo(e-caprolactone) acted as the switching
segments and oligo(p-dioxanone) served as the hard segments. Both oligomers were synthesised by
using ring-opening polymerisation of cyclic diesters or lactones. The authors programmed the polymer
fibres by stretching to 200% and then fixed their shapes with fixity ratios up to 99.5%. The wound
was then loosely sutured by the polymer thread through a surgical needle. When the temperature rose
to 41°C, the suture contracted automatically, and the wound gap was closed. Since then, more self-
tightening sutures made of various polymers have been reported.

The device of self-tightening knot can serve as a demonstration of self-tightening suture. For
example, we have designed and made shape memory polyesters based on bile acid derivatives. The
loosely knot of the stretched sample was tighten automatically by raising the temperature (Gautrot and
Zhu, 2009). Turng and colleagues reported that thermoplastic polyurethane (PU)/PCL blends showed
thermo-induced shape memory effect and self-knot capability (Jing et al., 2016). Self-tightening knots
triggered by other stimuli have also been reported. Toncheva et al. (2018) synthesised a photothermal
filler by grafting plasmonic silver nanoparticles onto cellulose nanocrystals. A low loading (1 wt%)
of the resultant filler was then introduced into PCL-based networks, producing remote actuated SMPs
upon infrared light irradiation. A self-tightening knot was also demonstrated when shone by an IR lamp
for 30 s.

A surgical site infection caused by bacteria occurs often after surgery. Therefore, the sutures
with antibacterial activity have been developed by introducing antibacterial compounds into SMPs.
For example, Tian and coworkers fabricated surgical sutures by incorporating antibacterial berberine
hydrochloride (BCH) into the solution of shape memory polyurethane (SMPU) with a Ti.ys slightly
higher than body temperature and following one-step wet spinning. The authors first sutured the wound
loosely by using the elongated fibre which was tightened automatically after raising the temperature
(Figure 1a). Mouse skin suture-wound model was tested for evaluating wound healing and antimicrobial
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Figure 1. (a) Self-tightening ability of SMP suture containing BCH at various temperatures as
indicated, and (b) the wound healing process after bacterial inoculation. Adapted with permission from
Zhou et al. (2019). Copyright from Frontiers.

activity. As shown in Figure 1b, the wound was inoculated with S. aureus and then sutured by using the
polymer fibre without or with BCH. After 9 days, scab and necrotic tissue still remained for the wounds
sutured with pure SMP fibre, while the wounds sutured with BCH-based fibre reached clinical healing
(Zhou et al., 2019). The same group made another antibacterial self-tightening suture by incorporating
polyhexamethylene biguanide hydrochloride instead of BCH into SMPU. Similar results were obtained
(Chen et al., 2020). Maiti and coworkers synthesised SMPU nanohybrid in the presence of organically
modified nanoclay and then used it for suturing the incision of a rat loosely with a 2 mm gap. The
gap was closed in 6 s after triggering the shape recovery of the suture by heating it to ~37°C. They
found that clinical healing of the incision was completed in 7 days with no scar formed (Biswas et al.,
2018).

Pressure bandages

The conventional bandages made of gauze or cotton wool are usually used to treat wounds, which
can supply pressure to control fluid retention and reduce the swelling of the tissue. Nevertheless,
conventional pressure bandages cannot supply sustained compression to the joint due to the irregular
shape and inevitable movement of the joint. Moreover, fibres are usually left in wounds during bandage
removal. A painful rash may also occur due to prolonged treatment. Pressure bandages made by SMPs
may address these problems due to their large contraction upon external stimuli, biocompatibility, casy
processability, and even bioabsorbability.

Ahmad et al. reported for the first time the use of SMPs for the design of pressure bandages. Two
kinds of bandages were designed and prepared by attaching pre-stretched strips of thermo-induced
SMPs with a low Tizans 0of ~50°C on the fabric. These pre-stretched strips consist of either a fixed strain
with varying lengths or a fixed length with varying strains (Figure 2a,b). Around the model leg, the
SMP strips partially shrank to their original lengths by using a heat gun or a hot towel, producing a
coaxial force acting inwards by pre-defined shrinking force and pressure distribution for venous leg
treatment (Figure 2c,d). A typical pressure required for the leg ulcer treatment at ankle was 40 mmHg,
and it decreased to 15 mmHg at the upper part of the leg (Figure 2¢) (Ahmad et al., 2012). Kabir and
colleagues synthesised chemically cross-linked hydrogels using N,N-dimethyl acrylamide and stearyl
acrylate. The hydrogels exhibited SMEs by heating to 42.5°C above their Ty, values. The potential
application as a medical bandage for broken bones was also demonstrated (Figure 3). The hydrogel
was first deformed into elongated, twisted, and coiling shapes (Figure 3b—d) at a temperature higher
than its Tians. The deformed hydrogel was then coiled on broken bones and cooled below its Tians for
fixation (Figure 3e). The bandage can be removed by simple heating without the need of scissors or
expert nurses (Hasnat Kabir et al., 2014).
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Figure 2. (a,b) Schematic illustration of two kinds of SMP/fabric artificial bandages, (c) an artificial
bandage made by an SMP strip fixed on a fabric, (d) the produced co-axial force after wrapping, and
(e) the required pressure for the leg ulcer treatment. Reproduced with permission from Ahmad et al.
(2012). Copyright from Taylor & Francis Online.

SMP is coiled
on a finger

Figure 3. Photographs showing shape memory gel deformation and application. (a) Original shape,
(b) elongated shape, (c) twisted shape, (d) coiling shape, and (e) coiled shape as a bandage.
Reproduced with permission from Hasnat Kabir et al. (2014). Copyright from Elsevier.

Besides SMP sheets, textiles made of shape memory filaments can also be designed as smart
bandages. Hu and coworkers developed blend yarns made of SMPU and nylon filaments that can
yield an optimal shape and compression pressure. The bandage may control or manage the pressure
in a wrapped position. Heating this product can produce extra pressure (up to 50%) due to the
contraction (Kumar et al., 2016; Narayana et al., 2018). Other stimuli can also trigger the shrinkage
of SMP bandage. For example, Jiang and coworkers reported that a zwitterionic SMP was synthesised
by copolymerizing sulfobetaine methacrylate, 2,3-dihydroxypropyl methacrylate, and a cross-linking
agent of boric acid. Such an SMP exhibited both thermo- and moisture-responsive shape memory
behaviours, and may be applied as a smart bandage due to its contraction capability from extended
temporary shape to the original shape induced by hot vapour (Figure 4; Li et al., 2018).
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Figure 4. The pre-programming process and the potential application as smart bandage of a
zwitterionic SMP. Reprinted from Li et al. (2018) with permission. Copyright from Wiley-VCH.

Self-expansion stents

A self-expansion stent is used to hold open passages in our body and leave there permanently. Over
the past decades, metallic stents have been used to treat narrowed coronary arteries. However, many
long-term side effects, such as thrombus and intimal hyperplasia, may be caused by the metallic
stents. Restenosis rates of 20 to 40% in patients also limit their further development (Essandoh et al.,
2017). Biodegradable polymeric stents with self-expansion ability may be desirable products to replace
metallic ones. They can open passages in the short term and avoid thrombus and restenosis. SMPs may
be used to design such a stent due to their shape-changeable capability.

The first polymeric stent implanted in human coronary artery is the Igaki-Tamai stent made of
biodegradable PLA. However, the self-expansion behaviour has to be realised by a heated balloon,
which may cause damage to the vessel (Tamai et al., 2000). The concept of an SMP stent for drug
delivery application was then proposed by Wache et al. (2003). After that, various self-expansion stents
made of SMPs have been reported. Bellin et al. (2006) synthesised chemically cross-linked polymer
networks containing PCL and poly(ethylene glycol) (PEG) segments with triple shape memory effect.
Their design of a removable stent with a compressed shape first expanded to a round shape when heated
to 40°C, and then shrank to a shape with a smaller diameter at 60°C for easy extraction.

The stents with helical structure are reported commonly due to their easy processing without special
tools. The processing procedures of the helical stents may be generally summarised as follows. A
polymer strip is wrapped around a mandrel and heated above its T,y for heat shaping. The stent is then
wound onto a shaft of smaller diameter and cooled to room temperature for shape fixation. It is stored
at room temperature prior to implantation. The first reported example is a bilayered biodegradable
stent prepared from PLA and poly(glycolic acid), which can self-expand at 37°C (Venkatraman et al.,
2006). Afterwards, Li and coworkers used a similar processing method to prepare SMP stents from
block copolymers consisting of hyperbranched three-arm PCL and poly[(R)-3-hydroxybutyrate-co-(R)-
3-hydroxyvalerate], which could self-expand nearly completely at 37°C within only 25 s (Xue et al.,
2010). Similar self-expansion stents were also reported by other researchers using similar processing
methods (Yang et al., 2013; Biswas et al., 2018; Zeng et al., 2020). Besides thermo-responsive SMP
stents, water-responsive SMP stents made of the blend film of glycerol, PEG, and chitosan, were
also reported. The helical-shaped stent self-expanded upon hydration. The stent was implanted into
the rabbit’s abdominal aorta, which was found to be intact with no thrombus in the vessel (Chen
et al., 2007). However, self-expandable stents with complicated structure cannot be made by this easy
processing method, limiting their development.

Three-dimensional (3D) printing has seen rapid development in recent years, providing a new
processing technique for the preparation of stents with complex structure. Jia et al. (2018) fabricated a
biodegradable vascular stent using SMP of amorphous PLA with a T, of 58°C through 3D printing. The
printed stent has a hexagon nested structure and thus can be compressed at 70°C for easy implantation.
The compressed stent (temporary shape) can be well kept at room temperature with an excellent shape
fixity (over 99%). After implantation, the stent could self-expand to its original shape by heating to
70°C. The problem here is that the trigger temperature is much higher than the body temperature.
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Figure 5. The programming and self-expansion process of an SMP stent in a compressed silicone tube.
Reprinted from Zhang et al. (2021) with permission. Copyright from Elsevier Ltd.

This problem has been addressed by other researchers. Lin and coworkers printed mesh stent from
poly(glycerol dodecanoate acrylate) with a Tipans ranging from 20 to 37°C. The stent was implanted in
a compressed silicone tube and may deploy after heating above its Tians, €xpanding the diameter of
silicone tube from 4.5 to 7.5 mm (Figure 5; Zhang et al., 2021). Leng and colleagues fabricated two
types of shape memory stents with negative Poisson’s ratio structure by 3D printing. The structure was
optimised by using the genetic algorithm. When tested in vitro in the simulated body fluid, it was found
that the narrow blood vessel could be expanded within 5 s (Lin et al., 2020). Since indirect heating
cannot be conveniently realised in the human body, other stimuli-responsive self-expansion stents have
been developed. Leng and coworkers also printed PLA/Fe;O4 composite tracheal stents with various
structures. Such stents could expand completely in a magnetic field within 40 s. The stent also showed
IR light-responsive self-expansion behaviour due to the high absorption rate of IR (Zhang et al., 2021).

Tissue engineering scaffolds

SMPs have also been used to design bone tissue engineering scaffolds. Three factors, including
seed cells, cell growth factors, and the materials of scaffolds, may affect tissue construction and
regeneration. Thus, tissue engineering scaffolds, which may offer space for cell growth, proliferation,
and differentiation, play a critical role in the treatment of bone defects. The shape memory scaffold can
be implanted in a compressed form (the temporary shape) and recovered to a swollen form (the original
shape) when exposed to body temperature.

The scaffolds with porous structure are the most often reported (Liu et al., 2014; Senatov et al.,
2016; Yu et al., 2018; Zhang et al., 2018; Beltran et al., 2021; Pfau et al., 2021; Wang et al., 2021;
Zhao et al., 2021), since the inter-connected porous structure leads to a large surface area, accelerating
cell attachment and growth, leading to the effective construction and regeneration of bone tissue.
The preparation methods of porous polymers include templating method and electro-spinning. Zhou
and coworkers developed a porous PCL/hydroxyapatite nanocomposite scaffold using sugar as the
template. Bone morphogenetic protein-2 (BMP-2) and calcium alginate were then loaded into a porous
scaffold. The BMP-2 loaded scaffold implanted in the rabbit mandibular defect was found to improve
bone defect repair (Liu et al., 2014). Good shape recovery was observed from compressed shape to
an expanded porous structure when exposed to body temperature. NaCl particles could also be used
as the template to prepare porous scaffolds. Yu et al. (2018) fabricated porous SMPU/hydroxyapatite
nanocomposite scaffolds using various NaCl particles as the template. The compression recovery
ratio of the scaffold is higher than 99%. It was also found that the cell proliferation capability was
increased with increasing apertures. Electro-spinning technique was also used to fabricate porous
scaffolds for bone tissue engineering. For example, Zhang and coworkers prepared fibrous scaffolds
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Figure 6. The recovery process of a porous scaffold. Reprinted from Le Fer and Becker (2020) with
permission. Copyright from American Chemical Society.

of biodegradable poly(D,L-lactide-co-trimethylene carbonate) by electro-spinning. It was shown that
the shape memory scaffolds could support osteoblast attachment, proliferation, and bone formation
(Bao et al., 2014). Solution-casting method can also be used to fabricate tissue scaffolds. Filion et al.
(2011) developed biodegradable PLA/polyhedral oligomeric silsesquioxane (POSS) nanocomposites
via solution-casting, which can be used as self-fitting tissue scaffolds and implants. After subcutaneous
implantation in rats, the scaffolds showed a mild foreign body type immune response.

Compared with conventional processing methods of porous polymers, the 3D printing technique
was used to fabricate homogeneous and accurate porous structure. Becker and colleagues made high-
porosity gyroid scaffolds from starred poly(propylene fumarate) by 3D printing. The bone regeneration
was evaluated by using a rat as a critical-sized cranial defect model. After 4 weeks of implantation, more
new bone was found in the defect of the scaffold of higher molecular weight relative to that of lower
molecular weight. No noticeable evidence of immune response was found after implantation (Nettleton
et al., 2019). Subsequently, the compressed scaffold showed 100% of shape recovery at 40°C in 5 min
(Figure 6). The authors performed accelerated degradation tests, which showed the resorbability of the
porous scaffolds (Le Fer and Becker, 2020). Recently, Langford et al. (2021) reported an interesting
structural design of shape memory scaffolds with various origami structures from PLA filament by 3D
printing. The scaffolds with tubular herringbone tessellation origami structure exhibited good shape
deformation and shape recovery ratio of 96%.

Artificial muscles

Artificial muscles are actuators that may mimic natural muscles and generate deformations, such
as elongation, contraction, and rotation, when they are exposed to an external stimulus, including
temperature change, light, electric current, and humidity. Many artificial muscles made of different
materials have been investigated. Compared with other materials, polymer-based artificial muscles
show excellent properties, such as large deformability, light weight, flexibility, and low cost. Recently,
artificial muscles based on two-way SMPs have attracted much attention due to their distinguished
programmability, reversibility, and stimulus-responsive capability.

Temperature change is the most often reported trigger for artificial muscles made of SMPs (Yang
et al., 2016; Yahara et al., 2019; Du et al., 2020). Fan and Li (2017) processed chemically cross-linked
poly(ethylene-vinyl acetate) into fibres by a solid solution approach and fabricated artificial muscles via
twist insertion in the precursor fibres. The resultant muscle exhibited contraction upon heating to 67°C
and expansion upon cooling to 20°C with a large deformation of 68%. Light is also another common
stimulus. Polydopamine nanospheres can be incorporated into two-way SMPs made of cross-linked
PCL-poly(w-pentadecalactone) PPDL network. The composite material can lift a weight upon cooling
and release it under light irradiation (Figure 7). The actuated stress is around 1.1 MPa which is much
larger than the stress yielded by most mammalian skeletal muscle (Wang and Zhu, 2018). Multi-stimuli
responsive artificial muscles have also been investigated as shown by the artificial muscles made of
cross-linked multiblock PCL-PEG PUs. The energy density of the sample was up to 717.8 kJ/m® which
is ca. 18-fold larger than that of human skeletal muscles. The maximum reversible strain triggered
by heating and cooling is about 25.7%. After incorporating Fe;O4 nanoparticles into the polymers,
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Light on Light off
Figure 7. The reversible lifting and releasing action realised by light actuation. Reprinted with
permission from Wang and Zhu (2018). Copyright from American Chemical Society.

contraction, reversible bending, and complex programmable deformation were realised under near-
infrared laser irradiation (Zheng et al., 2021).

Drug delivery systems

Drug delivery is an active pharmaceutical research field, especially the subjects of targeted delivery
and accurate control of release rate. SMPs may be useful in this area since they can store and deliver
pharmaceutical compounds to the nidus in a temporary shape and release them after regaining their
permanent shape when exposed to a stimulus, temperature being the most common (Melocchi et al.,
2019; Inverardi et al., 2021). Melocchi et al. (2019) used the slow dissolution of the plasticized
poly(vinyl alcohol) (PVA) by glycerol in water for drug delivery. The spiral shape of the PVA was
embedded into capsules for the design of a potential gastric device (Figure 8). Such a device may be
easily administered orally and expand to its original shape in hydrochloric solution at 37°C. Ultrasound
has also been used as a stimulus to trigger drug release. Xia and coworkers prepared a series of cross-
linked poly(methyl methacrylate-co-butyl acrylate) copolymers by changing the feeding ratios. Copper
sulphate (5 wt%) was then loaded in a copolymer with a T;; of around 47°C. The shape of the composite
was fixed by high-intensity focused ultrasound (HIFU) and exhibited switchable drug release when
the HIFU was turned on/off. The release process may be adjusted by changing HIFU intensity and
duration (Li et al., 2012). The same group also tested a PCL-based PU system (Han et al., 2013).
Zhou and colleagues synthesised a pH-responsive SMP by the introduction of pyridine rings into PU
backbone. They found that the formation of hydrogen bonds in neutral or alkaline environments led to
the pH responsiveness which could also be broken under acidic conditions owing to the protonation of
pyridine ring. Thus, drugs loaded in polymers could be released at a certain rate by the switching effect.
The disruption of hydrogen bond led to the swelling of the polymer, favouring drug release, while the
formation of hydrogen bond caused deswelling, suppressing drug release (Chen et al., 2014).

Orthodontic archwires

In orthodontics, the most used archwire is stainless steel or nickel-titanium alloy due to their superior
mechanical properties, rigidity, durability, and antifatigue. Shape memory alloys with wire shapes have
been widely used. However, metal corrosion may cause problems such as allergy, toxicity, and tooth
staining, in addition to the poor aesthetics caused by the metallic colour. Attempts were made to use
SMPs in orthodontics since they are easy to install, and have advantages such as adjustable shape,
transparency, processability, comfortability, sustainable contraction force, and large deformation.
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Figure 8. Shape recovery of a temporary supercoiled shape inserted into capsule at 37°C. Reprinted
from Melocchi et al. (2019) with permission. Copyright from Elsevier Ltd.

Nakasima et al. (1991) first reported the use of thermo-responsive SMP as orthodontic archwire.
The SMP archwires could supply sufficient contraction force and were more aesthetically pleasing than
metallic ones. Since then, various orthodontic archwires made of SMPs were reported (Jung and Cho,
2010; Liu et al., 2017, 2018). For instance, Liu et al. (2017) used SMPU as orthodontic archwire on a
wax model for a tooth-moving simulation. They found that the archwire of a 0.5 mm diameter provides
restoring force in a range of 0.59 ~ 1.18 N, which meets the requirement of tooth movement (0.49—
2.94 N). However, this restoring force is lower than that yielded from metallic wire. After incorporating
30 wt% short glass fibres into SMPU, the recovery force of the archwire was enhanced by 96%. For
a tooth-moving simulation performed on identical typodont models, the dentition aligning time was
decreased by 50% (Liu et al., 2018).

To realise the clinical application of SMP archwire, simulation experiments have been carried out.
Elshazly et al. (2021) used SMP aligners to correct movement of an upper central incisor using a
custom-made aligned typodont model. They found that the total correction efficiency of the used SMP
aligner was up to 93%.

Conclusions and perspectives

SMPs are one type of programmable materials that have great potential in many fields, especially
in biomedicine as presented in this review. Biocompatibility and nontoxicity are the most important
general characteristics of such polymers, while the specific requirements are determined by their
functions. Although temperature change is still the most used stimulus, indirect heating and other
stimuli, such as light, electric current, magnetic field, and ultrasound, may serve more conveniently
in the human body. For example, the self-expansion stents may be triggered using an electric current or
a magnetic field leading to indirect heating.

Most of the biomedical applications are still at the concept stage. More efforts are needed in the
technology development for commercialization. There have been promising examples such as the
clinical use of self-expansion stents in the treatment of vascular and laryngeal stenosis. The work on
self-tightening sutures with antibacterial properties should lead to their use in the cure of surgical
wounds. The research progress in programmable materials shall undoubtedly lead to more rapid
development of SMP products for use in biomedical and other fields.
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