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Stimuli responsiveness has been an attractive feature of smart material design, allowing the chemical and
physical properties of the materials to change in response to small environmental variations. The
versatile shape memory polyurethane (SMPU) has been advanced into thermally-responsive SMPU,
enabling its use in neurovascular stents, smart fibers for compression garments, and thermal-responsive
components for aircraft and aerospace structures. While thermally-induced SMPU materials exhibit
excellent shape recovery and fixity, they encounter limitations such as long response times, energy-
intensive heating processes, and potential damage to heat-sensitive components, hindering their wide
application. Thus, SMPU has further advanced into a photothermal-responsive material by incorporating
photothermal agents into the polymer matrix, offering faster response times, compatibility with heat-

sensitive materials, and enhanced mechanical properties, expanding the versatility and applicability of
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Accepted 25th July 2024 shape memory technology. This review focuses on the classes of NIR-induced photothermal agent used

in SMPU systems, their synthesis methods, and photothermal-responsive mechanism under NIR-light,

DOI: 10.1039/d4ra04754k which offers a dual responsiveness to the host SMPU. The advantages and limitations of NIR-induced
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photothermal SMPU are reviewed, and challenges in their development are discussed.
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Introduction

Shape memory polymer (SMP) is a type of smart polymer, in
which it is able to interchange from a temporary fixed shape to its
original shape when induced by different stimuli such as
magnetism," electrical field,” and heat.’ For instance, magnetic-
induced SMPs are often employed in electronic devices such as
sensors, actuators, and switches. Magnetic-induced SMPs provide
precise actuation control, allowing switches to be triggered with
accuracy and consistency. When subjected to a specific magnetic
field strength, the SMP undergoes a reversible change in shape,
effectively toggling the switch between its ‘ON’ and ‘OFF’ states.
Several studies have reported the use of conductive materials such
as carbon fiber felt* and electrically conductive silver-ink tracks®
to enable electrical Joule heating for activating the shape memory
effect of SMP without the need for external heating equipment.
These electrically driven SMPs are suitable for applications in
functional materials and morphing skins.® For thermally-induced
SMPs, these materials can undergo complex non-linear defor-
mations and changes in thermal boundary conditions, which are
driven by phase transitions and segmental rearrangement within
the polymer backbone.” The thermally-induced SMP has been
used in various medical and industrial applications, including
intestinal stents,” actuators,® and sensors.’

According to the report published by Grand View Research, the
global SMP market size was valued at USD 927 million in 2022 and
is expected to reach USD 4770 million by 2030, with a compound
annual growth rate (CAGR) of 23.35% during the forecast period."’
The growing use of the SMP in the medical sector is projected to
drive the growth of the SMP market. These SMP materials
including epoxy, polylactic acid (PLA) and polyurethane (PU), have
distinct features that make them useful in different medicinal
applications such as cardiovascular stents, catheter, and ortho-
dontics. Furthermore, the advancement and increase of research
and development activities in different sectors around the globe
are also expected to drive the market growth.

The PU material segment dominated the global market,
accounting for the largest revenue share of over 58% in 2022.
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This dominance is due to its shape memory properties,
outstanding flexibility and elasticity, mechanical strength, and
resistance to abrasion, impact, water, oil, and harsh conditions.
Thus, shape memory polyurethane (SMPU) is one of the most
demanded polymers in shape memory technology. In recent
years, thermal-induced SMPU has found extensive utilization
across industries, including electronics, automotive,"* aero-
space, textiles,"” and medical devices” due to its unique ability to
return to its original shape upon exposure to heat, offering
functional and adaptive solutions in diverse applications.

In general, thermal-induced SMPU is made up of two
segments: soft segment (SS) that can be used as the reversible
phase, while a hard segment (HS) determines the permanent
shape at transition temperature (Zi;ans). The hard segments are
formed from isocyanates and chain extenders, creating
urethane and urea matrices, while the soft segments are
composed of polyol chains (Fig. 1i). The Ti;ans of 2 SMPU can be
the glass transition (T) of the HS or SS or crystallization
temperature (Ty,) of the SS. Fig. 1ii illustrates the principles of
the temperature induced SMPU. The shape memory behavior of
the SMPU can be described in three stages: (1) when T > Tians,
SMPU can be deformed into a temporary fixed shape by
applying mechanical forces, such as tensile or compression
forces are applied. During this process, the SS in the polymer
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Fig. 1 (i) Reaction scheme of synthesis of shape memory poly-
urethane and (ii) molecular mechanism of the thermal-induced shape
memory effect.
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chains become highly flexible, and the rotations of the soft
segment's bonds are becoming significantly greater. This
results in a higher entropy state (greater disorder) and an
increase in macromolecular conformations. By applying a small
loading, the movements of the polymer chain is restricted and
thus decrease in the entropy.'* (2) When T < Tiyans, the
temporary shape of SMPU is ‘memorized’ as it reaches the
glassy state. The movement of polymer chains is restricted,
maintaining the deformation even after the removal of the
mechanical constraints. Hence, the temporary shape is ob-
tained even after unloading. (3) Upon reheating, when T'> Tiyans,
the temporary shape returns to its original shape by releasing
the stress and turning the chains into the random orientations
again. The polymer chains revert to their random orientations,
releasing the stored stress and restoring the high entropy state.
This leads to the recovery of the original shape of SMPU.?

Polyurethane stands out as a shape memory polymer due to its
ability to exhibit shape memory effect in a wide range of shape
recovery temperature (—15 °C to 116 °C), processability, biocom-
patibility as well as good mechanical properties.”*>** The unique
composition of soft and hard segments in SMPU contributes to its
excellent toughness and tear resistance, making it an ideal candi-
date for shape memory applications. In addition, the SMPUs can
exhibit shape recovery properties over a wide range of temperature,
from room temperature to elevated temperature, expanding their
potential applications. Due to its exceptional properties, thermal-
responsive SMPUs find applications in diverse fields of industrial
applications such as actuators,” sensors,'® robotics and aero-
space,” smart textiles used in smart clothing which can regulate
moisture and heat transfer to the wearer's body.*

The biocompatibility and flexibility of SMPU make it
a promising material for biomedical devices, particularly in self-
expanding vascular stents. However, SMP-based stents often
face challenges such as insufficient radial support after shape
recovery and limited support in narrow vessel, significantly
hindering their practical use.”* To address these issues, Yang
et al. (2022) synthesized a series of SMPU with full hard
segments on the main chains and hydrophilic tertiary amine
soft segments on the side chains.”” In water, the tertiary amine
side chains in SMPU enhanced its water absorption and
hydrophilicity, as demonstrated by improved hemocompati-
bility and promotion of cell growth and adhesion (human
umbilical vein endothelial cells). Meanwhile, immersion of
SMPU in water at 37 °C triggered a soft-to-stiff transformation
due to segmental rearrangement and thus significantly
increasing its Young's modulus to 345 MPa. These properties
are essential for vascular stents as well as maintaining high
recovery ratio under physiological conditions is crucial to
minimize damage to the blood vessel wall during deployment.

In the work of Zeng et al. (2020), thermal-induced shape
memory polyurethane (TSMPU) was prepared by blending
commercially available polyester-based thermoplastic poly-
urethane (TPU) and poly(propylene carbonate) (PPC).** PPC
with a T, of 33 °C, acts as a switchable phase to activate the
thermo-mechanically programmed shape. TPU functions as
a rubbery material to prevent PPC from damage under high
deformation by locally releasing stress and dissipating energy.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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TPU also offers superior recoverability, allowing it to memorize
its original phase, and restoring the permanent shape. At room
temperature, thermally stretched TSMPU tends to recover its
shape, aided by the elastic properties of TPU storing the
deformation energy, while the strain is primarily preserved by
the mechanical support of the glassy PPC. At 37 °C (T > Ty), the
TSMPU gradually recovered to its original shape with a recovery
ratio of 90% in 10 min. The incorporation of TPU enhanced
the deformability of PPC, leading to improve shape memory
effects.

In the study of Staszczak et al. (2022), thermoset SMPU films
showed a slower recovery rate, taking 30 min to return to their
original shape.? Nevertheless, the prepared SMPU films
demonstrated excellent shape fixity (R¢) and shape recovery (R;)
of ~98% and ~93%, respectively. Another SMPU foam prepared
by Kumar and co-researchers (2019), also exhibited nearly 100%
recovery after reheating the foam above T, (24 °C).?

While thermal-induced SMPU exhibits excellent shape
recovery and fixity, they also encounter several limitations.
Notably, thermal-induced SMPU often demonstrates long
response time, affecting the speed of shape recovery, especially
for thick or insulating materials.*** In addition, transitional
heating methods often require energy-intensive process, leading
to inefficiencies, higher cost in manufacturing, and potential
compromises in mechanical properties due to thermal stress.>**
The compatibility of SMPUs with heat-sensitive components also
poses a significant concern, as the thermal activation process
may risk damaging such materials or components, thereby
limiting their application in certain industries. Low recovery
stress, modulus and stiffness in thermal-induced SMPU are the
main obstacles for their widespread applications.>* To address
these challenges, researchers have turned to the development of
light-induced photothermal-responsive SMPU, offering faster
response times and compatibility with heat-sensitive materials,
remote precise control over heating and thus expanding the
versatility and applicability of the shape memory technology.
Incorporation of photothermal agent into SMPU matrix not only
enhances the mechanical properties and recovery stress of
SMPU, but also produces multifunctional composites. Besides,
superior H-bonding in neat PU has been associated with longer
shape recovery time against thermal stimulation, in comparison
to PU composite with addition of photothermal agent.*®

In this review, different types of NIR-induced photothermal
agents used in SMPU are discussed. The synthesis and charac-
teristics of photothermal-responsive SMPUs are reviewed.
Despite the advancement of the photothermal-responsive
SMPU, we also decipher the limitations and challenges associ-
ated with photothermal-responsive SMPU. Future prospects of
the photothermal-responsive SMPU are discussed.

NIR-induced shape memory
polyurethane with photothermal effect

In contrast, light stimulus offers the benefit of clean, remote
control, localized and quantitative selection. The wide range of
wavelength from ultra-violet (UV, A = 200-400 nm), visible light
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(Vis, A = 400-700 nm) to near-infrared light (NIR, A = 780-1100
nm), broadens the application area of light-induced SMPU to
a larger extent.”® Particularly, infrared (IR) light encompasses
a broader spectrum, including NIR, mid-infrared (MIR, A =
1300 nm to 3000 nm), and far-infrared (FIR, A = 3000 nm to 1
nm) lights, offering flexibility in triggering SMPU materials with
different compositions and thicknesses. Infrared lasers emit
precise wavelengths within the NIR or IR spectrum, providing
focused beams for localized heating and high spatial resolution.
In this case, NIR light is widely employed in biomedical appli-
cation due to its excellent tissue penetration ability and tissue
harmless.® Out of 42 published articles (https://Scopus.com
with the keywords of light/photo, photothermal, and shape
memory polyurethane; years: 2018 to 2024; dated 18th May
2024), 35 articles are reporting on NIR-induced photothermal-
responsive SMPU; other publications are reporting on UV
light (1 article), visible light (1 articles), VIS-NIR (1 article), UV-
Vis-NIR (2 articles) and 2 articles with no reported wavelength of
light. NIR light sources are known to be highly efficient,
providing sufficient energy for triggering shape memory effect
while reducing energy consumption.”® This is crucial for large-
scale industrial application where energy costs are a signifi-
cant factor. Thus, this review focuses on NIR-induced
photothermal-responsive SMPU.

Table 1 summarizes the photothermal agents used in SMPU
and their corresponding NIR light wavelength and temperature.
Most of the reported SMPU materials are appear in the form of
PU film,**3>%*3647 while some are in fiber,** sponge,* and
scaffold forms.* Poly(e-caprolactone) diol and aliphatic or
aromatic polyisocyanate are commonly used as starting reac-
tants for the SMPU synthesis. Photothermal conversion in these
SMPUs typically falls within the NIR light range, inducing
a temperature increase that facilitates shape recovery within the
range of 45 to 120 °C. This process yields efficient shape
recovery ratios (R,) and shape fixity (Rf) value (>80%). These
SMPUs also exhibit shape recovery time of less than 120 s. The
deep penetration and non-toxic nature of NIR light highlighted
the huge potential of biocompatible SMPU for a wide range of
applications, particularly in medical and biomedical fields.
Section 2 discusses SMPU prepared using various photothermal
agents, including polydopamine, inorganic particles, graphene
oxide, other carbon-based photothermal agents, and natural
photothermal agents.

Polydopamine photothermal agent-
containing SMPU

Dopamine (DOPA) is a natural metabolite of 3,4-dihydrox-
yphenylalanine, which is found in adhesive proteins in
mussel.*®* In basic conditions, catechol group of dopamine is
oxidized and thus self-polymerized to form polydopamine
(PDA) via radical-induced pathway (Fig. 2).°° The polydopamine
particles (PDAP) was reported with higher photothermal
conversion efficiency®*® and photostability®® in which it has
a higher photothermal conversion efficiency than other photo-
thermal agents.** The PDAPs also exhibit better photostability
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Fig. 2 The self-polymerization of polydopamine.*®

than AuNP as it able to absorb more light energy and convert it
into heat by NIR exposure.***

The conjugated structure of indole-quinone and the electron
donor-acceptor structures between 5,6-dihydroxyindole syner-
gistically provides PDA a wide range of light absorption.*® Studies
showed that the PDA able to convert 99% of the absorbed photo
energy to heat within 50 ps.*® Moreover, the PDA also able to
increase local temperature of the polymer to achieve the shape
recovery at a low PDAPs content. The PDAPs interact with PU via
hydrogen bonding and resulting in enhancement of mechanical
properties of PU.>>*” By considering the excellent photothermal
effect, chemical active multifunctional groups and green chem-
istry availability of polydopamine, PDAPs have been used as
a filler to fabricate SMP.

Lv et al. (2021) developed a cytocompatible SMPU with
photothermal effect.*® The SMPU was synthesized by reacting
isophorone diisocyanate (IPDI), PCL (M,, = 2000 ¢ mol ) and
1,4-butanediol chain extender by step addition polymerization.
The photothermal SMPU fiber was fabricated by electro-
spinning of SMPU in DMF and further coated with PDA-
containing solution to obtain the PDA/SMPU fiber. PDA acted
as a photothermal agent and their photo-responsiveness was
transferred to the host SMPU fibers. From differential scanning
calorimetry (DSC) and dynamic mechanical analysis (DMA)
analyses (Fig. 3), the synthesized PDA was not affected much on
the thermal behavior and mechanical properties of SMPU under
different thickness of PDA coating. The photothermal shape
memory properties were evaluated by a bending method. The
SMPU samples were first bent to U-shape and fixed in liquid
nitrogen and subsequently shined under NIR light (808 nm,
LASEVER, China) with different light intensity. SMPU/PDA
required minimum light intensity (>0.2 W cm?) to demon-
strate photothermal-induced shape memory effect. The results
suggested that more heat could be generated locally with the
increased intensities, suggesting the tunable heat from PDA
coatings of SMPU fibers resulted from the photothermal
conversion with the NIR irradiation. The surface temperature of
SMPU/PDA fiber continued to increase as a function of time.
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Fig. 3 (i) DSC curves and (ii) tensile storage modulus and tan é trace
measured by DMA of SMPU fibers and SMPU/PDA fibers. Reprinted
with permission.3* Copyright 2021, Elsevier.

When the T (45 °C) > Ty, the shape recovery could be triggered.
The highly crosslinked molecular networks were able to provide
a strong resilience, which thus would result in relatively faster
recovery and higher R, value (max. 96%). The PDA/SMPU fibers
would take 18 s to recover under 1.0 W cm™> The cyto-
compatibility evaluation of SMPU/PDA in bone marrow stem
cells from Sprague-Dawley rat was also conducted. The SMPU/
PDA fibers showed improved cell adhesion and attachment
after 3 days of culture. The authors proposed that the synthe-
sized SMPU/PDA is a promising candidate for potential bone
repairing and healing.

Yang and co-researchers (2018) reported on the development
of a NIR light-responsive SMPU composites by incorporating
the synthesized PDAPs***®* as photothermal agent into
a commercial available SMPU (MM-7520).>> The mechanical
properties of SMPU/PDAPs composites were improved signifi-
cantly with increasing concentration of PDAPs due to the
uniform dispersion and large quantity of active groups on the
surface of PDAPs formed strong hydrogen bonding with PU
segments and thus the interface interaction between PDAPs and
SMPU was improved. The introduction of PDAPs did not reduce
the flexibility of the PU when increasing the mechanical prop-
erties of SMPU due to the strong cohesion force of PDAPs.>® The
SMPU/PDAPs exhibited dual responsiveness towards NIR light
and thermal. The SMPU/PDAPs was elongated to strain at 100%
at 95 °C as a temporary shape, which was then being fixed by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cooling to 10 °C before release the stress. When the temporary
fixed SMPU/PDAPs was heated to 95 °C again, the SMPU/PDAPs
recovered to its original shape. When the SMPU/PDAPs was
exposed to NIR light at 808 nm at room temperature, the sample
returned to its original unrolled shape. Notably, the shape
recovery only occurred at the areas where exposed to NIR irra-
diation. By exposing to NIR irradiation, the local temperature of
PU matrix was increased rapidly above its Tians to achieve the
thermal phase transition temperature. The shape memory was
achieved at a very low concentration of PDAPs (0.01 wt%) and
within a very short period of time (60 s).

Dai et al. (2022) synthesized a NIR-induced photothermal-
responsive SMPU by reacting PCL (M,, = 2000 g mol ') and
hexamethylene diisocyanate (HDI), followed by the reaction
with 1,4-butanediol.®® The newly synthesized polydopamine
nanoparticle (PDANP)® was then incorporated as a photo-
thermal agent and chain extender in the SMPU matrix by
casting the SMPU and PDANP in THF solution onto a glass fish

View Article Online
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and left to dry at 40 °C. The synthesized SMPU film with
0.17 wt% of PDANP showed excellent mechanical properties
(tensile stress = 10.8 MPa and elongation at break = 1505.3%)
due to the PDANP dispersed uniformly in SMPU by the chain
extension reaction. However, with a further increase in the
PDANP content, both tensile stress at break and elongation at
break were reduced. The aggregation of PDANP might has
affected the chain extension reaction and reducing molecular
weight of crosslinked SMPU, which could further decreased the
mechanical properties. The SMPU/PDANP demonstrated its
thermal-induced triple shape memory properties (Fig. 4i) by
first shaped into a V-shape at 60 °C and fixed at 37 °C to obtain
temporary shape A. The V-shape SMPU/PDANP was then
deformed into S-shape at 37 °C, followed by fixing in ice bath for
5 min to obtain temporary shape B. When the S-shape sample
(temporary shape B) was exposed at 37 °C, it was slowly returned
to V-shape (temporary shape A) and remained stable. Finally,
the SMPU/PDANP recovered to its initial flat shape at 60 °C. Due

(i) deformed at 60°C )
| fixed at 37°C \/
Initial shape Temporary shape A
(V shape)
recovered deformed fixed
at 60°C at37°C at 0°C
\/ recovered at 37°C \/A
Temporary shape A Temporary shape B
(V shape) (S shape)

i o \"s\

deformed

Fig. 4

4

shape
recovery

‘/'f’

. W
n

(i) Digital photographs showing the thermal-induced triple shape memory behavior of SMPU/PDANP; (ii) schematic illustration of in vivo

shape memory behavior of subcutaneously implanted SMPU/PDANP tubular sample under 808 nm laser and (iii) digital photos of NIR light-
triggered shape memory behavior of SMPU/PDANP polyurethane in vitro and in vivo. Scale bar: 1 cm. Adapted with permission.** Copyright 2022,

American Chemical Society.
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(iii)

F|g 5 Photographs showing the NIR light-triggered shape memory behavior of PDA-TPI-PU sponges in the (i

Medical PVA PDA-TPI-PU

) air and (ii) blood under 0.32 W

2 NIR irradiation. (iii) Photographs of the hemostatic effect of the gelatin sponge, medical PVA sponge, and PDA-TPI-PU sponge. Reprinted

With permission.3* Copyright 2023, Elsevier.

to the excellent tissue penetration of NIR light, the SMPU/
PDANP also demonstrated its NIR-induced photothermal
shape memory behavior in vivo and in vitro by implanting
SMPU/PDANP in the back subcutis of BALB/c mouse (Fig. 4ii
and iii). The tubular sample was first softened and flattened at
46 °C and fixed at 0 °C for 5 min. The temporary fixed sample
was then implanted into the back subcutis of the mouse and
exposed to 808 nm NIR laser (0.33 W cm ™ 2). Under exposure of
NIR light, the temperature of SMPU/PDANP quickly reached
over Ty, (44 °C) and gradually recovered within 1 min. It is well
noted that the NIR light intensity used is the maximum
permissible exposure (MPE) for the skin, according to the
American National Standard (ANS).** The SMPU/PDANP
demonstrated high recyclability of photothermal shape
memory properties up to 5 cycles of irradiations. The resulted
SMPU/PDANP showed excellent mechanical properties (tensile
strength = 10.8 MPa and elongation at break = 1505.3%), good
in vivo biocompatibility (no strong host inflammatory response
or damage in any major organs), and NIR light-induced pho-
tothermal shape memory behavior, which has a great potential
to be used in biomedical implant application.

Sang et al. (2023) introduced polydopamine into trans-1,4-
polyisoprene functionalized commercial SMPU (TPI-PU/PDA)
sponge® with adjustable degree of expansion under NIR light
for the treatment of incompressible hemorrhage.** The TPI-PU/
PDA sponges exhibited robust mechanical properties and
excellent photothermal conversion ability as well as good liquid
absorption performance. Under exposure of NIR light (0.32 W

24274 | RSC Adv, 2024, 14, 24265-24286

cm?), the prepared PU sponge demonstrated 91% and 80%
shape recovery in air and blood, respectively (Fig. 5i and ii). The
treatment of hemorrhage was compared with commercial
medical gelatin sponge and PVA sponge (Fig. 5iii), the prepared
PU sponge could well control the bleeding under NIR light
irradiation without over compression of the wound. These
results suggested that the TPI-PU/PDA sponge has the potential
to be used as a hemostatic material.

Polydopamine (PDA) stands out as a versatile material for
offering wide range of temperature that could induce the shape
recovery process (45 °C to 95 °C) and improved mechanical
properties of SMPU composites. The PDA also demonstrated
excellent photothermal conversion ability and efficiency (rapid
increased of temperature to 134 °C in 37 s). These characteris-
tics make PDA an ideal filler for SMPU fabrication. In short, the
incorporation of PDA into SMPU holds promise for advancing
functional materials with enhanced biocompatibility and
responsiveness to addition external stimuli, which also
demonstrating huge potential to be used in medical and
biomedical applications.

Inorganic particle photothermal agent-
containing SMPU

The excellent photothermal effect of inorganic particle resulting
in strong NIR light absorption and most of them represented

dual light- and thermo-responsive in SMPU matrix. As a result,
NIR light-responsive SMPU composites have been developed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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through incorporating different inorganic photothermal agents
such as magnesium, iron, and phosphorus nanosheets into
SMPU matrix, resulting in NIR light absorption and followed by
light-to-thermal energy conversion.”**>*¢ For instance, black
phosphorus (BP) exhibited wide absorption range from UV to IR
regions due to its layer-dependent bandgap varying from 0.3 eV
(bulk) to 2.0 eV (monolater).®* The BP nanosheet converts light
into heat through photothermal conversion, wherein incident
photons excite electrons from the valence bond to the conduc-
tion band, generating electron-hole pairs. The majority of
absorbed light energy is re-emitted as photons after recombi-
nation of electron-hole pairs near the bandgap edge. However,
due to non-radiative decay processes, excess energy is release as
heat instead of photons. This heat migrates throughout the
nanosheet, thus causing localized heating (Fig. 6).*

Xie et al. (2018) reported on a thermo-responsive SMPU
prepared by reacting poly(p,L-lactic acid) (PDLLA) diol and HDI,
followed reaction with piperazine as chain extender.” The
piperazine-containing PU was also incorporated with a synthe-
sized BP nanofiller*® as NIR photothermal agent. Under the
NIR light irradiation (808 nm, 0.17 W e¢m™>), the incorporated
BP film with concentration of only 0.08 wt% enabled rapid
temperature increased over the glass transition temperature
(Tg) of SMPU and triggered the shape changes of the composite
and shape recovery rate near to 100% (Fig. 7). The temperature
of solution used to disperse the BP nanofiller was increased by
47 °C after 5 min of NIR light irradiation, indicated the BP
efficiently converted the NIR light into thermal energy. For the
shape memory properties, the SMPU/BP film was heated to 60 °
C (above Ty) and bent into half, which was subsequently
brought to cool to 4 °C for fixation. The temporary fixed film was
gradually recovered to initial shape under NIR light (1 = 808
nm) at room temperature (below T,). The excellent NIR light
responsive shape memory performance is mainly due to the
great photothermal conversion of BP nanofiller. The SMPU/BP
also demonstrated excellent photostability due to the photo-
thermal efficiency did not decline after 5 cycles. Due to the
excellent NIR light penetration and the excellent biocompati-
bility of SMPU/BP, the resulted polymer was suggested for its
potential as implant materials in deeper tissue or as a fallopian
tube contraceptive material.

BP nanosheet
e o o o

' C ion band
NIR 7S

heat
light >
ﬁ Valance band

e-h* pair separation
Fig. 6 Illustration of photothermal conversion in black phosphorus
nanosheet.
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Fig. 7 (i) Schematic illustration of BP sheet; (ii) photographs showing
the NIR light triggered shape memory behavior of a folded PU/BP film;
(iii) plot of the shape recovery rate vs. irradiation time, and photographs
showing the NIR light triggered shape memory behavior of a rolled PU/
BP film put in (iv) air and (v) water. Reprinted with permission.?
Copyright 2018, Elsevier.

Patients with bone defects experienced disability and defor-
mity. Conventional treatment for large bone defects is to use bone
grafts harvested from the patients or donor, which associated
with several limitations from unmatched shape to insufficient
osteogenic activities or unsatisfied mechanical performances.
While self-expanding scaffold has been developed to improve
bone integration, but it has limitations on high 7, and low
bioactivity which hindered their clinical application. In the work
of Zhang et al. (2022), a SMPU/Mg matrix was first prepared by
reacting 4,4-methylenebis(phenylisocyanate) (MDI) and PCL-5000
and followed by incorporation of various content of magnesium
particle (Mg, 2-8 wt%) into the SMPU matrix to fabricate the
photothermal-responsive SMPU scaffold by the low temperature
rapid prototyping (LT-RP) 3D printing technology.” In their
previous study, Mg>" has been proved to promote the neuronal
calcitonin gene-related polypeptide-a-mediated osteogenesis
differentiation.**® Upon NIR light irradiation (808 nm, 1 W
cm?), especially the SMPU with 4 wt% Mg particles, the SMPU
showed optimal performance and excellent photothermal effect
by increasing local temperature from 30.0 °C to 67.6 °C (T > Ty,)
within 1 min and achieved R; of 93.6% and R, of 95.4%. Due to
the excellent shape recovery effect, the SMPU/Mg scaffold could
lift an object more than 1700 times heavier than its own weight
under NIR light irradiation. The in vivo bone regenerative
potential of the 3D printed SMPU/Mg scaffold was evaluated by
implantation of compressed SMPU/Mg scaffold in calvarial defect
of the mouse. The defective skull with the SMPU/Mg scaffold was
then irradiated under NIR light (808 nm, 2 W cm™2) for 1 min and
the scaffold returned to its initial size with its porous structure. A
new bone was found to be formed in the pores of the scaffold due
to osteopromotive effect of magnesium ions. These results proved
that the 3D printed SMPU/Mg scaffolds had good NIR light-

RSC Adv, 2024, 14, 24265-24286 | 24275
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induced photothermal effect and supporting ability, which makes
it a potential material for clinical applications.

In the study of Liu et al. (2022), a novel gallic acid waterborne
polyurethane (GWPU) with photothermal-induced shape
memory property was fabricated by reacting IPDI as hard
segments, poly-1,4-butylene adipate glycol (PBA, M,, = 2000 g
mol ") and polyethylene glycol branched diol (PEGB, M, =
1000 g mol ') as soft segments as well as BDO as chain extender
and gallic acid (GA) via stepwise polymerization.*® For a material
to achieve shape memory property, it is required to have
a switchable molecular segment and fixed net point. The
switching segment is a flexible component responsible for
maintaining the temporary shape due to the reversible crystal-
lization, melting or glass transition when external force is
applied. Moreover, the net point, which needs to be stable at
elevated temperature to maintain the shape of the entire
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Fig. 8
GF polymers. Reprinted with permission.*® Copyright 2022, Elsevier.
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system, is responsible for the memory and recovery of the
permanent shape. It is typically formed through chemical or
chemical crosslinking or crystallization.*” The synthesized
GWPU film was initially evaluated for its thermal-induced shape
memory property by a bending method. The GWPU film was
first folded into half and then quickly returned to its original
shape upon heating to 60 °C (T > T,,). Among the three
formulations (Fig. 8ii), GWPU-2 exhibited a recovery ratio of
over 94%, indicating excellent shape memory performance.
However, GWPU-1 did not show shape recovery property due to
insufficient net points formed by the phenol-carbamate
network from PEGB and GA.

Gallic acid is a plant polyphenol, which can chelate with ferric
ions as a multi-ligand to form self-assemble organometallic
complexes (GA-FE) and has strong NIR absorption.®® Shape
recovery performance was investigated on iron gallate (GA-Fe)
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(i) Reaction scheme of the synthetic route of the non-ionic GWPU dispersions and (i) photographs of shape memory process of GWPU/
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nanoparticles. The GA-Fe nanoparticle was prepared by mixing GA
solution and FeCl; solution, followed by incorporation into the
GWPU matrix. The synthesized GWPU, especially when the weight
content of GA-Fe was 0.3 wt%, it showed excellent mechanical
properties because of the GAs were well-dispersed in polymer
matrix, as shown by scanning electron microscopy (SEM). Under
NIR exposure (0.8 W cm™2), the surface temperature of GWPU/GF
rapidly increased from room temperature to 60 °C within 40 s and
achieved 100% of recovery ratio. These results demonstrated that
GA-Fe nanoparticles possessed an excellent photothermal ability
in converting light energy into heat. The authors proposed the
prepared photothermal-responsive shape memory GWPU/GF as
a smart material in light control actuators.

Metallic nanoparticles have become key components across
biomedical and industrial applications. Despite their wide-
spread use, studies have reported that these nanoparticles can
induce the release of reactive oxygen species (ROS) and cyto-
kines within the nervous system.*”® The extensive application
of metallic nanoparticles also increases the exposure risk and
potential cytotoxicity to the user.” Hence, systematic studies are
essential to evaluate the cytotoxicity effect of metallic nano-
particle, particularly in biomedical applications. These studies
are crucial for ensuring the safety and efficacy of shape memory
polyurethane materials in practical settings.

Graphene oxide photothermal agent-
containing SMPU

Carbon-based materials have been considered as an effective
photothermal agent due to their remarkable features. For
instance, graphene has become one of the most studied mate-
rials owing to its unique chemical and physical properties,
which have suggested its application in electronics, materials
science, and biomedical fields.**”* In this section, numerous of
graphene derivatives are discussed on its advantages to over-
come the limitations of graphene, such as poor solubility and
high aggregation. Graphene oxide, reduced graphene oxide and
other multi-functionalized graphene have been employed as
photothermal agent to absorb NIR light to induce shape
memory behavior of PU. These graphene derivatives showed
satisfactory in solubility, biocompatibility and selectivity.”

Bai et al. (2020) developed a SMPU/graphene oxide (SMPU/
GO) film with light-induced shape memory effect, solid-state
plasticity and self-healing properties.*” The PCL was grafted
onto GO by ring opening polymerization of e-CL and the grafted
polymer (PCL-GO) was crosslinked with MDI to build the SMPU/
GO network (Fig. 9i). The formation of carbamate (-CO-NH-)
was validated between the reaction of MDI and -OH of PCL by
FTIR analysis. The produced carbamate was stable at room
temperature and could dissociate a small amount of free
isocyanate groups at elevated temperature. In addition, the
exchange reaction of carbamate provided light-induced plas-
ticity and self-healing properties to the SMPU/GO films due to
the photothermal-induced exchange reaction. As a result of the
excellent photothermal properties of GO, which endowed the
SMPU with the NIR light-induced shape memory effect (SME)

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

(@)

(ii)

L4w/em

10 recovery

(iii) NIR light

NIR light

shape recovery
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and plasticity. Under NIR light irradiation (NIR light wavelength
and power: not reported, 1.4 W cm ™), the bent SMPU/GO strip
was completely returned to the original straight shape within
seconds. The SMPU/GO also reported of its self-healing prop-
erties, which is mainly due to the NIR-induced SME of SMPU/
GO. The polymer chains diffused across the crack areas along
with the carbamate exchange reaction, leading to the topolog-
ical rearrangement of polymer networks under NIR light expo-
sure (Fig. 9iii). Hence, the NIR-induced self-healing properties
of SMPU/GO could be realized with the help of SME. In
comparison with thermal-induced SME, the NIR light stimuli
could be performed at a controlled, localized and contactless
method.>””* The authors reported that the temporary and
permanent shape of SMPU/GO can be modified by using
different power density of NIR light (1.4 to 2.5 W cm ™ 2).

Du et al. (2020) synthesized a multi-functionalized GO
(mfGO) photothermal agent with phosphorus-nitrogen-silicon-
composite and further incorporated it into a diselenide-
containing PU (dPTD), which provided the PU with SME and
self-healing effect under the exposure of Vis-NIR light as well as
enhanced fire safety feature.*® The mfGO-dPTD composites
increased the crystallinity of the polymer and facilitated the
shape fixity capability during the shape memory process. The
mfGO-dPTD composite with an original shape was heated above
the T, (approximately 45 ©°C), showing deformation with
stretching, circle, and spiral shapes. The deformation was fixed
temporarily by cooling to —10 °C. The deformed temporary
shapes could almost be recovered to their original shapes under
Vis-NIR light (A = 400-1100 nm) (Fig. 10i). The shape memory
mechanism of the mfGO-containing PU involves both crystal-
lization and photothermal behavior. In particular, the mfGO-
dPTD composite regions were loosened when heating the PU

RSC Adv, 2024, 14, 24265-24286 | 24277


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04754k

Open Access Article. Published on 05 August 2024. Downloaded on 2/13/2026 10:20:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

(1) Original shape Temporary shape Recovery shape

..,ﬁ-—-‘ —
T

A

Shape memory process
4 A
A KA

O VD

A )
Wﬁ B e A 4 ‘(._A J .
RGN T 0. . BRI R0, OF
(iii) -
; ; o
Deformation » =3 5
Recovery ek 2 ’
(VIS-NIR light)”" ~7
[ ] -

(iv)

A o =S Crystallinounit ™ :Urethane chains

B o i VIS-NIR light
L) :DiSe chain unit Qc- igl J

Fig. 10 Shape memory behavior of the mfGO-dPTD composite film.
(i) Photographs showing the representative dPTD-mfGO with original
shape, temporary shapes (i.e., stretching, circle, and spiral shapes), and
recovery shapes; (ii) photographs showing the shape memory process
under visible-near infrared (Vis-NIR, 400-1100 nm) illumination;
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shape memory behavior and (iv) proposed self-healing mechanism
under Vis-NIR light. Reprinted with permission.®® Copyright 2019,
Elsevier.

above the T,. The temporary shape was fixed during natural
cooling due to the nucleation effect of mfGO on PU crystalli-
zation. For the recovery process, the thermal energy from Vis-
NIR light could be transferred through the PU matrix to melt
the crystals and release the temporarily stored strain energy.
The graphene could adsorb light energy from the Vis-NIR light
and converted it into thermal energy, followed by transferring
the energy to the PU matrix to melt the crystals and narrowing
the crack surface by the help of shape memory effect. Thus,
promoting the interfacial chain diffusion and the rearrange-
ment of diselenide exchange across the damaged surfaces and
greatly enhanced the self-healing process (Fig. 10iv).*®”> The
authors expected that the mfGO-dPTD could serve as multi-
functional self-healing smart composite materials.

In the same year, Du et al. (2020) reported on functionaliza-
tion of reduced graphene oxide (FRGO) with 2,4-toluene diiso-
cyanate (TDI), in which the urethane linkages achieved better
compatibility with PU matrix, with enhanced crystallization
behaviors of PU chains and thus improving the shape fixity.>* The
FRGO also formed physical and chemical crosslinking structures
in the composite and contributed to the shape recovery process.
With 2 wt% of FRGO, the PU demonstrated rapid shape memory
(R = 92%, R, = 94%, <10 s) and self-healing effect (<120 s) under
exposure of NIR light. It is well noted that the prepared PU/FRGO
also showed durable shape memory effect up to three cycles. On
the other hand, the furan modified graphene (FGN) acted as
effective photothermal agent in maleic anhydride modified PU
composite and facilitated the PU film to achieve 100% of shape
recovery ratio in 6 s under laser irradiation (600 mW).” The FGN
also improved the flexibility and voltage of PU making it
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a potential candidate for the manufacturing of self-power shape
memory motion sensors.

Punetha et al. (2019) reported on the enhancement of pho-
tothermal performance of GO by removing the oxidized carbo-
naceous debris complexed prior to functionalization the GO
with bisphenol A diglycidyl ether (DGEBA) (Fig. 11).* The
DGEBA-functionalized GO (DGEBA-f-GO) was then crosslinking
with aromatic diamine hardener and epoxide group to form
crosslinked networks of the photothermal filler in the PU
matrix. The functionalized GO crosslinked networks offered
better dispersion and compatibility within the PU matrix to
avoid the aggregation of DGEBA-f-GO sheets and hindering -7
interaction. This resulted in more available surface area for
interaction with the hard segment N-H bonds of PU." This
showed that the crosslinked photothermal networks absorbed
NIR light more efficiently by increasing the local temperature to
77.7 °C in 5 s to achieve a rapid shape recovery. These features
endow the prepared PU nanocomposites with huge potential in
aerospace and biomedical applications, where remote actuation
is preferred due to the challenges associated with direct contact
control.

Other carbon-based photothermal
agent containing SMPU

The properties of any carbon-based materials are depending on
their specific structure (shape and size), which is determined by
the method of synthesis, experimental conditions and the
nature of the carbon source. In addition to functionalized gra-
phene, other carbon-based photothermal agents include carbon
black and carbon nanotubes. This section reviews the
photothermal-induced shape memory behavior of SMPU con-
taining carbon-based materials and a polymeric photothermal
agent, polyaniline.

Yan et al. (2017) prepared a novel PU vitrimers—carbon
nanotubes (PUV/CNT) with shape memory behavior by reacting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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HDI with castor oil and PEG and subsequently introducing the
carboxyl multiwall CNT as photothermal filler into the PUV
matrix.** The incorporation of CNT provided NIR-induced
reconfiguration and shape memory properties to PU due to its
photothermal characteristics. The introduction of CNT into the
PUV as an energy conversion medium converted the NIR light
energy into thermal energy to promote thermoplasticity and
thus achieved NIR-triggered reconfiguration and shape memory
properties. The circular temporary shape was recovered to its
original shape under NIR irradiation at 980 nm (Fig. 12ii). It is
noteworthy that permanent shape of the PUV/CNT was resha-
ped into a new permanent shape within 2 min of NIR irradia-
tion and it could not recover to its shape by heat stimulation.
When the temperature of PUV/CNT was heated to 120 °C by NIR
irradiation for 2 min, transcarbamoylation reaction of carba-
mate bonds (Fig. 12i) was promoted during the reshaping
process. Ha et al. (2019) reported that the PU with 3 wt% CNT
showed a rapid temperature increased to 250 °C in 10 s.*> All the
SMPU/CNT showed an average Ry > 99% and R, > 63%. The
authors also reported that adding the CNT filler as nucleating
agent into the PU has resulted in increased of T, of soft
segment but did not significantly influence the shape memory
characteristics.”” In addition, surface-modified multiwalled
carbon nanotubes had overcome the problem of poor compat-
ibility with PU. The hydroxylated MWCNTs form hydrogen
bonds with PU, enhancing the self-healing properties of the PU
materials.”

Studies have highlighted the significant uses of CNTs in
various application. However, their cytotoxicity should be taken
into consideration. Carbon nanotubes have been demonstrated
to induce oxidative stress and inflammation, evidenced by the
increased ROS in exposed cells.” Different types of CNTs exhibit
varying levels of cytotoxicity, depended on factors such as
concentrations and functionalization.”® For example,
carboxylic-functionalized CNTs have been reported to demon-
strate higher cell viability compared to pristine CNTs in
neuronal cells, LN18 at concentration up to 40 pg mL™" and
after longer incubation period (48 h).” Further research into
their safe use is required, particularly in medical and biomed-
ical applications.

Pancreas secretes pancreatic juice containing the inactive
enzyme chymotrypsinogen, which will activate the chymo-
trypsin enzyme upon entering the duodenum. Chymotrypsin
helps to digest proteins by breaking them down into smaller
peptides.®* Herein, Yang et al. (2022) reported a biodegradable
PU with NIR light-induced photothermal responsive shape
memory property, as a potential implantable material for
intestinal stents.** A novel chain extender phenylalanine (PHP)
derivative with two chymotrypsin cleavage sites was first
synthesized.®” The SMPU was prepared by reacting HDI, PCL-
4000 diol, PHP chain extender, and oxidized carbon black
(OCB) as photothermal agent (Fig. 13).* The carbon black was
introduced into the SMPU to provide photothermal-induced
shape recovery properties to the PU. In order to enhance the
compatibility between SMPU and carbon black, the surface of
carbon black was oxidized to increase the carboxyl content,
which was conducive to the dispersion of carbon black in SMPU

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solution in the DMF and SMPU membrane matrix. The OCB
served as the physical crosslinking point in SMPU, enhancing
the aggregation and interaction of hard segments. Conse-
quently, the T, of the hard segment and degree of phase

RSC Adv, 2024, 14, 24265-24286 | 24279
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separation increased, which reduced the T, of soft segments.™®
However, the OCB also acted as a filler uniformly distributed in
SMPU, which restricted the chain movements and thereby
increasing the T, of the soft segments.** Due to these two
factors, T, of soft segments remained unchanged. Self-
expanding intestinal stents are relying on the shape memory
effect of the smart material due to the mild mechanical stim-
ulation to the lumen wall.** When Ti.aps (55 °C) was higher than
the body temperature (37 °C), the SMPU was capable to achieve
shape recovery through photothermal conversion for intestinal
stents after implantation. The SMPU/OCB was folded at 60 °C
and then cooled at —20 °C to temporarily fix the shape. Under
NIR light exposure (808 nm, 2.0 W cm™?), the SMPU/OCB film
began to unfold due to the photothermal effect of OCB,
achieving close to 100% shape recovery in 20 s when the
temperature (60 °C) exceeded the transition temperature
(Trans). Moreover, certain clinical applications of intestinal
stents necessitate surgical removal due to their non-degradable
nature.*® Enzymatically degradable intestinal stents could relief
patient discomfort by enabling in vivo degradation after
providing mechanical support to the lumen. In this study, the
prepared SMPU/OCB films were degraded by chymotrypsin, an
enzyme found in pancreatic juice, with an adjustable degrada-
tion rate. The SMPU/OCB films exhibited excellent shape
memory effect, rapid photothermal response and adjustable
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biodegradability, demonstrating its great potential as a smart
biomaterial for short-term use in intestinal stents.

Nevertheless, it is well noted that the OCB provided excellent
photothermal conversion. Meanwhile, OCB also acted as a filler
distributed uniformly in SMPU, which restricted the movement
of the chain segments and increased the T, of the soft
segments.**® The T, is a critical parameter that influences
various aspects of material performances in biomedical devices,
such as mechanical properties, shape memory performance,
and processing conditions.

In the work of Zhang et al. (2024), a SMPU matrix was
prepared via solution polymerization method.** Then, revers-
ible quadruple hydrogen bond (UPy) was synthesized using
a one-pot method and incorporated as a chain extender into the
SMPU matrix, endowing the material with self-healing property.
The nanocarbon spheres (CS) with photothermal conversion
effect were dispersed into SMPU/UPy to obtain a self-healing
SMPU composite. In order to examine the photothermal-
induced shape memory behavior of SMPU/UPy/CS, the SMPU
was folded to form a temporary windmill shape. The temporary
windmill shape was progressively recovered to its initial flat
shape by sequentially irradiating the selected material area
under NIR light, as shown in Fig. 14ii. The results demonstrated
that low amount of CS and the limited molecular movement
resulted in low shape recovery efficiency. Additionally, the
prepared material showed shape memory-assisted self-healing
properties by irradiating the crack area through NIR light. The
surface crack (100 um) was healed within 60 s. The self-healing
process of SMPU/UPy/CS involves two stages. In the first stage,
the two ends of the crack were brought close together through
the shape memory effect. During the process of prefabricating
damages, the shape of the material changed, storing a certain
amount of conformation entropy at both ends of the crack.®”*
Under NIR-induced photothermal effects, this conformational
entropy was released, quickly bringing the crack ends into
spatial proximity (Fig. 14iv). In the second stage, the movement
of molecular chains, driven by surface energy/tension, facili-
tates heating.®*° Surface tension at the unhealed interface
causes the molecular chains to move towards the direction of
surface tension under photothermal-induced heat stimulation,
making the crack shallow and wide until closed. Once the crack
was being closed, the molecular chains on the fracture surface
further diffused and entangled (Fig. 14v), completing the self-
healing process. Small cracks could achieve fast repair due to
the shape memory effect (crack size < 300 um). The authors also
reported that the repair efficiency of NIR light (10 s) was greater
than thermal-induced repair (5 min) in achieving 10% self-
healing efficiency. Meanwhile, the addition of CS not only
improved the photothermal effect, it also further enhanced the
SMPU anti-corrosion performance through hydrophobicity and
maze effect. The coating of SMPU/UPy/CS with superior self-
healing and anti-corrosion properties has demonstrated its
significant potential in industrial applications.

Alternatively, polymeric materials such as polyaniline (PANI)
have also been found to exhibit photothermal conversion
properties. PANI has been studied in diverse fields of applica-
tions such as composite films,”* porous material,”* and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mechanism diagram: (iii) hierarchical H-bonding in the SMPU/UPy; schem

(i) Reaction scheme of SMPU/UPy:; (ii) photograph of shape memory recovery process of SMPU/UPy/CS under NIR light, and self-healing

atic diagram of the self-healing mechanism of SMPU/UPy/CS under (iv)

shape memory effect and (v) illustration of action of energy/tension. Readapted with permission.** Copyright 2024, Elsevier.

photothermal therapy.”® PANI was being incorporated into
SMPU matrix to provide photothermal properties to the host
polymer. Zhang and co-researchers (2024) reported on the
preparation of phosphotungstic acid modified polyaniline-
polyurethane composite (SMPU/PWPA) by reacting TDI, poly-
ethylene oxide (PEO, M,, = 100 000 g mol ) and poly(propylene
glycol)-block-poly(ethylene glycol)-block-poly(propylene glycol)
(PPG-PEG-PPG, M,, = 2000 g mol %), followed by the incorpo-
ration of phosphotungstic acid doped polyaniline (PWPA)** via

© 2024 The Author(s). Published by the Royal Society of Chemistry

in situ polymerization (Fig. 15i).*>* PANI was responsible for
photothermal effect, while phosphotungstic acid acted as
a photothermal effect enhancer. The introduction of PWPA led
to an increase of T, to 52.7 °C in SMPU/PWPA due to the cross-
linking effect of PWPA. Under the irradiation of NIR laser
(808 nm, 1.5 W cm™ 2, BluePrint, China), the modified PANI
converted light energy into thermal energy and thus softened
the epoxy moieties to trigger the shape memory effect of PU. The
photothermal induced shape memory behavior also facilitated

RSC Adv, 2024, 14, 24265-24286 | 24281


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04754k

Open Access Article. Published on 05 August 2024. Downloaded on 2/13/2026 10:20:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

(i)

PWPA

—f—
O, © ®N-H
g K9
HO-W-O OH ‘
"

o]

(o]
phosphotungstic ! I
acid N—C- ‘@
CH
(i)
200pm

[0)s) 100]s}

200pm

1300J5)

Fig. 15

SMPU

View Article Online

Review

PWPA

/—)%

PANI

HN® ,

PEG-PPG-PEG HO 0 W -OH

CH,
1 O—EID N phosphotungsnc
y[O© acid

‘ CHy

L
‘OHO

r 80

30
20
- 10

Temperature
O

l-w

(i) Chemical structure of the prepared SMPU/PWPA;% (i) optical photographs and infrared thermal images of scratched (a) SMPU/PWPA,

and (b) SMPU coatings under NIR laser irradiation for 500 s. Readapted with permission.** Copyright 2023, Elsevier.

the closure and repair of the damaged coating. As shown in
Fig. 15ii, the SMPU/PWPA generated a higher local surface
temperature (~70 °C) compared to SMPU coating (~40 °C). This
enhanced photothermal effect facilitated the healing of
scratches in the SMPU/PWPA, whereas the neat SMPU coating
remained unchanged. The increased local temperature
enhanced the mobility of polymer chains in both the SMPU/
PWPA and epoxy resin, leading to the softening of the coating
near the scratch. The relatively cold and hardened polymer on
the periphery aided in healing the softened coating near the
scratch area through thermal expansion. The active polymer
chains of SMPU and epoxy resin entangled, diffused and
repaired the damaged coating. These results suggested the
SMPU/PWPA has the potential to be used in marine and aero-
space corrosion protection applications.

On the other hand, a photothermal-responsive antibacterial
bio-based SMPU was prepared by the reaction of castor oil-
based polyols, MDI and 1,4-benzoquinone dioxime (BQDO) as
photothermal agent.** The BQDO reacted with isocyanate to
form dynamic oxime-carbamate bonds, which had improved

24282 | RSC Adv, 2024, 14, 24265-24286

the mechanical properties of the biobased SMPU. NIR light was
used to evaluate the photothermal-responsive shape memory
properties of the synthesized SMPU. As shown in Fig. 16, the
local area of the SMPU strip was irradiated by NIR light to
enable precise heating and thus its shape was changed to ‘V’
shape. The SMPU strip was temporarily fixed after removing the
NIR source. The V-shape SMPU strip was able to recover to its
initial shape under NIR illumination within 30 s. The authors
also highlighted the evaluation of photothermal antibacterial
properties of SMPU against Escherichia coli and Staphylococcus
aureus by colony-forming unit method. The SMPU demon-
strated excellent antibacterial activity with more than 98%

Cooled
Recovered

Fig.16 Visualization of the BPU-2 photothermal shape memory effect
at an irradiation intensity of 0.8 W cm™2. Readapted with permission.*®
Copyright 2023, Elsevier.
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sterilization rate against both bacteria. Under NIR irradiation
(0.8 W em™?), the SMPU could reach high temperature (102.1 ©
C) within 50 s and thus achieved the high-temperature sterili-
zation. The synthesized biobased SMPU has shown its great
potential in the application of biomedical material and devices.

Bio-based photothermal agent-
containing SMPU

Natural pigment can also be employed to absorb light and
convert it into heat in SMPU matrix. For instance, melanin,
a natural pigment found in microorganisms, plants and
animals, is well-known for its photoprotective properties.*®
Melanin efficiently absorbs a wide range of radiation, from UV
to IR, and dissipates the absorbed light energy as heat.”” Xie
et al. (2020) reported the extraction of natural melanin (YM)
(Fig. 17) pigment from yak hair waste and its incorporation into
SMPU for fabricating NIR-induced photothermal SMPU
implants.*” The YM was added into SMPU matrix, serving as
a photothermal filler to increase the temperature over Tians
(~65 °C) under NIR light illumination, thereby inducing the
shape memory effect of the SMPU. The SMPU/YM was fabri-
cated into two different thickness (0.1 mm and 1 mm), where
the thin film was folded while the thick film was rolled and
elongated at 90 °C, followed by cooling at room temperature for
temporary shape fixation. Under NIR light irradiation (845 nm,
8.77 W cm ™2, NIR LED chip), both folded and rolled SMPU/YM
films were gradually returned to their original shapes (flat),
which demonstrated the photothermal-induced shape memory
recovery process. The SMPU/YM also exhibited excellent pho-
tostability, where the photothermal effect did not compromise
after 5 cycles of NIR light irradiation. It is also noted that the
temperature of the films reduced quickly due to fast heat
transfer from YM and homogenous dispersion of YM particle in
the SMPU. Furthermore, the prepared SMPU/YM composites
exhibited low toxicity to both mouse fibroblast cells (L929) cells
and human mesenchymal stem cells (hMSCs) in vitro. Addi-
tionally, the composites demonstrated biostability, with low
degradation (maintained at ~99%) in the PBS solution for 12
weeks. The SMPU/YM film was fabricated to column into
a column using a self-made tubular Teflon mold and proposed
as a contraceptive device to be implanted in the fallopian tube.
This elongated column was able to return to its initial size in
vivo within 60 s under low NIR laser intensity (808 nm, 0.5 W
cm?). It is well noted that the NIR laser intensity used is much
lower than the general laser intensity for photothermal cancer
therapy (808 nm, 1-2 W c¢m ?).%® The non-toxic, biostable,

§ OH
R\

OH
R =H or COOH

Fig. 17 The chemical structure of melanin from yak hair.
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biocompatible nature of the SMPU/YM, along with their fast
shape recovery performance, highlighted their potential as
a smart and long-term implant material.

Conclusions and future aspects

In this review, we explored various photothermal agents incor-
porated into the SMPU matrix to impart responsiveness to NIR
light. The thermal-induced shape memory properties inherent
to PU, combined with NIR light responsiveness, offer synergistic
advantages for biomedical applications, such as bone repairing,
hemostatic materials, intestinal stents and contraceptive
implant materials. To enhance understanding, reaction
schemes and schematic illustrations are included to illustrate
the NIR light-induced shape memory effect of PU by the pho-
tothermal effect. NIR-light is particularly attractive as a stimulus
due to its availability and superior penetration power as
compared to other light sources. However, the intensity of NIR
light must be carefully considered when used in direct exposure
to biological system.

Despite the extraordinary photothermal effects, issues such
as unsatisfactory mechanical properties at high photothermal
agent concentration and long-term safety concerns of these
synthetic materials remain major challenges. For instance,
carbon-based nanomaterials can induce oxidative stress and
lung inflammation after administration, while metallic nano-
particles might cause metal-related cytotoxicity in biological
systems. Addressing the cytotoxicity and potential risks of
photothermal agents requires careful consideration of their
concentration in the host SMPU and the intensity of NIR light.

To mitigate oxidative stress and inflammation caused by
carbon-based nanomaterials, surface modifications could be
explored to reduce direct contact with biological tissues.”
Additionally, exploring the photothermal properties of
biocompatible metallic nanoparticles, such as gold nano-
particles,' could address the cytotoxicity induced by metallic
nanoparticles and provide a safer alternative for photothermal
applications in SMPU.

The use of bio-based photothermal agents in SMPU remains
largely unexplored. Investigating natural compounds with
photothermal properties, such as porphyrin compounds and
chlorophyll,’* could lead to promising alternatives. These
materials may offer photothermal effects without the associated
cytotoxicity observed with synthetic agents. Bio-based photo-
thermal agents not only ensure biosafety but also address
environmental and sustainability concerns.

Efforts are also required to enhance the mechanical strength
of SMPU composites without compromising their photothermal
performance. Investigation on novel composite formulations,
reinforcement strategies, and processing techniques to enhance
the mechanical strength of SMPUs without compromising their
photothermal performance is required. Investigation on novel
composite formulations, reinforcement strategies, and pro-
cessing techniques to enhance the mechanical strength of
SMPUs without compromising their photothermal performance
is required. Reducing reliance on petrochemical-based starting
reactants in SMPU by exploring greener alternatives that
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minimize environmental impact is a critical step forward.
Exploring new applications for photothermal SMPU beyond
biomedical uses, such as smart textiles, soft robotics, and
environmental remediation, is crucial to unlock the full
potential of photothermal-responsive SMPU materials, leading
to safer, efficient, and sustainable solutions for a wide range of
medical and industrial applications.
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