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The development of polymeric materials with switchable properties upon exposure to external stimuli such
as light, heat, force, acids/bases, and chemicals has attracted much attention due to their potential
applications in smart coatings, drug carriers, soft robotics, etc. Thus, a systematic understanding of the
relationship between the chemical structures and stimuli-responsive properties as well as the
corresponding mechanisms of switchable stimuli-responsive polymers is important to guide the
sophisticated design of functional macromolecules for specific applications. In this review, we outline the
representative chemical structures that enable reversible structural switching to be achieved under photo-,
mechano-, CO,- and chemo-stimuli, with a brief discussion on thermo- and pH-activation. Polymer
materials containing these chemical moieties exhibit unique behaviours on changing their mechanical,
thermal or photochemical property in a switchable manner, and their applications in healing materials,
rewritable surfaces, drug delivery carriers, conductive hydrogels and luminescent materials are highlighted.
Based on the comprehensive summary of structural switchable moieties and applications of polymer
materials, this review gives insight into how bottom-up approaches can be used to inspire the future
design of switchable multi-stimuli-responsive polymer materials.

Stimuli-responsive polymers are promising materials whose properties can be controllably and predictably changed by external stimuli and have a wide

range of applications including molecular sensing, drug carriers, coatings, artificial muscles, and thermoelectric materials. At the heart of these materials
are the moieties that alter their chemical structure in response to an external stimuli, resulting in a change in macroscopic properties such as colour,
morphology, and phase transition temperature. This review covers the design of polymers responsive to six different stimuli (light, pH, thermal, force, CO,,

and redox), with a section regarding polymers responsive to multiple stimuli also included. This review is structured according to the key enabling
functional groups and discusses tuning of the properties of polymers by changes in their position or chemical structure. We believe that this class of
polymers will see greater utilization with the maturity of this field, with a more extensive library of stimuli-responsive moieties.

1 Introduction

In the past two decades, major efforts have been devoted to
creating on-demand stimuli-responsive materials to mimic

“ Institute of Sustainability for Chemicals, Energy and Environment (ISCE2), Agency
for Science, Technology and Research (A*STAR), 2 Fusionopolis Way, Innovis #08-
03, 138634, Singapore

b Institute of Materials Research and Engineering, Agency for Science, Technology
and Research (A*STAR), 2 Fusionopolis Way, Innovis #08-03, 138634, Singapore.
E-mail: zhug@imre.a-star.edu.sg

¢ Department of Chemistry, National University of Singapore, 3 Science Drive 3,
117543, Singapore

 Department of Materials, Imperial College London, Royal School of Mines,
Exhibition Road, London, SW7 2AZ, UK

¢ School of Chemistry, Chemical Engineering and Biotechnology, Nanyang
Technological University, 21 Nanyang Link, 637371, Singapore

T These authors contributed equally.

This journal is © The Royal Society of Chemistry and IChemE 2023

natural systems.'™ Stimuli-responsive polymers are a class of
promising “smart” materials that are capable of altering their
properties when triggered by external stimuli in a
controllable manner.””® Depending on the polymer
structure, the triggering stimuli can be physical (temperature,
light, mechanical force, magnetic field, electric interaction,
etc.), chemical (pH, redox, molecules, supramolecular
interaction, etc.) or biological (enzyme, etc.). Due to their
versatile stimuli-responsive functions and cost-effective
preparation, smart polymer materials, such as nanoparticles,
films and hydrogels, are attracting great interest for extensive
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applications such as drug -carriers, coatings, molecular
sensing, artificial muscles, and thermoelectric materials.”™*

Among the stimuli-responsive polymers, reversibly
switchable smart polymer materials and surfaces can achieve
reversible “on-off” switching to tune their structures and
properties several times.”'>'® In nature, several creatures,
e.g., cuttlefish, chameleon and gray treefrog, are masters at
reversibly changing their appearance such as colour and
pattern in response to their surrounding environment.'” "’
These reversible transformation features can be attributed to
pigment translocation or molecular switch in their
chromatophores, allowing them to mimic their background
environments. Additionally, biopolymers such as proteins
and nucleic acids extensively exist in living organic systems
and undergo conformational changes to modulate and
maintain physiological parameters. Consequently, these
stimuli-responsive creatures and biomacromolecules have
inspired scientists to develop various synthetic polymeric
materials to mimic their adaptive behaviours.?"2?

Although pigment translocation still lacks applications in
materials science, molecular switching is a promising and
effective approach to endow materials with switchable physical
and chemical properties. Many reversibly switchable molecules,
such as photochromic molecules, host-guest molecule pairs,
and mechanically interlocked molecules, have been developed
and found many applications.>*>® In recent years, design at
the molecular level by exploiting reversibly switchable
molecules has enabled the synthesis of functional monomers,
and then polymers to produce novel polymeric materials with
unique stimuli-responsive behaviors.”'®'® Many applications
of reversibly switchable polymers have been found to control
the appearance of materials or serve as a release system.

Herein, we attempt to summarize the numerous stimuli-
responsive  building wunits and how they alter their
conformation or geometry reversibly in a polymer chain, and
subsequently used to construct switchable polymer materials
with stimuli-responsive functional groups and their reversibly
conformational or geometric changes in a polymer chain to
construct smart materials with switchable properties. Beyond
the well-studied reversible phase transition behaviors via
intermolecular hydrophobic interactions (e.g., lower critical
solution temperature (LCST) and upper critical solution
temperature (UCST)) or supramolecular interactions, polymers
with reversibly switchable chemical through
isomerization, cyclization, ionization and bond cleavage are
highlighted. Furthermore, structure-switchable functional
groups triggered by various stimuli, including photo,
mechanical, carbon dioxide (CO,) and redox, are catalogued to
express their structure transformation mechanisms, while
thermal- and acidic/basic (pH)-responsive polymers will be
briefly discussed. Subsequently, polymeric materials containing
switchable functional groups are introduced to demonstrate
their state-of-the-art applications and structure-property
relationships. Examples of the combination of different
stimuli-responsive functional groups to develop dual- or
multiple-stimuli-responsive polymeric materials and surfaces
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are also introduced. Finally, we address the remaining
challenges and outlook for the future development of reversibly
switchable smart polymeric materials.

2 Polymers with switchable structures
and their applications
2.1 Photo-responsive polymers

As representative polymers,>*° photo-responsive polymers

are polymers that can respond to light, leading to a reversible
change in either their conformation or chemical structure.
They have a variety of potential applications ranging from
drug delivery to actuators and self-healing materials. Some of
the key photo-responsive chemical include
azobenzene, diarylethenes, spiropyrans and disulfides. These
moieties impart different photo-responsive properties to
polymers. For instance, cis-trans isomerism can modulate the
crystallinity and glass transition temperature (7) of polymers.
Meanwhile, diarylethenes and spiropyrans can change their
colour and fluorescence. In this section, we review photo-
responsive polymers with emphasis on how changes in their
chemical structure modulate their properties.

2.1.1 Azobenzene. The most common light-responsive
moiety is azobenzene. Its cis isomer and photo-induced
conversion were reported in 1937,>" and subsequently
research has focused on its properties and
applications.*® Trans azobenzene, the thermally favoured
isomer, is converted to cis azobenzene upon exposure to UV
irradiation, while the reverse can be mediated by exposure to
either visible light or thermally in the dark (Fig. 1a).** It has
been found that this process is highly sensitive, and both its
rate and quantum yield can be influenced by the solvent,
temperature, substituents on the phenyl ring, and irradiation
wavelength. As many as four different mechanisms have been
postulated (rotation, inversion, concerted inversion, and
inversion-assisted rotation), with multiple pathways being
used to explain empirical observations.** More recently,
progress has also been made in achieving ¢rans to cis
conversion via visible light irradiation, either by direct
functionalisation of the azobenzene ring,*?® extended
conjugation,®” or photo upconversion strategies.>® This has
enabled photo isomerism to be achieved without exposure to
harmful UV rays, which is particularly important in the case
of biological applications. Azobenzene and its derivatives are
also often used because they are stable and do not exhibit
significant side reactions.®®> Some of the azo-benzene
containing polymers are shown in Fig. 1b.

The cis-trans transition of azobenzene has been used to
modulate the fluorescence of polymers. Kuehne's group
reported the preparation of a series of light-modulated
monodisperse conjugated polymer particles.”” Azobenzene
was conjugated with fluorene wvia Suzuki-Miyaura
polymerisation and grafted on a poly(vinylpyrrolidone-co-vinyl
acetate) (PVPVA) nucleus (P2a-c). In the case of P2a, given
that the trans to cis switching occurs along the polymer
backbone, large-scale motion is required. In contrast, for
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Fig. 1 (a) Cis and trans isomers of azobenzene. (b) Examples of polymers containing azobenzene units.

both P2b and P2c, the trans to cis switching only resulted in
movement of their side chain, while P2¢ is completely non-
conjugated with the polymer backbone as the azobenzene
moiety is separated from the polymer backbone by the alkyl
chain. Upon exposure to UV, the fluorescence of all three
polymers shifted from about 450 nm to 600 nm (Fig. 2a). This
was attributed to the non-radiative decay in the
trans-configuration, which is significantly reduced in the
cis-configuration, although the mechanism was not fully
understood.”’ The fluorescence switching was significantly
slower for P2a compared to P2b and P2c because the entire
polymer backbone needed to move, which is due to the fact
that the fluorescence switching of P2a is triggered by the
conformation change of the entire P2a polymer backbone.
Consequently, the cis to trans transition for P2a was not fully
reversible. As another example, in the work by Ren and co-
workers, they prepared an amphiphilic diblock copolymer,
P2d.** The fluorescence of the polymer was sensitive towards
pH, temperature and UV. In its neutral and basic conditions,
the fluorescence of the polymer increased upon exposure to
UV light, corresponding to the photo-isomerism of the
azobenzene from trans to cis. Alternatively, under acidic
conditions, only a slight increase in fluorescence was
observed. This was due to the highly aggregated structure
under acidic conditions, which inhibited the trans to cis
photo-isomerism.

In principle, the cis-trans transition can lead to a change
in the melting point of azobenzene and the glass transition
temperature (T,) of polymers with azobenzene moieties.
Although the melting points of the cis and trans isomers with
unfunctionalized azobenzene only differed by 3 °C, (68 °C for

This journal is © The Royal Society of Chemistry and IChemE 2023

trans and 71 °C for cis),”> polymers with azobenzene carrying
long alkoxy chains can exhibit significantly higher differences

(@)

Normalized E and /

T: '\ K
Orange

i UV off, blue UV on, blue
Wight oo light on light off
> . gt ot
| Totoni<Tovack Totront Tg-back | Toon<Tgrback
Bending lecover

Fig. 2 (a) Photoluminescence (PL) of P2a-c upon exposure to UV
light.*°® Reproduced from ref. 40 with permission from the American
Chemical Society, Copyright 2013. (b) Actuation behavior of the acid-
based azobenzene-containing epoxy polymer P2f.*® Reproduced from
ref. 49 with permission. Copyright 2018, Nature Publishing Group.
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in melting point, with photo-induced liquefaction
observable.** As early as the 1980s, the photo-responsive
properties of azobenzene-containing polymers have been
reported, and a change in viscosity upon irradiation was also
noted upon exposure to UV light.”> However, a change in Ty
upon irradiation has only recently been reported.

Wu's group also reported the preparation of an
azobenzene-containing polymer P2e via reversible addition-
fragmentation chain-transfer (RAFT) polymerization.*® P2e
was a hard solid at room temperature with a T, of about 48
°C. Upon exposure to UV light, the surface of the polymer
liquefied despite remaining at a temperature of only 28.5 °C.
The T, of the generated cis isomer was measured to be
around -10 °C. Upon illumination with 530 nm visible light,
the liquid polymer turned back into a solid, corresponding to
the cis to trans isomerism. These types of materials can
possibly be useful for repairable coatings or photo-switchable
adhesives. However, at present, the liquefaction of bulk
materials is still difficult to achieve due to the limited
penetration of UV light (molar absorptivity of azobenzene is
about 2.0 x 10* mol™ L em™ at 365 nm).*” These polymers
were also found to exhibit actuation properties, bending
towards a UV light source, but returning to their original
shape upon exposure to blue light.*®

The cis-trans photo-isomerism of azobenzene can also
produce mechanical responses. Koyama's group reported the
preparation of a dodecyl glyceryl itaconate polymer
crosslinked with a meta-methylazobenzene-containing moiety
to form a liquid crystalline network, i.e., P2f.*° This polymer
exhibited a T, of 29 °C, which was reduced to 16 °C upon
exposure to UV irradiation, with a corresponding decrease in

(a) Y
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Young's modulus from 140 MPa to 65.6 MPa. However,
exposure to visible light restored the T, within 2-4 seconds,
enabling efficient photomechanical actuation. Exposure to
UV light (354 nm) resulted in film bending towards the light,
while exposure to blue light (465 nm) restored its flatness
(Fig. 2b). The light intensity was also correlated with the
bending speed. The mechanism of this bending was
postulated to be due to the differences in the degree of
absorption of photons between the front surface of the
polymer and the back surface, which resulted in a difference
in T, between the front and the back of the film, with the
inner strain causing the bending. As another example, in the
work by Zhao and Xia, they prepared dodecanedioic acid-
based epoxy networks, P2g.°° The networks were dynamic
under high temperature in the presence of a catalyst, making
them reprocessable and vitrimeric.”* The UV-induced torque
could drive a cylinder and a “vehicle”, with no apparent
degradation even after 100 rotations. Hayward's group also
reported the preparation of an acrylate-thiol based polymer,
P2h.>* Actuation behaviour was observed upon illumination
with UV light even at 25 °C, but was found to be reversible
upon exposure to green light only at temperatures above 60
°C.

2.1.2 Diarylethenes. Photochromic diarylethenes (Fig. 3a),
which were first reported in 1988, are photochromic
molecules that can undergo 6m-electron cyclisation upon
exposure to UV light and reversibly return to the initial open-
ring isomer upon irradiation with visible light.”® Unlike
azobenzene, this transition is usually thermally irreversible.
The 2-aryl position is often substituted to prevent oxidative
aromatisation. This transition often leads to significantly
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Fig. 3 (a) Light-mediated ring opening and closing of diarylethenes and cis-trans isomerism of stilbene. (b) Examples of diarylethene-containing
polymers. (c) Photochromic properties of P2j in PMMA matrix. Yellow (left image): ring-opened form. Green (right image): ring-closed form.>*
Reproduced from ref. 53 with permission from The Royal Society of Chemistry, Copyright 2019. (d) Helical folding obtained by post-
polymerization irradiation of P2k.>* Reproduced from ref. 54 with permission. Copyright 2021, the American Chemical Society.
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different frontier molecular orbital levels, resulting in a

change in colour, fluorescence, and even electrical
conductivity and electroluminescence in the case of
conjugated polymers with such diarylethene units.>

Therefore, they have received significant attention in photo-
tunable optoelectronics. Hetero-aryl groups, such as
dithienylethenes, are also often used in place of phenyl rings
to improve the stability of the closed ring form.>®

The thermal stability of diarylethenes was used to control
the reversibility of the Diels-Alder reaction in an adhesive
material.>® Polymer P2i (Fig. 3b), was prepared by Diels-Alder
reaction between the furan and the maleimide groups,
forming a dithienylethene moiety. The Diels-Alder reaction
was reversible by heating the polymer to 90 °C, resulting in a
decrease in adhesion strength. However, upon exposure to
312 nm UV light, 6m-electron cyclisation occurring, resulting
in the disappearance of the double bond of the diarylethene
and preventing the occurrence of the reverse Diels-Alder
reaction. Consequently, even when the polymer was heated to
90 °C, the adhesion strength did not decrease. This also
demonstrated the thermal stability of the closed-ring
configuration. Upon exposure to visible light (>435 nm), the
reverse open-ring reaction occurred, allowing the reverse
Diels-Alder reaction to proceed when heated.

Another application of photochromic diarylethenes is in
photochromic films. Gu's group prepared an dithienyl-
containing polyimine as a conjugated polymer network
(P2j).>® The yellow polymer solid turned olive green upon
exposure to UV light (365 nm) for 50 s, which was reversed by
exposure to visible light (>500 nm) in about the same time.
This is relatively fast compared to other polymers, which
require more than 2 min to undergo the same change. Upon
repeated cycling, a small amount of weight loss was observed
(~5%), but the overall physical structure of the polymer film
was found to be stable. The composite films prepared by
dispersing P2j in a PMMA matrix were found to undergo the
same transition as the neat polymer (Fig. 3c). Another
example of photochromic polymers was demonstrated by
Bianco's group.®® Six different variations of diarylethenes
were prepared to examine the effect of functionality, and
combined with dicyclohexylmethane 4,4'-diisocyanate to form
polyurethanes. Interestingly, a linear relationship was
observed between the molar extinction coefficient and the
peak wavelength of the closed-ring form. Recently, Yagai's
group also demonstrated the potential of diarylethene to
control the folding of polymers®* by making use of the
difference in m-n stacking between the ring-closed and ring-
opened form of diarylethene. Supramolecular polymers of
P2k were prepared by cooling hot methylcyclohexane solution
to obtain randomly coiled polymers. However, polymer P2k
adopted a helical structure, as evidenced by the AFM imaging
when the polymer was irradiated with UV light (293 nm),
while upon cooling, AFM imaging showed that helical
structures were adopted (Fig. 3d). In contrast, the polymer
preferred a random supramolecular structure when exposed
to visible light (620-645 nm).

This journal is © The Royal Society of Chemistry and IChemE 2023

View Article Online

Review

Stilbenes are another class of diarylethenes that exhibit
photo-responsiveness (Fig. 3a), though their mechanism
differs from that of dithienylethenes given that they undergo
trans to cis photo-isomerism similar to azobenzene. One
example of this is in Harada's work, where they installed
stilbene into a “daisy chain” crosslink.®® The trans to cis
transition resulted in a significant change in polymer length,
allowing for muscle-like contraction and expansion of the
polymer, mediated by selective photoirradiation.

2.1.3 Spiropyran. Photochromic spiropyrans, which were
first reported by Fischer and Hirshberg in 1953,°% can cleave
their C-O bond upon irradiation with UV to form a ring-
opened merocyanine form (Fig. 4a).*® Besides a change in
colour, this reversible transition upon exposure to visible
light also results in a change in dipole, polarity, and even
molecular volume.®* There is no conjugation between the two
halves of the spiral given that they are orthogonal to each
other. Consequently, the spiropyran form is neutral, non-
polar and can absorb light typically in the UV region.
Meanwhile, the merocyanine form is conjugated and has a
significant dipole moment, which can be changed in
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Fig. 4 (a) Light-driven between spiropyran and
merocyanine forms. (b) Light-responsive spiropyran-containing
polymers. (c) Effect of pH, UV and elevated temperature on release of
doxorubicin from polymer P2k micelles.”® Reproduced from ref. 70
with permission. Copyright 2020, Elsevier.
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response to pH. This merocyanine form is typically strongly
coloured and can absorb light in the visible region.®® In
addition, spiropyrans can also be responsive to redox and
temperature changes depending on whether they contain any
specific functionality.®®

Exploiting the difference in molecular volume and charge
between the two forms of spiropyran, the light-driven
expansion of hydrogels has been explored by Stupp's group.®”
Sulfonate groups were included in spiropyran to increase its
water solubility, while the methacrylate group was added to
enable free radical polymerization. Subsequently, the
spiropyran  methacrylate ~ was  co-polymerized  with
oligo(ethylene glycol) methyl ether methacrylate and N,N'-
methylenebis(acrylamide) as a crosslinker to form P21
(Fig. 4b). When irradiated with light, the charge density of
the polymer increased, allowing water to enter the polymer
network, and then swelled up to 30%. Other examples of
spiropyran-based hydrogels demonstrating actuation include
the work of Sumaru®® and Florea.®’

Spiropyrans have also been explored in drug delivery
systems. For instance, Salami-Kalajahi and Roghani-
Mamagqani's group prepared a poly(methyl methacrylate)-b-
poly(N-isopropylacrylamide) block copolymer with spiropyran
as the end group (P2m).’® Doxorubicin (DOX, a
chemotherapy drug) was loaded in the self-assembled P2m,
and its release was examined under different pH values and
UV irradiation. Less than 30% doxorubicin release was
observed in neutral conditions, while 60-85% of DOX was
found to be released in acidic and elevated temperature
conditions (Fig. 4c). Alternatively, under UV irradiation, DOX
release was found to be the fastest, with almost 100% release
after 2 days, demonstrating the potential of light control for
drug release. However, in this case, UV light as the trigger is
suboptimal due to its lack of penetrative power, cytotoxicity
and mutagenic effects on cells. A more elegant solution is the
use of NIR up-conversion to provide stimuli for the ring
opening. Some efforts have been reported making use of
lanthanides nanoparticles to facilitate the up-conversion.”"”?

2.1.4 C=C cis-trans photo-isomerisation. Stereochemical
control of polymers is a well-established approach towards
controlling their properties. For instance, Hirabayashi
prepared a succinic anhydride-propylene oxide polymer
comprising predominantly Z isomer.”* When isomerised into
the E form in the presence of morpholine, the polymer
exhibited higher crystallinity, higher bio-degradability and
higher T,. However, unlike the well-documented cis-trans
photo-isomerism of azobenzene, the corresponding cis-trans
photo isomerism in C—=C bonds is much less common. In
this area, the common synthetic approach is co-
polymerization and cyclization.”*”®

In 2019, Lu's group reported an example of cis-trans photo
isomerism in polymers (Fig. 5).”” Ethylene oxide and maleic
anhydride were co-polymerized to form P2n predominantly
in the amorphous c¢is form. Upon treatment with
diethylamine, the double bond isomerised to the more
thermodynamically stable trans form, which was crystalline
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corresponding modulation of their crystallinity.”” (b) Ring-opening
polymerisation to form P20, which could be photo-isomerised into the
trans form. (c) Photodimerisation of anthracene and coumarin
moieties. Reproduced from ref. 77 with permission. Copyright 2019,
John Wiley and Sons.

in nature. Subsequently, irradiation with UV light in the
presence of benzophenone for 5 h resulted in about 30%
conversion from the trans to cis isomer, accompanied by the
corresponding loss of crystallinity. Another example in the
same year is the work by Buchard's group.”® Polycarbonate
P20 was prepared by ring-opening polymerization to obtain
the predominantly cis form. This was isomerised into the
more thermodynamically stable trans-form (52% after 68 h)
upon exposure to UV light at room temperature in the
presence of Cul. The ¢rans isomer was a viscoelastic solid,
while the cis isomer was a powder, demonstrating a practical
approach to changing the properties of polymers by exposure
to UV light. However, unlike the other polymers discussed,
this isomerism has not been reported to be reversible.

2.1.5 Anthracene and coumarins. Another mechanism of
photo-responsive moieties is photodimerization such as that
exhibited by anthracenes [4 + 4], and coumarins [2 + 2]
(Fig. 5c). This mechanism is wuseful for controllable
crosslinking of polymeric networks, such as in the work by
Saito et al.,”’ where they made use of anthracene to reversibly
crosslink epoxy networks, enabling light-mediated healability.
He's group also achieved similar results using coumarin as a
photocrosslinker.*®  Pleasingly, these photodimerization
reactions can often be controlled by modulating the
wavelength of the incident light, with longwave UV (~355
nm) promoting the dimerization, while shortwave UV (~265
nm) promotes bond cleavage.

2.1.6 Disulfide linkage. Disulfides bonds are known to
undergo homolytic photocleavage to form sulfenyl radicals,
which is commonly exploited in dynamic covalent networks.
Kessler's group prepared an epoxy network comprising
4,4-diglycidyloxyazobenzene, sebacic acid and
4,4-dithiodibutryic acid (P2p, Fig. 8).*' The resultant polymer
exhibited a smectic liquid crystalline structure. The number
of disulfide bonds was limited to just 10% to prevent the
polymer from being over-dynamic, which reduced the
stability of the liquid crystalline phase. The azobenzene
moiety imparted photo-induced shape memory and actuation
properties, while the disulfide bonds enabled photo-induced

This journal is © The Royal Society of Chemistry and IChemE 2023
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self-healing within 3 min (Fig. 8). In another example
reported by Gautrot, disulfide bonds were used as a
crosslinker to prepare a hyaluronic acid-based hydrogel.*?
Similar to P2p, the polymer exhibited photo-induced self-
healing, showing that the broken sample could be welded by
adding a photo-initiator, followed by irradiation with UV light

View Article Online
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for 2 min. Some weakening of the material was observed
compared to the pristine sample although the polymer was
strong enough to be handled without special precautions

(Fig. 6).

2.2 Force-responsive structure

In recent years, there has been a growing interest in polymers
that can transduce mechanical inputs into specific chemical
transformations. The resultant chemical responses can be
categorised as either scissile (i.e., covalent bond-breaking
reactions) or non-scissile (i.e., non-covalent bond disruptions
and conformational changes) transformations.** By tailoring
the composition, types and positions of mechanophores
(mechanically activated chemical groups) on the polymer
chain, the mechanoresponsive behaviour of these materials
can be programmed at a molecular level. In addition, the
mechanochromic behaviour displayed by many
mechanophores further highlights their potential to be used
for the accurate detection of stress.®® In this section, we
elaborate on the force-induced structural transformations of
different chemical structures, including pyran derivatives,
supramolecular assemblies, and other emerging structures.
2.2.1 Pyran derivatives. Pyran derivatives, such as
spiropyran and naphthopyran, are some of the most studied
mechanophores. Through a 6-electron electrocyclic ring-
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5mm

(@) Chemical structures of the 6-nitro-spiropyran mechanophores with differing attachment points. (b) Graph of B/R (blue channel

intensity/red channel intensity) as a function of compressive strain for the various spiropyran samples. Insets: Photographs of the spiropyran
samples at 68% strain. (c) Graph of Abs/Abs.x (@absorption intensity/maximum absorption intensity) as a function of unloading time in darkness
from 62% compressive strain for the spiropyran samples. (d) Ring-opening reaction of the 2H- and 3H-naphthopyrans, forming merocyanine
isomers. (e) Photographs of the 2H- and 3H-naphthopyran PDMS films immediately after being in tension and after subsequent stress relaxation.
(a)-(c) are reproduced from ref. 85 with permission. Copyright 2019, The Royal Society of Chemistry. (d) and (e) are reproduced from ref. 86 with

permission. Copyright 2021, Wiley.
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(a) Schematic diagram of the shuttling and dethreading function of rotaxane-based supramolecular mechanophores. (b) Photographs of

the rotaxane-based pristine film and the fluorescent deformed film and plots of the emission intensity against cycle and wavelength for the films
under the different conditions as specified. (c) Schematic illustration of the conformational changes in the cyclophane mechanophore leading to
mechanochromic luminescence. Reproduced from ref. 94 and 95 with permission. Copyright 2021, the American Chemical Society.

opening reaction, the weak C-O bond in the pyran ring can
be broken. This transforms the ring-closed pyrans to the
ring-opened merocyanine, displaying mechanochromic
behaviour in the process.®” Depending on the combination of
the polymer chain attachment points and the nature of the
substituents, the threshold force required to induce this
transformation can be altered.®®

Qiu et al fabricated 6-nitro-spiropyran mechanophores
with different attachment points (Fig. 7a).*® The threshold
activations were found to occur at ~60% strain and 4-7 MPa
stress (Fig. 7b). This activation resulted in the appearance of
absorption peaks at 500-650 nm, corresponding to the
formation of merocyanine. A rapid decrease in absorption
strength was recorded as the unloading of compressive strain
gradually increased from 62%, showing that the polymers
possessed a reversible mechanochromic response (Fig. 7c).
Although both electronic and geometric effects influenced the
mechanochromic behaviour of the mechanophores, the latter
was found to be the dominant factor. Osler and co-workers
investigated the mechanochemical reactivity of isomeric 2H-

1104 | Mol. Syst. Des. Eng., 2023, 8, 1097-1129

and 3H-naphthopyran mechanophores using solution-phase
ultrasonication experiments and in crosslinked
polydimethylsiloxane (PDMS) elastomers (Fig. 7d).** The ring-
opening reaction of the 2H-naphthopyran substrate was found
to produce a red merocyanine dye (Anax = 485 nm), while the
3H-naphthopyran formed a yellow merocyanine (., = 440
nm) upon mechanical activation. The yellow dye in the 3H-
naphthopyran polymer faded completely after 10 min of force
removal, returning to the original colourless state. In contrast,
the reddish colouration in the 2H-naphthopyran polymer was
more persistent, taking a longer time to fade after the stress
relaxation and still being visible in the pristine film (Fig. 7e),
showing the greater stability of the merocyanine compound
formed from the 2H-naphthopyran.

2.2.2  Supramolecular  assemblies. = Supramolecular
assemblies, which consist of self-organising complexes held
together by non-covalent bonds, often exhibit superior
mechanoresponsive behaviour, with a high level of sensitivity
to mechanical forces. In these assemblies, the breakage of

the weak non-covalent bonds, eg, van der Waals

This journal is © The Royal Society of Chemistry and IChemE 2023
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interactions, hydrogen bonding, and n-stacking interactions,
between complexes triggers a structural transformation.
Compared to other mechanoresponsive polymers, which rely
on the breakage of covalent bonds in the mechanophores,
supramolecular assemblies are advantageous in being more
sensitive due to their lower activation energy as well as
having generally higher reversibility.**°°~%*

Sagara's group investigated the
behaviour of rotaxane-based supramolecular
mechanophores.” The rotaxane mechanophores were
composed of a luminophore-containing ring, which was
threaded onto an axle with a matching quencher and two
stoppers (Fig. 8a). Reversible fluorescence changes were
observed even after 50 loading and unloading cycles due to
the molecular shuttling of the mechanophores. An increase
in fluorescent intensity was measured under the uniaxial
deformation, but immediately reversed when the deformation
was released (Fig. 8b). However, when excessive force was
applied at the strain of 600%, the ring with the luminophore
slipped past the stoppers, permanently breaking the
mechanical bond. This dethreading resulted in an
irreversible fluorescence change. The same group recently
reported the  fabrication of a  cyclophane-based
mechanophore containing two fluorescent
1,6-bis(phenylethynyl)pyrene moieties (Fig. 8c).”” The pyrene
moieties could form an excimer with an emission around the
wavelength of 530 nm, whereas the pyrene monomer
emission was at 470 nm, which a induced colour change
based on the mechanophore assembly structures. Excimer
emission dominated the emission spectra of the dilute
solutions with a low composition of cyclophane
mechanophore (0.8 wt%) and polyurethane elastomers. Upon
deformation, conformational changes occurred in the
polymer, leading to a greater monomer emission. This
phenomenon was observed when the mechanophore was
covalently embedded in a linear, segmented polyurethane
elastomer, and the film produced exhibited a distinct colour
change from cyan to blue at a strain of 600%.

Imato and co-workers developed mechanoresponsive
supramolecular polymers using fluorescent pyrene and
naphthalene diimides incorporated in the mid-chain of
poly(e-caprolactone)s.”®  With no mechanical stimuli,
fluorescence quenching occurred as the pyrene formed an
intramolecular charge transfer complex with the naphthalene
diimides. The application of force triggered the dissociation
of the complex, leading to strong fluorescent emission.

Tetraarylsuccinonitrile is the another
mechanoluminescent moiety that can generate colored
radicals using mechanical stimuli. Otsuka's group introduced
a tetraarylsuccinonitrile moiety at the crosslinking points of a
polymer gel.”” After freezing the polymer gel, the swelled
solvent induced homolytic dissociation of the central carbon-
carbon bond of the tetraarylsuccinonitrile skeleton, resulting
in not only a color change but also light emission of the gel
(Fig. 9b). The structure change and mechanoluminescence
were reversible upon heating and freezing the gel. The same

mechanoresponsive
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Fig. 9 (a) Force-induced chemical transformations of spiropyran,
naphthopyran and oxazine. Inset: Photographs of polymer films before
and after the application of force. Reproduced from ref. 101 with
permission. Copyright 2021, Elsevier. (b) Reversible color change and
light emission of the tetraarylsuccinonitrile-containing gel at ambient
temperature (25 °C) and freezing (-80 °C) conditions. (c) Schematic
diagram of the mechanical-gated ketal degrading into fragments with
the application of both mechanical load and chemical trigger as stimuli
and plot of molecular weight (M,) against sonification time for the
mechanically gated polymers in the presence of different stimuli.
Reproduced from ref. 104 and 107 with permission. Copyright 2018
and 2020, the American Chemical Society, respectively.

group also introduced tetraarylsuccinonitrile functions into
polystyrene and silsesquioxane composite elastomers, which
allowed the materials to display reversible
mechanofluorescence upon grinding.”®*°

Lin et al. incorporated a cyclobutane mechanophore on a
polymer backbone as a mechanical gate to regulate an acid-
sensitive ketal.'® Given that both the mechanical load and
chemical trigger are required to achieve significant molecular
weight degradation, this allowed the polymer to retain its
degradable properties, while building resistance to
unintended degradation (Fig. 9c). The integrity of the
polymer backbone was maintained in the presence of only a
chemical trigger using trifluoroacetic acid. However, upon
the application of a mechanical load through ultrasonication,
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polymer degradation occurred to an apparent limiting
molecular weight of 28 kDa. When the two stimuli were
combined, an 11-fold decrease in molecular weight to 2.5
kDa was achieved. Although the bond cleavage was not
reversible, the design and introduction of a mechanophore
enabled the polymer chains to exhibit unique degradation
functions.

2.2.3  Other force-responsive  polymers.  Recent
developments have led to the emergence of other novel
mechanoresponsive structures. Qian et al. employed an
oxazine-based mechanophore scaffold to create a fast and
reversible force-responsive material.'”" Unlike conventional
spiropyran and naphthopyran mechanophores, oxazine
undergoes a purely ring-opening reaction with no double-
bond isomerism involved during its mechanical activation.
This process formed coloured zwitterion species, which
reverted to the initial state orders of magnitude faster than
the merocyanine to spiropyran and naphthopyran
transformation (Fig. 9a). The threshold activation strain of
the oxazine mechanophore in the bulk polydimethylsiloxane
varied in the range of ~90-125%. No phase lag or response
fatigue was observed even after 8 continuous loading-
unloading cycles.

2.3 CO,-responsive structure

Carbon dioxide-switchable polymers are stimuli-responsive
polymers that employ CO, as the primary triggering
mechanism to alter and reversibly switch the polymer
properties. For instance, controlling the degree of
hydrophobicity in the presence of CO, (hydrophilic) or the
absence of CO, (hydrophobic). Incorporating CO,-switchable
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Fig. 10 Functional groups and chemical changes involved in CO,-
responsive polymers.
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components has gained much attention in recent years due
to their unique advantages including abundance, non-toxic
and environmentally friendly nature with no accumulation of
chemical species, rapid response, good penetration depth
and low cost.'®*'%* Most importantly, the excellent precision
to control and manipulate the polymer chain structure allows
great versatility and autonomy. Generally, this strategy
revolves around the design and tailoring of the polymer chain
structure of CO,-responsive materials in terms of their
functionalities, as shown in Fig. 16. The various types of CO,-
responsive functionalities are composed of copolymers of
various compositions, as well as hybridized with functional
nanomaterials to form composites.*%**%*

Among the polymerisation strategies, atom transfer radical
polymerisation (ATRP) is typically preferred due to its low
impurities, simplicity, and controlled polymer growth.
Generally, this  polymerization chemical
functionalization of the precursor and polymerization of the
CO,-responsive monomer to form a CO,-responsive
copolymer. CO,-responsive copolymers have huge potential
for application in catalysis, nanoreactors, switchable
surfactant/stabilizers, drug delivery, and separation.'®®
Alternatively, hypoxia-responsive polymers are also highly
relevant in biomedical applications such as tumor
treatment.'®® In this section, we discuss the most recent
development of CO,-responsive polymers, their mechanism,
and their applications.

2.3.1 Guanidine. Guanidine is an amine derivative that
contains three nitrogen groups (two ‘amides’ and one

involves

Fig. 11 (a) Schematic illustration of the fabrication process of CO,-
responsive GO/Py-PDMAEMA nanofiltration membrane. (b) Photo of
the resulting membrane. (c) Top and (d) cross-section scanning
electron microscopy (SEM) images of the membrane. (e) Mechanism of
CO,-responsive GO/Py-PDMAEMA composite nanofiltration membrane
with gas-induced charge sign reversal on the rejection of salts.
Reproduced from ref. 123 with permission. Copyright 2020, Elsevier.
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Fig. 12 (a) Chemical structures of polymer 1 as a cyclic amphiphilic
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copolymer. Schematic representation of the formation of micelles
controlled by CO,. (b) Transmission electron microscopy (TEM) images
(left) and change of hydrodynamic size (right) of the copolymers 1, 2,
and 3 (0.2 wt%) in the presence or absence of CO,. The scale bars of
TEM images in the absence CO, (upper) are 1000 nm and that in the
presence of CO, (lower) are 100 nm. Reproduced from ref. 118 with
permission. Copyright 2020, Elsevier.

‘imine’) on one carbon atom, which is also known as a
carbon-imidic diamide, as illustrated in Fig. 16. It has an
acid dissociation constant (pK,) value of ~13.5 and is
categorized as an organic superbase, given the resonance

St Cross-linker

Fig. 13 Schematic illustration of the fabrication of P(DEA-St) latexes
with SDS used as an emulsifier, as well as the mechanism for the
responsive destabilization, reversible redispersion, and switchable
expansion/collapse transition of the latexes induced by CO,/N,.
Reproduced from ref. 117 with permission. Copyright 2020, Elsevier.
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wettability. Reproduced from ref. 125 with permission. Copyright 2021,
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stability of its conjugated acids. Generally, guanidines
undergo a protonation reaction upon CO, simulation and are
converted into guanidinium species. However, the
deprotonation reaction can only be achieved by heating
instead of inert gas bubbling (Ar or N,) due to their high pK,
value.'”” For instance, Lowe and co-workers developed a
polyarginine homopolymer and block copolymer via a two-
step modification including RAFT polymerization and post-
polymerization modification. Interestingly, the copolymer
reversibly formed micelles under N, and dissociated into a
linear chain under CO, exposure in an aqueous medium.'®
In another work, Theato and Schattling synthesized a
random copolymer of various tr-arginine and acrylamide
using a similar two-step modification and discovered its dual
temperature and CO,-responsive behaviors. The copolymer
exhibited a reversible hydrophilic/hydrophobic performance
under CO, or Ar exposure, which can be utilized in drug
delivery systems, sensors, and even as “smart” CO, trapping
surfaces."”

2.3.2 Amidine. Amidine contains two nitrogen atoms in
the ‘amide’ and ‘imine’ functional groups in its structure,
which resembles carboxylic acids and has an average pK,
value of ~9.0 (in the range of 5-12). As shown in Fig. 10, the
protonation reaction converts the imino nitrogen to a
symmetrical amidinium ion, which can be stabilized by
resonance. In general, the stronger basicity of amidine
groups causes the equilibrium constant between CO, and
amidine to be substantial (K = 102-105), leading to higher
CO, sensitivity and responsivity. Jessop and co-workers first
reported the preparation of CO,-responsive aliphatic
amidine-containing surfactants in 2005.'° Subsequent work
by Yan et al. synthesized an amidine-based copolymer via
ATRP of the difunctional monomer (N-amidino)dodecyl
acrylamide (AD). These tuneable drug delivery vesicles
exhibited smart expansion and contraction cycles upon CO,
stimulation with controlled-release capability.""* Guo and co-
workers adopted a post-polymerization modification strategy,
converting  poly(4-chloromethyl styrene) (PCMS) into
poly(pazidomethyl styrene) (PAMS) with high amidine
functionalities via a Cu(i)-catalyzed cycloaddition “click”
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building blocks to form CO,-crosslinked frustrated Lewis networks with
reversible CO,/thermal responsiveness via CO,-bridging dynamic
covalent linkages. (b) Self-healing process of the frustrated Lewis
network: i) two cut samples (one loaded with red pigment), ii) cut
surfaces were treated with CO, and brought into contact, iii) self-healed
for 30 min under ambient conditions, iv) the healed gel under stretching,
and v) on loading. (c) Stress-strain curves of original and healed gel
samples after various healing times. (d) Plot of the gel recovery efficiency
versus healing time. (e) Stress-strain curves of original and healed gel
samples under various levels of CO, stimulus. (f) Plot of the gel recovery
efficiency versus external CO, concentration. Error bars in (d) and (f)
denote the standard deviations from at least three experiments.
Reproduced from ref. 131 with permission. Copyright 2019, Wiley.

reaction. The resultant homopolymers displayed a reversible
hydrophobic-hydrophilic evolution in CHCl;/water when
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responsive polymers.

exposed to CO, and N, in an aqueous medium, showing
potential application in sensors, “smart” surfaces, and drug
delivery.""* However, amidine is highly susceptible to
hydrolysis in the absence of a CO, environment, which
disrupts its self-assembly. Moreover, the complex synthesis of
amidines makes them a less preferred choice.

2.3.3 Amine-based copolymers. All amine-based
copolymers can react with CO, to form the corresponding
bicarbonate salts in water, including the bulky primary and
secondary amines, and tertiary amines, as shown in Fig. 10.
Among them, tertiary amines possess the best CO,
reversibility and switchability, which is attributed to their
weak alkalinity (pK, = 6.7-8.0).""> The protonation reaction
by the bicarbonate anion (pH = 4.0-5.0) can easily occur at
ambient temperature, whereas heat is required for primary
and secondary amines. Polymers containing tertiary amines
can be fully separated in water/THF co-solvent due to their
exceptional ionic conversion capability in water. Moreover,
the simple manufacturing process and commercial
availability of tertiary amines make them the prime choice."*?
Functional monomers with tertiary amines include
2-(dimethylamino)ethyl methacrylate (DMAEMA),
2-(diethylamino)ethyl methacrylate (DEAEMA), and melamine
derivative [N?,N* ,N°®-tris(3-(dimethylamino)propyl)-1,3,5-
triazine-2,4,6-triamine] (MET) and others. These monomers
offer great possibility to design CO,-responsive chain
structures by varying their = composition/sequence
(homopolymers, block, random, alternating, gradient and
statistical copolymers), and topologies (graft polymer, hyper-
branched, and polymer network). They demonstrated great

utilization as catalysts,"'* nanoreactors,'”® switchable
surfactants/stabilizers, %6121 and membrane
separators, 3122123

2.3.3.1 Poly(N,N-dimethylaminoethyl methacrylate)

(PDMAEMA). To  date, poly(N,N-dimethylaminoethyl
methacrylate) PDMAEMA and poly(N,N-diethylaminoethyl
methacrylate) PDEAEMA have been labeled as the perfect

This journal is © The Royal Society of Chemistry and IChemE 2023
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CO,-switchable moieties and are significantly utilized in
many applications. The comparable pK, value of the amine
copolymers to the aqueous medium allows rapid and
reversible protonation/deprotonation under alternating CO,/
inert gas stimulations.""® Despite their small structural
difference, Zhao and Yin found that the graphene oxide (GO)/
pyrene end-functionalized ~PDMAEMA (Py-PDMAEMA)
nanofiltration membrane performed better than the GO/Py-
PDEAEMA nanofiltration membrane. They assembled Py-
PDMAEMA on GO sheets through =n-m stacking and
electrostatic interaction and fabricated the membranes via
vacuum filtration on a PVDF microfiltration membrane. The
hydrophilic PDMAEMA displayed good solubility and
extended chain conformation in an aqueous medium
regardless of the alternate CO,/Ar bubbling, which
maintained an excellent size exclusion effect and charge
property, as shown in Fig. 11. On the contrary, the
hydrophobic PDEAEMA collapsed after eliminating CO, and
covered the GO surface, which resulted in a reduction in the
charge property and size exclusion effect of the
membranes.'* Zhao and Fan synthesized a random
copolymer of poly((N,N-dimethyl aminoethylmethacrylate)-co-
4-methyl-[7-(methacryloyl)oxy-ethyl-oxy]coumarin)
(P(DMAEMA-co-CMA)) and an amphiphilic diblock copolymer
of PS-b-P(DMAEMA-co-CMA) (PS is hydrophobic polystyrene).
The CO,-responsive single-chain polymeric nanoparticles
aggregated and self-assembled into core-shell micelles in
water. The reversible protonation/deprotonation reaction of
the tertiary amine groups made the SCNPs swell and shrink
reversibly under CO,/N, stimulation, showing great potential
as effective gas-tuneable nanoreactors.’"® Recently, block and
random copolymers of DMAEMA and poly(methyl
methacrylate) (PMMA) were synthesized through RAFT
solution polymerization. The team obtained latexes that
could coagulate and re-disperse under alternating N, and
CO, bubbling. They found that the optimum protonation
could be achieved by randomizing the MMA content over
blocks of MMA. The rapid protonation was contributed by
the larger gap between the nitrogen atoms, making them a
promising CO,-switchable stabilizer."*

2.3.3.2 Poly(N,N-diethylaminoethyl methacrylate) (PDEAEMA).
In addition to the typical applications of amine-based
copolymers, gas-enabled self-cleaning membranes have gained
immense popularity. For instance, Zhang and co-workers'*?
developed a blend comprised of the CO,-responsive copolymer
polyacrylonitrile-co-poly(N,N-diethylaminoethyl ~methacrylate)
(PAN-co-PDEAEMA) with PAN matrix via a phase inversion
process. The controllable hydrophilicity/hydrophobicity of the
membrane surface dictated its self-cleaning efficiency. Upon
CO, stimulation, the collapsed hydrophobic PDEAEMA
segments instantly transformed into a chain-extended state
due to the protonation of the tertiary amine groups. The
reaction induced hydrophilicity, which deterred the adsorption
of proteins on the membrane surface. Deprotonation of the
tertiary amine groups by N, bubbling returned them to the
hydrophobic state. Remarkably, the cleaning efficiency of this
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green strategy is comparable to that of the traditional acid and
alkaline cleaning."**

In their recent work, Feng and Jiang™'® studied the effects of
the chemical structure and segment composition on the
topological effect and tendency of the CO, response by
evaluating the properties of self-assembled micelles, as shown
in Fig. 12. They synthesized three types of amphiphilic
copolymers based on poly(ethylene oxide) (PEO, hydrophilic
component) and DEAEMA (hydrophobic component) in the
form of di-block, tri-block, and a novel cyclic structure via ATRP
polymerization. As illustrated in Fig. 12b, the cyclic copolymer
(copolymer 1) possessed the largest particle given that it
promoted micelle formation and increased the aggregation of
the micelles. A plot of particle size for the different copolymers
are also depicted in Fig. 12¢ corresponding to their treatment
times shoring that copolymer 1 exhibits the largest particle size.

The same group developed a new strategy to generate lightly
crosslinked  poly(diethylaminoethyl = methacrylate-styrene)
[P(DEA-St)] latexes with different PDEA contents via one-pot
emulsion copolymerization, as displayed in Fig. 13.'" At a
high DEA content (98.05 wt%), the latexes switched steadily
between swelling and deswelling, which was attributed to the
CO,-reversible protonation/deprotonation reaction of their
PDEA portions. On the contrary, a low DEA content (below
13.74 wt%) made the latexes CO,-insensitive due to the
insignificant electrostatic interactions. This crosslinked
structure proved to be a promising strategy for other common
latexes such as PMMA and PS."?*'*!

2.3.3.3 Melamine derivative [N°,N* N°-tris(3-(dimethylamino)
propyl)-1,3,5-triazine-2,4,6-triamine]. Yin and Feng'*! reported
the preparation of a CO,-stimulated reversible graphene
dispersion by non-covalently functionalizing reduced
graphene oxide with a CO,-sensitive melamine derivative, N?,
N*,N°-tris(3-(dimethylamino)propyl)-1,3,5-triazine-2,4,6-
triamine (MET). They found that the excellent graphene
dispersion is attributed to the strong van der Waals
interaction between MET and the graphene surface.
Reversible aggregation/dispersion could be easily realized by
interchanging CO, and N, bubbling, which manipulated the
desorption/adsorption of MET on the graphene surface. This
novel gas-triggered aggregation/dispersion smart graphene
with controllable stimuli-responsive dispersity demonstrates
great potential in the medical and biochemical fields.
Recently, the same group developed a biocompatible
polylactic acid (PLA) bioinspired honeycomb-like porous film
with ON/OFF CO, gas-triggered switchable wettability.">>*”
This group employed the breath figure method to prepare
the non-responsive PLA and CO,-sensitive MET. The film
displayed noticeable hydrophobic-hydrophilic conversion, as
shown in Fig. 14. By tuning the PLA/MET ratio, they could
precisely position the hydrophilic CO,-sensitive groups in the
inner surface and control the water penetration and
wettability of the pore. Consequently, the enhanced surface
wettability improved the cell-film interaction and the
subsequent cell attachment. The combination of a
biocompatible polymer and natural gas trigger allows the
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preparation of future intelligent materials for biomedical and
bioengineering applications.

2.3.4 Carboxyl-based copolymers. Generally, carboxyl has a
relatively low pK, value of ~5.0 to 9.0. It undergoes a
protonation reaction upon CO, simulation and converts the
sodium salt of acid from anionic surfactants to non-ionized
erucic acid, as shown in Fig. 10. For instance, Zhang and
Feng developed a CO,-responsive anionic worm-like micellar
system based on sodium erucate.'””® The protonation/
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Fig. 18 Schematic illustration of the preparation of mPEG-b-PCPT/
DOX nanomedicine and the “drug release promoting release strategy”
of mPEG-b-PCPT/DOX for synergistic cancer chemotherapy. Adapted
with permission from ref. 147 Copyright 2019, The Royal Society of
Chemistry.
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deprotonation process interchanged between the worm-like
micelles and low-viscosity emulsion particles, which is
attributed to the reversible conversion of the sodium salt of
the erucic acid (anionic surfactant) into the non-ionized
erucic acid. In another work, Fischer and co-workers reported
the preparation of carboxyl functionalized, CO,-switchable
nanoparticles via surfactant-free
polymerization by employing a reactive surfactant known as
surfmer, ie., N-methacryloyl-11-aminoundecanoic acid
(treated equimolarly with NaOH)."*® The obtained latex had a
size of about 100 nm with good dispersion. The protonation
reaction was carried out via CO, bubbling to instantly form
carbonic acid, which covalently attached onto the surface of
the colloid, and could be deprotonated by ultrasonic
treatment. In another work by Wang and Zhu, they fabricated
zwitterionic  crosslinked polymer particles comprising
DEAEMA and sodium methacrylate (SMA)."*° These particles
possessed CO,/N,-adjustable isoelectric points in the pH
range of 7.5-8.0, and subsequently were used as an
emulsifier for Pickering emulsions. The optimization of the
cationic amine group and the anionic carboxyl group
provides insight for the preparation of future CO,-responsive
polymer materials.

2.3.5 Lewis acid-base pair copolymers. The most common
approach and strategy for the preparation of CO,-responsive
polymers is by modifying the polymer chain functionalities,
as shown in the earlier sections. There has been an increase
in the development of innovative dual CO,-responsive
polymer systems based on the frustrated Lewis pair (FLP)
theory in recent years. Stephan and co-workers first
introduced this theory in 2006,"**> where the Lewis acid and
base offer latent interactions to connect small molecules
such as dihydrogen (H,) and carbon dioxide (CO,) to create a
connecting (bridging) structure that possesses reversible

mini-emulsion
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cleavage and re-bonding feature, as illustrated in Fig. 15. For
instance, Yan and co-workers demonstrated this theory by
adding Lewis acid-base pairs to a polymer, and successfully
developed a recyclable nano-catalyst with good activity and

recyclability, showing great potential as a wastewater
treatment membrane."*
Subsequently, they adopted the same theory and

developed a novel polymer system exhibiting ultrafast
response, self-healing capability, reversibility, and excellent
mechanical robustness. As shown in Fig. 15, this is due to

BMASC

the bridging of CO, in the polymer segment, which
subsequently induced assembly in organic solvent systems,
demonstrating potential in future gas-sensitive smart
materials.”*" In their most recent work, they developed a gel
material with a double-crosslinked FLP network comprised of
dynamic CO, gas-bridged connections and permanent
chemical crosslinks by reacting triaryl borane (TB),
triarylphosphine (TPP), and CO,. Notably, the strength and
toughness of the gel could be tuned by adjusting the CO,
content, which dictated the density of supramolecular nodes
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in the network. Furthermore, the excellent self-healing
stimulated by CO, wvia dynamic covalent network
reconstruction allows these innovative soft materials to be
potentially applied as sensors, actuators, and biomedical
devices."**

2.4 Redox-induced structure switch

The development of redox-responsive polymeric materials
has been dramatically researched over the years to optimize
and regulate the delivery and release of encapsulated
therapeutic agents, such as doxorubicin (DOX), camptothecin
(CPT), and paclitaxel (PTX), especially for tumour treatment.
Their environment displays many redox activities involving
biological reductants and oxidants, making redox-responsive
materials a suitable material for the preparation of drug
delivery systems."*® The typical redox-responsive species
include (i) reactive oxygen species (ROS), (ii) glutathione
species (GSH), (iii) ROS + GSH species, and the recent (iv)
hydrogen sulphide (H,S)-based species, as displayed in
Fig. 16."*® Generally, there are two approaches to incorporate
drugs in delivery systems. The first approach involves loading

a drug in an amphiphilic micelle assembly, where
hydrophobic-hydrophilic  conversion is the primary
responsive mechanism. The second approach involves

incorporating the drug in a polymer chain integrated with a
responsive species, where bond cleavage is the main
responsive mechanism.**’

ROS is a highly reactive species made up of a group of
oxygen-containing molecules. It is categorized into two types,
i.e., the radical type comprised of hydroxyl radical (HO") and
superoxide (O, ) and the non-radical type comprised of
hydrogen peroxide (H,0,), HOCI, and singlet oxygen ('O,).
Among them, H,0, is a popular ROS-responsive material due
to its relative stability and longer halflife. A
concentration of these species makes them a useful
biological signal in living organisms, while excessive amounts
can lead to an imbalance between ROS and antioxidants,
which is known as oxidative stress. This oxidative stress
damages lipids, proteins, and DNA, adversely leading to
physical harm."*® Examples of ROS-based species include
chalcogen ethers, thioketals, aryl boronic esters, and many
others.

Alternatively, GSH is a reduction-responsive tripeptide
containing cysteine, glycine, and glutamate. The huge redox
potential difference between the intracellular (~10 mM)
and  extracellular (~10 upM) at any
concentration make GSH a proper biological signal for
intracellular delivery. Most importantly, GSH production
maintains the redox equilibrium by balancing the oxidative
stress produced by R0OS." Ideally, the employment of both
ROS and GSH will be favourable because of the versatility
and performance. Besides the typical species, H,S, the
simplest gaseous thiol, has gained attention lately. H,S
exists in deprotonated anion form due to its acidic nature
and has demonstrated positive physiological and

low

environments
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therapeutics.

2.4.1 Disulfide linkage. A widely used GSH-responsive
species, disulfide, is comprised of a sulfur-sulfur (S-S)
linkage with a bond energy of 240 k] mol ". In the presence
of GSH, the disulfide linkage undergoes oxidative cleavage to
form thiols, as shown in Fig. 16, contributing to successive
drug release. The similarity between the thiol-disulfide
exchange reaction to the biological system makes it an ideal
drug delivery capsule."® Generally, the disulfide linkage is
incorporated via various strategies. The first strategy is
integrating the disulfide linkage into the main chain, as
demonstrated in the recent studies by Ghosh and co-
™3 Their group incorporated a disulfide group into
the supramolecular assembly of a protein, bovine serum
albumin (BSA), which underwent disulfide linkage cleavage
upon GSH exposure. Subsequently, the protein was released,
leading to enzymatic activity. In another work, Ju and He
designed and fabricated a reduction-sensitive amphiphilic
triblock  copolymer poly(ethyl ethylene phosphate)-b-
poly(disulfide)-b-poly(ethyl ethylene phosphate) (PEEP-PDS-
PEEP) through thiol-disulfide polycondensation and ring-
opening  polymerization ~ (ROP)."**  The  copolymer
demonstrated good self-assembly and profoundly released
the DOX hydrophobic drug upon reduction-trigger via
poly(disulfide) scission and dissociation. Recently, Wang
et al. introduced a disulfide bond into the conjugates of
oxaliplatin(iv) and oleic acid (OA) to form a reduction-
responsive nanoscale assembly."*> Similar to previous work,
the self-assembly structure underwent disulfide bond
cleavage and displayed high anticancer potency and drug
efficiency.

The second strategy is by pendant group integration,
where a disulfide-containing component is attached to the
main backbone of the polymer. For instance, Shen et al
attached the disulfide-containing cleavable prodrug
monomer camptothecin (CPT) to a methoxy poly(ethylene
glycol) (mPEG)-based polymer chain by RAFT living
polymerization and developed an amphiphilic copolymer.'*’
Besides CPT, doxorubicin (DOX) was encapsulated via
hydrophobic and n-n stacking interactions. In their work, the
co-release of both anticancer drugs was well controlled and
demonstrated a synergetic effect with enhanced anticancer
efficacy, as illustrated in Fig. 18.

The last strategy is by crosslinking with a cleavable
disulfide-containing crosslinker. Bhattacharya and co-workers
covalently crosslinked the disulfide group on a polymer chain
and reported an excellent drug release profile."*® In 2020,
Zhao et al. directly polymerized methacrylic acid with the
reductive-sensitive  crosslinker  bis(2-methacryloyloxyethyl)
disulfide (DSDMA) or N,N'-bis(acryloyl) cystamine (BAC) using
S-propranolol as a model template to form a degradable
molecularly imprinted polymer (MIP)."*® As shown in Fig. 17,
the team found that the MIP-disulfide could readily degrade
via bond cleavage in a reductive environment and had a
better release performance than the traditional ethylene

effects,
140-142

especially in encapsulated

workers.
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glycol dimethacrylate (EDMA)-based MIP. This approach can
be effectively adopted as an intracellular controlled drug
delivery system.

2.4.2 Chalcogen linkage. Chalcogens are chemical
elements found in group XIV of the periodic table, which are
comprised of sulfur (S), selenium (Se), and tellurium (Te).
These three common chalcogens possess similar chemical
reactivities and readily undergo oxidation, as illustrated in
Fig. 16. However, the difference in their electronegativity and
atomic radius influences their oxidation sensitivity and
reactivity. The one with the lowest -electronegativity,
tellurium, has the highest sensitivity, followed by selenium
(Se), and lastly sulfur (S). These elements are typically
integrated into the main chain and/or within the pendant
groups to form various ether-based copolymers such as
thioether (S-based), selenoether (Se-based), and telluroether
(Te-based), which are activated based on the hydrophilicity of
the ether group.

Similarly, telluroether has the highest sensitivity, followed
by selenoether, and lastly thioether. For instance, Lee et al.
developed three ROS-responsive amphiphilic  block
copolymers based on polycaprolactone (PCL) with selenide
and sulfide pendent.'*® As expected, PCL-co-selenide
demonstrated faster oxidation compared to PCL-co-sulfide
due to the high sensitivity of selenide. However, it
transformed back to its amphiphilic nature after the
B-elimination reaction, leading to a poor disassociation and
drug release performance. Their result showed that
o-ethylthio caprolactone displayed an excellent H,O,-induced
hydrophobic-hydrophilic transition from ethyl thioether to
its sulfoxide. This event resulted in excellent disassembly,
demonstrating a promising vesicle for photodynamic
therapy."°

Xu and group intensively researched selenoether-based
copolymers. In their recent high-impact work, they
successfully developed selenium-containing nanoparticles
combining various cancer treatments (radiotherapy,
immunotherapy, and chemotherapy), as illustrated in Fig. 19.
Seleninic acid was formed upon the cleavage of the
diselenide bonds under y-radiation, which exhibited
anticancer activity by upregulating the reaROS levels in
cancer cells, paving a promising path for simultaneous
cancer treatment.''>''  The tumor-targeting peptide-
modified nanoparticles could actively accumulate in cancer
cells  through  systemic  administration.  Following
radiotherapy, the diselenide portion in the polymer was
oxidized to seleninic acid, and the loaded drug DOX was
released in the nucleus, realizing its chemotherapy function.
The seleninic acid blocked HLA-E expression, and further
enhanced the NK cell-mediated immunotherapy by releasing
cytokines and lytic molecule (granzyme). Recently, Xu and
team employed the hydrothermal process to fabricate carbon-
dots with selenium-sulfur dynamic covalent bonds. The Se-
S-CDs increased the thioredoxin reductase (TrxR) activity and
enhanced the cell viability, demonstrating promising
biological applications such as cell culturing.>”*>>*>3

This journal is © The Royal Society of Chemistry and IChemE 2023

View Article Online

Review

2.4.3 Thioketal linkage. Thioketal is a sulfur-based ROS-
responsive group that undergoes an oxidative backbone
cleavage mechanism to produce two thiols and a ketone
product. Hence, polymers containing this linkage will
degrade and dissociate in the presence of ROS, as shown in
Fig. 16, and are widely used in drug delivery systems.'>* ">’
Wang et al. employed the thioketal linkage to develop a
pathologically responsive mitochondrial gene delivery vector.
Their recent work demonstrated the thioketal-based polymer
dissociation by high mitochondrial ROS exposure to release
functional DNA genes that improve the gene transfection
efficiency and correct genetic abnormalities, showing great
discovery in in situ mitochondrial gene therapy.'> In a recent
study, Li and Chen developed a thioketal-gated mesoporous
silica nanoparticle by grafting ROS-sensitive mPEG on the
particle surface. The vancomycin-loaded MSP displayed an
excellent controlled release profile through thioketal
cleavage. Besides, the antibacterial properties and non-
cytotoxicity show its capability as an antibacterial material
for wound treatment."*’

2.4.4 Aryl boronic ester. Aryl boronic ester is an ROS-
responsive functional group, which is widely utilized in the
preparation of H,O,-responsive materials due to its selectivity
and sensitivity towards H,0,. The linkage is usually attached
as a pendant group and reacts with H,O, by the backbone
breakage or hydrophilicity switch. For instance, Hsu and co-
workers synthesized a PCL bearing pendant aryl boronic
esters. Exposure to H,O, induced the migration of the aryl
group to the oxygen atom, known as nucleophilic addition,
followed by the hydrolysis of the borate ester to release
phenol, which underwent 1,6-rearrangement. Subsequently,
this rearrangement exposed the active phenol group. The
copolymer showed high sensitivity to H,O, and good
hydrolytic stability, allowing it to be used as a drug delivery
carrier. Garcia et al. synthesized a diblock copolymer based
on a hydrophilic PEG segment and an aryl boronic ester-
functionalized hydrophobic polycarbonate segment. They
systematically studied the oxidation of nanoparticles and
found that the dissociation of aryl boronic ester was highly
dependent on the polymer concentration, while the amount
of H,0, could control the drug release amount.’® In recent
work, Jager prepared a novel ROS-responsive amphiphilic
block copolymer comprised of a hydrophobic boronic ester-
based ROS in the hydrophilic backbone. The copolymer
yielded either the hydrophilic carboxylic acid or an
amphiphilic phenol upon exposure to H,0, and displayed a
hydrophilic switch before the controlled drug release.'”®

2.4.5 Diselenide linkage. Both oxidation responsiveness
and reduction responsiveness can be found in diselenide-
based copolymers due to the similar chemical properties of
selenium and sulfur. The dual-responsive capability allows
diverse applications in both physiological and pathological
environments. In addition, the bond energy of diselenide
(Se-Se 172 kJ mol ") is much lower than that of the carbon-
selenium bond, C-Se (244 kJ mol™), and disulfide bonds (S-
S, 240 kJ mol™), making it more reactive to an external
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stimulus. These findings were evinced in the work by Luo
and Zhang, where (mPEG-PCL-Se), tri-block copolymer
micelles showed faster DOX release than the (mPEG-PCL-S),
tri-block copolymer micelles.'®" In another work, Tsai and co-
workers developed a diselenide-linked polymeric nanogel
(PEG-Se-Se). They performed the redox-responsive drug
release study using 0.1% H,0, and 0.1 mg mL ™" of GSH in
PBS buffer with pH of 7.4 at 37 °C. The drug-loaded
diselenide nanogel underwent bond cleavage under stimuli
(H,0, and GSH), resulting in the release of the encapsulated
DOX. The nanogel exhibited good DOX release profiles in the

presence of both GSH (reductive) and H,0, (oxidative).'®*

Recently, Tian and co-workers designed
2-methacryloyloxyethyl phosphorylcholine (MPC) with a
diselenide bond-containing crosslinker (N,N-
bis(methacryloyl) selenocystamine (BMASQ)).

Copolymerization resulted in the formation of a novel
zwitterionic nanogel with an exceptional dual redox-labile
property. As illustrated in Fig. 20, the diselenide linkage of
the drug-loaded nanogel cleaved and dissociated in the
reducing (GSH) and oxidative (H,0,) environments.
Subsequently, the disintegrated nanogel released the drug
effectively. In addition to its excellent release profile, the low
leakage and non-cytotoxicity of the nanogel make it a suitable
drug delivery carrier."®°

2.4.6 Azide-based linkage. Currently, the bio-orthogonal
azido group has been identified as a potential H,S-responsive
copolymer due to its high H,S-responses, where azide
reduction is the primary mechanism. For instance, Zhang
and Lin prepared a series of H,S-trigger N-(2-hydroxyethyl)-4-
azide-1,8-naphthalimide-ended amphiphilic diblock
copolymers, poly(2-hydroxyethyl methacrylate)-block-
poly(methyl — methacrylate) (N;-Nap-PHEMA-b-PMMA-N3).
Upon the introduction of H,S, the DOX-loaded micelles
underwent charge reversal from negative to positive as the
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azido functional group reduced. The cellular uptake of DOX-
loaded micelles was improved by employing an electrostatic
attraction, contributing to the fast DOX release rate for
potential tumor diagnosis and therapy."*°

In another work, Yan and Sang created a novel O-azido
methyl benzoate (AzMB)-containing block copolymer that is
highly responsive to H,S stimulus. As shown in Fig. 21, the
cleavage of the AzMB functional group changed the
amphiphilicity, leading to controlled dissociation of the self-
assembled nanocapsule.”*! Similarly, Almutairi and Kawasaki
developed a self-assembled H,S-responsive cholesterol-
modified dextran (SC-Dex) nanogel in their recent work. In
the presence of H,S, cholesterol dissociated from the main
dextran chain via reduction and arrangement of the aryl
azide functional group. Subsequently, the nanogel swelled
and released the encapsulated protein controllably.'**

2.4.7 Other redox-responsive polymers. Besides the several
linkages mentioned above, other redox-sensitive bonds such
as ferrocene-based and polyoxalate-based bonds were
incorporated to create redox-responsive polymer delivery
systems. Ferrocene is an organometallic chemical compound
that is comprised of two coplanar cyclopentadienyl rings
bound on opposite sides of a central iron (Fe) atom. These
metallocenes are usually ROS responsive, stable, and have an
excellent reversible redox property. Hydrophobic-hydrophilic
conversion is the primary responsive mechanism, where the
hydrophobic ferrocene groups are oxidized into hydrophilic
ferricenium upon exposure to ROS. For instance, Xu and co-
workers designed a ferrocene-containing amphiphilic block
polymer (PACMO-b-PAEFC) via ATRP, with poly(2-acryloyl
oxyethyl ferrocenecarboxylate) (PAEFC) as the hydrophobic
component and poly(N-acryloyl morpholine) (PACMO) as the
hydrophilic component. Under ROS triggering, the reductive
ferrocene groups of the PACMO-b-PAEFC micelles were
converted into the hydrophilic ferrocenium, resulting in
swelling and releasing the encapsulated drugs. In addition,
the oxidative micelles could reversibly convert back upon

(O]

{
—_—

——
k K]
| > d“’/f

)
—— '~ =
! - 2 -
S‘r"'bé
. H,
Hy H, o Bl 4. (B 1y 0._<1c—C+Br
TC £18 TC-C1;8 ¢
o ® o o ot 0 o<
N o

\\,/ |

N o

" . Mc“\io \ ) S
PAhl-C <
y 7] oo. - - B
f 2 . |
|()| .o h *
o b
\ o .

Fig. 22 Schematic diagram of the loading and in vitro release of drug
from the copolymer micelles upon triggering by oxidation and
reduction stimuli. Adapted with permission from ref. 163 Copyright
2017, the American Chemical Society.
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reduction by vitamin C, as shown in Fig. 22.'®® In another
work, Hocherl and Jiger'®® synthesized a novel self-
immolating  H,0,-sensitive  biodegradable  polyoxalate
prodrug via a simple one-pot synthesis. The drug molecules
were integrated into the backbone of the polymer with
responsive polyoxalate bonds. The linkage underwent rapid
chain-cleavage in an oxidative environment and effectively
released the drugs as required.

2.5 pH-responsive polymers

pH-responsive polymers have great potential to be applied in
fields such as drug delivery, although at present, significant
limitations in polymer encapsulation-based delivery systems
have been observed in clinical trials.’®'®>'®® By carefully
strategizing and tailoring the side chains of the polymer, the
pH-responsive behaviours of these polymers can be
manipulated via the bottom-up approach, achieving the
appropriate response from the polymer at the chemical
environment of the active site.®°>'®”"17! In this section, the
pH-induced structural transformation of several responsive
polymers including acid-labile polymers, crosslinking
polymers, and zwitterionic polymers will be discussed. Given
that there are a myriad of examples of pH-responsive
polymers, we aim to highlight a few works and applications.
The interested reader is referred to other comprehensive
reviews in the literature regarding these polymers.'”>'7

2.5.1 Boronic acid linkage. Boronic acid-functionalised
polymers pose a great advantage of structural reversibility in
detection and sensor applications due to their reversible
dynamic covalent bonds formed upon complexation with
diol/catechol moieties."”* The pH sensitivity of the
complexation and dissociation from crosslinking of the
polymer chains allows adverse changes in the physical
properties of the polymer, resulting in a response to a change
in the chemical environment."”®> In the following section,
several examples of boronic acid polymers are highlighted to
emphasize their efficiency as pH-responsive polymers for
several loading and release responses on various substrates.

Ju et al prepared a pH-responsive cellulose/4-vinyl-
phenylboronic acid (VPBA) composite bio-hydrogel using
electron-beam irradiation at room temperature for the
polymerisation of VPBA to poly VPBA."”® The novel composite
bio-hydrogel was believed to have potential application in the
biomedical field due to the incorporation of the
biocompatible cellulose matrix."”” They made use of the
concept of reversibility of the complex formed between
glucose monomers in cellulose and the phenylboronic acid
in VPBA."”® They also highlighted that the equilibrium
established in aqueous medium between the neutral and
anionic form of the borate was a crucial factor for the
formation of covalent complexes, as shown in Fig. 23a. The
complex formed between anionic boronic acid and glucose
was stable, whereas the complex of neutral phenylboronic
acid and glucose was unstable. The resulting ionisation
equilibrium shifted towards the anionic phenylboronic acid.

This journal is © The Royal Society of Chemistry and IChemE 2023
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Fig. 23 (a) Equilibria of poly-4-vinyl-phenylboronic acid between
neutral and anionic form and complexation with glucose. (b) Release
profiles of FITC-insulin from cellulose/VPBA hydrogels at 28 °C, pH =
9.0, under various glucose concentrations: 0 g L™ (a), 1.0 g L™ (b), 3.0
g L™ (c) and 5.0 g L™ (d). Reproduced from ref. 176 with permission.
Copyright 2018, Elsevier.

This demonstrates that two factors, ie., pH and glucose
concentration, affect the equilibrium position between the
charged and uncharged phenylboronic acid. Thus, the
polymer characteristics such as hydrophilicity can be
drastically affected upon regulation of the glucose level.
Lastly, they demonstrated the responsive properties of the
novel composite bio-hydrogel through the self-regulated
release of insulin from the composite hydrogel through
various concentrations of glucose solution. The release of the
insulin was labelled via fluorescein isothiocyanate (FITC) for
the tracking of fluorescence intensity of the external milieu.
It was believed that a threshold concentration of glucose was
responsible for triggering the spike in the release between
3.0-5.0 g L™, as shown in Fig. 23b.

2.5.2 Zwitterionic polymers.
materials have attracted great
outstanding anti-fouling properties such as protein
resistance’”>'®®  and  slowing  the  growth  of
microorganisms.'®"'%> However, currently, several limitations
of zwitterionic materials such as their fragile and rigid
nature, which limit their biocompatibility and utility in
flexible medical devices,'®®'® need to be circumvented
before the potentials of these materials can be fully realised.
The examples illustrated in this section aim to address the
limitations of zwitterionic polymers and highlight their
potential as biomedical materials.

Cheng's group designed and synthesized an all-in-one
tunable zwitterionic material (poly2-((2-hydroxyethyl)(2-
methacrylamidoethyl)(methyl)ammonio)acetate (pCBMAA-1))

Zwitterionic  polymeric
interest due to their
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Fig. 24 (a) Chemical structure and characteristics of carboxybetaine
derivatives. All listed carboxybetaine derivatives show excellent
antifouling properties. (b) Tensile (left) and compression (right) results
for pCBMAA-1 (blue), pPCBMAA-2 (green), pCBOH-1 (red), and pCBMA-
2 (black) hydrogels prepared at 1.5 M (c) SPR sensorgrams showing
ultralow fouling properties of zwitterionic pCBMAA-1 (left) and
pCBMAA-2 (right) polymer brushes against the adsorption of 1 mg
mL™* fibrinogen (black solid line), undiluted human plasma (red dash
line) and undiluted human blood serum (blue dotted line). Reproduced
from ref. 185 with permission. Copyright 2013, Elsevier.

encompassing elasticity, switchable antimicrobial-
antifouling properties and stability."® In their design, a
hydroxy group was introduced on one of the side chains of
the quaternary ammonium to enable switchability from the
cationic antimicrobial form to the zwitterionic antifouling
form, as shown in Fig. 24a. CBMAA-2 is a variation of their
original zwitterionic polymer CBMAA-1, with a seven-
membered ring structure in the cationic form rather than
the six-membered ring in CBMAA-1. The initial synthesis of
the two polymers is illustrated in Fig. 24b. The physical
properties of the two polymers were examined. As shown in
Fig. 24c, both PCMAA-1 (blue) and PCMAA-2 (green) could
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Fig. 25 Fluorescence images of polymer brushes functionalized with
BODIPY-maleimide (a) after Diels-Alder, (b) after retro-Diels-Alder and
(c) after a second Diels-Alder reaction. Reproduced from ref. 203 with
permission. Copyright 2017, the American Chemical Society.

withstand higher tensile and compressive strain than the
methacrylate-based  polymer pCBMOH-H. This was
attributed to the higher hydrophilicity and stronger
hydrogen bonds of methacrylamide compared to
methacrylate, resulting in a softer and more elastic
material. Surface plasmon resonance (SPR) results also
showed that both pCBMAA-1 and pCBMAA-2 displayed
excellent antifouling properties as the amount of protein
adsorbed was below the detection limit (0.3 ng cm™) of the
SPR sensor.

2.6 Thermal-induced structure switch

Heat is a common stimulus that changes the physical
properties of polymers,'®® in some cases due to the change in
chemical structure via breaking or forming bonds, leading to
even more significant changes such as changes in polymer
solubility. These polymers are useful in some applications
such as drug delivery,"®”'®® thermoelectric generators,"*>"'*°
thermal energy storage' ' %3 and liquid
chromatography.'**'®® In this section, we discuss polymers
with thermal-induced chemical structural changes, with
particular focus on reversible chemical transformation and
phase transitions, which can act as a new type of phase-
change material."”*®'®” Also, we only give a brief overview of
this topic, and the interested reader is referred to other
comprehensive reviews.'?%%°

2.6.1 Diels-Alder cycloaddition. One of the most well-
established reversible temperature-dependent reactions is the
Diels-Alder (DA) cycloaddition. Briefly, cycloaddition typically
occurs between electron-rich dienes, such as furans and
pyrroles, with electron-deficient dienophiles, such as
maleimides. These classical building blocks have been widely
utilized in the synthesis of a variety of self-healing
polymericmaterials®***°" and nanogels.>**> Some examples of
these polymers that are capable of undergoing reversible DA
and retro-DA reactions will be discussed.

This journal is © The Royal Society of Chemistry and IChemE 2023
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Sanyal and co-workers reported the first example of
utilizing DA cycloaddition to conjugate maleimide-containing
molecules on furan-containing polymer brushes under mild
and reagent-free conditions.”** The reaction was found to be
highly efficient, functionalising all the polymer brushes at 60
°C (Fig. 25). The reaction was also found to be reversible at
110 °C via the retro-DA pathway. As a proof of concept, a
fluorescent boron-dipyrromethene (BODIPY)-maleimide dye
and a protein binding ligand were prepared and conjugated
on the polymer brush. Green fluorescence was clearly
observed after the reaction (Fig. 25b), which was completely
quenched after the retro-DA (Fig. 25c).

Another example of reversible DA
demonstrated by Du Prez and co-workers.*** Triazolinedione
(TAD) reversible click chemistry was combined with
microcontact interactions to print, erase and reprint polymer
brushes on a surface. The polymer brushes were first
fabricated via ATRP of a TAD bearing-initiator on the surface
of an alkene-modified substrate; in this case, glass or
silicone-supported =~ 10-undecenyl trichlorosilane  self-
assembled membrane (SAM) was used. Subsequent surface-
induced ATRP produced substrates functionalised with
micropatterned polymethylacrylate brushes. The indole-TAD

reaction was
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click reaction occurred at room temperature, while the
reverse reaction was observed at a higher temperature of 120
°C. Upon covalent immobilization of the indole derivative on
the substrate via ATRP, the desired imprinted micropattern
could be observed by introducing fluorophores and examined
using fluorescence microscopy. Erasure of TAD from the
substrate could be achieved through an irreversible
trans-click reaction by immersing the substrate in a solution
of 2,4-hexadien-1-ol, regenerating the indole on the substrate.
Fig. 26 illustrates the general rewritable process of the
polymer brush and the substrate.

2.6.2 Lower critical solution temperature (LCST)/upper
critical solution temperature (UCST) polymers. Reversibility
in chemical bonds can also translate into drastic physical
changes in the properties of polymers, such as solubility and
miscibility of the polymer in aqueous medium. LCST refers
to temperature below which polymers are fully miscible,
while UCST refers to the temperature above which they are
fully miscible. The presence of an LCST is often driven by
unfavorable entropy changes upon mixing due to strong
solvent-solute interactions. To date, the most explored
polymer exhibiting LCST is poly(N-isopropylacrylamide)
(PNIPAM), which exhibits an LCST with water of around 32
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(a) TAD click reaction with an indole derivative, which is reversible at higher temperatures. (b) Example of a trans-click reaction: after the

TAD-indole adduct is cleaved, the indole derivative is regenerated. (c) Functionalization of alkene-modified substrates by TAD click chemistry and
generation of rewritable surfaces employing the trans-click approach using either 2,4-hexadien-1-ol (procedure 1) or a-phellandrene (procedure

2). Reproduced from ref. 204 with permission. Copyright 2017, Wiley.
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Fig. 27 Illustration of sol-gel transition of electrolyte that slows the
migration of conductive ions between the electrodes. Upon increasing
the temperature, the electrolyte solution transforms to a hydrogel
through hydrophobic association. Reproduced from ref. 215 with
permission. Copyright 2015, Wiley.

°C depending on the conditions. This thermal-responsive
polymer is used to efficiently inhibit thermal runaways in
devices such as lithium-ion batteries or
supercapacitators>*> ' and building applications.”** Some
further examples of the applications of LCST/UCST polymers
are presented in this section, although a full discussion is
beyond the scope of this review, which has been thoroughly
discussed elsewhere.>'*>>

In 2015, Chen and co-workers fabricated a thermal
copolymer, poly(N-isopropylacrylamide-co-acrylamide)
(PNIPAM/AM), using free radical polymerization with
N-isopropylacrylamide (NIPAM) and acrylamide (AM) as
monomers and bisacrylamide as a crosslinking reagent and
AIBN as the polymerization initiator.*> The copolymer was
soluble in aqueous solutions below 32-34 °C given that it
hydrophilic.***?"” The PNIPAM/AM
transformed into white hydrogels due to the disruption of
the hydrogen bonds between the N-isopropyl groups and
water, as shown in Fig. 27. Interestingly, the transition
temperature for the phase change of the sol-gel process
could be controlled by the adjusting the ratio of the
monomers, i.e., PNIPAM and AM, in the copolymer mix. They
utilized the polymer as an electrolyte in supercapacitors and
showcased the sol-gel process of the polymer to allow
suppression or migration of conductive ions in the device
upon an increase or reduction of the temperature, hence
regulating the overall specific capacitance and impedance of
the device.

Another example of a PNIPAM-based thermo-responsive
polymer was reported by Chen and co-workers.*'® PNIPAM
was dissolved in an ionic liquid solvent (1-methyl-3-
methylimidazolium-bis(trifluoromethylsulfonyl)imide) to
form an ionogel. At room temperature, this ionogel was
plastic-like and rigid with an elastic modulus of 62.5 MPa.
However, when heated above the UCST (~60.5 °C), the
ionogel became transparent and soft with an elastic modulus
of 0.66 kPa, representing a change in stiffness ratio by a

was solution was
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factor of 10° with a mild temperature change. The use of the
phase transition to improve mechanical properties was also
demonstrated by Marcellan's group.>'® Hong and Wu's group
further exploited PNIPAM to prepare muscle-like hydrogels,
which could be steered by light.*** This was achieved by
incorporating gold nanoparticles in the polymer to enhance
the photo-thermal effect. Consequently, the robot could be
driven by using green laser irradiation.

2.7 Multi-stimuli-responsive structure switch

The abovementioned functional groups can be incorporated
into a polymer chain to achieve dual or multi-stimuli-
responsive polymer materials.”***' These polymer materials
enable reversible switching of their structures and properties
via different stimuli for drug release, molecule sensing,
healable materials, and smart surface applications. In this
section, a few examples of polymer materials with a single
type of multi-stimuli-responsive group or with multiple
functional groups will be introduced.

Spiropyran is one of the most widely used photochromic
compounds for multi-stimuli applications, boasting high
responsivity to a multitude of environmental factors, such as
light, pH, temperature and the presence of ions. As a distinct
color change occurs during the reversible ring-opening
formation of merocyanine from spiropyran, this makes it
ideal to be used in the development of optical sensors.***
Zhang et al fabricated spiropyran-modified poly(N-
isopropylacrylamide)-based multi-stimuli responsive
microgels.””® The microgel-based optical devices (etalons)
showed reversible responsiveness to light, pH, temperature
and copper(u) cation (Cu®") concentrations. The microgels
also exhibited two-photon fluorescence, highlighting their
potential for applications in bioimaging. Similarly, Nhien
and coworkers synthesized a novel multi-stimuli responsive
amphiphilic aggregation-induced emission (AIE) copolymer

using tetraphenylethylene-spiropyran monomers.>** The
polymer exhibited photo-switchable properties, with
ratiometric fluorescence between the green

tetraphenylethylene (517 nm) and red merocyanine emissions
(627 nm) the Forster resonance energy transfer (FRET)
process. In the ring-opened merocyanine form, the emission
of the material showed a strong dependence on pH,
temperature, and cyanide anion (CN") concentration.
Furthermore, due to its good biocompatibility coupled with
low limit of detection (LOD = 0.26 uM) for aqueous CN', this
material is a promising FRET sensor for the detection of CN~
in living cells.

Supramolecular polymer systems are popular components
in the design of multi-stimuli responsive polymers. Through
the use of multiple non-covalent binding motifs, these
polymers are often capable of exhibiting reversible
responsiveness to a myriad of stimuli.”*”">*° For example,
Jiang et al reported the preparation of a stable
supramolecular polymer containing tripodal pillar[5]arene
tails. This supramolecular polymer could undergo a

This journal is © The Royal Society of Chemistry and IChemE 2023
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Fig. 28 (a) Chemical structures of AIE-containing copolymers and
their reversible energy transfer via the FRET process. The structure
switch can be quenched by adding CN™ ions. Adapted from ref. 224
with permission. Copyright 2020, the American Chemical Society. (b)
Chemical structure and illustration of tripodal pillar[5]arene-based
multi-stimuli-responsive supramolecular polymers. Adapted from ref.
225 with permission. Copyright 2018, the American Chemical Society.
(c) Crosslinking and decrosslinking reactions of PFMA brush via
thermal-, photo- and redox stimuli. The multi-stimuli responsive
surfaces exhibited reversible and precise control of surface wettability,
with images of the water contact angle measurement shown. Adapted
from ref. 226 with permission. Copyright 2020, the American Chemical
Society.

reversible gel-sol transition via pH, thermal, and force
stimuli and demonstrated strong AIE after gelation
(Fig. 28b).**> Moreover, the polymer also displayed strong
interaction with mercuric cation (Hg?") to form a gel,
indicating its potential application to remove Hg®" from
water. Hatai and coworkers used coumarin moieties together
with a central 1,3,5-trisubstituted benzene core and
poly(ethylene glycol) linkers to create a multi-stimuli
responsive supramolecular polymer.>*>*** The material was
found to be light and pH sensitive, owing to the
photodimerization of coumarin and the cleavage of the

hydrazone bonds, respectively. The addition of Cu** ions was

This journal is © The Royal Society of Chemistry and IChemE 2023
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found to induce disassembly of the nanoaggregates. By
controlling the 3 stimuli (light, pH and Cu®" concentration),
the aggregation behavior of the polymer could be controlled.
This allowed the polymer to successfully achieve the
encapsulation and targeted release of hydrophobic
molecules, such as drugs and dyes. Xiong and coworkers
employed a novel AIE luminogen to design an organic multi-
stimuli-responsive fluorescent material.”*®?*** Consisting of
vinylpyridine motifs on a tetraphenylethene backbone, the
AIE luminogen displayed reversible fluorescence under
varying force, pH, and temperature stimuli. Due to the
supramolecular intermolecular interactions and presence of a
shrinkable space in the packing structure of the polymer, this
material could sustain fluorescence emission even under
external pressure as high as 11.25 GPa.

The Diels-Alder mechanism conjugates double-bond
systems by reacting diene bonds with a single double bond,
which is typically reversible by light and heat. This multi-
stimulus-responsive conjugation has been used to impart
reversibility to functional polymers. Yamamoto and co-
workers demonstrated a multi-responsive reversible
topologically converting polymers using anthracene and
derivatives.>®®  Exploiting the  Diels-Alder
mechanism, the polymers reversibly dimerized from a linear
to cyclic structure and cleaved the anthryl groups by light or
heat stimuli. Poly(ethylene oxide) with electron-donating and
electron-withdrawing substituted anthryl end groups was
irradiated at 365 nm for photo-dimerisation. Afterwards,
linearization of the polymers was successfully achieved by
heating at 150 °C. Sim et al. also employed the Diels-Alder
mechanism and disulfide linkage to create multi-stimuli-
responsive polymer brushes.?*® The authors uniquely applied
bis(2-maleimidoethyl) disulfide to form a crosslinked
poly(furfuryl methacrylate) (PFMA) brush gel via a Diels-Alder
reaction. The disulfide bond (S-S) could cleave upon thermal
or photo stimulus and rebridge under oxidative stimulus.
The combination of Diels-Alder moieties and disulfide bonds
allowed the polymer brush gels to be crosslinked and
decrosslinked with thermal, photo and oxidative stimuli. The
surface wettability and patterns could be precisely and
spatially modulated and potentially applied for adsorptive/
desorptive interfaces and rewritable interfaces.

The combination of functional groups and/or polymers
with different stimuli-responsive properties also provide an
effective method to prepare multi-stimuli responsive
polymers. For example, Gebeyehu et al. developed a dual
thermo- and photo-responsive supramolecular polymer based
on uracil and oligomeric polypropylene glycol.*** The
thermo-sensitive polypropylene backbone was end-capped
with photo-sensitive uracil moieties using a one-step Michael
addition reaction and self-assembly of the oligomers was
initiated by double hydrogen bonding interactions between
the uracil moieties upon immersion in aqueous conditions.
This polymer could self-assemble to form micelles and
exhibit reversible phase transition behavior in aqueous
solutions. By manipulating the concentration and duration of

coumarin
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Table 1 Summary of working principals of stimuli-responsive polymers and their corresponding structures

Type of stimuli

Working principal

Typical structures

Light

Force

CO,

Redox

pH

Cis-Trans isomerism

Ring opening/closure

Homolytic cleavage

Cycloaddition

Ring opening/closure

Macromolecular conformational change

Ionic incorporation (acid/base reaction)

Covalent incorporation

Oxidative cleavage

Addition of oxygen

Rearrangement

Ring opening/closure

Brensted acid/base reaction
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Azobenzene, Stilbenes, Aliphatic ethylenes

FF
F

F F w

AR ve
S S

Spiropyrans, dithienylethenes

NS g

oS N

Disulfides
0._0

Force

Relax

Spiropyrans and naphthopyrans

Force

Relax

Macromolecular Assemblies

R! .R® 1 s
NT + Mo €0 RWER heoy
R? R2
Guanidines, amidines, amines, carboxyls
RU__R® R'_R® 1Rﬁ?\ 1 R?
P 4 B CO, R$F:> O,B\R3
R2
Amines, Frustrated Lewis pairs
R'SH o)
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s” s 1oL R2SH )J\

Thioketal, disulfide, diselenide

XL o o
R”R o I [0] X
X=8, Se, Te R’X‘R R/('S\R

Chalcogen ethers

R20°® Hy0, R’ ‘B/O
OR?

|
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0. O)\/N\pr”
. OH" |
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Lactones
OH"
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Boronic esters
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Type of stimuli Working principal

Typical structures

Thermal

Diels-Alder reaction

UV irradiation and aqueous solution temperature, these
micelles displayed tunable and reversible hydrophilic/
hydrophobic properties, which could potentially mimic
biological processes for applications in drug delivery and
gene transport. Jiang and the co-workers reported the
preparation of triple-stimuli-responsive  polymers by
incorporating a redox-responsive ferrocene unit and a pH/
CO,responsive N,N-diethylamino ethyl group.>*® These
polymers exhibited unique reversible phase transition
behavior in an aqueous solution. For example, in an acidic
environment, the polymers formed spherical particles, where
the size and morphology of their aggregates changed upon
oxidative stimuli given that the ferrocene segment switches
their hydrophobic/hydrophilic properties.

3 Conclusions and outlook

The field of stimuli-responsive switchable polymers has
progressed tremendously in the past two decades. Many of
the stimuli-responsive moieties such as azobenzenes,
spiropyrans, disulfide groups, and amidine groups have seen
new applications, focusing on tuning their properties and
their incorporation in new polymers. The fundamental
understanding of the chemistry, structure, geometry and
conformation of stimuli-responsive moieties as well as how
these factors modulate the switchable functions and
properties of the corresponding switchable stimuli-responsive
polymers have also been significantly realized, allowing us to
appropriately predict the properties of the polymers based on
their chemical structure (as summarized in Table 1). Besides
these well-known stimuli-responsive moieties, new stimuli-
responsive structures have also been designed and developed,
such as rotaxanes and some supramolecular polymers. The
discovery of these stimuli-responsive species opens new
opportunities for the development of advanced materials
with desirable properties. Multi-stimuli-responsive polymer
materials consisting of different stimuli-responsive moieties
or a single stimuli-responsive moiety and capable of
responding to different stimuli represent another interesting
area to be explored. With the advancement of stimuli-

This journal is © The Royal Society of Chemistry and IChemE 2023

Change in solvation above and below LCST/UCST

Y

HN

ook

27

?/\Y/I T>LCST
H,0
" B
T<LcsT

HO >/

Poly(N-isopropylacwlamlde) Intramolecular H-Bonding
solvated with water

0
0 o
0 L — 7
= N N
0 0

Furan-malemide

responsive polymers, we envision that they will continue to
find new applications beyond the drug delivery, molecular
sensing and self-healing functions emphasized in this review,
while other applications such as artificial muscles and
chameleon-like materials have also seen significant advances.
We also believe that their current limitations such as rate of
response, reversibility, and selectivity will be overcome with
further research. Overall, we believe that the field of stimuli-
responsive polymer materials will continue to advance and
play an important role in future emerging smart materials.
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