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Stimuli-responsive dynamic hydrogels: design,

properties and tissue engineering applications
Sivashanmugam Amirthalingam,+®° Arun Kumar Rajendran, (2 +° Young Gi Moon®
and Nathaniel S. Hwang () *2°<d

The field of tissue engineering and regenerative medicine has been evolving at a rapid pace with
numerous novel and interesting biomaterials being reported. Hydrogels have come a long way in this
regard and have been proven to be an excellent choice for tissue regeneration. This could be due to
their innate properties such as water retention, and ability to carry and deliver a multitude of therapeutic
and regenerative elements to aid in better outcomes. Over the past few decades, hydrogels have been
developed into an active and attractive system that can respond to various stimuli, thereby presenting a
wider control over the delivery of the therapeutic agents to the intended site in a spatiotemporal
manner. Researchers have developed hydrogels that respond dynamically to a multitude of external as
well as internal stimuli such as mechanics, thermal energy, light, electric field, ultrasonics, tissue pH, and
enzyme levels, to name a few. This review gives a brief overview of the recent developments in such
hydrogel systems which respond dynamically to various stimuli, some of the interesting fabrication
strategies, and their application in cardiac, bone, and neural tissue engineering.

Hydrogels are being developed at a rapid pace owing to their potential to mimic tissues and deliver a multitude of therapeutic agents. With current
advancements, researchers have designed and synthesized various hydrogel systems which dynamically respond to various stimuli, proving beneficial in
clinical settings. This review discusses some of the interesting advancements in ‘smart’ hydrogels that respond to various stimuli such as light, heat, electric,
magnetic, and acoustic fields, pH, and mechanical forces. The exploitation of benefits from different stimuli by incorporating multiple responsive mechanisms
in a single system has also been discussed. Recent clinical trial evaluations of stimuli-responsive hydrogels have been included. This review also provides
updates on dynamic hydrogels applied for various tissue engineering applications, which might be of interest to material scientists and clinicians. With the
ongoing progress in 3-D printing, new efficient chemistries, minimally invasive treatments, and patient-specific personalized therapeutics, we could expect

that, in the future, it will be necessary to utilize such stimuli-responsive dynamic hydrogels to achieve precise spatiotemporal delivery of therapeutic agents as
required. Thus, we believe that this review will provide a good understanding of the currently available stimuli-responsive hydrogels and could provide insights
for further advancements in this field.

1. Introduction

tissue growth and development, providing a supportive niche
for cells to proliferate, migrate, and differentiate.> A hydrogel

Hydrogels are 3-dimensional networks of cross-linked poly-
meric chains that can absorb and retain water or biological
fluids in the matrix, making them promising materials for
tissue regeneration.”” Additionally, they serve as scaffolds for

“ Institute of Engineering Research, Seoul National University, Seoul, 08826,
Republic of Korea. E-mail: nshwang@snu.ac.kr

b School of Chemical and Biological Engineering, Institute of Chemical Processes,
Seoul National University, Seoul, 08826, Republic of Korea

¢ Interdisciplinary Program in Bioengineering, Seoul National University, Seoul,
08826, Republic of Korea

4 Bio-MAX/N-Bio Institute, Institute of Bio-Engineering, Seoul National University,
Seoul, 08826, Republic of Korea

+ Authors contributed equally.

This journal is © The Royal Society of Chemistry 2023

can be made of synthetic polymers or natural materials or a
combination of both allowing for the utilization of the advan-
tages of both. Progress in the field of hydrogels has been
discussed in reviews.”® In recent trends, stimuli-responsive
dynamic hydrogels have received a lot of attention as they can
undergo mechanical and physical changes upon the applica-
tion of external stimuli or environmental cues.'® Traditional
hydrogels have been studied to a large extent as carriers of cells
and growth factors. However, they fail to integrate with the
defect site, release profile of the growth factors cannot be
controlled with respect to the disease condition, and they do
not bio-mimic the tissue to a large extent. However, the stimuli-
responsive hydrogels are highly adaptable to the dynamics of
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the defect site in response to external or internal stimuli.
Additionally, the release pattern of the growth factors can be
controlled on demand and they possess the capability to more
closely bio-mimic the physical, mechanical and biological
properties of the native tissue.'* Typically, hydrogels can be
prepared to respond to various exogenous stimuli, such as
temperature, light, electric fields, mechanical forces, and ultra-
sound, whereas endogenous stimuli, such as pH, enzyme,
mechanobiological and metal ions, can cause phase-
transition or stiffness change in hydrogels. With careful design
of the hydrogel with responsive cross-linkers or chemical
modification that responds to the changes in the pathological
conditions or injured area in the target, an endogenous activa-
tion for intended delivery of cells or growth factors or providing
an output signal can be achieved. For example, a hydrogel was
designed to change the cross-linking density of the hydrogel in
response to vascular morphogenesis.'”> In the case of exoge-
neous stimuli, hydrogels can be designed to modify the proper-
ties of the hydrogel remotely or non-invasively. For example,
hydrogels were designed to display light-guided regulation of
cell attachment.”® The alignment of the gold nanowires was
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modified with external electric-field stimuli to provide a topo-
graphic pattern for better myogenesis.'* In addition, biodegrad-
ability is also an important criterion in designing stimuli-
responsive hydrogels. Biodegradability of polymers is deter-
mined based on the chemical structure. Generally, the poly-
mers that contain ester, amide, anhydride, glyosidic and
carbonate bonds can be cleaved by hydrolysis, oxidation or
enzymatic action. Furthermore, hydroxyl and carboxyl moieties
can increase the hydrophilicity, thereby facilitating biodegrada-
tion. Ulery et al. have comprehensively discussed on the biode-
gradable polymers and their route of degradation.'® Thus,
careful design of hydrogels with a combination of endogenous
and exogenous stimuli-response characteristics would provide
new intelligent materials for tissue regeneration.

This review aims to introduce different types of stimuli-
responsive dynamic hydrogel systems and provide the discus-
sion on the underlying molecular mechanism that enable these
stimuli-responsive reactions. Specifically, this review focuses
on dynamic hydrogels capable of responding to various stimuli,
including but not limited to light, temperature, electric field,
ultrasound, mechanical forces, pH, and enzymes (Fig. 1).
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Fig. 1 Schematic illustrations of various stimuli that a hydrogel could be designed for tissue regenerative applications.

Furthermore, a section on dual and multi-stimuli-responsive
hydrogels has been included. Additionally, recent updates in
the literature on overcoming the previous problems faced by
the researchers are discussed. Finally, this review covers recent
applications and future perspectives of these stimuli-
responsive hydrogels, particularly in the field of tissue regen-
eration. Thus, this review article offers a comprehensive over-
view of the latest developments in stimuli-responsive dynamic
hydrogels, with an emphasis on their potential use in tissue
regeneration.

2. Stimuli-responsive hydrogels
2.1 Photo-responsive hydrogels

Photo-responsive hydrogels have emerged as an attractive
option in biomedical applications as they can show spatiotem-
poral responses. In addition, photo-responsiveness provides
many opportunities, as light is a non-invasive stimulus and
the remote manipulation of hydrogel could provide fewer by-
products.'® Modulating the photo-irradiation parameters,
namely, the light intensity and irradiation time provides the
precise control of photo-reaction, thus providing spatial con-
trol. Temporal control could be easily achieved by turning on or
off the light source. Wavelength-selective photochemical reac-
tions can be achieved by tuning the hydrogel properties.'” The
interaction of light with photo-responsive moieties in the
hydrogel network could lead to degradation, hydrogel contrac-
tion or swelling, thermal dissipation, and chemical modifica-
tions, leading to variations in material properties such as
softening or stiffening. To clarify, hydrogels that are solely
cross-linked based on light-stimuli (photo-cross-linked hydro-
gels) and do not respond to light stimuli later, are not included
in the discussion, as they are photo-cross-linked hydrogels,
rather than photo-responsive hydrogels.

Functional groups play the most important role in defining
the hydrogel’s physicochemical and biological properties such

This journal is © The Royal Society of Chemistry 2023

as bioadhesion, wettability, cell adhesion and spreading, etc. In
the case of photo-responsive hydrogels, this can be achieved by
introducing functional moieties through photochemical addi-
tion reaction or photo-isomerization reaction, or by releasing
the photo-caging groups. Conversely, the functionality of the
hydrogel can be removed by photo-chemical cleavage reaction
or by inactivating the functional group via photo-addition
reactions.

With the advent of the two-photon excitation technique and
the usage of upconversion nanoparticles, the depth of field can
be extended from ~250 um (UV/visible light) to 10-100 mm."®
The two-photon approach is a technique that activates photo-
responsive moieties using near-infrared (NIR) light, wherein
two photons of identical or non-identical energies are absorbed
by the molecule, simultaneously, for getting excited. This
allows for deeper penetration of light in the tissue, as NIR is
less absorbed by the tissue compared to UV and visible light."
In the case of upconversion nanoparticles, they generally con-
tain trivalent lanthanide dopants with ladder-like energy levels.
This permits sequential absorption of multiple photons to
attain the excited state, which is in contrast to two-photon
approach, wherein simultaneous absorption of photons is
required to attain the excited state.?

2.1.1 Molecular mechanism of photo-responsive reactions.
Placement and type of photo-reactive groups must be carefully
chosen for the anticipated response, as in most cases, photo-
responsiveness is not an inherent property of the polymer but is
achieved through the incorporation of specific functional
groups into the system. In this section, we will introduce
photo-responsive groups mainly adapted to the biomedical
field. The most relevant photo-responsive chemical reactions
are classified as cleavage, isomerization, and addition reactions

(Fig. 2).

2.1.1.1 Photo-cleavage reaction. The photo-cleavage reaction
involves the dissociation of chemical bonds triggered by the
absorption of photons. The o-nitrobenzyl and o-nitrophenyl
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ethyl moieties are the most common photolabile group used in
biomedical applications because of their biocompatible
properties.”’** The residues that are cleaved by light are
biologically inert and do not react with molecules such as
proteins or polysaccharides.”>** The wavelength of light that
can cause photo-cleavage depends on the functional group that
is attached to the benzene ring, and can be varied from 260 nm
to 365 nm. For example, the 4,5-dimethoxy o-nitrobenzyl group
undergoes photocleavage reaction at ~350 nm. However, the
inherent phototoxicity and limited penetration depth are asso-
ciated with UV light'®?® have limited its in vivo application. The
use of a two-photon approach and upconversion nanoparticles
has been suggested to overcome the above-mentioned pro-
blems associated with UV light. For example, Farrukh et al
developed a photo-responsive hydrogel with a o-nitrobiphenyl
propyl moiety as the two-photon absorption cross-section is
higher (¢*> = 3.2-11 GM; depending upon the substituent
in the biphenyl core) compared to the o-nitrobenzyl group
(6> = 0.0133 GM)."® In this work, authors utilized a
p-methoxynitrobiphenyl derivative (PMNB) with ¢* = 3.2 GM
at 740 nm that was tethered to a cell adhesive cyclo RGDfC
peptide in a PEG hydrogel, thereby achieving light-guided
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regulation of cell attachment with two-photon excitation at a
cytocompatible level (2320 mW cm™?). In another study, Zheng
et al. utilized upconversion nanoparticles that can convert the
near-infrared light (NIR; 4 = 974 nm) to UV light (1 = 340-
360 nm) in a PEG hydrogel containing cyclo RGDfC peptides
with 3-(4,5-dimethoxy-2-nitrophenyl)-2-butyl ester as the photo-
cleavable group.”® In this work, authors could achieve the light-
guided regulation of cell attachment with a NIR laser (1 =
974 nm; 10 W cm ™ ?). Further studies should be conducted in
comparing use of upconversion nanoparticles and two-photon
excitation approaches for finding out efficient photo-cleavage
reactions. The coumarin group presents a photolabile alterna-
tive to the nitrobenzyl platform, with cleaved residues that
exhibit inert properties and expose a less reactive hydroxyl
group compared to nitrobenzyl groups.”””® Unlike other
photo-cleavable moieties, coumarin can react to a broad spec-
trum of wavelengths rather than a specific wavelength. Also, the
6-bromo-7-hydroxy-coumarin-4-yl-methyl linker has shown
greater sensitivity compared to o-nitrobenzyl groups* and
Truong et al. showed that coumarin moieties showed a higher
degradation rate compared to o-nitrobenzyl derivatives.*® Addi-
tionally, these coumarin groups exhibit photodimerization
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Fig. 2 Schematic illustration of photo-reactions that were utilized in designing photo-responsive hydrogels.
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properties that allow them to react reversibly upon exposure to
photo-irradiation, resulting in the formation of a cyclo-butyl
ring due to cyclization.* This ring can be easily cleaved
by ~250 nm light, owing to its intense ring strain.*> Mean-
while, triphenylmethane derivatives have been utilized to con-
trol swelling properties.*> In contrast to coumarin and
o-nitrobenzyl groups, triphenyl methane derivatives dissociate
into ionic pairs upon exposure to ultraviolet radiation. Under
UV irradiation, triphenyl methane leucohydroxide (TPMLH)
derivatives generate triphenylmethyl cations that can form
ionic pairs, which are paired once the UV light is removed. As
a result, the TPMLH conjugated hydrogel swells under UV light
and shrinks in response to the removal of UV irradiation.?*3* A
major drawback of using TPMLH derivatives is that it requires
several hundred milliwatts of UV light for the reaction to take
place. For example, Jiang et al. showed that for the degradation
of malachite green leucohydroxide derivatives, 1500 mW cm >
is required.*® To circumvent this problem, Chen et al. devel-
oped a photo-responsive polyacrylamide hydrogel tethered with
o-nitrobenzyl and TPMLH moieties.>® The photodissoaction
efficiency of the developed system was improved as result of
shift in the equilibrium between the TPMLH ion and the
hydroxide anion. The hydroxide ion reacts with the proton lost
from the o-nitrobenzyl group during photo-cleavage reaction.
The authors irradiated the samples using a 365 nm light source
at 25 mW cm ™ for 3 min on each side of the hydrogel. In the
follow-up study, authors utilized the same hydrogel with a
demonstration of bandgap formation and tunability in a verti-
cally suspended photo-responsive hydrogel that is locally acti-
vated to form a periodic structure, thereby forming a
programmable metamaterial.®”

2.1.1.2 Photo-isomerization reaction. Photo-isomerization
refers to the transformational change in the chemical structure
upon photo-irradiation.®® In contrast to photocleavage reac-
tion, photo-isomerization is a reversible and repeatable process
that makes it an attractive method for functionalizing hydro-
gels in biomedical applications. Azobenzene is one of the most
well-known photo-isomerization compounds, composed of two
phenyl rings linked by an azo group (-N=N-).*"*! Upon
exposure to 365 nm light, this compound undergoes isomeriza-
tion reaction, specifically, from its ¢rans form to cis form via n—
7* transition, and can also be converted to the cis-configuration
by irradiating with 445 nm light or by heating. The isomeriza-
tion of azobenzene in hydrogels results in significant changes
in their polarity and hydrophobicity. The cis configuration of
hydrogels is more polar than the trans form, which induces
steric hindrance for complex structures in the isomerized
hydrogel. Through the use of photo-isomerization, the proper-
ties of hydrogels such as mechanical strength and swelling
ratios can be manipulated.?® Most of the photo-responsive
hydrogels with azobenzene moieties are based on azoben-
zene-cyclodextrin, as a host-guest complex. The host-guest
interaction depends on the cis or trans form of azobenzene.*?
Liubimtsev et al. developed a double cross-linked hydrogel with
changes in the cross-linking density on demand.*® The authors

This journal is © The Royal Society of Chemistry 2023
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developed a polyacrylamide hydrogel with azobenzene and
cyclodextrin (CD) moieties as reversible cross-linkers and
N,N’-methylenebis(acrylamide) as an irreversible cross-linker.
Cross-linking density of the hydrogel changed with successive
irradiation of the hydrogel with UV (1 = 365 nm) and visible (1 =
400 to 500 nm) light. In addition to azobenzene and CD host-
guest complexes, recently, Gliozzi et al. utilized azobenzene
(such as methyl red) and host polymer matrix made of UV
polymerizable diacrylate monomers (such as bisphenol A ethox-
ylate diacrylate) for developing tunable photo-responsive elastic
metamaterials.** Authors showed that photoisomerization of
azobenzene can be utilized to modulate Young’s modulus,
thereby resulting in a finite waveguide elastic response. Addi-
tionally, to overcome the disadvantage of using UV light,
azobenzene isomerization was carried out by including upcon-
version nanoparticles in the hydrogel, utilizing a two-photon
approach and by modifying the azobenzene structures to
achieve a red-shift in the response.*”*” However, two-photon
and upconversion nanoparticles indirectly caused isomeriza-
tion, where upconversion nanoparticles possessed low effi-
ciency and a high intensity laser targeting a very small area
was required for the two-photon approach.*>*” Thus, a
visible light response system is required for the isomerization
reaction. Recently, Yan et al. developed a tetra-ortho-methoxy-
substituted azobenzene dimer (mAzo dimer) and a B-CD
dimer as binary gelators.*® Thus, blue light (A = 450 nm)
irradiation caused cis to trans isomerization of mAzo and green
light (4 = 550 nm) resulted in the trans to cis isomerization of
mAzo. The spiropyran group is a photoisomerization moiety
that is widely used in the biomedical field due to its cyclization
properties.*>! Unlike azobenzene, spiropyran undergoes a
transformation from an open to a closed form under blue light.
In its open form, the compound displays zwitterionic proper-
ties, making it hydrophilic. However, upon exposure to photo-
irradiation, a ring structure is formed, leading to a switch to
hydrophobic properties.*® It is worth noting that the cyclization
process is reversible, as the cyclized form is unstable, and the
open form exhibits a delicate balance of electrons due to ring
strain. As a result, the use of spiropyran in hydrogel functio-
nalization enables the manipulation of hydrogel properties
such as mechanical strength and swelling ratios. Recent
studies have shown that spiropyran-containing polymers
can cause significant changes in both physical and chemical
properties upon blue light irradiation.”>”** The change in
hydrophilicity of the spiropyran moieties upon photoisome-
rization could affect the hydrogel swelling properties and
this change can be programmed to change the volume of the
hydrogel.>> One of the major drawbacks with spiropyran-
based materials is that spiropyran molecules discussed
above were water insoluble and requires organic solvents
for their preparation which limits their biomedical use. To
circumvent this, Li et al. developed sulfonate spiropyran-
based water soluble photoswitch tethered poly isopropyla-
crylamide hydrogel.’® Recently, Meeks et al. developed a
multiresponsive spiropyran-based hydrogel that is respon-
sive towards pH, temperature and light.*’

Mater. Horiz., 2023, 10, 3325-3350 | 3329
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2.1.1.3 Photo-addition/dimerization reaction. The photo-
dimerization reaction proceeds to form covalent bonds
between the two of the same molecules upon irradiation with
light when they are molecularly very close and/or in the right
orientation. Some common photo-dimerization reactions are
[2+2]- and [4+4]-cycloaddition and these reactions are reversible
upon irradiation with a suitable wavelength or upon heating.>®
Since the cleavage of the C-C (covalent) bond is a high-
energy consumption process, it requires light irradiation
with higher energy. For example, Liu et al developed
coumarin-incorporated oligo ethylene glycol bis-urea amphi-
phile monomers that showed a sol-to-gel transition upon
irradiation at 365 nm and the reaction was partially reversible
at 254 nm.>® Other examples of [2+2] cycloaddition includes
cinnamates,®*®* maleimides,®*®® and stilbenes.®”"°® The [4+4]
cycloaddition reaction is similar to [2+2]-cycloaddition, wherein
exposure to 365 nm causes dimerization and exposure to short
UV light (<280 nm) causes dissociation.®*””> Red-shift photo-
dimerization of anthracene was observed when the benzyl
imine group was conjugated to anthracene, wherein blue light
irradiation causes dimerization.”® Other photo-addition reac-
tions that include allyl sulfides and disulfide addition-recom-
bination reactions, are not of high importance for hydrogels
yet.74"76

The clinical translation of photo-responsive hydrogels for
tissue engineering applications requires overcoming challenges
related to tissue-related light attenuation and phototoxicity.
Since the majority of photo-responsive moieties require UV
light, direct one-photon activation through tissue is limited to
a few hundred micrometers in depth. Red-shifted moieties
could moderately increase this depth while adhering to the
maximum permissible exposure to skin. Two-photon
approaches and upconversion nanoparticles have the potential
to increase the depth of the field to a few centimeters, but the
use of high-powered pulsed lasers for the two-photon approach
may limit their clinical applicability due to associated photo-
damage, whereas, upconversion nanoparticles are typically
doped with lanthanides such as Ho’", Er*", and Tm>", and
their biological interactions, excretion, and elimination need to
be studied in detail.

2.2 Thermo-responsive hydrogels

Thermo-responsive hydrogels that respond to temperature
have been investigated because of the ease of applying external
stimuli and their biocompatibility, making them competent
candidates for biomedical-related applications: cell therapy,
and tissue engineering.”” Thermo-responsive hydrogels are a
subclass of supramolecular materials that undergo gelation
through hydrophobic interactions. These polymers undergo
phase transition because of their amphiphilic nature.”®
Thermo-responsive materials, typically undergo sol-to-gel
change with an increase in temperature and change back to
the solution when the temperature is lowered to a certain value,
which is intrinsic to the polymer.”® Gelation does not require
any additional cross-linking agents or any other assistance
from enzymes; thus, the procedure is considered benign and

3330 | Mater. Horiz., 2023,10, 3325-3350
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biocompatible.’” The transition temperature that transforms
the state of the polymer (solution to gel transition) is important
when considering applications. For example, in many biome-
dical applications, thermo-responsive polymers have transition
temperatures between room temperature and body tempera-
ture and they can be injected into the body, where they can
undergo in situ gelation.” Conventionally, they rely on poly-
acrylates, polyoxyethylene-polyoxypropylene-polyoxyethylene
block copolymers (PEO-PPO-PEO), poly(N-isopropyl acryla-
mide) (PNIPAm), poly(N-vinyl caprolactam) (PNVCL), polysac-
charides and polypeptides.

2.2.1 Molecular mechanism of the thermo-responsive
behavior of hydrogels. The gelation mechanism of thermo-
responsive hydrogels depends on multiple factors that affect
properties. In this section, we have discussed the possible
factors affecting the thermo-gelling properties and explained
the gelation behavior.

2.2.1.1 Lower critical solution temperature. Thermo-
responsive hydrogels are classified into two main types. One
exhibits a lower critical solution temperature (LCST) and the
other exhibits an upper critical solution temperature (UCST).
The polymers exhibiting the LCST behavior show the property
that polymers undergo phase transition below the critical
temperature point or cloud point temperature (Tcp). On the
other hand, the polymers exhibiting the UCST behavior show
the property that polymers undergo phase transition above the
Tcp (Fig. 3A).%" The UCST characteristic of polymers is enthalpy
driven and has very strong supramolecular forces that get
weakened upon heating, and thereby they underdo gel-to-sol
transition above Tcp.?* It is very difficult to achieve UCST
features under physiological conditions.®*** Most of the UCST
polymers are zwitterionic and the major drawback of using
these polymers is that they are non-biodegradable.®* For exam-
ple, Sharker et al. developed polyampholytes made of cationic
vinyl benzyl trimethylammonium chloride and anionic sodium
p-styrene sulfonate that showed UCST behavior above 45 °C.%
Hence, we have focused more on LCST polymers in this review
article. The polymers that exhibit an LCST-type behavior in
aqueous solution, are soluble below Tcp because hydrogen
bonding interactions between polymers and the surrounding
water molecules are dominant, and intermolecular hydrogen
bonding between polymer molecules is restricted. On the other
hand, above T¢p, hydrogen bonding between water and poly-
mers is disrupted, and intermolecular hydrogen bonding
and hydrophobic interactions between polymer molecules
become dominant. Hence, the LCST of polymers is entropically
driven.®*®®” For this reason, above Tcp, the polymers become
insoluble, forming a hydrogel (Fig. 3B).*® Zhang et al. provided
a systematic discussion on the LCST behavior of the polymers
and they recommended a standardized set of measurement
techniques for T¢p.*® Poly(N-alkyl-substituted acrylamides) are
the first studied polymers for their thermo-responsive behavior.
Among them, PNIPAm is explored widely for biomedical appli-
cations not only because of its LCST properties at 32 °C which is
close to the body temperature but also because its LCST

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Schematic representation of the phase diagram for the LCST and UCST thermo-responsive polymers (A), schematic diagram showing the phase
transition of hydrophilic polymer coils (<LCST) to hydrophobic globule formation (>LCST), reproduced under Creative Commons license,®® (B), a
graphical illustration of self-assembly of amphiphilic block polymers (C), wherein core—shell micelle formation was observed for AB and ABA block
copolymers (a), flower-like micelle formation was seen for the BAB block polymers and polymersome architecture was observed for AB polymers (c)
reproduced under Creative Commons license,®® and schematic diagrams of the gelling behavior of the BAB polymer through a hydrophilic bridge and
hydrophobic channel for the BAB polymer (left side) and the gelling behavior of AB and ABA copolymers through hydrophobic channel formation (right
side) based on the semi-bald model of micelles (D). Adapted with permission from ref. 114. Copyright © 2019, American Chemical Society.

behavior is not greatly affected by variations in the pH, salt
concentration, and other environmental factors.®” Researchers
studied the phase transition effect of PNIPAm that undergoes
coil-to-globule transition via contraction of the polymeric chain
due to the hydrophobic effect and increase in entropy of the
system.®”°° The collapse of the PNIPAm chain upon heating is
highly dependent on the hydration structure around the mono-
meric units, wherein upon an increase in temperature, it causes
reduced coordination between amide and isopropyl groups
with water.”® Even though small variations in salt do not affect

This journal is © The Royal Society of Chemistry 2023

the LCST of PNIPAm, molecules with a high charge-to-volume
ratio (such as SO,*7) can lower the LCST by competing with
water molecules for interaction with the polymeric chain,
thereby causing dehydration.”°> In contrast, surfactant addi-
tion to the polymeric solution increases the LCST temperature
by interacting with the isopropyl group.®® These studies provide
us with a deep understanding of the thermogelling behavior of
homopolymers. Additionally, LCST of the PNIPAm can be tuned
by copolymerizing with other monomeric units, especially
adding hydrophilic units such as N-vinyl pyrrolidone causes
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an increase in LCST,’* whereas the addition of hydrophobic
units such as dopamine methacrylamide reduced the LCST.”
However, one of the major drawbacks of the issue is non-
biodegradability.”® Biodegradability can be partly addressed
by copolymerizing or grafting biodegradable polymers
such as gelatin,”” polycaprolactone (PCL),’® and chitosan.’®
Calder et al. developed a co-polymer of PNIPAAm, namely,
poly(NIPAAm-co-(N-acryloxysuccinimide)-co-(polylactide/-
hydroxy methacrylate)-co-(oligo (ethylene glycol) (PNPHO),
which showed a promising degradation profile with a tuneable
gelation time of 2-10 minutes.”® In their follow-up study, they
showed that cross-linking a synthetic peptide, thymosin-B4,
brought down the LCST from 24 °C to 21 °C.'* The authors
showed the regenerative potential of the developed hydrogel in
multiple anatomical defect sites, in vivo. Furthermore, they
went on to study the clinical usability of the hydrogel in the
mandibular socket after tooth extraction in 10 patients and the
hydrogel supported the bone healing cascade at the defect site.
Other homopolymers exhibiting a thermo-responsive behavior
similar to PNIPAAm include PNVCL (LCST: 32-34 °C)'%'™'% and
poly(2-alkyl-2-oxazoline) (PAOx).'**'% The LCST of PAOXx can be
fine-tuned based on the alkyl group. For instance, while the
addition of a methyl group does not induce a LCST behavior,
the incorporation of iso-propyl, cyclo-propyl, and n-propyl
moieties in PAOx induces LCST at approximately 35 °C, 30 °C,
and 25 °C, respectively.'%%'%”

2.2.1.2 Polymer configuration, micellization, and gelation.
Except for PNIPAm, PNVCL, PAOx, and chitosan (wherein,
polyol salt such as B-glycerophosphate is added to chitosan
solution, the chitosan solution shows thermo-responsive prop-
erties);'%® thermo-gelling polymers are generally amphiphilic
block polymers. Thermo-gelling block polymers could have
varied configurations and could be classified as di-block, tri-
block, and multi-block polymers (Fig. 3C). In the tri-block
polymer, there are multiple configurations such as ABA, BAB,
ABC, etc., wherein ‘A’ is a hydrophilic block, ‘B’ is a hydro-
phobic part and ‘C’ is either hydrophilic or hydrophobic. Water-
soluble PEO-PPO-PEO triblock copolymers have a configu-
ration of ABA. PEO-PPO-PEO triblock copolymers have amphi-
philic characteristics which are dependent on the molecular
weight, block size, and block sequence.'®® In this case, PLGA-
PEG-PLGA is another studied tri-block polymer having a
configuration of BAB."'°

Micellization is a unique phenomenon associated with
amphiphilic molecules. These molecules undergo micellization
after attaining a specific concentration known as critical micel-
lar concentration (CMC) and the temperature at which this
property occurs is called critical micellar temperature (CMT).
During the thermo-gelation process, these unimers of the
polymers undergo self-assembly of micelles, wherein these
unimers get inserted into the existing micelles and conse-
quently, the insertion-expulsion and fusion-fragmentation pro-
cess slowly becomes the dominant process."'" The molecular
weight of the polymer and the hydrophobic block length
strongly affects the CMC.*® The higher the hydrophobic block
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length, the denser the accumulation of hydrophobic cores, and
thereby the higher stability of micelles is achieved. However,
the ratio of hydrophobic block length and hydrophilic part is
very important, as exposure of the hydrophobic part in water
would destabilize the micelle and gelation would not occur.'*?
The gelation behavior of these polymers is due to the self-
aggregation of these micelles and it is attributed to three
different mechanisms, namely, micellar packaging as in the
case of di-block and ABA tri-block polymers, inter micellar-
bridged packaging is observed for the BAB, BAC tri-block and
multi-block polymers, and micellar corona collapse packaging
is seen in copolymers containing polymers of low LCST. The
cross-linking points of these micelles causing gelation were
previously unknown and a series of recent studies from Ding’s
group has shown that semi-bald micelle formation was
observed for ABA and AB block polymers, wherein the physical
cross-linking was observed through the hydrophobic channels
that were possible through the bald region in the micelles
(Fig. 3D).""® On the other hand, gelation was observed for the
BAB polymer micelles through two steps: (1) hydrophilic brid-
ging was dominant at lower temperature, whereas, (2) hydro-
phobic channel cross-linking was predominant at higher
temperature (Fig. 3D)."**

A crucial aspect in the designing of thermo-responsive
hydrogels is the range of temperatures to which the hydrogel
will be exposed. This range encompasses the preparation
temperature, storage and transportation conditions, and
in vivo exposure, including normal body temperature and
elevated pathological temperatures such as fever. Given the
diverse range of biomaterials and processing techniques avail-
able, researchers must carefully evaluate these parameters and
adjust the thermo-responsiveness of the hydrogel accordingly
to meet the specific requirements. Furthermore, the mechan-
ical strength of thermo-responsive hydrogels may be limited
due to their physical cross-linking nature, which can restrict
their utilization in tissue engineering applications that demand
higher mechanical strength or stability. Moreover, it might be
challenging to precisely control the degradation rate of thermo-
responsive hydrogels, which can result in degradation that is
either too fast or too slow. Additional studies are necessary to
investigate the degradation behavior of thermo-responsive
polymers under both normal and pathological conditions.

2.3 Electrically-responsive hydrogels

Electric field-responsive hydrogels, in response to external
electrical stimuli, can swell or deform. These hydrogels are
fast, and reliant and provide spatiotemporal control for their
responsiveness. In addition, the inherent property of electrical
conductivity can also be utilized to potentiate the intrinsic
electrochemical conductivity of the cells, thereby supplement-
ing the biofunctionality of these hydrogels.’*>*'® The influence
of electrical fields on cell processes for osteogenesis, angiogen-
esis, cardiomyogenesis, myogenesis, and neurogenesis has
been recognized well and it can be used to harness microtissue
maturation with the help of an electro-active hydrogel.""’
Utilizing the programmable and accurate delivery of voltage/
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current to the desired site can control the spatiotemporal
response of the hydrogel. The swelling/deswelling of the hydro-
gel can be affected by the concentration of the polymer,
cross-linking density, and the ionic concentration of the
medium."**

2.3.1 Molecular mechanism of electro-responsive hydro-
gels. The essential mechanism of electro-responsive hydrogels
is that the movement of ions in response to an external electric
field and the rearrangement of these ions causes changes in the
ion concentration profile, thereby causing conformational and
mechanical properties of the hydrogel network. With the appli-
cation of an electric field, free ions in the hydrogel move in one
direction in the hydrogel, causing a difference in charge density
within and outside the hydrogel that creates osmotic pressure
difference leading to conformational change in the hydrogel.
Regarding the electro-responsive hydrogel, 3D electroactive
matrices are generally made of selected conductive polymers
that are biocompatible and/or the addition of electro-
conductive nanoparticles to the hydrogel. The majority of the
polymeric biomaterials do not innately possess conductivity
and conductive polymers such as polypyrrole (PPy), polyaniline
(PANI), poly(p-phenylene vinylene) (PPV), polythiophene (PTP)
and poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS) are used in combination with other polymeric
biomaterials. For instance, PPy is mixed with other polymers
such as PNIPAm, polyacrylamide (PAM), and other synthetic
polymers to overcome the brittleness of PPy. However, the
addition of synthetic polymers mentioned above acts like an
insulator and reduces the conductivity of the hydrogel. Another
drawback is that the biocompatibility of these conductive
polymers is not adequate. To address these problems, polyelec-
trolyte natural polymers such as gelatin, chitosan, hyaluronic
acid, cellulose, etc. can be added. Additionally, the usage of
natural polymers also improved the dispersibility of these
conductive polymers, which otherwise had a very low dispersi-
bility in hydrophilic media, thereby providing better conductiv-
ity. For instance, Gan et al. developed an electro-responsive
interpenetrating hydrogel based on PPy nanorods containing
chitosan/PAM that showed good biocompatibility, conductivity,
and mechanical properties."*® Instead of using nanorods,
Wang et al. conjugated PPy to methacrylated gelatin and added
ferric ions to provide gelation with self-healing properties.'"®
To enhance the biofunctionality of the hydrogel, Dutta et al.
developed an electroactive 3-D hydrogel based on PPy-grafted
methacrylated gelatin and stimulated the cells with microcur-
rent, showing that electrostimulation enhanced the osteogenic
differentiation of cells.’*® On the other hand, PANI-based
electro-responsive hydrogels were also been developed as PANI
possesses good tunable conductivity, thermal stability, and
acceptable biocompatibility."*" However, the use of PANI is
often limited by the rigid molecular structure and brittleness.
To circumvent this problem, PANI is mixed in the hydrogel
network for better fusibility.'** For instance, Eftekhari et al.
developed a PANI incorporated chitosan hydrogel with
neuronal-like PC12 cells through a cell imprinting technique.
The combination of geometry and conductive hydrogel showed
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induction of a pro-neural-like state in the presence of adipose
stem cells."* Similarly, Xue et al. developed a PANI-grafted
gelatin injectable hydrogel with bone marrow-derived mesench-
ymal stem cells (BMSCs).'** In a recent study, Feig et al.
presented a highly conductive injectable granular hydrogel of
PEDOT:PSS, which showed record high conductivity."”> The
hydrogel’s high electrical conductivity is achieved through the
ability of PEDOT:PSS to create hydrogel networks by n-n stack-
ing. Granulation of bulk hydrogel yielded microgel particles
that showed a shear-thinning behavior (Fig. 4A). The developed
hydrogel had a high conductivity of 8.4 & 2.9 S m™~" through
jamming, for an injectable 3D material.

In addition to the use of conductive hydrogels, the inclusion
of metallic nanoparticles (such as Ag, Au, and silicon) and
carbon-based nanomaterials (such as graphene, carbon nano-
tubes, and carbon dots) in the polymeric matrix imparts
electrical conductivity to the hydrogel.””*'*” For instance,
Kim et al. utilized Au nanowires for conductivity and geometry
of the scaffold in 3-D bio-printed collagen-based hydrogels
with C2C12 cells."* With dielectrophoresis and injection,
authors were able to achieve the desired alignment
that resulted in a high degree of myoblast alignment and
effective myotube formation. Thus, this method provided a
new perspective on electro-responsive hydrogels (Fig. 4B). Shin
et al. developed an injectable granular microgel with a metal-
phenolic coordination network.””® The authors used
oxidized gallol (galloquinone) with Ag ions that were reduced
to generate Ag nanoparticles. Additionally, gallol acted as
chelators of Ag nanoparticles that formed a coordinated net-
work. Vacuum filtration-induced jamming provided electro-
conductivity for the developed hydrogel (Fig. 4C). Compared
to the embedded nanoparticles in the hydrogel, in situ synthe-
sized nanoparticles have shown higher conductivity and
mechanical properties.'*®'*® Similarly, carbon-based nanoma-
terials were incorporated into the hydrogel network for impart-
ing electro-responsivity.”*>*** Thus, different electro-active
materials could be incorporated into the hydrogel network,
result in an electro-responsive hydrogel.

Electro-responsive hydrogels have demonstrated potential
for use in tissue engineering applications. However, several
disadvantages must be taken into account when considering
their clinical translation. There is a limited understanding of
the long-term behaviour and degradation profile of the electro-
responsive polymers in vivo. Care must be taken to prevent
potential damage to cells and tissue when applying electric
current to stimulate electro-responsiveness. Another drawback
of electro-responsive hydrogels is that the biocompatibility
of these conductive polymers is not adequate. Researchers
have attempted to improve biocompatibility by conjugating or
mixing conductive polymers with biocompatible polymers.
However, striking a balance between conductivity and biocom-
patibility is crucial, as biocompatible polymers can act as
insulators, thereby reducing the conductivity of the hydrogel.
Further studies are required to optimize the balance between
biocompatibility and conductivity in electro-responsive hydro-
gels for tissue engineering applications.
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2.4 pH-Responsive hydrogels

The pH-responsive hydrogels are a subset of stimuli-adaptive
systems capable of responding to the environmental pH. These
hydrogels readily react to certain pH levels and exhibit either
swelling or deswelling behavior."** Such characteristics of pH-
adaptive hydrogels are of particular interest for biomedical
applications since some parts of the body such as the gastro-
intestinal tract, vagina, and blood vessels are known to exhibit
substantial pH changes.'** Acknowledging that our body parts
experience dynamic pH changes, scientists and researchers
further shift their interest to the potential therapeutic effects
of pH-adaptive hydrogels under specific circumstances. For
instance, a lower pH level (between 6.7 and 7.1) than the
normal pH level (between 7.3 and 7.4) is a biological parameter
characteristic of pathological states."** Some features of tumors
including the oncogene activation, transformation, and
hypoxia cause acidosis, a cellular metabolism that generates
an excessively high level of acids within tumor microenviron-
ments. To this end, the pH-adaptive hydrogel system is
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considered to be an ideal option for both delivery and therapy
purposes.

2.4.1 Molecular mechanism of pH-responsive swelling.
There are different kinds of polymers with pH-responsive
properties and swelling capacity, all of which can be candidate
materials for pH-responsive hydrogels. One way to categorize
these polymers is by their origin or how they are made.
Polymers that are made through multiple steps of chemical
reactions are known as synthetic polymers. Examples of syn-
thetic polymers widely used in hydrogel preparation are
poly(acrylic acid) (PAA), polyacrylamide (PAAm), poly(methacrylic
acid) (PMAA), poly(diethylaminoethyl methacrylate) (PDEAEMA),
and poly(dimethylaminoethyl methacrylate) (PDMAEMA), and
their copolymers."*> Polymers that are found in the nature are
known as natural polymers. Examples of natural polymers widely
used in hydrogel preparation are chitosan, alginate, albumin, and
gelatin.*® Another way to categorize pH-sensitive polymers is by
their tendency to protonate or deprotonate. The acidic (e.g,
carboxylic and sulfonic acids) or basic (e.g., ammonium salts)
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pendant groups of polymers determine whether to accept or
release protons in response to changes in the environmental
pH.*®” For instance, the cationic hydrogels such as chitosan and
poly(ethylene amine) swell at low pH due to the protonation of
amino/imine groups, whereas the anionic hydrogels such as
carboxymethyl chitosan and poly(acrylic acid) swell at high pH
due to the ionization of acidic groups.'*®

The swelling behavior of pH-responsive hydrogels upon
exposure to water or other physiological fluids depends on
the osmotic pressure triggered by multiple factors including the
hydrophilicity of polymers, static charges on the polymer, and
counter ions within the hydrogel matrix."** Although all these
factors contribute to the swelling behavior to different extents,
the general behavior can be divided into three major steps. First
is the diffusion of water into the hydrogel network, second is
the disintegration of polymer chains, and third is the extension
of the hydrogel network followed by the relaxation of polymer
chains. In the case of pH-responsive hydrogels, the swelling
behavior is affected by two elements - the properties of con-
stituting polymers such as cross-linking density, hydrophilicity,
ionic charge, and pK, values and the properties of the sur-
rounding medium such as ionic strength, pH, and counter
137,139 Among them, the surrounding pH level is the major
factor that controls the swelling behavior of pH-responsive
hydrogels. When the surrounding pH value is greater than
the pK, value of the acidic pendant group of the polymer
chains, the acidic group is ionized (deprotonation) to form
fixed negatively charged polymer chains with a positively
charged mobile solution."** This results in an electrostatic
repulsion force between the negatively charged chains and thus
swelling of hydrogel networks. Similarly, when the surrounding
pH value is less than the pK, value of the basic pendant group
of the polymer chains, the basic group is ionized (protonation),
forming fixed positively charged polymer chains with a
negatively charged mobile solution."*® This results in an elec-
trostatic repulsion force between the positively charged chains
and thus swelling of hydrogel networks.

Other factors that affect the swelling behavior of pH-
responsive hydrogels include the cross-linking density and
hydrophobic moieties. The degree of polymer cross-linking
controls the overall hydration process in which water or other
physiological solutions penetrate through the space between
free interstices of polymer chains. A higher degree of cross-
linking indicates less room for the solution to stay within the
polymer network, allowing for a limited swelling behavior.
Hydrophobic moieties also play an important role in the
formation of hydrogel networks as they are incorporated to
construct amphiphilic hydrogels, consisting of a hydrophilic
phase capable of swelling and a hydrophobic phase that
aggregates in solution.'*""'**> As an example, an interpenetrat-
ing hydrogel consisting of hydrophilic poly(acrylic acid) [PAA]
and hydrophobic poly(butyl acrylate) [PBA], the hydrophobic
aggregation of PBA limits swelling and further prevents burst-
ing of the hydrogel at high pH."*' An accurate measurement
and monitoring of pH are crucial processes as they play a vital
role in controlling the biological functions, microbial activity,

ions.
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and chemical behaviors. pH-Responsive hydrogels are a pro-
mising approach for remotely measuring pH levels. Early
detection of skin wounds is crucial, as small wounds with
minor symptoms may lead to skin necrosis and more severe
symptoms if left untreated. Tamayol et al. developed a pH-
responsive alginate microfiber system to detect skin damage.
Silica dyes were incorporated into the hydrogel, which changed
color in response to abnormal pH levels in the range of 7.15-
8.93, providing an early warning system for skin damage.'*?

Although pH-responsive hydrogels have demonstrated
numerous applications in various fields ranging from tissue
engineering to drug delivery, their relatively low mechanical
strength can result in premature dissolution and loss of hydro-
gel from the intended site. These limitations can be addressed
through polymerization, incorporation of reinforcing agents, or
through the use of multiple-layer laminates, all of which have
the potential to significantly improve the mechanical strength
of the hydrogel.

2.5 Enzyme-responsive hydrogels

An enzyme, one of the most vital components in our body, is
involved in almost all biological processes. The endogenous
enzymes specific to certain tissues and organs serve as biolo-
gical stimuli with superior selectivity."** Enzyme-catalyzed
reactions are extremely selective for particular substrates,
accounting for biological and metabolic processes at the mole-
cular level. Such characteristics that enzymes are ubiquitous in
every part of the body and highly specific to the target substrate
make them outperform candidate materials for the hydrogel
system.

Enzyme-responsive hydrogels are prepared either by using
intrinsically sensitive natural polymers such as fibrin, collagen,
gelatin, and hyaluronic acid or by using biomaterials with
enzyme-sensitive linkers."** By integrating catalyzed reactions
of enzymes and responsive polymers, different functional
hydrogels can be formed via self-assembly and polymerization
reactions. Enzyme-responsive formation and cleavage of
chemical bonds are responsible for both construction and
degradation of hydrogels used for such different areas as
enzyme diagnostic systems, drug delivery systems, and regen-
erative medicine.™*%"*

In enzyme-responsive hydrogel systems, a variety of enzymes
control the specificity, selectivity, and catalytic efficiency, all of
which affect the process of assembly and degradation of
hydrogels. Multiple types of enzymes are used in enzyme-
responsive hydrogel systems where some of the most frequently
used ones include (a) proteases, (b) kinases, (c) phosphatases,
and (d) endonucleases.'*® Proteases and endonucleases are
enzymes that cleave peptides and oligonucleotides, respec-
tively. Abnormally excessive expression of proteases, for
instance, is the cause of multiple symptoms including cancer,
cardiovascular, inflammatory, neurodegenerative, bacterial,
viral, and parasitic diseases. For such reasons, proteases are
often considered major targets and stimuli for the selective
activation of enzyme-responsive hydrogels. Glycosidases are
another type of enzyme that promote the hydrolysis of
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glycosidic bonds in polysaccharides, allowing them to be ideal
targets for carbohydrate-based hydrogels. Among glycosidases, 3-
mannanase is of particular interest for research as it is secreted by
colon microflora and largely localized in the gastrointestinal tract,
thereby allowing for colon-targeted drug delivery."*® Not all
enzymes cleave and degrade chemical bonds. Transglutaminases,
for example, is one of many enzymes that form isopeptide bonds
between peptides/proteins.’>® By applying such characteristics to
the enzyme-responsive hydrogel system, structural strength can
be largely enhanced in accordance with the formation of cross-
links within the hydrogels."*® Other types of enzymes such as
phosphatases and kinases are also frequently used because of
their complementary catalytic actions. For instance, kinases are
enzymes well known for phosphorylation whereas phosphatases
are for dephosphorylation reaction.”" Likewise, different kinds of
enzymes as well as enzyme-responsive hydrogels work together in
a dynamic manner, forming and deforming hydrogel structures
for drug delivery, enzyme sensing, and therapeutic purposes
throughout the biomedical research areas.’®>** One promising
application of enzyme-responsive hydrogels is in the delivery of
growth factors, where the hydrogels are used to sense enzyme at
the pathological site and undergo biodegradation, thereby releas-
ing the growth factors, aiding in the tissue regeneration. For
instance, Anjum et al designed a matrix metalloproteinase-
responsive hydrogel for delivery of BMP-2 for bone formation.'>®

2.5.1 Swelling behavior of enzyme-responsive hydrogels.
For the enzyme-responsive hydrogel system to function prop-
erly, the active enzymatic interaction between enzymes and
enzyme-responsive hydrogels should be maintained in a man-
ner that enzymes can move towards the substrates anchored in
the hydrogel via diffusion kinetics. One of the factors that affect
the diffusion-mediated swelling behavior is the degree of cross-
linking that impacts the overall hydration process where water
or other physiological solutions penetrate through the space
between free interstices of polymer chains. Other factors
including the (a) chemical and physical characteristics of the
hydrogel, concentration of the enzyme present in the hydrogel,
and (c¢) method by which the substrate is anchored to the
hydrogel altogether affect the swelling mechanics of enzyme-
responsive hydrogel systems."*

Despite the significant advancements in developing novel
enzyme-responsive hydrogels with excellent tunable physical
and chemical properties, some challenges still remain. These
hydrogels exhibit low enzymatic stability and short half-life,
which can limit their clinical applications. Further studies are
necessary to better understand the enzyme kinetics and swel-
ling behaviors, in order to precisely control drug release and
delivery. Furthermore, if the hydrogel relies on enzymes present
in the body, detailed studies of enzyme concentration in
normal and pathological situations are necessary to optimize
their therapeutic efficacy.

2.6 Mechano-responsive hydrogels

Mechanical stimulus is one of the most primitive and easiest
stimuli that can be applied to a surface or an object. Mechan-
ical stimuli toward a cell or tissue can be of various types such
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as compression, tension, shear, shaking, and hydrostatic
pressures.””® It has to be noted that, “equal and opposite
reaction” is also true in the cellular and tissue microenviron-
ment. The biomaterials such as hydrogels which are implanted
in the body experience a variety and combination of mechanical
stimuli from the tissues itself."””"'*® The hydrogels can be
designed to respond to these forces (Fig. 5). Apart from this,
the time periods in which the hydrogels could experience
mechanical stimuli are when they are being prepared, handled,
and implanted. Furthermore, the mechanical stimulus could
also be applied to the implanted biomaterial via different
strategies, so that the hydrogel could respond and change its
intrinsic properties in vivo, to achieve the required outcomes.
Altering the intrinsic mechanical or chemical properties of the
hydrogel via mechanical stimulation could lead to various
outcomes such as strain-stiffening, self-healing, self-growing,
shear-thinning, and mechanochromism. Such changes in the
properties of the hydrogel can directly affect the mechano-
signalling pathways in the cells and tissues, thereby altering the
response.'*® This enables us to have a spatiotemporal control
over biological outcomes such as cell proliferation, differentia-
tion, wound healing, and tissue regeneration. Such hydrogels
which could respond to the mechanical stimulus from the
body, such as flexion of skin or expansion of lungs, could serve
as biosensors to measure various physical activities.'®® The
mechanosensitive hydrogels are mostly synthesized by a self-
assembly process, dynamic cross-linking, and the inclusion of
nanostructures.'® The simplest form of mechano-responsive
hydrogels changes their behavior or mechanical properties by
using a reversible or irreversible conformational change of the
polymeric networks or the molecular chains. This can be easily
achieved by selecting an appropriate polymer, the concen-
tration of the polymer in the hydrogel, and also the cross-
linking densities. When the proper composition is achieved,
the polymeric networks act as a spring and can be compressed.
By careful choice of cross-linkers and cross-linking density, a
reversible shape memory effect can be achieved. Thus these
hydrogels can dynamically adjust their mechanical properties
and preserve their integrity in accordance with the mechanical
stimuli from surroundings.’®>'®® Such mechanical pressure
from the outside can be utilized to trigger a release of drugs
or growth factors to achieve a mechano-responsive delivery
behavior. The release is achieved when the polymeric networks
of the hydrogels are stretched or compressed beyond a limit,
which leads to the breakage of a few of the crosslinks,
thus releasing the embedded molecules.’®® By introducing
particles such as LAPONITE®™ in the polymeric networks, the
strength can be greatly increased, sustaining the mechano-
responsiveness for multiple cycles."®> One of the major con-
cerns for mechanoresponsive systems is the maintenance of the
cross-links or the integrity of the hydrogel network for multiple
cycles of triggering. This can be achieved by introducing
reversible cross-links by utilizing metal-ligand interactions,
dynamic covalent bonds, host-guest interactions, dynamic
chemical bonds, boronate linkages, and much more."*"¢%1¢7
Another mechanism through which mechano-responsiveness is
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achieved is shear thinning, wherein, the viscosity of the hydro-
gel network reduces when sheared but it is regained when shear
is removed. This is achieved due to the dynamic cross-links or
the non-covalent interactions among the matrix elements.'®®
Mechanochromism is an interesting property wherein the
mechanical stimuli can induce color changes in the mechan-
ophore that is incorporated into the hydrogel network. Some of
the molecules that can express mechano-responsive color shifts
are spiropyran and rhodamine derivatives.'®*'”® Such color
changes could be easily monitored and quantified to measure
the stress-strain experienced by the hydrogels. When mechan-
ochromic hydrogels are employed in skin tissue engineering,
they have the potential to alter color based on the contact forces
between tissues and hydrogel surfaces. This feature could
enable researchers and clinicians to monitor tissue-hydrogel
integration and detect hydrogel implant failure. Additionally,
as the tissue regenerates and the hydrogel biodegrades, the
efficiency of mechanochromism may decrease due to the
rupture of internal bonds, thus allowing for effective monitor-
ing of tissue regeneration. Mechanochromic hydrogels could be
particularly valuable in cyclically stressed environments such as
tendon or cardiac tissue engineering, where they could
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potentially function as a fracture warning system.'”" However,
most of the existing mechanochromic hydrogel systems pro-
duce color changes within the visible wavelength range, limit-
ing their use for external organs. If researchers devise a means
to monitor mechanochromic changes of hydrogels within
deeper tissues, it could hold great promise for cardiac and
other muscle tissue engineering applications.

2.7 Ultrasound-responsive hydrogels

Ultrasonics have a great advantage in medical applications
because they do not need a line of sight environment like the
light activation, the ultrasound waves can propagate through
the tissues, can be focused, and also the power can be adjusted
by changing the frequency and intensity. Ultrasound has
already been used widely in clinics for imaging as well as in
lithotripsy. Furthermore, it is non-invasive, considered to be
safe, and economically a viable option for stimulation.'”? Due
to these various advantages and a widely available medical
appliance, researchers have shown interest in developing mate-
rials that could respond to ultrasound waves. By utilizing an
ultrasound-responsive hydrogel, technically, researchers can
stimulate the hydrogel to undergo phase changes, to break
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down, to release drugs or molecules upon triggering, and
further ultrasonic image the defect filling and tissue
regeneration.’”®'’* Such a diagnostic, therapeutic and moni-
toring approach proves to be a great advantage of ultrasound-
responsive hydrogels.

2.7.1 Molecular mechanism of ultrasound-responsive
hydrogels. The ultrasound stimuli can be absorbed by the
hydrogels and can be converted to thermal energy, thereby
inducing local hyperthermia. This hyperthermia can induce the
hydrogels to undergo a phase change, enabling them to
respond as per the requirement. Another consequence of the
focused ultrasound is that it can cause cavitation bubbles,
which can be utilized to break the polymeric chains. These
two effects can be utilized to de-cross-link the polymeric
networks.””> When a hydrogel is designed with reversible
cross-linking chemistry or a self-healing system, a trigger-on-
demand release system could be envisioned. A zinc-oxide-
loaded ultra-stretchable hydrogel was synthesized by polymer-
izing N,N-dimethylacrylamide (DMA), and methacrylic acid
(MAA), which can adhere to the abdominal cavity and provide
excellent contrast for ultrasound imaging of changes in organ
76 A similar super-adhesive hydrogel was synthesized by
incorporating dopamine, which led to stable adhesion during
the ultrasound imaging."”” Such hydrogel systems serve as the
roadmaps for the futuristic theranostic platforms, where a drug
or protein could be loaded for delivery. Huebsch et al. devel-
oped a very simple yet effective ultrasound-triggered drug
release system using alginate. The alginate was cross-linked
using calcium sulfate to form a hydrogel and it was also loaded
with mitoxantrone. It was discussed that, upon applying the
ultrasound stimuli, the ionic cross-links get disrupted and the
drug is released; however, upon removal of the ultrasound, the
physiological calcium ions can again form cross-links and allow
the gel to self-heal. Thus a repeated triggered release of the
drug is possible."”® As mentioned earlier, another strategy is to
disrupt the microstructure with the waves or cavitation
created by the ultrasound to release the proteins of the drug.
Alford et al. encapsulated the DNA molecules inside multi-
layered hydrogel capsules made up of ultrasound-responsive
poly(methacrylic acid)/poly(N-vinylpyrrolidone) (PMAA/PVPON).
On exposure to ultrasound waves, these capsules are ruptured
and the load is released into the tissue, whenever needed.'”® In
another strategy, Yamaguchi et al utilized a supramolecular
assembly as an ultrasound cleavable unit. Here the host-guest
interaction between B-cyclodextrin and adamantane was utilized
to form a hydrogel along with the incorporation of two model
proteins. With the application of focused ultrasound pulses, the
authors were able to demonstrate the release of proteins due to
the disruption of the host-guest interaction. The advantage of the
model is that it does not depend on the pH or the surrounding
environment conditions to form a hydrogel, thereby leading to
complete ultrasound stimulation control.'®® A similar method,
however, with a different chemistry was utilized by Arrizabalaga
et al., to develop a tunable ultrasound-responsive hydrogel. The
authors utilized Diels-Alder linkage consisting of 6-maleimi-
dohexanoic acid and thiophene or furan-based diene. This linker
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unit was further utilized to cross-link chitosan to form a hydrogel
along with a model protein. Upon exposure to ultrasound waves,
the linkages undergo a retro-Diels-Alder reaction resulting in the
release of the protein. The concentration of the protein released
was directly proportional to the amplitude and duration of the
ultrasound waves. Thus, this system was confirmed to express a
controllable ultrasound-stimulated release."®" Recently, Yin et al.
have demonstrated an ultrasound-induced mechanochemical
transformation of europium(ur) complexes in a terpyridine-euro-
pium complex hydrogel. The metal-ligand complex reversibly
responds to the ultrasonic waves leading to changes in the
metal coordination, thus changing the fluorescence.™ Liu et al
have developed another strategy of utilizing ultrasound waves
for triggering the piezocatalytic activity of barium titanate
nanoparticles. These nanoparticles are incorporated in a N-
[tris(hydroxymethyl)methylacrylamide, N-(3-aminopropyl)metha-
crylamide hydrochloride, and oxidized hyaluronic acid-based
adhesive self-healing hydrogel. When this barium titanate-
containing hydrogel is exposed to ultrasound waves, the barium
titanate particles can generate reactive oxygen species, thus
exhibiting strong anti-bacterial effects, which helps in mitigating
the wound healing process.'®® Thus, ultrasound waves could be
used in a variety of mechanisms to stimulate the hydrogels to
bring out the intended effect (Fig. 6). The use of ultrasound-
responsive hydrogel systems for tissue engineering applications
may have some limitations that need to be addressed. One of the
main concerns is the precise focusing and adjustment of the
ultrasound wave intensity to prevent damage to the surrounding
tissue. Additionally, the cavitation bubbles that trigger drug
release may also lead to the rupture of cellular organelles, result-
ing in adverse effects. However, advancements in focused and
controlled ultrasound pulsing techniques hold promise for over-
coming these limitations. By utilizing this non-invasive and non-
ionizing stimulation, and with the widespread use of ultrasound
for imaging, if taken in a right direction, there is a huge potential
for the ultrasound responsive hydrogels.

2.8 Dual and multiple stimuli-responsive hydrogels

As seen from the above sections, hydrogels can be made
responsive to various stimuli according to the need and appli-
cation. However, each of the stimulatory methods has its
advantages and disadvantages. It could be understood that
some of the stimulatory methods such as photostimulation
could not be used for deeper tissues; however, such chemistries
might be much more suitable for deep-tissue applications. To
mitigate such circumstances, researchers have opted for dual or
multiple stimulatory mechanisms for making the hydrogel
dynamic.'®*'®> For example, a pH-sensitive hydrogel could also
respond to thermal or ultrasonic stimulation and so forth.
Some of the commonly used triggering systems for hydrogels
include light, temperature, ultrasonic waves, magnetic field,
electric field, ionic composition, enzymes, reactive oxygen
species, matrix metalloproteinases, and glucose and the list
keeps ever evolving. Furthermore, by incorporating multiple
stimuli triggers in a hydrogel system, it is possible to achieve a
great spatiotemporal control throughout the therapy. One of

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3mh00399j

Published on 07 June 2023. Downloaded on 6/22/2026 1:35:24 AM.

Materials Horizons

Cross-link by Ca ions

Focussed%@ Released

Ultrasound “;%g w;%% cargo
—) e e

Hydrogel microcapsules
with cargo

Microcapsules ruptured
by ultrasound

@.
Guest

*<,VJ§ﬁjﬁﬁ

o,

% X _Released
IFocused Jjj %K\ e / 7><}7

-

|
o/ |

TR et L F T
% FKKAEK

Supramolécular hydrogel

}é Host % Guest P Cargo

View Article Online

Review

URF Molecular
Tweezer

Q

URF-Eu3*

Ultrasound mediated
Mechanochemical
Transformation

TPY-Eu*
Mechanochromic moiety

Piezoelectricity induced

H,0; 0, “OH ; -0, ROS formation
(Anti bacterial effect)
)

Ultrasound

Hydrogel with
piezoelectric crystals

Fig. 6 Schematic diagram showing various modalities of ultrasound-triggered responsiveness in hydrogels. (A) Disruption of cross-links to release the
cargo; (B) ultrasound cavitation waves rupture the hydrogel microcapsules leading to the release of cargo; (C) disruption of the host—guest interaction in
a supramolecular hydrogel thereby delivering the cargo; (D) mechanochromic/chemical transformation by disruption of metal-ligand complexes,
leading to change in fluorescence; and (E) induction of piezoelectricity in the piezoelectric crystals incorporated into the hydrogel matrix resulting in ROS

production and thus anti-bacterial effect.

the easiest ways to incorporate multiple stimuli triggers is by
carefully combining the already existing single trigger systems
into a composite hydrogel system.'®® For example, some of the
thermo-responsive hydrogels could be easily modified to
respond to light stimuli by adding appropriate functional
groups. Many hydrogels exhibit shear thinning behaviors,
yielding mechano-responsive properties. By the simple addi-
tion of thermo-responsive elements such as glycerol phosphate
or PNIPAAm, the already existing certain shear-thinning hydro-
gels could be easily made to respond to thermal stimuli also.
Similarly, by incorporating electrically conducting elements
such as polymers, and metal nanoparticles, the existing hydro-
gels can be transformed into electrically responsive
hydrogels."'®” By incorporating magnetic colloidal particles into
the hydrogel matrix, the whole system can be controlled by the
external magnetic field to form various structures."®*'*® In the
recent approaches, most of the stimuli-responsive hydrogels
exhibit one or more dynamic responses, which could be seen in
the upcoming examples. These multi-triggered hydrogel sys-
tems often exhibit the properties of shape-memory, self-
healing, and much more complex behaviors."®® Utilizing a
single molecule for multiple responsive systems is also an
emerging trend in the field. For example, spiropyran is usually
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used in photo-triggering hydrogels. However, it can also
respond to heat or a higher wavelength of light, exhibiting
multiple responsiveness.'”’'* Similarly, by designing coumar-
ins and hydrazone linkages in a single molecule, the hydrogel
system can be made to respond to photo stimulation, pH
changes and also to the presence of metal ions."** By combin-
ing the magnetic field and iron oxide nanoparticles, an electric
field can be induced in these particles leading to a thermal
response leading to the phase change in the polymer matrix.
Thus, by carefully choosing the particles and the polymer
matrix, magnetic, electric and thermo-responsive hydrogels
could be made."”>'® When utilizing magnetic fields and
metallic nanoparticles for tissue engineering applications, cau-
tion must be exercised due to the potential for adverse effects.
Exposure to high and uncontrolled magnetic fields can lead to
localized hyperthermia, which can cause tissue damage. To
address this issue, nanoparticles can be designed to respond
only to specific pulses or a specific combination of pulses, thus
limiting inadvertent triggering due to external fields. Further-
more, the presence of metallic nanoparticles is a major draw-
back of this system, as they may be difficult to clear from the
tissue and could pose a risk in long-term implantations. Ultra-
sonic waves could also be utilized to induce electric fields in a
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piezoelectric crystal embedded inside the hydrogel, thus mak-
ing the hydrogel system responsive to both stimuli.’®” Thus,
various triggering modalities can be carefully combined to
produce hydrogels with multiple and interesting triggering
mechanisms that could be used for enhancing the diagnostic
and therapeutic outcomes.

3. Tissue engineering applications of
stimuli-responsive hydrogels
3.1 Cardiac tissue

Cardiac tissues are one of the most active and dynamic tissues
in the body, which continuously undergo contraction and
relaxation, and are subjected to regular electrical stimulations,
and further experience the pressure from the blood that is
being pumped. It is also well-known that cardiac diseases are
one of the major causes of death worldwide. This has prompted
researchers to develop biomaterials that could mimic the
dynamics of the cardiac tissue, which could lead to better
regeneration and 3-D in vitro models. Apart from mimicking
the properties of the native tissue, researchers could also
dynamically control the hydrogels to express various other
properties such as enhanced cell attachment, the release of
drugs, growth factors, and even cells. Early works include
thermosensitive hydrogels made from PNIPAAm that were
utilized to deliver cells to the cardiac tissues. These hydrogels
were modified with single-walled carbon nanotubes and the
adipose stem cells were embedded within the hydrogel. This
hydrogel can respond to the temperature and could become a
solid gel at the body temperature of 37 °C.'°® This thermo-
responsive hydrogel was able to improve cellular adhesion. This
system can be further improved to respond to both thermal and
pH stimuli by combining with polyacrylamide. The underlying
concept is that such pH and thermosensitive hydrogels could
sense the slightly acidic pH of an infarcted heart (pH 6-7) and
solidify at the required site.'®® Pedron et al. were able to
construct a bilayer polymeric hydrogel, in which only one layer
was thermosensitive and the cells were embedded in the non-
sensitive layer. Due to this configuration, the hydrogel could
roll into a cylinder at a low temperature, thereby offering
protection to the cells during the delivery stage. However, under
physiological conditions, upon exposure to sensitive tempera-
ture, the bilayer construct can unfurl and release the cells at the
required site.””° Instead of organic polymers, a bio-
polysaccharide-based thermo-stimulative hydrogel has also
been developed using chitosan and glycerol phosphate. Here,
an opposite charge-based interaction leads to the formation of
thermo-regulated gelation of chitosan chains. Such a system
has been utilized to deliver embryonic stem cells to infarcted
heart tissue of rats.?* This temperature-responsive hydrogel
system improved cell implantation and heart functions in the
infarcted region. Researchers have also incorporated gold
nanoparticles into this hydrogel system to enhance its electro-
conductivity, enabling its use in cardiac regenerative
applications.>*> Chen et al. have utilized a similar system to
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deliver fibroblast growth factors to the myocardial infarct size
in mice models. This delivery of growth factors using a thermo-
stimulated delivery system was able to result in improved
prognosis.”®® Recently, chitosan has been gelled together with
glycerol phosphate and vitamin C to reduce the reactive oxygen
species, thus proposed as a promising strategy in ischemic
infarcts. This hydrogel was able to increase cardiomyocyte
survival and adhesion.?** Apart from the thermally stimulated
hydrogels, recently there has been a lot of progress in hydrogels
that could be exhibit multiple dynamics such as mechanical
and electrical coupling, in order to withstand the continuous
systolic and diastolic compressions of the heart by self-
adaptation and also improved electrical conduction. Such a
system was developed using self-doping polyaniline and gelatin
mixtures. Furthermore, these were modified with borate side
chains and mixed with polyvinyl alcohol to form a mechanical
and electrically coupled hydrogel (Fig. 7).>°> The dynamic
covalent bonds and the reversible interactions among the
molecules provided this hydrogel with a self-adaptive resilience
which led to the inhibition of ventricular dilation in myocardial
infarction and also the maintenance of stroke volume. Light-
responsive hydrogel systems have also been developed to aid in
cardiac regeneration. Electroconductive polymers such as tetra-
aniline, PEDOT:PSS, polypyrrole and combinations of these
with other biopolymers have been utilized to synthesize elec-
trically responsive hydrogels. These hydrogels help to maintain/
improve the rhythm of the heartbeat, thereby enhancing the
heart contractions while enhancing the adhesion of
cardiomyocytes.>**%® Similarly, hydrogels containing carboxy
betaine zwitterions can also respond to electrical impulses and
can repair cardiac functions due to their conductivity. Such
electro-responsive zwitterionic hydrogels have shown decreased
fibrosis areas and recovery of infarcted heart tissues.”®® Inter-
estingly, black phosphorous has been used in conjugation with
polydopamine and GelMA hydrogels, exploiting the high elec-
trical conductivity and also non-toxic degradation products.*'°
Apart from these conventional stimulative systems, researchers
have come up with an interesting hydrogel incorporating
reactive oxygen species-cleavable boronate bonds. These hydro-
gels can be stimulated by the ROS at the inflammatory infarct
site and release nitroxide radicals to counteract the oxidative
stress and simultaneously release vascular endothelial growth
factors which could enhance the cardiac outcomes.*'" Simi-
larly, Cheng et al. have developed a pH/H,O, and matrix
metalloproteinase responsive gel system to deliver the extra-
cellular vesicles for improving cardiac functions.>'> Chen et al.
developed a supramolecular hydrogel, which is a -
galactosidase (B-gal) enzyme-responsive hydrogel, for delivering
curcumin and nitric oxide (NO) donors.”™ In the MI model in
mice, tail vain injection of f-gal and orthotropic implantation
of hydrogel showed restoration of heart functions as shown
from the improvement of fraction shortening and ejection
fraction. Apart from the conventional light-triggered or light-
responsive hydrogel systems, Jing-jing et al. have fabricated a
near infrared-II responsive hydrogel system that releases the
Mir-196¢-3p microRNAs.>'* The utilization of NIR-II triggered
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hydrogel systems allows for the deeper tissue penetration of
light and also provides a photothermal effect. This hydrogel has
been proposed as a promising on-demand delivery system for
treating ischemic reperfusion injury.

3.2 Bone tissue

Unlike some of the soft tissue like the heart and neurons, bone
is mechanically a rigid material, due to its mineral content.
However, due to the presence of organic matrix, the bone is also
stiff and these organic matrices allow for the cells to reside and
remodel the bone as it grows. With these criteria as a priority,
researchers try to mimic the mechanical properties of the
natural bone through various strategies. When the biomater-
ial’s mechanical, biochemical, and microscopic architectural
properties closely resemble those of native bone tissue, a higher
bone regeneration could be envisioned due to the activation of
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various pathways. Such a biomimicking approach could be
achieved by mostly incorporating ceramic components, viz.,
calcium phosphate minerals, into the hydrogel system and
delivering it to the bone defect site. However, when incorporat-
ing such inorganic mineral components, it becomes difficult to
place/fill the biomaterial in the bone defects completely. To
rectify these shortcomings, researchers have used various other
approaches to utilize soft materials such as scaffolds, powders,
or hydrogels to bring out maximum bone regeneration. Hydro-
gels could also carry various tissue regenerative molecules such
as drugs, growth factors, microRNAs, genes, and cells, that
could aid in regeneration. However, delivering these through
regular scaffolds or gels could lead to rapid delivery and
exhaustion of these molecules during various phases of regen-
eration. Therefore, researchers have resorted to the use of
responsive or dynamic hydrogels, which could be made to
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respond to various external stimuli as discussed in the previous
sections.””® Another advantage of dynamic hydrogels is that
they can undergo a phase change from a flowable to a solid
state under various stimuli, thus enabling the complete filling
of bone defects, which might be impossible when high
amounts of minerals are implanted via conventional methods
such as powders, pellets, or scaffolds. For example, a thermo-
sensitive injectable gel system was developed by Huang et al.,
for the healing of tendon-bone junctions.”*® This hydrogel was
synthesized using a combination of methylcellulose, polyvinyl
alcohol, and polyvinylpyrrolidone which imparted thermo-
sensitive properties. Furthermore, this hydrogel was loaded
with bioactive glass. The hydrogel showed self-healing proper-
ties by solidifying at 37 °C and also slowly released kartogenin
which helped in fibrocartilage and bone regeneration. As seen
earlier, a chitosan glycerol phosphate thermosensitive hydrogel
system has been used to deliver alendronate in a controlled
manner for the prospective treatment of osteoporosis.?’’ A
PEG-PCL-PEG hydrogel system also exhibited a thermosensi-
tive behavior which was used in conjunction with an acellular
bone matrix to enhance bone regeneration in rabbits.>'® A
PNIPAm-based polymeric hydrogel was fabricated along with
chitosan and graphene oxide, which was thermosensitive as
well as injectable. This hydrogel had improved mechanical
properties and enhanced osteogenic differentiation.”’® A
dipyridamole-loaded PCL and silk fibroin-based thermosensi-
tive hydrogel was synthesized by Taymouri et al, using a
chitosan glycerol phosphate system. This system exhibited
the highest mechanical strength with the addition of silk fibers
and enhanced osteogenic differentiation.”*® Zhao et al. synthe-
sized a pH-responsive composite hydrogel composed of carboxy-
methyl chitosan and amorphous calcium phosphate.>?! The
hydrogel’s pH-responsiveness was achieved using glucono §-
lactone as an acidifier. A combination of BMP-9 overexpressing
cells and the hydrogel showed that the hydrogel improves both
the effectiveness and maturity of BMP9-induced bone for-
mation in vivo. Motasadizadeh et al. developed a pH-sensitive
silk fibroin/sodium alginate hydrogel scaffold loaded with
teicoplanin and phenamil-loaded silk fibroin nanoparticles
were developed to treat chronic osteomyelitis.>** The developed
system exhibited sustained and pH-sensitive drug release with
higher rates observed in alkaline pH. In vivo evaluations in
methicillin-resistant Staphylococcus aureus-infected rat bones
demonstrated promising effectiveness with lower infection and
higher regeneration compared to other treatment groups. A
hybrid hydrogel system with NIR light stimulation leading to a
photothermal effect was synthesized with gelatin, PMMA and
polydopamine. This system proved that NIR stimulation
enhanced bone repair in the rat skull.”*® Another injectable
hydrogel system was prepared by compositing calcium phos-
phate nanoparticles, poly(dimethylaminoethyl methacrylate-co-
2-hydroxyethyl methacrylate), indocyanine green along with
parathyroid hormones. When triggered with NIR light, this
system was able to dynamically release pulses of parathyroid
hormones, which proves to be effective in bone repair in
ovariectomized rats.>** Hydrogels that could respond to
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electrical and magnetic fields have been synthesized and
successfully demonstrated the effectiveness for bone tissue
regeneration (Fig. 8). These hydrogels are typically made of a
polymeric matrix and electromagnetic field conducting ele-
ments such as graphene oxide and magnetic nanoparticles
such as Fe;0,.*>?% It was shown that a pulsed electromag-
netic field applied to a responsive hydrogel has a great potential
in enhancing the bone regeneration. Aziz et al. developed a
hydrogel, containing a matrix metalloproteinase (MMP)-
sensitive peptide cross-link and RGD, and demonstrated
improved IDG-SW3 osteoblast to osteocyte differentiation and
mineralized collagen matrix formation compared to nonde-
gradable hydrogels and standard 2D culture.”® This study
showed that the susceptibility of hydrogels to cell-mediated
degradation promoted osteocyte differentiation and minera-
lized collagen matrix formation. Yang et al. developed an
injectable MMP1-sensitive hydrogel microsphere hydrogel
(LDL-MMP1/GelMA) that could release exosomes in response
to MMP1 expression.?*° In vitro and in vivo experiments demon-
strated that the developed hydrogel could promote the migra-
tion and osteodifferentiation of BMSCs and recruit CD90" stem
cells via neovascularization. Similarly, the ultrasound triggered
release of growth factors and the pH stimulated release of
antibiotics, growth factors and cells using the dynamic beha-
vior of hydrogels have also been demonstrated.**'>** Thus,
with the advent of the stimuli responsive dynamic hydrogels,
bone tissue regeneration has seen vast advancements.>*>**¢
The ability to control the release of specific bioactive molecules
at specific time helps the researchers to control the bone
regeneration.

3.3 Neural tissues

Neural tissue loss can occur due to various reasons such as
trauma, degenerative diseases, spinal cord injury, and trau-
matic brain injury which can cause a great limitation in the
functionality of day-to-day life. Furthermore, the regenerative
capacity of neural tissues is limited owing to the scar formation
and also the non-recovery of sensory and motor functions. This
can be debilitating and lead to poor quality of life. Numerous
clinical attempts have been made to improve the functional
neural connections between the severed ends of the nerve
tissues by close suturing or gluing. Researchers are developing
strategies to promote neural regeneration by using relevant
scaffolds, which could serve as bridges for the neural tissues to
grow. Similar to the cardiac tissues, neuronal tissues, and cells
depend on continuous electrical stimulations and conduction.
Apart from these, the neuronal tissues also need various growth
factors, small molecules, cells and molecules that are necessary
for synaptic communications, throughout the regenerative
process. Therefore, researchers have worked on various ways
to supplement these requirements using hydrogels that could
respond to various stimuli and also controllable delivery sys-
tems, that could achieve successful and functional neuronal
tissue.*®” Furthermore, hydrogels could also be stimulated to
form guidance conduits in the form of fibers, after the applica-
tion of certain stimuli, thus making them more functional for
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neuronal regeneration.**® Similarly, hydrogels can also be

stimulated to change their physical properties such as stiffness,
to match the relevant stiffness for maximum survival and
regeneration of neural populations. For example, a material
stiffness of around 1 kPa was found to be suitable for the
survival of various types of neural cells.”*® The electrical con-
ductivity could also be implemented in the hydrogels, so that
the cells which are growing could establish synaptic connec-
tions among one another and also with the healthy popula-
tions, thereby completing a fully functional neural circuit.

As seen in the previous examples of stimuli-responsive
hydrogels, a composite hydrogel comprising chitosan, cellu-
lose, hyaluronic acid, and glycerol phosphate was synthesized
by Yao et al, which had thermoresponsive properties. This
hydrogel could solidify when exposed to a body temperature of
37 °C and remained liquid below 25 °C. It was used to deliver
human umbilical cord mesenchymal stem cells in a traumatic
brain injury rat model and was found to support the survival of
the cells and enhance the recovery of neurological functions.**°
A peptide-based hydrogel system was fabricated by Adak et al.,
with further modifications including a sulfo group for ECM

This journal is © The Royal Society of Chemistry 2023

mimicking and a MMP9 cleavable unit. This hydrogel could be
injected into the injured brain site and in the presence of
MMP9, it could release the neuroprotective peptide, thus
promoting the healing of neurons.>*' Zheng et al. developed a
thermo-responsive hydrogel based on the PLGA-PEG-PLGA
system for the delivery of baricitinib, a JAK1/2 inhibitor. This
system was able to enhance the microglia formation and also
helped in the neurological recovery in the rat spinal cord injury
model.”>*> Wei et al developed poly(ethylene glycol)-co-
polyvaline (mPEG-PLV) and grafted it with tetraniline moieties,
resulting in an electroactive and thermosensitive polymer
hydrogel matrix. They further loaded nerve growth factors into
this matrix and applied it for treating spinal cord injury in rats.
Furthermore, transcutaneous electrostimulation was also deliv-
ered using electrode needles. This resulted in endogenous
neurogenesis and also helped in the recovery of motor function
(Fig. 9).*** Similarly, they designed and fabricated a semi-
interpenetrating network of hydrogels using poly(N-
isopropylacrylamide-co-N-isopropylmethacrylamide) and the
conducting polymer polythiophene. The authors showed that
this hydrogel could also be used for 3-D printing applications,
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thus proposing this electroconductive polymer for neural tissue
applications.?** Bhattacharyya et al. were able to synthesize a
gelatin-genipin hydrogel impregnated with iron oxide nano-
particles. This magnetic field sensitive hydrogel was implanted
in a contusion spinal cord injury rat model. With the addition
of magnetic field exposure, it was found that there was a
significant improvement in spinal reflexes and electrophysio-
logical markers as well as behavioral improvements indicating
that magnetic stimulatory hydrogels could enhance neural
repair.>*® Recently, a magnetic and thermo-responsive hydrogel
system was fabricated using chitosan, glycerol phosphate, and
iron oxide nanoparticles and was also loaded with dexametha-
sone. This preparation along with the magnetic field exposure
was able to reduce the inflammation of sciatica in rats.>*® Tran

3344 | Mater. Horiz., 2023, 10, 3325-3350

et al. developed a peptide-based hydrogel system, which could
self-assemble. By incorporating magnetic carbonyl iron parti-
cles, they were able to control the alignment of the fibrous
matrix under the influence of an external magnetic field, and
this alignment proved to be helpful in directing the axonal
infiltration and also improved axonal growth."®® Thus, various
researchers have shown the potential of hydrogels that are
sensitive to various stimuli. These stimuli-responsive hydrogels
could be exploited by combining various modalities, allowing
for the delivery of growth factors on demand.>*”**® Systems
such as magnetically activated hydrogels could be advanta-
geously applied in clinical settings because of the control and
ability to focus the magnetic fields precisely, thus improving
the expected outcomes.>*’

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3mh00399j

Published on 07 June 2023. Downloaded on 6/22/2026 1:35:24 AM.

Materials Horizons

4. Conclusion and future outlook

The field of stimuli-responsive hydrogel is an emerging field
with developments forming new benchmarks in the advanced
and bio-functional platforms providing numerous advantages
over traditional hydrogel systems. As overviewed here, numer-
ous designs of the hydrogel that respond to various stimuli
provides a unique opportunity to carefully design a hydrogel
for tissue regenerative application. Additionally, various
stimuli-response elements can be rationally added to the
hydrogel, providing a multi-functional intelligent hydrogel.
Recent updates on tissue regenerative applications, especially
in bones, cardiovascular tissue, and nerves using stimuli-
responsive hydrogel are provided.

Even though many studies have been discussed here, none
of the stimuli-responsive hydrogels has received regulatory
clearance for use in humans. It is expected that these hydrogels
would face severe challenges in translating these platforms
to human applications. For example, many hydrogels were
designed to respond to endogenous stimuli under pathological
conditions. However, there is a lack of robust physiological data
during disease progression or in the natural healing cascade of
the injured site and there is a lot of patient-to-patient variation
in terms of the concentration of the biological molecules and
their presence. In this situation, a single stimuli-responsive
hydrogel might fail and that is when multi-stimuli-responsive
hydrogels can rescue us from the problem by increasing the
sensitivity of the hydrogel platform. Another aspect that needs
to be considered is that by the introduction of various chemical
moieties as stimuli-response elements, the biocompatibility
and the degradation profile need to be studied in detail.
Furthermore, stimuli-responsive hydrogels implanted in vivo
can exhibit variable degradation rates and loss of responsive-
ness, attributable to material-related and in vivo-related factors.
Material-related factors, such as the properties of the precursor
materials selected (e.g., hardness, elasticity, hydrophobicity,
and degradability), can be adjusted by compositing materials
to achieve desired parameters. In vivo factors that influence
hydrogel viability in tissue engineering include tissue micro-
environmental conditions (e.g., pH, tissue damage, blood and
nutrient supply), underlying pathologies, genetic conditions
and the individual’s immunological response. The type of
tissue being regenerated also affects the duration of hydrogel
implantation, and matching of the degradation profile of the
hydrogel to the regenerative profile of the tissue is essential.
For example, skin tissue regenerates faster than bone tissue,
requiring hydrogels that last for a few weeks, whereas hydrogels
for bone regeneration must last for a few months. By optimiz-
ing material properties and controlling in vivo factors with
necessary treatment modalities, researchers and clinicians
can achieve optimal hydrogel degradation profiles tailored for
specific needs. Many researchers are working to overcome these
problems for clinical translation. For example, Calder et al
developed a PNIPAm-based hydrogel to study agnostic tissue
regeneration and they were able to demonstrate the potential
of this hydrogel system through limited clinical studies.'®

This journal is © The Royal Society of Chemistry 2023
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Moving forward, further developments in such platforms
require scientists from chemical, biological, and pharmaceuti-
cal backgrounds for an effective clinical translation. With
ongoing efforts addressing these challenges, the potential of
stimuli-responsive hydrogels for clinical translation in tissue
regenerative applications is promising.
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