#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue,

REVIEW

LCST/UCST behavior of polysaccharides for
hydrogel fabrication

i ") Check for updates ‘

Cite this: RSC Adv., 2024, 14, 35754
Seo Hyung Moon, @12 Sol Ji Park, © 2 Ye Won Lee ® 42 and Yun Jung Yang © *@°

Hydrogel-based scaffolds play a crucial role in widespread biotechnological applications by providing
physicochemical stability to loaded cells or therapeutic agents, interacting with organismal
microenvironments, and controlling cargo release. Polysaccharides are regarded as attractive candidates
among substrate materials because of their high water-retaining capacity, reactive functional groups,
ease of gelation, low immunogenicity, biodegradability, and biocompatibility. However, employing
polysaccharide-based hydrogel scaffolds for practical use in response to ongoing physiological and
pathological changes within the human body, such as insufficient mechanical strength, uncertain
degradation, and uncontrollable release patterns, is challenging. Several physically noncovalent or
chemically covalent crosslinking strategies have been utilized to modify the physicochemical properties
and biofunctionality of polysaccharide-based hydrogels. Among them, thermo-responsive gelation
systems have been considered a promising approach for fabricating advanced scaffolds, referred to as

‘stimuli-responsive’ or ‘smart’ hydrogels. This is because of the sol-gel transition with a single trigger,
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Accepted 24th October 2024 requiring no further environmental or chemical intervention, and in situ and reversible gelation under

ambient physiological temperature changes in a minimally invasive manner. This review highlights the
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1. Introduction

Biomedical engineering is a multidisciplinary field devoted to
developing biological substitutes that replace, restore, and
regenerate defective tissues by incorporating cells in fundamental
construct matrices, known as scaffolds.® The scaffolds, porous
three-dimensional matrices made of polymeric biomaterials,
perform a crucial role as indispensable components of engi-
neered tissues.” Scaffolds facilitate the incubation of cells and
support their attachment, growth, proliferation, differentiation,
and migration for the subsequent development of new tissue;
provide chemical and physical stability in a physiological envi-
ronment; and transport biochemical signals, nutrients, and
oxygen.> To design suitable scaffolds for various biomedical
applications, optimal parameters, such as adequate porosity (pore
size and shape), controllable biodegradability without producing
toxic byproducts, biocompatibility, rheological and mechanical
properties, and surface characteristics (topography and rough-
ness), must be tailored depending on the targeted tissue.’
Hydrogel-based scaffolds, colloidal solids with hydrophilic poly-
mer networks, are commonly used as soft tissue alternatives
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reaction mechanisms, characteristics, and advanced studies on thermo-responsive
polysaccharides exploited in various biomedical fields.

because of their ECM-like architectures. They can be produced
using synthetic polymers, natural polymers, and a blend of both.*
The formation of a hydrogel involves physical, chemical, or hybrid
bonding, which can be achieved through various methods such as
radiation techniques, bulk polymerization, free radical polymer-
ization, and solution casting.* Viscoelasticity, minimally invasive
delivery of macromolecules to the damaged site, ability to swell
readily without dissolving, and a high content of biological fluids
(up to several thousand%) are its merits.>*

Polysaccharides such as alginate, carrageenan, cellulose, chi-
tosan, and hyaluronic acid have been regarded as (a) attractive
candidate materials for transporting therapeutic cells; (b) small
molecules; and (c) bioactive substances; thus facilitating phar-
macological effects, including tissue repair and antitumor, anti-
bacterial, and immune regulation effects, owing to their high
water-retaining capacity, renewability, low immunogenicity,
biodegradability, and biocompatibility.*” In addition to their
unique biological activities, many different polysaccharides and
their derivatives with multiple structures and molecular weights
above 100 kDa or even 1000 kDa allowed them to have a wide
range of mechanical and rheological behaviors and potential
gelatinization performances.*® Compared with protein-based
hydrogels, polysaccharide-based hydrogels can avoid rapid
degradation by proteases in vivo and maintain structural integrity
without shrinking, facilitating long-term tissue regeneration and
sustained release of biomolecules.'*"*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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However, employing polysaccharide-based hydrogel scaffolds
for practical use in response to ongoing physiological and path-
ological changes within the human body is challenging; for
example, insufficient mechanical strength, uncontrollable absor-
bency (correlated with loading capacity), and uncertain degrada-
tion (correlated with release patterns). To modify the
physicochemical  properties and  biofunctionality  of
polysaccharide-based hydrogels, physically non-covalent or
chemically covalent crosslinking strategies have been utilized.”
Generally, noncovalent interactions such as host-guest metal
coordination, nanofillers incorporation, hydrophilic/hydrophobic
interactions, and hydrogen bonding have been applied to fabri-
cate physical networks.”** In contrast, a covalent network can be
achieved by redox, photo-, thermal- or free radical polymeriza-
tion.”> Using these crosslinking strategies by engineering the
intrinsic functional moieties of polysaccharides facilitated the
design of advanced scaffold systems, referred to as ‘intelligent’ or
‘smart’ hydrogels.”® Because they are responsive to external
stimuli such as pH, incident light wavelength, temperature,
enzymatic environment, ionic strength, and magnetic and electric
fields, their biological and mechanical aspects can be enhanced
depending on the desired applications."®

Thermo-responsive hydrogels that gelate via hydrophobic
interactions have been widely exploited in biomedicine. This
strategy allows a sol-gel transition with a single trigger, requiring
no further environmental or chemical intervention."” This phase
transition process demonstrates the separation of the solution
and solid states at certain temperatures.”® Thermogels can be
divided into two types according to their phase separation
behavior: critical solution temperature (CST), upper critical solu-
tion temperature (UCST), and lower critical solution temperature
(LCST). The polymer remained soluble below the LCST. However,
above the LCST, they become more hydrophobic and insoluble,
leading to their solidification. In contrast, hydrogels that were
solidified by cooling the polymer solution had a UCST.* These in
situ- and reversible gel-forming systems can react to readily
accessible physical and thermal stimuli, facilitating the delivery of
biomaterials within a solution in a minimally invasive
manner.”*** Owing to their phase transition ability, especially at
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physiological temperatures, both thermo-responsive
polysaccharide-based hydrogels have become promising plat-
forms for biomedical applications such as regenerative medicine,
targeted drug delivery, and implantation of artificial organs.*®

This review discusses the intrinsic characteristics, fabrica-
tion methods, and reaction mechanisms of thermo-responsive
hydrogels. The most extensively exploited thermo-responsive
polysaccharides in tissue engineering applications have been
classified into two groups: UCST-types, including agarose and
carrageenan, and gellan gum; LCST-types, including chitosan,
xyloglucan, and methylcellulose. Additionally, recent studies on
strategies to promote tissue specificity for targeted performance
in various biomedical applications, including in situ gel-based
drug delivery (ocular, nasal, osteogenic, and topical lesion
site), photo-thermal therapy, tissue regeneration (cartilage,
bone, and skin wound dressing), and 3D cellular scaffold
engineering of each material, are discussed to enhance the
readers’ understanding.

2. UCST-responisve polysaccharides

UCST hydrogels primarily consist of hydrophilic components,
and their swelling ability increases in aqueous solutions with
temperature increases'® (Fig. 1(A)). Entropy-driven dehydration
and collapse of the polymer matrix lead to a gel state at
temperatures below the UCST.*”” Their phase transition
temperatures vary between polymers; however, most transition
to a liquid state at 60-70 °C, and gelation occurs at physiological
temperatures of 25-35 °C.

Carrageenans, agarose, and gellan gums belong to UCST-
type polysaccharides,* which have been extensively studied in
biomedical applications due to their similarity to the glycos-
aminoglycan composition of the ECM, low immunogenicity,
innate biocompatibility, and encapsulating capability of living
cells by gaining shear thinning behavior.>*** Both carrageenans
and gellan gums undergo a transition from a disordered state
(random coil) to an ordered state (helix) to form a physical gel,
followed by the aggregation of helical segments into extended
network junctions.”® Carrageenan has a wide range of critical
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Fig. 1 Phase diagrams of (A) UCST and (B) LCST properties of thermo-responsive polysaccharides.?>8687
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Fig. 2 A comprehensive review of thermo-responsive polysaccharides in biomedical applications.

transition temperatures, from 35 to 65 °C,**® while the gellan
gum typically transitions around 30 to 40 °C.*® Especially for
carrageenan, anionic sulfate groups in carrageenan make it
highly sensitive to cationic surroundings (mono- or di-valent
cations), promoting the formation of helical aggregates.*
Unlike anionic carrageenans, agarose is a neutral poly-
saccharide, facilitating gelation without counterions or other
additives.** As the agarose solution, which remains in sol state
at above 60 °C, begins to cool, intramolecular hydrogen bonds
form, creating a single helix structure that makes the agarose
chains more rigid.** With further cooling, intermolecular bonds
between the single helices lead to the formation of double
helices, producing a gel network in double helical aggregates.
The sol-gel transition kinetics in these UCST-responsive poly-
saccharide gels and their gelation conditions affect the micro-
structure, pore size, rheological properties, and thermal
stability of the gels.*

Thermo-responsive hydrogels with UCST present a prom-
ising avenue for biomedical applications owing to their facile

35756 | RSC Adv, 2024, 14, 35754-35768

control over physical properties via gelation mechanisms.** In
particular, their ability to modulate their properties during
preparation renders them highly suitable for biomedical
applications, offering versatility across various tissues and
organs (Fig. 2). Moreover, their characteristic transition from
the solution to the gel phase above a critical temperature makes
them ideal candidates for therapeutic strategies such as pho-
tothermal therapy. UCST-based photothermal therapy hydro-
gels can release on-demand therapeutic agents at specific target
sites.** Additionally, the ease of formulation of UCST hydrogels
allows the adjustment of gelation temperature ranges, making
them suitable for diverse applications, including 3D bioprint-
ing, scaffolds for tissue regeneration, wound dressing, and drug
delivery vehicles for photo-thermal therapy. This review high-
lights the significant potential of UCST hydrogels as versatile
biomaterials for advancing biomedical research, focusing on
agarose, carrageenan, and gellan gums, both exhibiting UCST
behavior (Table 1).

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

Agarose is a thermo-responsive polysaccharide dissolved at
a high temperature of 70-100 °C to have a sol and a gel state in
a low-temperature range of 30-40 °C to exhibit UCST behavior.**
It can be purified from agar sources such as red algae, which
can be easily produced in many countries cost-effectively.***¢
Owing to its non-immunogenic properties and thermo-respon-
sive reactivity, agarose is actively used in tissue engineering.’”
Agarose has B-p-galactose and 3,6-anhydro-a-L-galactose in its
structure, linked by a-(1 — 3) and B-(1 — 4) glycosidic bonds.**
Due to numerous hydroxyl groups in B-p-galactose, agarose
readily interacts with hydrogen atoms, forming hydrogen
bonds.* This interaction allows the structure to transition from
a random coil to a helical structure in response to temperature
changes, resulting in a physical three-dimensional network.*’

The thermo-responsive properties of agarose make it suit-
able for application as an injectable hydrogel-based scaffold
material. Agarose can encapsulate some biomolecules in a sol
state at elevated temperatures and rapidly transition to a gel
state at the physiological temperature of 37 °C. In the case of
irregular defects in the cartilage area, agarose can effectively
promote the treatment of damaged cartilage areas as support
with stable mechanical properties while tightly filling the defect
area according to temperature reactivity characteristics.** An
agarose injectable hydrogel encapsulated autologous bone
marrow mesenchymal stem cells (BMSCs) to repair micro
defects in the articular cartilage.”” This agarose-based injectable
hydrogel filled the irregular and micro-defect areas, promoted
the adhesion and proliferation of chondroitin cells, and facili-
tated the integration between the newly formed and existing
cartilage tissues, achieving a good distribution of chondrocytes
in the defect area.

Additionally, the UCST behavior of agarose can be utilized as
a drug delivery carrier in photo-thermal cancer therapy. Agarose
exhibits a gel phase at the physiological temperature of 37 °C
and a sol state in response to increased temperatures. This
property is suitable for implementing on-demand drug release
behavior in response to increased temperatures induced by
photo-irradiation.**** Agarose has been used as a carrier for
photo-thermal drug delivery by blending it with hydrophilic
polymers such as cellulose to enhance its mechanical
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strength.”® When combined with hydrophilic polymers con-
taining abundant hydroxyl groups, agarose forms physical
crosslinks with polymers with enhanced compressive strength
and elastic modulus. This enhanced mechanical strength
allowed the blended agarose hydrogel to specifically release
drugs only when irradiated with light, making it advantageous
for applications in targeted drug delivery. This thermo-
responsive agarose hydrogel undergoes a sol-gel transition
when the temperature changes, allowing it to rapidly respond to
an increase in temperature caused by photo-irradiation, disso-
ciating physical crosslinking with the release of drugs, and
achieving over 80% cancer cell mortality.

Agarose, which exhibits thermo-responsive phase-transition
properties, can also be utilized as a delivery vehicle for cancer
therapy. Agarose-based injectable hydrogels demonstrate
effective drug delivery capabilities for tumor sites requiring
localized treatment by modulating release kinetics with a low
melting point. In particular, the photo-thermal sol-gel transi-
tion behavior of agarose, characterized by its UCST, enables on-
demand drug release, making it highly suitable for applications
in cancer treatments that necessitate controlled drug release.
Agarose hydrogel was employed as a photo-thermal drug carrier
to deliver doxorubicin to tumor sites.*® Upon near-infrared
irradiation, the on-demand release profile was observed
(Fig. 3(A)). When the treatment effect was confirmed for the
tumor model mouse in vivo, the tumor suppression rate reached
97.5%. For solid tumors, the agarose hydrogel-treated group
exhibited approximately 9 times higher tumor death rate
compared to the untreated group (Fig. 3(B)). These results
suggest that agarose-based UCST hydrogels hold significant
potential as a localized chemo-photo-thermal therapeutic plat-
form for tumor treatment.

2.2. Carrageenan

Carrageenan is a thermo-responsive polysaccharide exhibiting
a UCST behavior that is converted to sol in a high-temperature
state and gel in a low-temperature state within the temperature
range of 35-65 °C.>”*® The sulfate ester content on each carra-
geenan backbone ranges from 15% to 40%, classifying it into
three types: kappa (k), iota (1), and lambda (1), based on the
number and position of the sulfate groups.***° The kappa-, iota-
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(A) Controllable doxorubicin release induced by photo-thermal effects irradiated by near-infrared and (B) the comparison of the average

weight of excised tumors after various treatments. Reprinted with permission from ref. 43. Copyright (2018) American Chemical Society.
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, and lambda-carrageenans possess one, two, and three sulfate
groups, respectively.** An increase in the number of ester sulfate
groups correlates with a reduced gel strength and decreased
solubility temperature.* The gelation properties of carrageenan
are cation-dependent, with cations such as K" and Ca** influ-
encing both gel formation and the gel-sol transition tempera-
ture based on their concentration.” In the gel formation
process of carrageenans, the interaction between the sulfate
group and the cation diminishes the electrostatic repulsion
among the polysaccharide chains, resulting in the adoption of
a double helical structure by the chain.****

Based on these characteristics, carrageenan can modulate
mechanical strength and rigidity through the number of sulfate
groups and cation concentration, enabling the production of
printable hydrogels with excellent crosslinking ability, tunable
cell orientation, and fluid properties, making it highly suitable
for tissue engineering applications.***® Methacrylated kappa
carrageenan and alginate were combined to create a bio-
printable, dual-crosslinked hydrogel.*® The sulfate group of
carrageenan promoted cell adhesion, proliferation, and differ-
entiation, whereas its gelation properties allowed for the
extrusion of high-concentration bioink under low pressure,
minimizing the impact of shear force on cell viability.”** In
addition, gelling molecules clustered better with alginate and
kappa-carrageenan, reducing electrostatic interactions.*®
Calcium ions added for double crosslinking enhanced the
helical structure aggregation of carrageenan by alleviating
sulfate group repulsion.® The gel properties became possible at
physiological temperatures, maximizing cell orientation,
proliferation, and adhesion on the sample surface, providing
a conducive environment for stable cell growth.>
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By employing the thermo-responsive properties of carra-
geenan, the scaffold effectively addressed the limitations of
existing protein scaffolds.®* A cell-friendly ink was generated by
incorporating Iota-carrageenan with silk fibroin, enhancing the
ink viscosity compared to pure protein formulations and facil-
itating 3D printing processes. Carrageenan-based ink, charac-
terized by its shear-thinning®**® behavior, enhances cell viability
during extrusion, a notable improvement over traditional fluid
inks (Fig. 4). Scaffolds mixed with carrageenan exhibit minimal
shrinkage® over prolonged culture periods, presenting an
advantage over scaffolds composed solely of proteins. Typically,
proteins depend on covalent bonds for binding, whereas
carrageenan mixing introduces physical crosslinking, which
leads to double crosslinking.®* Additionally, the temperature-
responsive gelation of carrageenan imparts non-Newtonian
fluid properties to the ink, ensuring uniform cell encapsula-
tion and distribution throughout the printing process and
enhancing the overall scaffold functionality and
performance.®%*

Besides being used as ink, injectable hydrogels find appli-
cation in wound healing and tissue repair. A kappa and iota
carrageenan blend with locust bean gum and gelatin yielded an
injectable hydrogel.*® Gelatin's numerous amino groups foster
electrostatic interactions with carrageenan, forming a polymer
electrolyte composite, stabilizing the carrageenan network,
enhancing mechanical strength, and increasing carrageenan
content.”®”* Unlike individual iota and kappa carrageenan gels,
the mixed gel displayed modified co-aggregation and formed
a mutually penetrating network, surpassing the combined
rigidity of each gel component. This underscores the advantage
of using mixed carrageenan over individual types.”” Due to its
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(A) Rheological analysis of carrageenan-based bioinks in temperature sweep mode and (B) fluorescent images demonstrating cells evenly

distributed in fibers. Reprinted with permission from ref. 63. Copyright (2017) American Chemical Society.
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low mechanical strength and susceptibility to enzymatic
degradation, gelatin alone often experiences shrinkage, which
was counteracted by combining it with temperature-responsive
carrageenan.”>”* The presence of amino and carboxyl groups
enhances hydroxyl group repulsion in carrageenan, increasing
hydrogel porosity compared to gelatin alone.”

2.3. Gellan gum

Gellan gum is another type of UCST polysaccharide that exhibits
thermo-responsive behavior. It is a deacylated polysaccharide
derived from the bacterium Sphingomonas elodea bacterium.
Gellan gun consists of two B-1,4,p-glucose units, one B-1,4,p-
glucuronic acid unit, and one a-1-1,3-thamnose unit* (Fig. 5). It
can dissolve in water in the presence of mono-(Na', K'), di-
(Ca®*, Mg”"), and trivalent (AI’") ions at high temperatures,
typically around 70 to 90 °C.”*”” These ions act as a crosslinker
during the cooling process of the gellan gum, promoting gel
formation.”®”® The gelation temperature can be adjusted
depending on the molecular weight or functionalization of the
gellan gum, making it suitable for biotechnological applica-
tions where physiological temperatures around 37.5 °C are
necessary.”® Gellan gum exists in the form of coil at a high
temperature, and when the temperature is lowered, it transi-
tions into a double-helix structure, forming a gel.”” These
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thermo-responsive characteristics and ionotropic gelation
properties are similar to those of carrageenan, and gellan gum
can be gelated even at very low concentrations, even as low as
0.1%. The UCST properties of gellan gum can be widely utilized
in controllable drug release hydrogels and photo-thermal
wound healing.

A gellan gum-based thermo-responsive hydrogel can be used
as a drug delivery system. Since the temperature sensitivity of
therapeutics such as antibodies, a carrier material capable of
gelling at a low temperature is required.®* Gellan gum can gel at
a biological temperature of 37.5 °C, and its temperature-
responsive phase-transition properties can be finely tuned by
incorporating additives such as peptides.** A gellan gum-based
hydrogel was developed for the sustained release of antibody-
based therapeutic agents.*® In situ polymerization occurred at
body temperature using trilysine peptides as a crosslinker. This
gellan gum hydrogel facilitated conformation and aggregation
due to interactions between trilysine peptides and encapsulated
antibodies, enabling a continuous release after an initial burst
release. This thermo-responsive gellan gum hydrogel demon-
strated a low injection force of less than 20 N and sustained
release of immunoglobulin G for over 120 hours, with approx-
imately 80% of the drug released in an initial burst within the
first 24 hours under physiological conditions. These results
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highlight the potential of gellan gum hydrogels to preserve the
bioactivity of temperature-sensitive molecules such as anti-
bodies while enabling prolonged drug delivery.

Gellan gum with UCST responsiveness can be used as
a hydrogel biomaterial for photo-thermal therapy. Effective
treatment of bacterial infectious chronic wounds requires
antibacterial activity and the design of a treatment vehicle
capable of preventing further infections.*® Photo-thermal
therapy is a promising approach for treating infectious
wounds, as the localized temperature increase induced by light
irradiation can directly facilitate the destruction of fungal
pathogens. Gellan gum, which undergoes a phase transition in
response to temperature changes, can be applied as a wound
dressing material for photo-thermal-assisted infectious wound
healing.*” Upon the infectious wounds, the photo-/thermo-
reactive on-off drug release capability and antibacterial treat-
ment ability of the gellan gum hydrogel were confirmed. It
exhibited on-off behavior in response to photo-thermal stimu-
lation within a temperature range of 0-50 °C, with drug release
capacity approximately 20% higher after 120 hours compared to
the non-stimulated control group. Additionally, for the growth
kinetics of two bacterial groups, the colony-forming units were
significantly reduced relative to the control group without
hydrogel. These results suggest the potential of a photo-thermal
stimulation-responsive gellan gum hydrogel as a wound healing
agent capable of preventing reinfection at chronic wound sites
while promoting effective healing.

3. LCST-responsive polysaccharides

LCST hydrogels contain hydrophilic and hydrophobic groups
and undergo sol-gel transitions depending on temperature
changes.®* When the temperature becomes below the LCST, the
gels transform into highly viscous liquid or solution.”” In
contrast, polymers near the LCST undergo a reversible phase
transition from soluble (random curl) to insoluble (crash or
micelle form)* (Fig. 1(B)). This phase transition occurs at
a physiological temperature of approximately 32-37 °C.
Typical polysaccharides exhibiting LCST behavior include
chitosan, xyloglucan, and methylcellulose,* which have attrac-
ted significant attention in various biomedical applications due
to their thermo-sensitivity under physiological temperatures,
non-toxicity, injectability as biological transporters to lesion
sites, bioadhesives, and antimicrobial properties.**** When
heated from 5 to 70 °C, chitosan-based aqueous solutions in the
presence of disodium B-glycerophosphate (B-GP) simulta-
neously turn into a gel at 37 °C.*** Upon cooling, the reverse
process occurs (gel to solution), demonstrating the thermo-
reversibility of the gel.*® Xyloglucan, with 35-50% of its galac-
tose residues removed by using B-galactosidase, has an opti-
mized sol-gel transition temperature that depends on the
concentration of pre-gel solution.””*®* A higher galactose
removal ratio broadens the gelation temperature range to 22—
35 °C.”*° The critical transition temperature of methylcellulose,
ranging between 60 and 80 °C, hinders its thermal transition at
physiological temperature.'® However, several factors, such as
substitution degree of methylation, concentration, and addition
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of anions, sugars, and sugar alcohols, can adjust its thermal
gelation temperature to around 37 °C.>*'** The macromolecular
arrangement of these LCST-responsive polysaccharides changes
from the hydrophilic (sol) to hydrophobic (gel) state when the
temperature exceeds their respective LCST.** In particular, for
methylcellulose, hydroxyl groups (-OH) and water molecules
interact through hydrogen bonds below the LCST, resulting in
the hydration of methylcellulose chains in solution. These
hydration layers form around methyl groups (-OCHj), pre-
venting hydrophobic interactions.'®® When the methylcellulose
solution absorbs thermal energy as the temperature rises above
LCST, the hydration layers diminish, and inter-/intra-molecular
hydrophobic interactions form simultaneously, forming
a physically crosslinked gel.***

Hydrogels exhibiting LCST offer a unique advantage in
biomedical applications because of their ability to induce in situ
gelation at physiological temperatures, facilitating the mini-
mally invasive delivery of hydrogel matrices into the body. This
property makes them particularly suitable injectable hydrogels,
presenting distinctive and crucial points.'® Furthermore, the
capacity for gelation at a physiological temperature of 37 °C
makes LCST-based hydrogels suitable for cell-culture applica-
tions. LCST-based cell sheets can serve as stable scaffolds for
cell culture at 37 °C, allowing for the robust manipulation of cell
layers by simply changing the temperature.'*® Consequently,
LCST-based hydrogels have potential applications as 3D cell
sheets, tissue regeneration scaffolds, and in situ gel-based drug
delivery systems for ocular, dermal, osteogenic, nasal, and
topical lesion sites. This study examined the advantages and
applications of LCST hydrogels in biomedical research and
therapeutic interventions, focusing on the typical poly-
saccharides that exhibit LCST behavior: chitosan, xyloglucan,
and methylcellulose (Table 2).

3.1. Chitosan

Chitosan is another natural thermo-responsive polysaccharide.
Chitosan exists in the sol state at 25 °C, and when the
temperature is increased to 37 °C, it exhibits a gel phase owing
to its LCST behavior. Chitosan has 2-amino-2-deoxy-p-D-glucan
in its structure, which is connected by glycosidic linkages.""’
Chitosan is derived from the hard shells of crustaceans or
insects.'”® Chitosan can be obtained through the deacetylation
of the acetamide groups of chitin into primary amino groups,
and the gelation ability is controlled by the degree of proton-
ation of the amino groups induced through deacetylation.'®®
The amine groups of chitosan can be adjusted to gelate under
biological conditions, such as physiological temperature and
neutral pH, by appropriately adding additives like B-GP, which
is a type of salt that facilitates the electrostatic interactions with
the amine groups of chitosan'*® (Fig. 6). Furthermore, chitosan
has a positive charge, imparting polycationic properties.
Consequently, chitosan can interact with various polyanionic
materials.

Due to its structural properties and temperature respon-
siveness, chitosan can be utilized as a drug delivery vehicle.
Chitosans' polycationic nature allows adhesion to anionic
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Fig. 6 The mechanism of neutralization of chitosan with B-glycerophosphate.*®

mucosal surfaces."*'*> Therefore, in the field of ocular drug
delivery, thermo-responsive chitosan is capable of rapid gela-
tion on the ocular surface, preventing the solution-phase
formulation of ocular drugs from draining off the cornea and
improving the drug uptake ratio.® Chitosan-based in situ
hydrogels have been used as ocular drug delivery vehicles for
treating bacterial conjunctivitis."** The chitosan hydrogel with
an additive of B-GP rapidly undergoes gelation in 2 min,
demonstrating the sustained release of ocular drug molecules
by controlling the drug release amount from 95% to 83.3%.
Additionally, it prolonged the residence time of the drug
molecules on the ocular surface, providing a 38.4% higher drug
efficacy than the solution-phase formulation of drug vehicles.

In addition, chitosan can be used as an injectable hydrogel-
based wound-dressing material. The cationic chitosan interacts
with negatively charged bacterial cell membranes, causing
leakage of intracellular components and altering cell perme-
ability."” This mechanism confers antibacterial and antifungal
activities to chitosan. The temperature-responsive gelation
properties of chitosan make it suitable as an injectable wound
dressing. It can be injected in its sol state at 25 °C to fill irreg-
ularly shaped wounds and then gelated in situ at 37 °C.
Chitosan-based injectable hydrogels are used as wound-
dressing materials for treating chronic wounds caused by
antibiotic-resistant bacteria."’® When introduced in the sol
state, chitosan closely covered the irregular wounds, signifi-
cantly improving the suture rate of the infected wound area
from 33% to 75%. Additionally, due to chitosan's antimicrobial
characteristics, it suppressed the growth of antibiotic-resistant
bacteria from 67.70% to 38.29%.

Chitosan, which exhibits LCST properties, can be utilized as
a dressing material for chronic wounds requiring antibacterial
activity. The high density of amine groups in the chitosan
backbone enables double crosslinking through additional
molecular modifications, enhancing its mechanical properties

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

and making it an effective carrier for therapeutic delivery. Chi-
tosan, double-crosslinked with genipin, was developed to
deliver therapeutic agents in wound healing applications.'””
This double-crosslinked, amine-modified chitosan demon-
strated double 1.94 times enhanced compressive strength and
stable injectability in the syringe. Thermo-responsive chitosan
hydrogel gelled at 37 °C and provided sustained release of
therapeutic agents, achieving low bacterial survival rates of 32.9
£ 6.0% and 24.2 + 2.6% against E. coli and S. aureus, respec-
tively, thereby demonstrating effective antibacterial activity.
These results suggest that chitosan hydrogels possess robust
thermo-gelling ability and substance release properties with
stable delivery ability, making chitosan hydrogel an effective
therapeutic delivery vehicle for bacterial-infected wound areas.

3.2. Xyloglucan

Xyloglucans are polysaccharides that are found in the cell walls
of terrestrial plants.’*® They undergo reversible sol-gel transi-
tions when degalactosylation is induced by chemical or enzy-
matic modifications."® During degalactosylation, removing
galactose residues eliminates the steric hindrance between the
branches of xyloglucans and galactose**** (Fig. 7). Conse-
quently, the rod-shaped chains of xyloglucans align into
a planar structure, facilitating gelation by forming crosslinked
domains upon heating.®” During this process, the gelation time
and gel temperature can be readily controlled based on the
extent of galactose removal and the concentration of xyloglucan
added, thus rendering it adaptable to diverse fields.*®"** The
optimal removal ratio of galactose residues for forming ther-
mally responsive xyloglucans falls within the range of 35-
50%.°"® Removal of approximately 45% by weight enables
transformation at a biocompatible temperature of 37 °C, facil-
itating sensitive gelation under physiological conditions.*****
This highlights its competitiveness in tissue engineering.'*****
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Xyloglucan, sensitive to biological temperatures, may offer
a novel platform for delivering drugs through the nasal cavity to
the brain, thereby overcoming application challenges. Xyloglu-
can has been used to create a nasal thermo-sensitized in situ gel
for anticonvulsant drug delivery."”® Gel of all conditions with
around 40% degalactosylation gelled at 31-35 °C, enabling in
situ gelation. Controllable release rates were achieved by
adjusting the xyloglucan concentration and drug quantity as
observed in vitro. The nasal mucosa has excellent perfusion and
allows for rapid drug absorption; however, it is crucial to
maintain the drug formulation on the mucous membrane for
extended periods, as absorption time varies with the adminis-
tration type.'** Animal model testing revealed that in situ gel
formulations persisted longer in the nasal cavity than conven-
tional dosage forms, resisting clearance, and can be controlled
to provide a desired drug release in the body. Unlike traditional
drug delivery methods such as aqueous suspensions and
intravenous boluses, intranasal in situ gel formulations signif-
icantly enhance brain availability, increasing drug utilization
from 31.9% to 90.65%."*

Xyloglucan-based in situ gels serve not only for drug delivery
but also as catalysts for cell growth and tissue formation.'*”
Approximately 45% of the degalactosylated xyloglucan is used to
create a three-dimensional artificial extracellular matrix,
commonly known as a niche.””®**' Mesenchymal stem cells,

35764 | RSC Adv, 2024, 14, 35754-35768

recognized for their multisystem differentiation and regenera-
tive potential, are highly valued in tissue engineering.'** Culture
conditions that provide a stable 3D environment are essential
for supporting the growth and functionality of stem cells, which
are crucial for advancing regenerative medicine."””***** This
niche offers a nurturing environment for adipose stem cells,
promoting their survival and preserving their stemness traits
for extended durations of up to 3 weeks.'*>'*® Moreover, the gel's
injectability has been examined using a needle, demonstrating
low viscosity (<0.1 Pa at 25 °C), which enables effortless injec-
tion with minimal force, which is particularly vital for applica-
tions necessitating direct administration to lesion sites. This
injectability is attributed to the pseudoplastic flow behavior of
xyloglucan and the reduction in chain entanglements facilitated
by incorporating adipose stem cell spheroids.”®” This ensures
the viability of the encapsulated cells during the injection
process, thereby enhancing the overall efficacy of the in situ gel
for tissue engineering applications.

Approximately 45% de-galactosylated related glucan
prepared an in situ gelling hydrogel bound with osteogenic
media."*® When combined with the osteocyte-producing media,
the hydrogel exhibited a lower initial modulus than the hydro-
gel prepared with water, facilitating a more straightforward
injection. The sol-gel transition of xyloglucans is triggered by
hydrophobic binding interactions and is influenced by ions,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polarities, and hydrophobic solutes in the medium, disrupting
chain bonds during gelation when combined with osteogenic
media. Here, the viscosity significantly surpasses that of the
hydrogel regulated with water in the sol, hindering chain
mobility and impeding the formation of interconnected
networks."” Consequently, despite employing a high polymer
concentration, the resulting hydrogel is less rigid than the one
mixed with water. This diminishes the network heterogeneity of
xyloglucans during extended cultivation. Over time, xyloglucans
self-assemble into aggregates and membrane structures,
creating a dense porous framework, thereby enhancing
rigidity.127’135

3.3. Methylcellulose

Cellulose is considered one of the most abundant poly-
saccharides on earth™'° and is a backbone polysaccharide
consisting of a linear chain of hundreds to thousands of b-
glucose units linked by B(1 — 4) glycoside bonds.*****> Cellulose
is derived from various sources, including plants, bacteria, and
algae, and can be processed into several variants. One of the
modifications, methylcellulose, is the most straightforward
cellulose derivative in which a methyl group (-CHj;) replaces
a hydroxyl at the C-2, C-3, or C-6 position of the hydro-p-glucose
unit (Fig. 8). Methylcellulose has a gelation temperature of 50 to
70 °C,** and gelation occurs when heated above that tempera-
ture. At low temperatures, hydrogen bonds are formed between
hydroxyl groups (-OH) and water molecules in the methylcel-
lulose polymer structure, and a hydration layer is formed
surrounding the methyl groups (-OCHj;), maintaining them in
a sol state.'*®'** As the temperature rises, the methylcellulose
aqueous solution absorbs heat, causing the hydrogen bonds to
break and the hydration layer to be lost, resulting in the
formation of physically crosslinked gels with intermolecular
and intramolecular CH;-CH; hydrophobic bonds between the
methylcellulose polymers.’***** Based on these properties, the
gelation temperature can be varied by modifying several factors,
including methylcellulose concentration, molecular weight,
external stimuli, anions, salt addition, pH changes, and more,
enabling gelation at body temperature.'*>'%**4'4¢ These LCST
properties of methylcellulose make it useful in various
biomedical applications. Methylcellulose maintains a flexible
shape or geometry compared to other natural polymers due to
the suitable swelling ratio under physiological conditions.'****
The gel phase changes with temperature, making it a useful
material as a carrier for bioactive components such as cells,
drugs, and other bioactive ingredients, making methylcellulose
suitable for drug delivery, wound healing, and cell culture.*”
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Fig. 8 The mechanism of methylcellulose synthesis.!¢?
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Methylcellulose is an effective approach for topical drug
delivery, which can be used as an in vivo gelling delivery system
by utilizing its thermo-responsive properties.***'** Methylcellu-
lose photo-assisted thermo-responsive methylcellulose hydro-
gels were developed and used for photo-thermal excision and
topical cisplatin delivery."** Injection of the drug into the
hydrogel reduces injection pain because it is in a soluble phase
at room temperature.'** In addition, photo-assisted conjugation
allows gelation in the body temperature range (30 to 60 °C),
which prevents drug release to unexpected sites and enables
drug delivery to the target site.’**'*® Furthermore, it has suitable
shear peeling properties, which reduce the side effects caused
by swelling with a swelling rate of less than 40%. When meth-
ylcellulose hydrogels containing sodium humate covering target
cells were irradiated with light, the cell viability (%) was found
to be 38.63 £ 1.37."*' This result shows the potential of meth-
ylcellulose as a photo-thermal therapy, such as photo-thermal
ablation of tumor cells."**

Methylcellulose-based in vivo gels can be utilized for drug
delivery and in vivo gels for wound healing applications
created within bone. Materials with a short gelation time,
which determines the flow of the drug at the injection site, are
more advantageous as delivery systems.*** Therefore, methyl-
cellulose and silk fibroin were used to treat bone disorders. It
minimizes cell loss at the injection site, delivers cells to the
desired site, and is non-cytotoxic, making it a suitable vehicle
for cell therapies. In addition, calcium phosphate incorpo-
rated in silk fibroin/methylcellulose-based hydrogels is more
likely to promote cell proliferation and differentiation, sug-
gesting that methylcellulose can contribute to the challenge of
tissue regeneration.’’” In addition to proteins, bone substi-
tutes have been developed by mixing methylcellulose with
calcium phosphate to create hydrogels that gel in place,
designed to promote bone substitute phase formation.*® It
can rapidly gelate within 90 seconds at 37 °C and has excellent
retention at bone defects, making it a potential thermo-
responsive bone substitute.’®® It is superior to conventional
hydrogels and scaffolds because it can be implanted through
minimally intrusive procedures, filling irregularly shaped
cavities that often occur after injury or surgery and ensuring
continuous integration into host tissue.’ It has improved
mechanical performance and in vitro biological characteriza-
tion has shown the potential to promote cell adhesion,
proliferation, and osteogenic differentiation.******

This ability to adhere and proliferate is also utilized in three-
dimensional cell culture models. methylcellulose, hyaluronic
acid, and silk fibroin were combined to create a 3D culture
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matrix that mimics the natural extracellular matrix."** Homo-
geneous encapsulation of the cells was easily achieved at 37 °C,
and since degradation occurs at room temperature after the
formation of multicellular structures, the cells can be recovered
from the hydrogel without any desorption agent.'**'*® When
evaluated, the hydrogels had an interconnected porous struc-
ture, bulky hydrophilicity, high water absorption capacity, in
vitro stability for up to 6 weeks, and high pore correlation.**
This allowed us to assess gene and protein expression associ-
ated with tumor promotion and identify cell death profiles that
could be useful for drug discovery, and the results showed that
cell growth and proliferation in the hydrogels was comparable
to that observed in vivo.***

4. Conclusions

This review discussed the properties, manufacturing methods,
mechanisms, and biomedical applications of thermally reactive
polysaccharide-based hydrogels. Hydrogels, crucial in tissue
engineering, are predominantly made from synthetic or natural
polymers, with natural polymers being favored owing to their
high biocompatibility, biodegradability, and bioactivity.
Various reactivities are imparted to hydrogels to ensure their
controllability within the body. Among these, thermally reactive
hydrogels, which undergo sol-gel transitions without being
influenced by chemical or environmental factors, have been
extensively studied. UCST-reactive polysaccharides, such as
agarose, carrageenan, and gellan gum, gel at 30-40 °C, 35-65 °C
and 70-90 °C, respectively. Gellan gum has an adjustable
gelling temperature of about 37.5 °C, depending on molecular
weight and functionalization. These hydrogels have substantial
potential for biomedical applications owing to their easily
controllable physical properties, straightforward formulation,
and characteristic transitions above the critical temperature.
Developing UCST hydrogels is beneficial because of the
economic feasibility of agarose, ionic reactivity, and advantages
of dual crosslinking of carrageenan and gelation at biological
temperatures due to the modification of gellan gum. This
makes them highly suitable for applications in 3D bioprinting,
scaffold production, and drug delivery devices for photo-
thermal treatment. In contrast, LCST-reactive polysaccharides,
including chitosan and xyloglucan, gel at 32-37 °C and main-
tain a sol state at lower temperatures. Methylcellulose uniquely
gels at temperatures as high as 50-70 °C, but the gelation
temperature can be reduced at body temperature by controlling
factors such as molecular weight, external stimuli, the addition
of anions and salts, and pH changes. The unique advantage of
LCST hydrogels lies in their ability to induce in situ gelation at
physiological temperature (37 °C), which is beneficial for cell
culture and stable scaffold production. Consequently, LCST
hydrogels are well-suited for producing injectable hydrogels.
Leveraging the antimicrobial properties of chitosan,
temperature-sensitive reactivity and their mucosal adhesiveness
of xyloglucans, proper swelling ability of methylcellulose, these
hydrogels exhibit considerable potential for applications in 3D
cell sheets, scaffolds for tissue regeneration, and in situ gel-
based drug delivery systems. Thermally reactive
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polysaccharides demonstrate excellent utility in drug delivery,
tissue regeneration, and cell culture. They endow hydrogels
with unique properties, such as favorable physical characteris-
tics, ease of formulation, and in vivo reactivity, making them
promising candidates for various biomedical fields.
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