Open Access Article. Published on 20 May 2024. Downloaded on 12/9/2025 2:09:55 AM.

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

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 16207

ROYAL SOCIETY
OF CHEMISTRY

(3

Injectable, self-healing and degradable dynamic
hydrogels with tunable mechanical properties and

stability by thermal-induced micellizationt

Chunging Lin,? Leniu Chen,? Yuan He,® Wenlong Xiang,? Yujing Nie,*® Baixue Cai*®

*a

and Zanru Guo

Dynamic hydrogels possessing injectable, degradable and self-healing abilities have attracted considerable
attention in the biomedical field in recent years, but it is difficult to tune the mechanical properties and
stability of conventional dynamic hydrogels. In this work, we synthesized ABA-triblock copolymers via RAFT

polymerization, where the A block consisted of thermo-sensitive poly(N-isopropylacrylamide-co-diacetone

acrylamide) and the B block was hydrophilic poly(acrylamide). Subsequently, dynamic hydrogels were
obtained based on the acylhydrazone bonds between the triblock copolymers and adipic acid dihydrazide
(ADH). The obtained hydrogels exhibited injectable and self-healable abilities. In response to the thermal-
induced micellization of their temperature-responsive blocks, the mechanical strength of the hydrogels not

only increased, but also they exhibited high stability even at pH 2.0. Moreover, the hydrogel in the stable
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state could be degraded by the fracture of its trithiocarbonate groups. In addition, the hydrogels exhibited

good cytocompatibility and controlled release behavior for doxorubicin (DOX). Considering these attractive
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1. Introduction

Hydrogels, which are typical soft materials filled with water,
have attracted considerable attention given that they are similar
to natural extracellular matrices,’ enabling their widespread
application ranging from drug delivery vehicles,” tissue engi-
neering,** and soft robotics® to flexible electronics.®” In recent
years, to expand the application of hydrogels to minimally
injection and autonomously repairing damage,
hydrogels with injectable and self-healing abilities have been
developed.? Crosslinking via dynamic covalent bonds (DCBs) is
one of the effective approaches to endow hydrogels with the
abovementioned properties, given that they combine the
reversibility of noncovalent bonds and the stability of covalent
bonds.*** The controllable dynamic equilibrium of the forma-
tion and dissociation of DCBs usually endows hydrogels with
sol-gel  transition, shear-thinning and  self-healing
properties.*™*?
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tunable properties, these dynamic hydrogels show various potential applications in the biomedical field,
such as drug carriers and cell or tissue engineering scaffolds.

To date, several DCBs such as disulfde bonds, Schiff bases,
phenylboronate esters and acylhydrazone,* have been employed
to construct dynamic hydrogels."'* Among them, acylhydrazone
bonds, resulting from the condensation of hydrazides with
carbonyl groups, are particularly promising considering their
thermodynamic stability and wide designability of their compo-
nent structures."”””® Moreover, acylhydrazones show rapid
kinetics in mild acidic environments or in the presence of
nucleophilic catalysts and hydrolytic lability, enabling hydrogels
to be in situ formed and biodegraded.” These characteristics
show that hydrogels based on acylhydrazone are suitable for
application in biological systems.”” ™ Deng's group**** prepared
several dynamic hydrogels containing acylhydrazone and
demonstrated their reversible sol-gel transitions and self-
healable ability. Chen et al.’” developed self-healing and inject-
able polysaccharide-based hydrogels crosslinked by imine and
acylhydrazone bonds. Zhang et al.*® constructed cellulose-based
hydrogels through acylhydrazone linkages. The hydrogels dis-
played self-healing, injectable and sol-gel transition properties
and were used as drug carriers and cell culture scaffolds owing to
their biocompatibility.'® Besides the aldehyde groups used for the
formation of acylhydrazone bonds, we and other researchers also
employed polymers bearing ketone groups to form
acylhydrazone-based hydrogels with self-healing ability and
switchable sol-gel transition.'**** It was found that the physi-
cochemical properties of the established hydrogels were stable
and unchangeable.**® Alternatively, their mechanical and
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stability properties were mainly controlled by varying the density
of crosslinks. Generally, the mechanical and stability of the
hydrogels were proportional to the number of crosslinks.
However, the hydrogels with a low crosslinking density showed
uncontrolled swelling and even disintegrated because DCBs are
not as strong as covalent bonds.*»** In contrast, phase separation
was observed in the highly crosslinked networks.?” In addition,
they could not survive under strong acidic conditions (such as pH
1-3 in the acidic stomach lumen for digestion) due to the
breakage of DCBs.>*?® Thus, strategies capable of tuning the
mechanical properties and stability of established DCB hydrogels
by stimuli are highly attractive.

Thus, to regulate the mechanical properties and stability of
dynamic hydrogels, temperature responsiveness was incorpo-
rated in acylhydrazone hydrogels.>*® The temperature stimulus
can be easily realized both in vitro and in vivo. Qin et al.>>*®
obtained thermo-responsive self-healable hydrogels by cross-
linking non-thermoresponsive polymers with acylhydrazone.
Hoare's group®*”?® prepared a series of temperature-responsive
acylhydrazone-based hydrogels using poly(N-iso-
propylacrylamide) (PNIPAM) and poly(oligoethylene glycol
methacrylate) (POEGMA). They found that the storage modulus
of the hydrogels increased and their degradation slow down
when the temperature was above the volume phase transition
temperature (VPTT) of their components.>”*® This was be
attributed to the fact that DCBs were wrapped by the
temperature-responsive polymers.”” However, a phase transi-
tion happened throughout the network, resulting in the de-
swelling and collapse of the hydrogel network,”” which may
have a negative impact in bioapplications. In this case, if
temperature-responsive components and DCBs are designed as
domains, and then uniformly introduced in the hydrophilic
hydrogel network, the crosslinking will be enhanced given that
DCBs will be wrapped and “locked” by temperature-responsive
blocks. Also, the water released from the temperature-
responsive domains can remained in the hydrophilic hydrogel
network. Thus, the mechanical properties and stability of
dynamic hydrogels may be enhanced, while their volume
shrinkage is negligible with an increase in temperature.

The formation of the structure containing domains is similar
to ABA triblock copolymers, in which the thermal-responsive A
blocks dehydrate and associate into crosslinking domains and
the middle B blocks act as network bridges.>*** Wang et al.*® re-
ported the synthesis of a supramolecular hydrogel via the sol-gel
transition of an ABA triblock copolymer containing a terminal
poly(N-isopropylacrylamide) (PNIPAM) block and ureido pyr-
imidinone (UPy) moieties. Upon increasing the temperature, the
PNIPAM segments assembled into micelles and provided
a hydrophobic microenvironment for UPy dimerization to form
cross-linking points. Similarly, Zeng et al®** used thermal-
responsive terminal blocks of ABA triblock copolymer to form
hydrophobic interactions, resulting in a sol-gel transition and
gelation. It is anticipated that DCB hydrogels are formed by the
ABA triblock copolymer, in which the terminal A blocks contain
thermal-responsive units and DCBs, and the DCB linkages can be
wrapped by dehydrated temperature-responsive blocks. Thus, the
mechanical properties and stability of the hydrogels would be
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enhanced because the DCBs are “locked” by hydrophobic
domains. However, dynamic hydrogels based on DCBs with
tunable mechanics and stability have not been investigated to
date. Besides, degradability is another important property for
stable hydrogels,”**' where it is crucial for stable DCB hydrogels
to be integrated with degradability.

Herein, we report the preparation of injectable, self-healing,
degradable DCB hydrogels possessing temperature-tunable
mechanical properties and stability based on ABA triblock
copolymers comprised of a ketone group-functionalized ther-
mosensitive A block and hydrophilic B block, as illustrated in
Scheme 1. This triblock copolymer poly[(N-isopropylacrylamide)-
co-(diacetone acrylamide)]-b-poly[(acrylamide)-b-poly(diacetone
acrylamide)-co-(N-isopropylacrylamide)], denoted as P(NIPAM-co-
DAAM)-b-PAM-b-P(DAAM-co-NIPAM), was synthesized via revers-
ible addition-fragmentation chain-transfer (RAFT) polymeriza-
tion. The hydrogels were generated by mixing the triblock
copolymers and adipic dihydrazide (ADH) via the condensation
reaction between their ketone groups and hydrazide. Based on
the dynamical acylhydrazone crosslinker, the hydrogels dis-
played a sol-gel transition, injectability and self-healing behav-
iors. Upon exposure to thermal stimulus, their mechanical
properties and stability were enhanced because the DCBs were
locked by temperature-induced micelles. Moreover, the hydrogel
with enhanced stability could be degraded by the fracture of its
trithiocarbonate groups (Scheme 1). In addition, the hydrogels
exhibited good cytocompatibility and controlled release behavior
for DOX. Considering these attractive characteristics, these
dynamic hydrogels may find potential applications in the
biomedical field, such as drug carriers and cell or tissue engi-
neering scaffolds.

2. Experimental
2.1 Materials

Acrylamide (AM, 99.5%), diacetone acrylamide (DAAM, 99%), N-
isopropylacrylamide (NIPAM, 99%), and azobisisobutyronitrile
(AIBN, 99%) were purchased from Aladdin Co., Ltd and purified
by recrystallization. 2-(1-Carboxy-1-methyl-ethylsulfanylthio-
carbonylsulfanyl)-2-methylpropionic acid (CMP) used as the
chain transfer agent (CTA) was synthesized following a previous
report.*> Adipic dihydrazide (ADH, 99%, Aladdin Co., Ltd) was
used as received. The pH of the solutions was adjusted using
4 M NaOH and HCI. All other reagents were analytical grade and
used as received.

2.2 Characterization

'H NMR spectra were recorded on a Bruker 300 MHz spec-
trometer at room temperature using CDCl; or DMSO-dg as the
solvent.

Fourier transform infrared (FT-IR) spectra were recorded on
a Nicolet MX-1E FTIR (USA) spectrophotometer. The dried
samples were compressed into films with KBr.

A gel permeation chromatography (GPC) system (Waters
1515-717-2414) equipped with a refractive index detector was
used to determine the molecular weight and molecular weight

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic of the fabrication of the sol—gel transition, injectable, self-healable and degradable hydrogels with tunable mechanical

properties and stability by ABA triblock copolymers.

distribution of the polymers. CHCl; and DMSO were used as the
eluent (flow rate of 1.0 mL min ") for macro-CTA and triblock
copolymers at 30 °C, respectively. Mono-dispersed polystyrene
was used as the standard to obtain the calibration curve.

Dynamic light scattering (DLS) measurements were per-
formed on a Nano ZS90 Zetasizer (Malvern Instruments Ltd,
Malvern, U.K.) equipped with an He-Ne laser (633 nm, 4 mW) at
a detection angle of 90°.

SEM observation was performed on a JSM-6510 (JEOL,
Japan). The hydrogel samples were frozen by immersing them
into liquid nitrogen, and then lyophilized.

Rheological characterization was characterized on a Physica
MCR 302 (Anton Paar, Austria) rheometer equipped with
a parallel plate with a diameter of 50 mm. The experiments were
measured in stress or strain-controlled mode. The temperature
was increased at a rate of 1.0 °C min ' during the modulus
change upon increasing temperature.

Compression strain-stress tests were performed using
a CMT4104 universal testing machine fitted with a 100 N load
cell. The cylindrical hydrogels (18 mm in diameter and 14 mm

in height) were tested by compression at a rate of 5 mm min .

2.3 Synthesis of macro-CTAs

Three macro-CTAs were synthesized though RAFT polymeriza-
tion by varying the feeding ratio of NIPAM and DAAM (Scheme

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

S1 and Table S1t), and their targeted degree of polymerization
was 200. The procedure for the preparation of macro-CTAL1 is as
follows: NIPAM (5.0 g, 44.2 mmol), DAAM (0.831 g, 4.91 mmol),
CMP (0.069 g, 0.246 mmol), AIBN (0.008 g, 0.0492 mmol) and
1,4-dioxane (16 mL) were added to a flask. The mixture solution
was bubbled with nitrogen for 30 min to remove oxygen.
Subsequently, the flask was submerged in water bath at 70 °C
for 24 h under magnetic stirring. After that, the reaction mixture
was precipitated into excess ice-cold n-hexane. The product was
reprecipitated in excess ice-cold n-hexane. The resultant solid
was dried by freeze-drying. Yield: 5.782 g (98%). "H NMR (300
MHz, CDCl;), ppm: 0.9-1.2 ppm (CH; in NIPAM units), 1.2-
1.8 ppm (CH, in main chains, (CH;),C in DAAM units), 1.8-
2.4 ppm (CH in main chains and CH3CO in DAAM units), 2.6-
3.2 ppm (CH, in DAAM units), 3.7-4.0 ppm (CH in NIPAM
units).

2.4 Synthesis of triblock copolymers P(NIPAM-co-DAAM)-b-
PAM-b-P(NIPAM-co-DAAM)

ABA triblock copolymers were prepared via the polymerization
of AM based on RAFT, and the targeted degree of polymeriza-
tion of the AM block was 800. In a typical experiment, triblock
copolymer P2 (Table 1, entry P2) was synthesized as follows: AM
(7.1 g, 0.1 mol), macro-CTA1 (2.932 g, 0.125 mmol), AIBN
(4.1 mg, 0.025 mmol), and DMSO (27.3 mL) were mixed in

RSC Adv, 2024, 14, 16207-16217 | 16209
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Table 1 Physical parameters of the triblock copolymers

Preset composition Final composition®

(mol%) (mol%) Y p

M, theo M, calc M 6ec CIOUdy point

Copolymer NIPAM AM DAAM NIPAM AM DAAM  Yield (%) (gmol™) (gmol™) (gmol™’) PDI¥ (°C)
P2 18.0 80.0 2.0 17.9 78.7 3.4 98% 79 810 78674 63 886 1.19 33.2
P4 16.0 80.0 4.0 14.7 80.7 4.6 96% 81772 79 500 68 820 1.20 32.0
P6 14.0 80.0 6.0 13.6 79.1 7.3 96% 81 820 79548 76 029 1.33 31.3

“ Calculated from "H NMR spectra. ? Calculated from polymerization stoichiometry. ¢ Evaluated by monomer conversion. ¢ Determined by GPC.

a 100 mL bottomed flask. The reaction mixture was purged with
nitrogen for 30 min. Subsequently, the flask was immersed in
water bath at 70 °C for 24 h under magnetic stirring. The
product was precipitated from excess ether three times and
dried under vacuum. P4 and P6 were prepared via a similar
procedure under the initiation of macro-CTA2 and macro-CTA3,
respectively. "H NMR (DMSO-ds, ppm): 0.9-1.2 ppm (CHj; in
NIPAM units), 1.2-1.8 ppm (CH, in main chains, (CH;),C in
DAAM units), 1.8-2.4 ppm (CH in main chains and CH;CO in
DAAM units), 2.6-3.2 ppm (CH, in DAAM units), 3.7-4.0 ppm
(CH in NIPAM units).

2.5 Fabrication of the hydrogels

The hydrogels were prepared by simply mixing the polymer solu-
tions and adipic dihydrazide (0.5 equiv. to ketone groups of
polymers) with 20 wt% solid content. The pH of the mixture
solution was adjusted to 6.0 using 4 M HCI and 4 M NaOH. The
viscous solution became a hydrogel after ca. 1 h at room temper-
ature. The hydrogel was kept at room temperature for 24 h before
testing. The obtained hydrogel was labeled as Hx (m represents the
mole fraction of PDAAM in the polymer), i.e., H2, H4 and H6.

2.6 Self-healing and injectable properties of the hydrogel

To thoroughly investigate the self-healing property of hydrogel
H4, two disk-shaped hydrogels, one stained with rose red and
the other stained with methyl blue for clarity, were cut into two
halves. Thereafter, the two pieces of hydrogels were combined
for 12 h at room temperature. The healing efficiency was esti-
mated by measuring the compression strength of the original
hydrogel and the self-healed hydrogel. The healing efficiency
(HE) is defined as follows:

HE = 2 x 100% (1)
o1
where ¢; and o, are the compression strength of the original
hydrogel and self-healed hydrogel at 70% strain, respectively.
The injectability experiment of the hydrogel was imple-
mented by extruding H4 from a syringe with a 20-G needle.

2.7 The stability of hydrogels after thermal responsiveness

The hydrogels (about 6 g) were prepared in a reagent bottle and
stored at 37 °C. Their mass changes were recorded at pre-
determined times. The water loss rate was calculated using the
following formula:

16210 | RSC Adv, 2024, 14, 16207-16217

Water loss rate (%) = % x 100%
1

(2)

where m, is the initial mass of the bottle and hydrogel and m, is
the mass of hydrogel and container at a predetermined time.
For the evaluation of the stability of the hydrogels at different
pH and temperature, the hydrogels (about 1.2 g) were firstly placed
at 5 °C or 37 °C for 5 min, and then were placed in 20 mL PBS
buffer solution with different pH (2.0, 5.0, 7.4), where the PBS
buffer solution was kept at the corresponding temperature (5 °C or
37 °C). At predetermined intervals, the hydrogels were removed
from the PBS buffer solution and their weights measured. Weight
changing (%) was calculated using the following formula:

W2 W 100%
w

Weight change (%) =
1

(3)
where w; is the original weight of the hydrogel and w, is the
weight of the hydrogel at a predetermined time.

2.8 Cytocompatibility of hydrogels and controlled drug
release from them

The procedure for the cytocompatibility evaluation was similar
to our previous report."> Maceration extracts were prepared by
incubating the sterilized hydrogels with cell culture medium,
and the ratio of hydrogel to medium concentration was 5.0 mg
mL ™" at 37 °C for 24 h. Also, two other ratios (5.0 mg mL ™" and
10.0 mg mL ') were chosen to test the cytotoxicity of the
different concentrations.

DOX was used as the model drug for controlled release from
the hydrogels. To prepare the DOX-loaded hydrogels, 5.0 mg of
DOX-HCIl was added to 10 mL mixture solution of hydrogel.
When DOX-HCI dissolved completely, the pH of the solution was
adjusted to 6.0 and kept for 24 h at room temperature to obtain
the DOX-loaded hydrogel. For the release of DOX, a cubic
hydrogel (1.0 g) was picked up from the hydrogel and immersed
in 50 mL PBS medium at different temperature (5.0 °C and 37 °C)
and pH (2.0 and 7.4). The amount of released DOX at different
times was determined by the UV absorbance of DOX at 485 nm.

3. Results and discussion

3.1 Synthesis of P(NIPAM-co-DAAM)-b-PAM-b-P(DAAM-co-
NIPAM) through RAFT polymerization

RAFT polymerization was employed to prepare the ABA triblock
copolymers given that it is one of the most powerful techniques
for the preparation of block copolymer architectures.**** To

© 2024 The Author(s). Published by the Royal Society of Chemistry
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obtain the ABA triblock copolymers and endow the hydrogel
networks with degradability after enhancing their stability,
CMP was used as the CTA because the polymer grows along
both sides of the central degradable trithiocarbonate group. As
shown in Scheme 1, NIPAM and DAAM were firstly copoly-
merized to form difunctional macro-CTAs, which are also the
thermal-sensitive A block-containing ketone groups in the final
triblock copolymer. To examine the effect of crosslinking degree
on the properties of the hydrogels, macro-CTAs with different
feed ratios of DAAM were synthesized. The macro-CTAs were
characterized by "H NMR spectroscopy (Fig. $11) and their final
composition is listed in Table S1.f To insert the hydrophilic B
block into the copolymers, AM was polymerized based on
macro-CTAs, which resulted in the formation of the P(NIPAM-
co-DAAM)-b-PAM-b-P(DAAM-co-NIPAM) triblock copolymers.
The composition of the copolymer was characterized by 'H
NMR spectroscopy. The protons assigned to the three units can
be seen in the 'H NMR spectra (Fig. 1a). Based on the integra-
tion of the intensity ratio of the protons in the corresponding
unit, the molar ratio of AM, DAAM and NIPAM units was
calculated using formula (4), as follows:

Cam: Cpaam : Cnipam = 2(Aa, 7 — 246 — A3): A6: 245 (4)

where Canm, Coaam aNd Cnipan are the molar ratio of AM, DAAM
and NIPAM and 4,;, As and A; are the integral ratio of the
corresponding signals, respectively. The component parameters
of the copolymers are listed in Table 1. The compositions of the
triblock copolymers were slightly different from the preset
ratios due to the steric effect.”® The M, gpc and polydispersity
index (PDI) of the copolymers were determined by GPC. As
shown in Fig. S21 and Table 1, the PDI was less than 1.40,
indicating that the molecule weights (MWs) of the copolymers
had a relatively narrow distribution. However, M;, gpc showed
an obvious deviation with M, e, although the monomer
conversion was as high as 98%. This should be ascribed to the
fact that M, gpc was obtained from the calibration curve of
mono-dispersed polystyrene.”” Based on the monomer conver-
sion,*® M, ., Was calculated, which is close to My, ¢heo.
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Fig. 1 (a) 'H NMR spectra of copolymers. (b) Dependence of trans-
mittance at 500 nm on temperature for aqueous solutions of copol-
ymers. Inset is a photograph of P4 at 5 °C and 37 °C, respectively. (c)
Variation in copolymer hydrodynamic diameter from DLS with
increased temperature.
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3.2 The temperature responsiveness and micellization of the
P(NIPAM-co-DAAM)-b-PAM-b-P(DAAM-co-NIPAM) triblock
copolymers

(1) To endow the triblock copolymers with temperature
responsiveness on, NIPAM units were incorporated into the A
block P(DAAM-co-NIPAM), given that PNIPAM is a popular
thermoresponsive polymer.>”*>** To confirm whether the tri-
block copolymers retained their LCST behavior their solutions
were observed at different temperatures, where the aqueous
solution of P4 was transparent at 5 °C (Fig. 1b, inset images),
while it transformed to milky white at 37 °C, indicating that the
polymers showed obvious thermal responsiveness. The cloudy
point of the triblock copolymer was determined by the variation
in transmittance with temperature. Fig. 1b shows that the
transmittance of the three copolymer solutions exhibited
a sharp transition when the temperature was increased to ca.
30 °C, reflecting the dehydration of the polymers.** The cloudy
points (defined as the temperature at the midpoint of the
decreasing transmittance curve) of P2, P4, and P6 were 33.2 °C,
32.0 °C and 31.3 °C, respectively. Thus, it can be concluded that
the cloudy point of the triblock copolymers decreased with an
increase in the number of DAAM units. This should be attribute
to the hydrophobic DAAM units, which increased the hydro-
phobic attractive of the copolymers.>”**** When the A block of
the copolymer exhibited thermal responsiveness and dehydra-
tion, the triblock copolymers transformed from hydrophilic to
amphiphilic in aqueous solution, and self-assembled into
micelles.”?*® Thus, to monitor the variation in the hydrody-
namic diameter of the copolymers, dynamic light-scattering
(DLS) measurements were carried out. As shown in Fig. 1c,
the average diameters of the micelles of P2, P4 and P6 were
7 nm, 28 nm and 26 nm at 5 °C, respectively, which are
consistent with the observation in a previous report.>* When the
temperature increased to over 20 °C, their hydrodynamic
diameters increased. Also, with an increase in the content of
DAAM units, the micelle size increased, while the temperature
response tended to decrease. The average diameters of the
micelles formed by P2, P4 and P6 were 149 nm, 228 nm and
302 nm at 40 °C, respectively. These results suggest that the
triblock copolymers could self-assemble into micelles by their
dehydrated A blocks, and the micellization could be tuned by
the number of DAAM units.

3.3 Preparation of hydrogels from triblock copolymers

The dynamic acylhydrazone can be generated between ketone
groups and hydrazide, which provides a crosslinker for dynamic
hydrogels.?*?* Thus, the P(NIPAM-co-DAAM)-b-PAM-b-P(DAAM-
co-NIPAM) triblock copolymers containing ketone groups were
mixed with ADH, resulting in the formation of dynamic DCB
hydrogels. As illustrated in Fig. 2a, the mixtures of copolymers
and ADH changed from flowing solutions to gels and supported
their weight when the pH of the solutions was adjusted to ca. 6
and maintained at the temperature of 5 °C for ca. 6 h.
Furthermore, with an increase in the number of DAAM units,
the hydrogel became transparent to slightly opaque, such as Hé.
This phenomenon is in good agreement with our previous

RSC Adv, 2024, 14, 16207-16217 | 16211
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observation.?® It should be ascribed to the higher crosslinking
density, which caused the formation of a thick network skel-
eton. Thus, to confirm this, SEM was used to observe the
microstructure of the hydrogels. As shown in Fig. 2c, freeze-
dried H2 possessed uniform interconnected porous struc-
tures. However, with an increase in the number of DAAM units,
its pore size increased and its skeleton became thicker (Fig. 2d
and e). This can be explained by the fact that the increase in the
number of DAAM units in the copolymers led to the formation
of a larger crosslinking domain, resulting in a thicker skeleton
and looser structure. This variation in the microstructure of the
hydrogels is similar to that observed in our previous reports.>
However, macroscopic phase separation was not observed in
He.

To demonstrate the formation of the hydrogels by dynamic
acylhydrazone bonds, the precursors and their hydrogels were
analyzed by infrared spectroscopy (Fig. 2b). The triblock
copolymers exhibited an obvious stretching band for ketone
(C=0) at 1710 cm™ ', which is consistent with the characteristic
absorption band of DAAM. Moreover, the strength of the band
for ketone increased from P2 to P6 due to the increase in the
number of DAAM units. In contrast, the absorption from the
ketone vibration (C=O0) of the copolymers at 1710 cm ™" fully
disappeared in the spectrum of the dried hydrogels, while a new
peak at 1662 cm™ " ascribed to C=N from acylhydrazone bonds
appeared in their curves, manifesting the reaction between the
copolymers and ADH cross-linker.'”*>

Dynamic rheology measurements were performed to further
confirm the formation of the hydrogels at 5 °C. As shown in
Fig. 3a, oscillatory frequency sweep experiments revealed that
the storage modulus (G') was consistently higher than the loss
modulus (G”) in the tested frequency range, indicating that the
hydrogels exhibited elastic solid characteristic."*® The G’ of the
hydrogels increased with an increase in the number of DAAM
units, which implies that the mechanical properties of the
hydrogels increased with the increase in DAAM units.'® This

Fig. 2
sponding hydrogels. SEM images of H2 (c), H4 (d) and H6 (e) hydrogels.
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should be attributed the denser crosslinking density because
the greater the number of ketone carbonyl groups in the tri-
block copolymer, the greater the amount of crosslinking formed
in the hydrogels. In the case of H2, G” was close to G/, sug-
gesting the easy deformation of H2 due to its low crosslinking.
In addition, the obtained hydrogels could withstand certain
strain, which was measured by strain amplitude sweeps at
a fixed frequency of 1 Hz at 5 °C. As illustrated in Fig. 3b, the G’
of the hydrogels was greater than G” at low strain. When the
strain was greater than a critical value, G” surpassed G', indi-
cating that the gel network was disrupted and transferred to
a sol state.'”'® The critical strain value for H2, H4 and H6 was
1900%, 956% and 304%, respectively. Although the highly
crosslinked hydrogels (such as H6) crosslinked by acylhy-
drazone bonds have higher mechanical strength, they tended to
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brittle and could not withstand large strain; in contrast, the
hydrogels with less cross-linkers (such as H2) were soft and
could tolerate deformation. Hence, the results certified that the
mechanical properties of the hydrogels could be tuned by
varying the DAAM content.

3.4 Injectable and self-healing properties of the hydrogel

Hydrogels with injectable ability may have many advantages for
biomedical applications, which can provide surgical operation
with minimally invasive methods.””*® Thus, to realize inject-
ability, the gel viscosity should be thinned at high shear rates.
Accordingly, viscosity measurements were performed for the
hydrogels. As shown in Fig. 4a, the viscosity of H4 at 5 °C
decreased with an increase in shear rate, indicating its apparent
shear-thinning behavior.'”*® This was caused by the disruption
of the acylhydrazone crosslinkers in the hydrogel network by
shear. It was visualized that the gel could be extruded through
a 20 G needle (Fig. 4a, inset). Also, the gel could be injected to
form desired shapes (Fig. 4b and c). The direct use of injectable
hydrogels replaces prepolymer-formed hydrogels via in situ
gelation after injection, which may avoid the diffusion of
precursors due to the flow of body fluids.>”**

Injectable hydrogels with self-healing property are crucial for
practical application, given that the hydrogels should undergo
structural recovery after removing the applied stress.*® Firstly,
the self-healing ability of the hydrogels was visually examined.
As illustrated in Fig. 5a, two hydrogel disks (one stained with
rose red and the other stained with methyl blue) were cut into
half, respectively. Then, the two different colored semicircle gels
were placed in intimate contact along the cut line for 12 h
without any external intervention. It was found that they
completely healed into an integral hydrogel disk, and the
resultant hydrogel maintained its integrity even upon exposure
to tensile force. Furthermore, optical microscopy was employed
to observe the self-healing process of the contacting surfaces
(Fig. 5b). The gap between the two semicircles became indis-
tinct at 6 h, and completely disappeared after 12 h. This should
be attributed to the dynamic fracture and regeneration of the
acylhydrazone bonds.*>**

Subsequently, step-strain measurements were performed to
assess the self-healing behaviors of H4 (Fig. 5¢). As mentioned
above, the critical strain value (the G’ curve intersects with that
of G”) of H4 was 956%. When the applied shear strain was
stepped from 1% to 900% and held for 100 s, G” approached G,

b ./"@‘ Cc
-\ N2
: A

106

Viscosity (Pa

1 10
Shear rate (1is)

Fig.4 (a) Viscosity and shear-thinning behavior of H4. The insetimage
is the gel injected with a conventional syringe using a 20 G needle. (b)
and (c) Two different color H4 samples (one stained with rose red and
the other stained with methyl blue) injected into a beaker from
needles.
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surfaces during the self-healing process. (c) Step-strain measurements
of H4 at 5 °C. (d) Compressive stress—strain curves of initial and healed
hydrogels. The inset imagines show the process for the preparation of
the healed hydrogel.

while they immediately recovered their initial values after the
strain returned to 1%. With an increase in the strain to 1300%,
the G' dropped from about 900 to 100 Pa immediately and
became lower than G”, indicating that the gel network was
disrupted, and subsequently shifted into a liquidlike state.
However, G’ and G” were almost fully restored when the strain
returned to 1%. Similarly, when the hydrogel alternately
suffered from a large strain (1800%) and small strain (1%), G’
also quickly recovered to its initial value. This reversible
recovery behaviour for the modulus implies the reconstruction
of the hydrogel network, indicating the excellent self-healing
performance of the hydrogel.'”*® In addition, compression
tests were conducted to evaluate their self-healing efficiency
(Fig. 5d). The compression strength of the original hydrogel was
ca. 40.05 kPa. In contrast, the compression strength of the self-
healed hydrogel from the gel fragments was 32.87 kPa. The
healing efficiency was calculated to be 82%, indicating that the
hydrogel could recover without considerable loss of its
mechanical properties.

3.5 Thermal-induced reinforcement for hydrogels

Given that the above-illustrated A block in the copolymers
showed thermal responsiveness, we investigated whether the
properties of their hydrogels could be tuned by temperature. As
shown in Fig. 6a, the hydrogels gradually turned white when the
temperature increased from 5 °C to 37 °C. This phenomenon
can be explained by the fact that the A block in the network
dehydrated and collapsed to form hydrophobic micro-
domains,***° causing a decrease in the light transmission. This
agrees well with the DLS results, where the triblock copolymers
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(a) Images of temperature responsiveness of hydrogels. (b) Variation in modulus upon with an increase in temperature. (c) Compression

stress—strain curves and (d) corresponding compressive stress of hydrogels before and after temperature responsiveness at 70% strain. (e) Water

loss rate curves of the three hydrogel samples at 40 °C.

could form micelles upon heating. After the hydrogels were
cooled to 5 °C, they returned to their original state, given that
the PNIPAM chains stretched in the hydrogel network.

To reveal the effect of temperature responsiveness on the
properties of the hydrogels, dynamic rheological measurements
were performed with an increase in temperature from 5 °C to
40 °C. As depicted in Fig. 6b, the value of G' was invariably
greater than that of G”, and the G’ and G” of the three hydrogels
presented a plateau at low temperature. As the temperature
increased, their modulus increased dramatically at around 20 °©
C to 35 °C, suggesting that the mechanical properties of the
hydrogels were enhanced. The responsive temperature range
was consistent with that of the variation in the DLS hydrody-
namic diameters. Meanwhile, the compression strength was
compared evaluated both before and after heating. As illus-
trated in Fig. 6¢ and d, the compression strength of the H2, H4
and H6 hydrogels was 19.3 kPa, 32.99 kPa and 52.83 kPa at 5 °C,
respectively, i.e., their compression strength increased with an
increase in DAAM content, which is consistent with the above-
mentioned rheological results, due to the increase in the
crosslinking density. However, the strength of H2, H4 and H6
increased to 19.3 kPa, 32.99 kPa, and 52.83 kPa at 37 °C,
respectively, indicating that their strength was enhanced more
than once by thermal responsiveness. This may be explained by
two reasons, ie.,, on the one hand, the dehydration of the
thermo-responsive A blocks in the network of the triblock
copolymers caused micellization, resulting in the formation of
hydrophobic microdomains,**" which then locked the disso-
ciation of the acylhydrazone bonds due to the lower water
accessibility for hydrolysis.>” On the other hand, the micelles in
the network enhanced their mechanical properties via the
energy dissipation mechanism.?”**

Generally, hydrogels formed by thermal-responsive random
copolymers show obvious de-swelling upon temperature stim-
ulus due to the collapse of their polymer chain.***” Previous
reports showed that the water loss rate was up to 80% for
hydrogels based on random copolymers of AM and DAAM and

16214 | RSC Adv, 2024, 14, 16207-16217

NIPAM units.* In contrast, our hydrogels kept their shapes and
did not exhibit de-swelling and macroscopic phase separation
after heating. As shown in Fig. 6e, the hydrogels (H2, H4 and
H6) were kept at 37 °C for 24 h, and their water loss rate was less
than 1%. Although the block with PNIPAM units shrank and
dehydrated, the hydrophilic PAM blocks could trap the water
and maintain the 3D network structure. The microstructure of
the hydrogels at 37 °C was observed by SEM (Fig. S47). It was
found that the network structure of the hydrogels was similar to
that of at 5 °C, indicating their resistance to temperature
changes.

3.6 The stability for hydrogels upon thermal responsiveness

The stability of hydrogels in different environments is an
important consideration for their bioapplication,* given that
the microenvironments of organs possess a characteristic pH
level.** The swelling or degradation kinetics were compared at
different pH (2.0, 5.0 and 7.4) both before and after thermal
responsiveness (Fig. 7). The chosen pH values were used to
simulate the conditions in the acidic stomach lumen,
duodenum, and ileum,*® respectively. As shown in Fig. 7a-c, at
5 °C, the hydrogels gradually swelled and still remained stable
at pH 7.4, and their weight change increased with a decrease in
crosslinking degree. Generally, dynamic hydrogels with a low
crosslinker degree would degrade by swelling,'”*>*"*® although
the acylhydrazone bonds are kinetically “locked” under neutral
conditions.'”?**”?® This indicates that the stability of the
hydrogels was improved by the triblock copolymers, which may
be related to the enhancement in their linkages due to the
physical wrapping of the acylhydrazone bonds within the
NIPAM units (Scheme 1)***° and the formation of hydrogen
bonds between the acylhydrazone bonds and NIPAM units.*
When the hydrogels were placed in pH 5.0 PBS (Fig. 7b), they
dramatically swelled first, and then degraded due to the rapid
breaking and reforming of their acylhydrazone linkages under
the mild acidic conditions."”*® However, the degradation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Stability of the hydrogels at different pH and temperatures.

became slower than that with a higher crosslinking degree.*
When the hydrogels were incubated in pH 2.0 solution (Fig. 7¢),
their degradation occurred faster, which is consistent with the
degradation of hydrazones under strong acidic conditions.**>**”

In contrast, the stability of these hydrogels was evaluated at
37 °C (physiological temperature), in which they suffered from
thermal responsiveness. At pH 7.4, the variation in weight
change was similar with that of at 5 °C, but the swelling
decreased (Fig. 7d). This should be attributed to the hydro-
phobic domains from the dehydrated A blocks, which tightened
the gel networks and their reduced swelling.>® Compared with
the degradation of the hydrogels in pH 5.0 PBS at 5 °C, H4 and
H6 just swelled and did not degrade at pH 5 (Fig. 7e). In
contrast, H2 was degraded, but its degradation time was 12
times longer than that at 5 °C. These results suggest that the
stability of the hydrogels was enhanced upon introducing
thermal responsiveness, which results from the hydrophobic
microdomains locking the dissociation reaction of the acylhy-
drazone bonds due to the lower water accessibility for hydro-
lysis.>” In the case of H2, its crosslinking degree was too low to
maintain its network structure. When the pH decreased to 2.0,
the three hydrogels also swelled firstly, and degradation
occurred on H2 and H6 after a longer survival time than that at
5 °C, while H4 remained stable and only had a slight degrada-
tion after swelling for 30 days (Fig. 7f). Despite the instability of
the acylhydrazone bonds under strong acidic conditions,*”***
the linkages were “locked” by the collapse of the PNIPAM chains
when the temperature was higher than the cloud point (Scheme
1), which improved their stability. Hydrogel H2 could not resist
swelling, which may be ascribed to the fact that its hydrophobic
domains were not strong enough due to its low number of
acylhydrazone cross-link points. By comparison, the acylhy-
drazone bonds hydrogel H6 tended to dissociate, which can be
attributed to the fact that the acylhydrazone linkages could not

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

be protected by the domains owing to the decrease in the
number of NIPAM units. These results suggest that H4 has the
optimal stability even in strong acidic conditions, and thus can
be applied in the stomach environment.

3.7 Degradation of the hydrogel after responsiveness

As demonstrated above, the hydrogels (such as H4) exhibited
injectability, self-healing ability, and became very stable at 37 °C.
In this case, a stable hydrogel with another degradation mecha-
nism is an important factor for its application. The triblock
copolymers were prepared by RAFT polymerization, and the tri-
thiocarbonate group was located in the middle of the polymer
chains. The trithiocarbonate group could be cleaved by a nucleo-
philic reagent, such as ethanolamine,” which may induce the
degradation of the hydrogels. Thus, to examine their degradation,
the H4 samples were immersed in a solution of pH 7.4 (Fig. S57),
and ethanolamine (10 equiv. of trithiocarbonate groups) was
added to one of them. It was observed that the hydrogel degraded
in the presence of ethanolamine after 2 h, while the other was just
slight swollen in the absence of ethanolamine. These results
confirmed that the cleavage of the trithiocarbonate groups enabled
the degradation of the hydrogel, as shown in Scheme 1.

3.8 Cytocompatibility and controlled drug release from
hydrogels

Biocompatibility is an essential factor for hydrogels used in
biomedical application.””*® Here, the biocompatibility of the
hydrogels was first evaluated in L929 fibroblast cells using the
MTT assay. The cells were incubated in macerating solutions of
hydrogels for 24, 48 and 72 h, and their relative cell viability was
measured, which was higher than 95% (Fig. 8a). In the case of
the MTT assay on the maceration extract of different mass ratios
of H4, the relative viability was still greater than 95% at 24, 48
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and 72 h (Fig. 8b). To further test the cell compatibility, L929
cells were cultured on H4. The results of the live/dead staining
of the cells indicated that no significant red fluorescence (dead
cells) was observed and the rounded cells could adhere to the
hydrogel and proliferate with an increase in the culture time
(Fig. 8c-e). In addition, predominantly viable cells (greater than
95%) were apparently observed after incubation for 12, 24, and
48 h (Fig. 8c-e). These results indicate that the hydrogels have
non-cytotoxicity against L929 cells and can serve as a platform
for cell carriers, implying their potential application in the
biomedical field.

In view of the above-mentioned multiple properties, the
hydrogel was applied for controllable drug release. Fig. 8f shows
the release profiles of the model drug DOX from hydrogel H4
under various conditions. At the physiological temperature of 37 ©
C, the hydrogel exhibited controllable release behaviour for DOX,
even at a pH close to that of the stomach environment, which is
attributed to the stability of the hydrogel and the diffusion of DOX
from its gel network. The release rate of DOX was slightly faster at
PH 2.0 than that at pH 7.4. This may be explained by the fact that
DOX is more soluble in an acidic environment* and H4 had
a slight weight loss at pH 2.0. However, it should be noted that
DOX was not completely released from the hydrogel, given that
the drug was possibly wrapped in its hydrophobic domains.* In
comparison, DOX in the hydrogel was rapidly released in buffer
solution of pH 2.0 at 5 °C, and DOX was almost completely
released within 3 h. This can be explained by the fact that H4
swelled rapidly, and then dissociated due to the breakage of its
acylhydrazone linkages at pH 2.0 and 5 °C, which is consistent
with the above-mentioned results.

In addition, the data for DOX release from the hydrogel under
different conditions were fitted with zero-order, first-order,
Higuchi and Ritger-Pappas models (formulas are listed in the
ESIt) to elucidate its release mechanism,*® respectively. As pre-
sented in Table S2,7 the Ritger-Pappas equation showed the best
fit among the models based on the correlation coefficients (R?).
In the Ritger-Pappas model, the n value indicates the release
mechanism.*” At 37 °C, the n value for DOX release at pH 2.0 and

16216 | RSC Adv, 2024, 14, 16207-16217

pH 7.4 (0.303 and 0.204, respectively) was less than 0.45, indi-
cating that the release of DOX from H4 was controlled by the
Fickian diffusion mechanism.*® However, the n value (0.454) for
DOX release at pH 2.0 at 5 °C decreased in the range of 0.45 <n <
0.89, which can be classified as non-Fickian or anomalous
transport” owing to the combination diffusion and swelling.*”

4. Conclusions

We prepared well-defined ABA triblock copolymers via RAFT
polymerization. The triblock copolymers were comprised of
a middle PAM block and terminal PNIPAM block with randomly
incorporated DAAM units, which could assemble into micelles
with an increase in temperature. Based on the condensation
reaction between the ketone groups and hydrazide, dynamic
hydrogels were generated by mixing the triblock copolymers and
adipic dihydrazide (ADH). The hydrogels displayed a sol-gel
transition, self-healing, and injectability. Upon exposure to
thermal stimulus, their mechanical properties and stability were
enhanced because the DCB acylhydrazone were wrapped and
“locked” by the temperature-induced micelles, and the hydrogel
could even survive at pH 2.0. Moreover, despite their enhanced
stability, the hydrogels could be degraded by the fracture of the
trithiocarbonate groups. In addition, the hydrogels exhibited
good cytocompatibility and controlled release behavior for DOX.
Considering these attractive characteristics, these dynamic
hydrogels may find potential applications in the biomedical field,
such as drug carriers and cell or tissue engineering scaffolds.
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