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Deep eutectic solvents (DES) were prepared using urea (U) and acrylamide (AM) as hydrogen bond donors
(HBD) and choline chloride (ChCl) as hydrogen bond acceptor (HBA), and polyethylene glycol (PEG) was
selected as a filler and uniformly dispersed in DES to prepare PEG/P(U-AM-ChCl) composite hydrogels
by light polymerization. The composite hydrogels were characterized by scanning electron microscopy
(SEM) and Fourier transform infrared spectroscopy (FTIR). The effects of the content of PEG on the
swelling properties, mechanical properties and fatigue resistance of the composite hydrogels were
investigated. The results showed that the compressive strength and fatigue strength of the composite
hydrogels were gradually enhanced with the increase of the PEG content in the composite hydrogels, in
which the maximum compressive strength of the hydrogels with 1 wt% PEG added was increased by
1.86 times. The composite hydrogel had excellent swelling properties, and the equilibrium swelling
degree of the hydrogel with 1 wt% PEG added reached 10.15. Meanwhile, the PEG/P(U-AM-ChCI)
composite hydrogel had excellent self-healing properties, and the self-healing rate of the composite
hydrogel with a PFG content of 1 wt% could reach 91.93% after 48 hours of healing. This study provides
a convenient and efficient method to prepare composite hydrogels with superior swelling properties and
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1 Introduction

Hydrogels are three-dimensional polymer networks formed by
cross-linking hydrophilic polymer chains.** They have physical
properties similar to soft tissues that do not dissolve after
absorbing large amounts of water, due to the cross-linking
structure within the hydrogel network.® In addition, hydrogels
are highly permeable to oxygen, nutrients and other water-
soluble metabolites.® Based on these characteristics,
researchers have designed many hydrogels with different
structures, compositions and properties.” Hydrogels with
different structures and properties are used in a wide range of
applications in different fields, such as drug delivery,**° wound
dressing,"* wearable sensors,"” sensors'* and so on. However,
there are many problems with existing hydrogels, such as defi-
ciencies in mechanical and self-healing properties and uncon-
trollable water absorption properties;* these problems limit the
promotion and application of hydrogels. Therefore, current
research focuses on designing multifunctional composite
hydrogels to improve hydrogel properties and meet various
application requirements."
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Polyethylene glycol (PEG) is a polymer of great interest to
researchers. Its chemical structure consists of repeating units of
the ethylene glycol molecule, and it has a number of important
properties and applications.'®* PEG chain has many polar
hydroxyl groups, can form hydrogen bonding interactions with
water molecules, has a strong hydrophilicity, can effectively
absorb and retain water.'” At the same time, PEG molecules
have good biocompatibility and solubility, making them soluble
in a wide range of organic solvents and water. Therefore, PEG is
often used to prepare drug carriers,'® biomedical material***®
and medical lubricants, etc. More and more researchers are
combining PEG molecules with hydrogels to improve the
swelling and self-healing properties of hydrogel materials. As
early as the 1920s, researchers discovered that polymers
synthesized based on the reversible Diels-Alder reaction have
self-healing capabilities similar to those of tissues and skin, and
in the last decade, the development of self-healing hydrogels
has become more and more sophisticated, especially based on
autonomous interactions of the hydrogels themselves, such as
dynamic chemical bonding, dynamic non-covalent bonding,
and multiple repair mechanisms.

Deep eutectic solvents (DES) are a new type of ionic liquids
that usually consist of a mixture of a hydrogen bonding donor
(e.g., glycerol, ethylene glycol, glycine, etc.) and a hydrogen
bonding acceptor (e.g., tartaric acid, oxalic acid, urea, etc.). The
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Table 1 Component composition and ratios of PEG/P(U-AM-ChCl)
hydrogels

U/AM/ChCl
Samples  (molar ratio) PEG (Wt%) MBA (wt%)  TPO-L (wt%)
LP1 1:1:1 0 1.0 0.5
LP2 1:1:1 0.25 1.0 0.5
LP3 1:1:1 0.5 1.0 0.5
LP4 1:1:1 1.0 1.0 0.5
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Fig.1 Schematic diagram of hydrogen bonding within DES.

presence of hydrogen bonding interactions between the
components of DES results in a more favourable total energy of
DES relative to the lattice energy of the pure component.”* The
presence of hydrogen bonding interactions gives DES a lower
melting point than each of its individual source materials,
which helps to maintain DES in a liquid state.> Nowadays, DES
is widely used in many research fields and has received much
attention for its potential use as an environmentally friendly
solvent.” DES is also often used in the preparation of hydrogels.
Compared with the traditional method of preparing hydrogels,
the use of DES in the preparation of hydrogels has the advan-
tages of low toxicity, green environmental protection and good
solubility.** DES provides both a solvent environment suitable
for the reaction for the preparation of hydrogels and can also
participate in the polymerization reaction as a monomer.
Therefore, hydrogels with different properties can be prepared
by adjusting the properties of DES.

Light polymerization (LP) is one of the methods commonly
used to prepare hydrogels,*?¢ it is a reaction in which UV light is
used to initiate the polymerization of monomers in the presence
of a photoinitiator, resulting in the formation of a gel with a three-
dimensional network structure.”” In order to initiate the light
polymerization reaction, it is necessary to add appropriate pho-
toinitiators. Commonly used photoinitiators include benzoin
derivatives, benzophenones, acetophenone derivatives and
hydroxyalkyl phenyl ketones.” Photoinitiators are capable of
absorbing specific wavelengths of light in the ultraviolet or visible
region and releasing active substances such as free radicals.”®
These active substances can initiate the polymerization of
monomers, resulting in the formation of cross-linked hydrogels.
The use of light polymerization to prepare hydrogels has the
advantages of being controllable and highly tunable, and the rate
of the polymerization reaction can be adjusted by controlling
conditions such as light irradiation time, light intensity, and
temperature. Light polymerization is usually an instantaneous
process in which liquid hydrogel precursors can be delivered and
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crosslinked in situ to form hydrogels in a minimally invasive
manner during polymerization.” This process provides spatial
and temporal control of the liquid-to-gel transition, thus enabling
the fabrication of hydrogels of various complex shapes.®

Based on previous studies, we developed a PEG/P(U-AM-
ChCl) composite hydrogel with self-healing properties by add-
ing polyethylene glycol (PEG) to DES. The polymerizable DES
was prepared by mixing urea (U), acrylamide (AM) and choline
chloride (ChCl) at a molar ratio of 1: 1: 1, and the PEG/P(U-AM-
ChCl) composite hydrogel was prepared by adding PEG to the
DES for LP. The composite hydrogels were characterized by
scanning electron microscopy (SEM) and Fourier transform
infrared spectroscopy (FTIR) to further investigate the effect
patterns of different contents of PEG on the swelling properties,
mechanical properties and anti-fatigue properties of the
composite hydrogels.

2 Materials and methods
2.1 Materials

Choline chloride (ChCl), acrylamide (AM), urea (U), polyethylene
glycol (PEG), N, N-methylene bisacrylamide (MBA) were purchased
from Shanghai Aladdin Biochemical Science and Technology Co.
Ltd, and 2,4,6-trimethylbenzoyl phenyl ethyl phosphoric acid ethyl
ester (TPO-L) was purchased from Sinopharm Chemical Reagent
Corporation; all the raw materials were analytically pure and could
be used directly. Before use, ChCl should be dried under vacuum
at 70 °C for two hours to remove the absorbed water. The exper-
imental water was distilled water. EMPITA VP-60 lamps (power
180 W, A = 320 nm) manufactured by the famous Polish company
(Lodz) were used as the UV light source.

2.2 Preparation of deep eutectic solvents

Using ChCl as HBA and U and AM as HBD, the three drugs were
mixed in a beaker according to the molar ratio of 1:1:1. The
beaker with the mixed drugs was placed in an oil bath at 80 °C
and heated (the oil surface was over the highest part of the
mixed reagents), and stirred continuously with a glass rod until
a transparent and clarified liquid was formed. The prepared
DES was allowed to stand for a period of time and then different
contents of PEG were added according to the ratio in Table 1
and stirred until homogeneous. The schematic diagram of
hydrogen bonding within DES is shown in Fig. 1.

2.3 Preparation of hydrogels by light polymerization

To the mixture of DES and PEG, 1 wt% MBA and 0.5 wt%
photoinitiator were added and mixed well, and then the mixture
was transferred to a glass test tube with the size of 100 x 12
mm, and the height of the mixture filled in the test tube was
about 80 mm, and the test tube was irradiated uniformly with
UV light to make the reaction of the mixture under UV irradi-
ation, and the reaction was complete, and then the hydrogel was
allowed to cool down to room temperature, and then the
aqueous gel. The schematic diagram of the preparation of PEG/
P(U-AM-ChCl) composite hydrogels by light polymerization is
shown in Fig. 2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic diagram for the preparation of SA/P (U-AM-ChCl)
composite hydrogels.

2.4 Properties and their characterization

2.4.1 SEM characterization. The hydrogel was cut into discs
of 1-3 mm thickness and soaked in deionized water for 7 days,
and then the hydrogel samples with different contents of PEG
were first pre-cooled, and then vacuum-dried at —60 °C for 48
hours, and the vacuum-dried samples were taken for spraying of
gold on cross sections, and the microscopic morphology of the
cross-sections of the samples was observed by scanning electron
microscopy.

2.4.2 Hydrogel swelling property test. Take 20 mg of each
sample after vacuum drying and put it into deionized water,
remove the samples at regular intervals, dry the surface of the
samples with filter paper and weigh the samples until reaching
the equilibrium of swelling. The equilibrium swelling degree
was calculated using the following formula:

Wi — W,

R =
S W

(1)

In eqn (1), W, denotes the total weight of the hydrogel after
time t, W, indicates the initial weight of the dry hydrogel.

2.4.3 Testing of hydrogel mechanical properties. The
compression performance of composite hydrogel is tested by
microcomputer-controlled  electronic testing
machine. Before the experiment, the hydrogel is cut into small
cylinders with a diameter of 10 mm and a length of 10 mm, and
the compression head is set to compress downward at a speed
of 3 mm min ", and the morphology of the hydrogel is 80%, and
the maximum compressive stress obtained at this time is
recorded. The maximum compressive strength was calculated
as follows:

universal

P=

F
3 (2)

In eqn (2), F is the applied force and S is the hydrogel cross-
sectional area.

2.4.4 Hydrogel fatigue resistance testing. A
microcomputer-controlled electronic universal testing machine
was used to test the cyclic compression performance of the
composite hydrogel, and the stress changes of the hydrogel
were recorded for ten times of cyclic compression. Before the
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experiment, the hydrogel was cut into small cylinders with
a diameter of 10 mm and a length of 10 mm, and the
compression head was set to compress downward at a speed of
3 mm min~!, with no interval time in between, and the
compression was cyclic for ten times, with the hydrogel defor-
mation variable of 80%, and the maximum compressive stress
obtained at this time was recorded, as well as the recovery of the
stress of the hydrogel after each compression. The maximum
stress recovery rate is calculated by the formula (3) as follows:

n= Z—l % 100% 3)

In eqn (3), o; represents the maximum stress in the cyclic
compression of the hydrogel, and o, represents the maximum
stress in the first cyclic compression of the hydrogel.

2.4.5 Hydrogel fatigue resistance testing. The prepared
hydrogel samples were cut into two sections, and the cut
sections were tightly affixed in their original positions for 30 s.
The samples were placed for a set period of time without any
external intervention, and only the sections of the samples were
rejoined to make them undergo self-healing, and then the
maximum tensile strength of the healed samples was tested by
using an electronic universal testing machine. The self-healing
rate of hydrogel was calculated as follows:

SHR = 2% x 100% (4)
Py

In eqn (4), P, is the maximum tensile strength of the uncut
hydrogel and P is the maximum tensile strength of the hydrogel
after healing t time.

3 Results and discussion

3.1 Micro-morphological analysis of PEG/P(U-AM-ChCIl)
composite hydrogels

The LP1 hydrogel cross-section (Fig. 3a) was partially wrinkled,
but no obvious pores were observed, and the LP4 hydrogel
cross-section (Fig. 3b) with the addition of 1 wt% PEG showed
a homogeneous mesh structure. From the cross sections of LP2
and LP3 (Fig. 3c and d), it can be seen that the pores of the
hydrogel network gradually increased with the increase of PEG
content. The addition of PEG decreased the crosslink density of
the hydrogels, which was attributed to the fact that the PEG
molecule is a soft and bendable polymer chain structure, and in
the hydrogels, the addition of PEG could change the crystalline
nature of the hydrogels.** With the change of crystalline prop-
erties, the regularity of the polymer chain arrangement is
weakened, making the molecular structure of the whole
hydrogel looser, making it more inclined to amorphous struc-
ture.’*"*> Hydrogels with amorphous structure usually have more
defects and pores, and their molecules are arranged without
a fixed pattern, thus forming a reticular structure. The pores of
hydrogels gradually increase because PEG, as a polymer with
a large molecular weight, has a large molecular size that extends
the reticulation of the hydrogel,"”” With the gradual filling of

RSC Adv, 2024, 14, 2993-2999 | 2995
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Fig. 3 SEM images of lyophilized (a) LP1, (b) LP4, (c) LP2, (d) LP3
hydrogels.
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Fig. 4 FTIR plots of
composite hydrogels.

P(U-AM-ChCl) and PEG/P(U-AM-ChCl)

PEG as filler into the hydrogel network, the spatial structure of
the hydrogel network was altered.

3.2 Fourier infrared spectroscopy of PEG/P(U-AM-ChCI)
composite hydrogels (FTIR)

Fig. 4 shows the infrared spectra of PEG, P(U-AM-ChCl) and PEG/
P(U-AM-ChCl), with P(U-AM-ChClI) being the spectral line without
added PEG and PEG/P(U-AM-ChCI) being the spectral line with
added 1 wt% PEG content. From the figure, it can be seen that the
three four spectral lines have broad absorption bands at 3200-
3600 cm ™', which are formed due to the stretching vibration of
the -OH group. And with the addition of PEG, the absorption
bands of -OH groups gradually become broader, which is because
PEG contains a large number of oxygen atoms, and the addition of
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DES can form more —-OH groups with U and AM. The absorption
peaks are observed near 1666 cm™ "' in both P(U-AM-ChCI) and
PEG/P(U-AM-ChCI) spectra in the figure, which is due to the
stretching vibration of C=0 groups in U and AM.* In addition, an
absorption peak due to the stretching vibration of the C-H group
in AM is observed near 2161 cm ™ of the P(U-AM-ChCl) absorption
spectrum. Weaker absorption peaks can be observed near
1023 em " of the P(U-AM-ChCI) absorption spectrum and near
1124 cm ™" of the PEG/P(U-AM-ChCI) absorption spectrum, which
are due to the asymmetric stretching vibration of the -C-O-C
group.** With the addition of PEG, the absorption peak shifted
from near 1023 cm ™ to near 1124 cm ™}, which was attributed to
the fact that the -C-O-C groups in PEG replaced the -C-O-C
groups in the chain segments of the polymer network to partici-
pate in the telescopic vibration in the process of hydrogel
preparation.®*

3.3 Analysis of swelling properties of PEG/P(U-AM-ChCI)
composite hydrogels

From Fig. 5, it can be seen that all four groups of hydrogel
samples reached the swelling equilibrium within 120 min, and
their equilibrium swelling degrees were 6.35, 6.57, 7.59, and
10.15, respectively, and the four groups of hydrogel samples had
high equilibrium swelling degrees.** The equilibrium swelling
of the PEG/P(U-AM-ChCIl) composite hydrogel gradually
increased with the increase of PEG content, and the equilibrium
swelling of the LP4 hydrogel was maximum when the content of
PEG reached 1.0 wt%. This was attributed to the fact that PEG,
as a macromolecule polymer, could extend the reticular struc-
ture of the hydrogel and form pores in the hydrogel network."”
As PEG is gradually distributed into the hydrogel network, it
may cause the pore structure of the hydrogel to become more
enriched, providing more locations and channels for water
molecules to enter the hydrogel, and therefore more capable of
absorbing and retaining water molecules, thereby increasing
the swelling of the hydrogel. PEG is a highly hydrophilic poly-
mer,*” Its molecular chain contains a large number of hydroxyl
groups, which can form hydrogen bonding interactions with
water molecules, making PEG highly attractive to water mole-
cules. When PEG is added to the hydrogel, its hydrophilicity
helps to attract water molecules into the interior of the hydro-
gel, increasing the water content of the hydrogel. In addition,
PEG itself as a polymer can accommodate a large number of
water molecules, which increases the content of water mole-
cules in the whole hydrogel, leading to an increase in the degree
of swelling.*®* PEG/P(U-AM-ChCl) composite hydrogel has good
swelling properties, and the three-dimensional mesh structure
of the hydrogel as well as the solubility of PEG molecules in
water and lower intrinsic toxicity make our composite hydrogel
have a broad application prospect in wastewater treatment.*”

3.4 Mechanical and fatigue resistance analysis of PEG/P(U-
AM-ChCI) composite hydrogels

The compressive stress-strain curve of PEG/P(U-AM-ChCI)
composite hydrogel is shown in Fig. 6a, setting the maximum
compressive deformation as 80%. The maximum compressive

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Dissolution kinetics curve of PEG/P(U-AM-ChCl) composite
hydrogel.
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Fig. 6 (a) Compressive stress—strain curves of PEG/P(U-AM-ChCl)
composite hydrogels; (b) Maximum stress recovery of LP1-LP4
hydrogels after 10 consecutive compressive unloading; (c) and (d)
Stress—strain curves for ten compression cycles at 80% strain for LP1
hydrogel and LP4 hydrogel.

strength of the composite hydrogel with increasing PEG content
was 0.72 MPa, 0.79 MPa, 0.99 MPa, and 1.34 MPa, in that order.
This is because PEG is a polymer, and its molecular chains
together form a physically crosslinked network after hydrogen-
bonding interactions with AM and U molecules in the hydrogel.
With the increase of PEG content, the hydrogen bonding
density of the hydrogel was increased,*® this physical cross-
linked network becomes more complex and stable, which helps
to improve the compressive strength of the hydrogel. Secondly,
the addition of PEG may affect the pore structure and molecular
arrangement of the hydrogel, as shown in the SEM character-
ization, and the more homogeneous mesh structure of the
composite hydrogel contributes to the enhancement of the
cushioning properties of the hydrogel, which leads to the
improvement of the compressive strength.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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After ten cycles of compression, the maximum stress
recovery decreased from 91.41% to 80.21% for LP1 and from
99.35% to 95.52% for LP4 (Fig. 6b). Fig. 6¢c and d show the
compressive stress-strain curves for ten cycles of LP1 hydrogel
and LP4 hydrogel at 80% strain, and the maximum stress versus
time curves for LP1 and LP4 hydrogels are also shown in the
figures. In the 1st to 5th cyclic compression, the maximum
stress versus time curves of LP4 are more gentle compared to the
maximum stress versus time curves of LP1. As shown in Fig. 6¢
and d, the stress-strain curves for ten cycles of compression, the
curves of LP4 have a higher degree of overlap compared with
those of LP1, which demonstrates that the PEG-added hydrogel
has excellent fatigue resistance.*” This is because the intro-
duction of PEG molecules into the hydrogel network increases
the intermolecular interactions in the hydrogel, and the PEG
molecules are able to form interactions such as hydrogen
bonding or van der Waals forces with other molecules in the
hydrogel, which enhances the overall stability of the hydrogel
and results in enhanced fatigue resistance of the hydrogel. On
the other hand, PEG molecules themselves have strong hydro-
philicity,® the swelling property of the hydrogel is greatly
enhanced by the addition of PEG molecules, which helps to
maintain the moisture content of the hydrogel and keep the
flexibility and strength of the hydrogel, thus increasing the
fatigue resistance of the composite hydrogel.*®

3.5 Analysis of self-healing properties of PEG/P(U-AM-ChCI)
composite hydrogels

In order to investigate the effect of different contents of PEG on
the healing properties of PEG/P(U-AM-ChCI) composite hydro-
gels, we explored the extent of hydrogel healing at different
times (6 h, 12 h, 24 h, 36 h, 48 h). Fig. 7 shows the self-healing
rate of PEG/P(U-AM-ChCl) composite hydrogels at different
healing times. It can be found that the self-healing rate of the
composite hydrogel increased gradually with the increase of the
healing time during the self-healing process from 0 to 48 h.
When the healing time reached 48 h, LP1, LP2, LP3, and LP4
possessed good self-healing performance with self-healing rates
of 75.13%, 86.26%, 89.88%, and 91.93%, respectively. The self-
healing rate of the hydrogels was related to the intermolecular
forces of PEG, AM and U. When the hydrogels were disrupted,
the molecular arrangement between PEG, AM and U was dis-
rupted, and with the increase of the healing time, the molecules
were rearranged and reestablished the stable hydrogen-bonding
interactions.'® The self-healing rate of the hydrogel increases
with the increase of PEG content at the same healing time. This
is because the PEG molecular chain contains a large number of
oxygen atoms and hydroxyl groups, and with the gradual
increase of the PEG content in the composite hydrogel, more
dynamic hydrogen bonds can be formed inside the hydrogel,"”
This leads to an increase in the self-healing rate of the hydro-
gels. In summary, the introduction of PEG increases the self-
healing properties of PEG/P(U-AM-ChCI) composite hydrogels.

Good self-healing properties are a promising approach to
increase the lifetime of flexible sensor devices, and the self-
healing properties of hydrogels were increased by the addition
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Fig. 7 Self-healing rate of PEG/P(U-AM-ChCl) hydrogels at different
healing times.

of PEG fillers while reducing the damage to the mechanical
properties of hydrogels. As an electronic device attached to the
skin or implanted in the human body, self-healing flexible
sensors are required to be highly biocompatible, non-toxic and
non-hazardous for long-term use. Therefore, the use of
biocompatible and environmentally friendly raw materials is
a feasible solution for the preparation of “green” self-healing
hydrogels, and the good biocompatibility of PEG molecules
and other characteristics of our composite hydrogels can be
widely used in flexible sensors and medical devices.*

4 Conclusions

In this paper, PEG was added as a filler to DES prepared from U,
AM, and ChCl, and MBA was added as a cross-linking agent and
photoinitiator, and PEG/P(U-AM-ChCl) composite hydrogels
with good self-healing properties were successfully prepared by
photopolymerization, and the structure and properties of the
composite hydrogels were investigated, and the experimental
results showed that:

(1) Compression experimental tests showed that the
compressive strength of the composite hydrogel increased with
the increase in PEG content due to the fact that the PEG
molecules adsorb water molecules and maintain the moisture
content of the hydrogel. This helps to maintain the flexibility
and strength of the hydrogel, thus increasing the compressive
properties of the composite hydrogel. After 10 cyclic compres-
sion experiments, the fatigue resistance of the hydrogel with
PEG addition was stronger, with the maximum stress recovery
decreasing from 91.41% to 80.21% for LP1 and from 99.35% to
95.52% for LP4.

(2) The self-healing performance of the hydrogels was
significantly enhanced by the addition of PEG, and the self-
healing rate of the composite hydrogel with a PEG content of
1.0 wt% reached 91.93% after 48 h. The self-healing rate of the
composite hydrogel with 1.0 wt% PEG reached 91.93% after
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48 h, and that of the hydrogel without PEG reached 75.13% after
48 h. It can be utilized in the fields of flexible sensors and
medical devices.

(3) The PEG/P(U-AM-ChCI) composite hydrogel has good
swelling properties, which makes the composite hydrogel have
a good application prospect in wastewater treatment.
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